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A nutrient enrichment experiment was conducted in order to study the role of nitrogen (N),

phosphorus (P) and the N:P ratio on the early summer phytoplankton community in the Archipelago

Sea, northern Baltic Sea. The phytoplankton community was, in terms of chlorophyll a and total

biomass, primarily N-limited, but the individual species varied in their responses to the nutrient

supply. The recorded overall N limitation was due to fast growth responses of a few N-limited

species such as the diatom Chaetoceros wighamii (Brightwell) and the mixotrophic chrysophyte

Uroglena sp. Another dominating diatom, Skeletonema costatum (Greville) Cleve was most clearly

P-limited. The N:P ratio had the strongest effect on Uroglena sp., which grew exponentially in the

enrichments with a high N:P ratio. This can be explained by the ability of the species to feed on

P-rich bacteria, which gives it a competitive advantage in P-limited conditions. The species-specific

differences in the responses to the nutrient enrichments can generally be explained by differences in

the species physiology and they were consistent with the theory of resource competition.

INTRODUCTION

According to Liebig’s law of the minimum, the yield of any

organism is limited by the factor present in the lowest

amount in relation to its requirements (de Baar, 1994). Of

the nutrients, nitrogen (N) or phosphorus (P) most com-

monly limits the primary production in freshwater, estuar-

ine and coastal ecosystems [e.g. (Hecky and Kilham, 1988;

Downing, 1997)]. Since phytoplankton cells on average

have a ratio of C, N and P of approximately 106:16:1 (by

atoms), the Redfield ratio (Redfield, 1958), it has been

suggested that the nutrient that potentially limits primary

production can be predicted from total or dissolved nutrient

concentrations of water (Forsberg et al., 1978; Smith, 1984;

Kirkkala et al., 1998). A deviation from the Redfield ratio is

then used as an indication of which nutrient is limiting.

However, the Redfield ratio is only an average optimal

ratio for thewhole phytoplanktoncommunity. Species differ

in their kinetics of nutrient uptake, assimilation and storage

capacities and may, therefore, have different nutrient

requirements as well as different cellular composition of N

and P (Rhee and Gotham, 1980; Hecky andKilham, 1988;

Quigg et al., 2003). Moreover, the species-specific optimum

nutrient ratios may vary depending on different factors, e.g.

growth rate (Terry et al., 1985; Elrifi and Turpin, 1985;

Turpin, 1986), temperature (Tilman et al., 1986) light con-

ditions (Healey, 1985), CO2 availability (Burkhardt and

Riebesell, 1997) or nutrient concentrations (Flynn, 2002).

Competition for limiting nutrients is seen as an import-

ant factor in the determination of phytoplankton com-

munity composition (Tilman et al., 1982; Sommer,

1989a; Grover, 1997). Tilman’s resource competition

theory states that under nutrient limitation in equili-

brium conditions, those species which have either the

lowest requirement for the limited resource or the high-

est ability to utilize it, will succeed in competition

(Tilman, 1977, 1982; Tilman et al., 1982). The ability

of the algae to compete for nutrients is determined by its

physiological properties, e.g. half saturation constants,
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growth rate, transport rates and storage capacities (Flynn,

2002). In nature the outcome of nutrient competition is

affected by several other factors, like mortality rates, and

by the continuously changing environmental conditions

like temperature (Tilman et al., 1986) or light conditions

(Sommer, 1994). Zooplankton may affect the outcome of

phytoplankton resource competition either by selective

grazing or by differential regeneration of nutrients (Ster-

ner, 1986, 1990; Elser and Urabe, 1999).

Additional nutritional strategies by phytoplankton, like

nitrogen fixation and mixotrophy, seem to be especially

advantageous in nutrient-limited conditions. It has been

hypothesized that diazotrophic cyanobacteria, which are

capable of fixing molecular nitrogen, will have a competi-

tive advantage during N limitation (Smith, 1983, 1986;

Levine and Schindler, 1999). Mixotrophic phytoplankton

have on the other hand been thought to be favoured

in nutrient-limited conditions, because of their ability to

utilize nutrients from particulate food (Sanders, 1991;

Nygaard and Tobiesen, 1993; Isaksson, 1998; Stibor and

Sommer, 2003).

An extension of Tilman’s resource competition theory is

the resource ratio hypothesis, which predicts that the rela-

tive abundances of coexisting species depend on the ratio

of the limiting resources, not on their absolute concentra-

tions (Tilman, 1982; Tilman et al., 1982). Superior com-

petitors are expected to be dominant at their optimal

resource ratios and to be succeeded by others with differ-

ent optimal resource ratios, if the resource ratios in the

environment change (Tilman, 1982). Evidence supporting

the importance of resource ratios is restricted to nitrogen-

fixing cyanobacteria, which have been shown to be

enhanced by a low N:P ratio [e.g. (Smith, 1983; Levine

and Schindler, 1999; Smith and Bennett, 1999)] and to

diatoms, which tend to outcompete non-siliceous algae

at high Si:P and Si:N ratios [e.g. (Sommer, 1983, 1994;

Tilman et al., 1986)]. Moreover, results from culture

experiments with freshwater algae showed that diatoms

dominated at high N:P ratios while green algae were

favoured by intermediate N:P ratios (Tilman et al., 1986).

Resource competition has been verified in laboratory

chemostat experiments both with species from clonal cul-

tures [e.g. (Tilman, 1977, 1981; Fujimoto et al., 1997) and

with natural phytoplankton assemblages [e.g. (Sommer,

1983; Suttle and Harrison, 1988; Grover, 1989a)].

Rothhaupt (Rothhaupt, 1996) recently applied the

resource competition theory to explain the outcome of

competition experiments between heterotrophic, mixo-

trophic and autotrophic flagellates. In some instances the

results of laboratory experiments have been confirmed by

correlative field studies [e.g. (Carney et al., 1988; Sommer,

1993; Interlandi and Kilham, 2001)]. However, only a few

experimental studies with plankton communities in more

natural conditions have been focusing on resource compe-

tition [e.g. (Schindler, 1977; Carney et al., 1988; Findlay

et al., 1999; Levine and Schindler, 1999)]. They are import-

ant, however, to be able to estimate the role of resource

competition in natural phytoplankton communities.

We conducted an enclosure experiment in the brack-

ish Archipelago Sea, northern Baltic Sea, in order to

study the roles of N, P, the N:P ratio and zooplankton

in regulating the early summer phytoplankton commu-

nity. We asked the following questions: (i) which one of

the nutrients limits phytoplankton yield, (ii) are there

species-specific differences in phytoplankton responses

to nutrient limitation and the N:P ratio, (iii) if so, could

the differences be explained according to the species’

physiological properties or according to our knowledge

from laboratory experiments, (iv) are mixotrophic spe-

cies favoured by nutrient limitation, (v) is the zooplank-

ton community affected by the nutrient enrichments,

and (vi) does the zooplankton affect the outcome of

nutrient competition among the phytoplankton?

The experiment was designed so that the phytoplank-

ton community in the different treatments would be

either potentially N-limited, P-limited or supplied with

N and P in an optimal ratio, according to the Redfield

ratio. To be able to separate the N:P ratio effect from the

direct resource effect, three N:P ratios were supplied in

two different concentrations. The natural zooplankton

community was included in all but one treatment, which

was used to estimate the effect of zooplankton grazing on

the phytoplankton community.

ME THO D

Study area

The experiment was carried out in a small, sheltered bay

close to the island of Seili (60�130N and 21�580E, Figure 1)
in the mesotrophic middle part of the Archipelago Sea,

northern Baltic Sea. The bay is about 3 m deep and

representative of other shallow water areas close to the

shorelines of the about 25 000 islands in the Archipelago

Sea. There are no tides in the Archipelago Sea, the mean

water depth is only 23 m and the salinity is about 6%.

Summer temperature of the seawater reaches +20�C, and
there is an ice cover during winter. During the last decades

the Archipelago Sea has been severely eutrophicated by

nutrients from diffuse loading, fish farming and municipal

waste waters (Helminen et al., 1998). At the same time as

the concentrations of nitrogen and phosphorus have

increased, the N:P ratio has decreased, indicating that

the primary production has shifted from a co-limitation

of N and P towards a clearer N-limitation during the last

decades (Tamminen, 1990; Kirkkala et al., 1998).
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The phytoplankton succession in the Archipelago Sea

follows the general pattern for the Baltic Sea. After ice-

melting in April–May there is a spring bloom dominated

by diatoms and dinoflagellates. After the spring bloom the

inorganic nutrients are depleted, which leads to a summer

phytoplankton minimum. A second bloom dominated by

nitrogen-fixing cyanobacteria usually occurs in late sum-

mer (Kauppila and Lepistö, 2001).

Experimental design

The mesocosm experiment was conducted on 7–18 June

1999, after the collapse of the spring bloom. The dis-

solved nutrients were almost completely depleted from

the surface water, and the phytoplankton biomass was

low. The 300 L transparent enclosures were made of

0.15 mm thick polyethylene and were 1.5 m deep. The

enclosures were mounted on three floating wooden

racks, which were anchored in the sea in a row in

E–W direction. Ten enclosures were placed in each

rack, but the enclosures at each end of the rack were

not used in the experiment, because of different expos-

ure to radiation. The enclosures were protected from

bird faeces with a plastic roof, but the exchange of

gases between air and the sea was not prevented.

The experimental design consisted of daily additions

of N (as NH4Cl) and P (as KH2PO4) in three different

molar N:P ratios; N:P = 6, N:P = 40, and N:P = 15

(close to Redfield ratio) crossed with two nutrient levels

(low and high) (Table I, Figure 2). This resulted in six

different nutrient enrichments which included totally

three different N and P doses. The doses were for nitro-

gen: 0.214 mM (low), 0.542 mM (medium) and 1.428 mM

(high), and for phosphorus: 0.014 mM (low), 0.036 mM
(medium) and 0.094 mM (high). In addition, there was a

control treatment with no nutrient addition and a

filtering treatment with removal of mesozooplankton

(Table I). The controls received the same amount of

distilled water as a substitute for the nutrient treatments.

The zooplankton removal treatment was supplied with

the same amounts of nutrients as the highest nutrient

enrichment (Table I, Figure 2). The treatments were

performed in triplicate and arranged in the three racks

according to the randomized complete blocks design

(Sokal and Rohlf, 1995).

The enclosures were filled with surface water from the

study site in the evening prior to the start of the experi-

ment. In the zooplankton removal treatment, the water

was filtered through a 100 mm net during filling.

Fig.1. Map of the study area.

Table I: Mesocosm treatments and the daily
additions of N and P

Treatment N dose P dose N:P ratio Zooplankton

code mM mM removal

Control 0 0 – No

6L; NlowPmed 0.214 0.036 5.94 No

6H; NmedPhigh 0.542 0.094 5.77 No

15L; NmedPmed 0.542 0.036 15.06 No

15H; NhighPhigh 1.428 0.094 15.19 No

40L; NmedPlow 0.542 0.014 38.71 No

40H; NhighPmed 1.428 0.036 39.67 No

15H-Z; NhighPhigh 1.428 0.094 15.19 Yes
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Sampling and sample analysis

Sampling took place between 6 and 7 a.m., before the

daily nutrient additions. The enclosures were manually

mixed both before sampling and after nutrient additions.

Chlorophyll a (Chl a) samples were taken daily from all

enclosures, except for days 2, 4 and 10 when only one

replicate was sampled. Samples for nutrient analyses

[total N, total P, (NO2 + NO3)-N, NH4-N and PO4-P]

were taken on days 0, 1, 3, 6, 8 and 10. Phytoplankton

and autotrophic picoplankton (APP) were sampled on

days 0, 6 and 10. Zooplankton samples were taken at the

start and at the end of the experiment.

The concentrations of total nitrogen (TN), ammonium-

nitrogen (NH4-N), nitrite- and nitrate-nitrogen (NO2-N +

NO3-N), total phosphorus (TP) and phosphate-phosphorus

(PO4-P) were determined within 8 h from sampling,

according to standard methods (Koroleff, 1976, 1979;

National Board of Waters, 1981). For Chl a analyses,

water samples were filtered on glass-fibre filters (Whatman

GF/C, 47 mm). The filters were air-dried, stored frozen,

and extracted in ethanol and measured spectrophotome-

trically. Phytoplankton samples were preserved in acid

Lugol’s solution and analysed with an inverted microscope

(Nikon Eclipse) using the Utermöhl technique (Utermöhl,

1958). However, at day 0, samples from only the three

zooplankton removal enclosures and from six others, ran-

domly chosen enclosures, were analysed, since there were

no differences among the enclosures in other measured

variables.

At least 100 units of each of the dominant species

were counted, which yields a precision of �20% within

95% confidence limits if the algae were randomly dis-

tributed (Lund et al., 1958). Cell volumes were calculated

from cell geometry (Edler, 1979). The relative import-

ance of a species was expressed by its contribution to

the total biovolume of each sample. Autotrophic pico-

plankton samples were preserved with ice-cold 2% glu-

taraldehyde. Subsamples were filtered on black-stained

Nuclepore filters (pore size 0.2 mm). The filters were

stored in �24�C and counted later with a Leica Dialux

epifluorescence microscope using Leica M2 filter set with

green excitation rate (BP 546/14). Mesozooplankton

samples (30 L) were concentrated on a 25 mm mesh

net and fixed in 70% ethanol. Zooplankton were iden-

tified and numerated with an inverted microscope and

the biomasses were calculated according to average

species-specific biomass values (Hernroth, 1985).

Statistical tests

To reveal the relative importance of N, P and the N:P ratio,

forward stepwise multiple regression analysis was per-

formed (the significance level to enter in the model was

0.15) [Proc REG (SAS Institute Inc., 1996)]. The predict-

ing variables in the model were N, P, N2, P2, N � P and

N P�1. Quadratic terms of the variables were entered in

order to account for nonlinearities. The effect of zooplank-

ton removal on the different phytoplankton groups was

analysed separately by comparing the zooplankton removal

treatment with the corresponding nutrient treatment with

repeated measures ANOVA [Proc GLM (SAS Institute

Inc., 1996)]. In the analyses, zooplankton removal and

block were treated as between-subject factors and time

(day 0, 6 and 10) was treated as a within-subject factor.

The normal distribution of each variable was verified

with the normal probability plot of residuals and

Kolmogorov–Smirnov’s test (Sokal and Rohlf, 1995).

When required, the data were log (x + 1) or square

root transformed. Algal relative biomasses were arcsin

square-root transformed. However, untransformed data

are presented in all figures.

RESULTS

Temperature and nutrients

At the start of the experiment the water temperature was

14�C. Due to sunny and warm weather the temperature

increased steadily up to 19�C at the end of the experi-

ment. There were no differences in water temperature

among the enclosures.

The initial concentrations of inorganic N and P were

low. The concentrations of NH4-N and (NO2 + NO3)-N

P µM
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Fig. 2. The experimental design. The different treatments according
to their doses of N and P. The treatments were control and three
different N:P ratios at two levels (H = high, L = low). In addition,
zooplankton removal was performed in one treatment receiving the
highest doses of both N and P (15H; NhighPhigh).

JOURNAL OF PLANKTON RESEARCH j VOLUME 26 j NUMBER 7 j PAGES 779–798 j 2004

782

D
ow

nloaded from
 https://academ

ic.oup.com
/plankt/article/26/7/779/1514075 by guest on 10 April 2024



were about 0.1 mM and that of PO4-P about 0.07 mM
(Figure 3). The ratio of inorganic N to inorganic P

(DIN:DIP) was 3.5 (by atoms), indicating the potential

for N limitation of the phytoplankton community. The

added nutrients were depleted rapidly and the concen-

trations of inorganic N and P were close to the detection

level most of the time in almost all treatments (Figure 3).

However, ammonium accumulated exponentially in the

treatment with a high N:P ratio and a high N dose (40H;

NhighPmed) until day 8. During the last two days the

concentration decreased. Also in the other treatment

with a high N:P ratio, but a medium N dose (40L;

NmedPlow), the ammonium concentration increased in

the middle of the experiment, but decreased after that

(Figure 3). Phosphate, on the other hand, accumulated

only in the treatment with a low N:P ratio and a

high P dose (6H; NmedPhigh). The concentration of

(NO2 + NO3)-N was below 0.2 mM in all treatments. The

DIN:DIP ratio remained below 9 in all other treatments,

except in the treatment with a high N:P ratio and a high

N dose (40H; NhighPmed), where the ratio increased to a

maximum of 43 on day 8. The concentrations of total

N and P changed in the different treatments corres-

ponding to the daily additions of N and P (Figure 3).

Chlorophyll a

The Chl a concentration increased during the experiment

in all other treatments except in the control (Figure 3).

During the first part of the experiment, the increase in the

different treatments was best related to the amounts of N

added. According to the stepwise regression analysis, the N

dose alone explained 72% (r2) of the variance in Chl a

concentration on day 6 (Table II). In the treatments with

the highest N dose, the Chl a concentration increased

additionally when also P was added in a high dose (15H;

NhighPhigh), seen as a significant effect of the crossproduct

of N and P on day 6 (Figure 3, Table II). After day 6,

however, the Chl a concentration increased most in the

treatment with a high dose of N but with a medium dose of

P (40H; NhighPmed). In the three treatments with a medium

dose of N but with a low, medium or high dose of P, the

increase in the Chl a concentration was almost identical

until day 6. After that the concentration increased most

when the P dose was lowest (Figure 3). At the end of the

experiment the N:P ratio explained most of the variance

(r2 = 68 %) in Chl a concentration (Table II). This was due

to an exponential increase in the concentration of Chl a in

the two treatments with a high N:P ratio during the last

four days.
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Fig. 3. Concentrations (treatment mean �1 SE) of NH4, NO2 + NO3, PO4, total N, total P, DIN:DIP ratio, Chl a concentration and total
phytoplankton biomass in the different treatments during the experiment.
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Table II: Results of stepwise regression analysis for the absolute biomasses of the main phytoplankton
and zooplankton groups and species and Chl a

Day 6 Day 12

Step Parameter r2 F P Step Parameter r2 F P

variable estimate variable estimate

entered �10�2 entered �10�2

Dinobryon faculiferum no variable met the 0.15 significance level 1. N � P 42.09 0.40 10.46 0.0052

Pseudopedinella spp.b 1. N � P 167.48 0.73 42.28 <0.0001 1. N � P 332.25 0.83 76.14 <0.0001

2. N:P �0.22 0.77 3.17 0.0951

3. P �130.69 0.85 6.96 0.0194

Uroglena sp.a 1. N:P 0.10 0.64 28.14 <0.0001 1. N:P 0.89 0.91 158.50 <0.0001

2. N � P 9.83 0.70 3.04 0.1019 2. N2 �3.11 0.94 6.65 0.0209

Chrysochromulina spp. 1. N � P 1.71 0.16 3.11 0.0967 1. N:P 0.07 0.14 2.55 0.1296

Chaetoceros spp.a 1. N2 13.41 0.89 127.77 <0.0001 1. N:P 0.45 0.76 49.57 <0.0001

2. P2 �79.12 0.94 13.80 0.0021

Skeletonema costatuma 1. N � P 427.38 0.88 120.70 <0.0001 1. P 390.33 0.83 77.72 <0.0001

2. N2 �8.89 0.95 19.56 0.0005

3. P2 �13.57 0.98 28.13 0.0001

Nitzschia spp.a 1. P 9.49 0.44 12.50 0.0027 1. P2 45.23 0.60 24.31 0.0002

2. N2 �0.91 0.68 3.48 0.0819

Pennate diatoms (others) 1. N � P 3.23 0.16 2.94 0.1060 1. N:P 0.32 0.36 8.91 0.0087

2. N2 �2.69 0.47 3.18 0.0949

Cryptophyta 1. N � P 3.52 0.15 2.89 0.1086 1. N2 1.55 0.29 6.70 0.0198

2. P2 �17.87 0.43 3.56 0.0789

Dinophyta 1. N 18.06 0.65 29.30 <0.0001 1. N � P 267.65 0.37 9.48 0.0072

2. P 130.23 0.74 5.12 0.0390

M. rubra (big)a 1. N 14.86 0.93 56.02 0.0017 1. P 83.40 0.43 12.08 0.0030

2. P 57.87 0.98 5.38 0.1031

M. rubra (small) 1. N � P 128.43 0.56 20.03 0.0004 1. P 35.11 0.60 23.78 0.0002

2. P2 �11.09 0.71 6.00 0.0271

APP 1. N �3.16 0.90 37.88 0.0035 1. N �6.39 0.57 21.15 0.0003

2. N2 2.85 0.77 13.17 0.0025

Total phytoplankton 1. N 17.23 0.90 148.04 <0.0001 1. N 34.66 0.70 36.92 <0.0001

biomassa 2. N � P 95.46 0.95 13.64 0.0022 2. N2 0.54 0.82 9.70 0.0071

3. N:P �18.84 0.88 7.60 0.0154

4. N � P 167.77 0.93 8.17 0.0134

Chl aa 1. N 66.11 0.72 41.11 <0.0001 1. N:P 0.77 0.68 33.93 <0.0001

2. N � P 119.75 0.81 6.57 0.0216 2. N 37.13 0.90 31.28 <0.0001

3. N2 –29.83 0.88 8.75 0.0104 3. N � P �327.54 0.91 2.63 0.1273

4. P 304.55 0.95 7.91 0.0147

Total zooplankton 1. N 53.22 0.79 15.20 0.0176

biomassa 2. P 141.53 0.93 6.20 0.0885

3. N2 �19.88 0.98 6.29 0.1290

Copepoda, adults and

copepoditesa no variable met the 0.15 significance level

Copepoda naupilesa no variable met the 0.15 significance level

Cladoceraa 1. P 856.65 0.45 3.25 0.1459

2.N2 �23.71 0.88 10.86 0.0459

3. N:P 0.75 0.97 5.95 0.1350

Synchaeta balticaa 1. N 120.79 0.88 29.93 0.0054

2. N2 �47.66 0.99 94.36 0.0023

Syncaheta spp. (others)a 1. N 74.61 0.88 29.18 0.0057

The significance level to enter in the model was 0.15. alog10(x+1) transformed; b transformed.
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Phytoplankton biomass

The initial phytoplanktonbiomasswas low, only 0.7mgL�1

(Figures 3 and 4). The phototrophic ciliate Myrionecta

rubra ( Jankowski, 1976) [= Mesodinium rubrum (Lohmann,

1908)] seemed to be the main primary producer. With a

mean density of 1.2 � 105 cells L�1 and a biomass of

0.46 mg L�1, M. rubra corresponded to 62% of the total

autotrophic biomass (Figure 4). Autotrophic picoplankton

(APP) was the second largest group, making up about 20%

of the total autotrophic biomass. The rest of the auto-

trophic biomass consisted mainly of dinoflagellates (domi-

nated by Dinophysis acuminata), diatoms, chrysophytes and

cryptophytes. Of cyanobacteria a few chroococcal species

and Aphanizomenon sp. occurred only randomly in the sam-

ples, and because of their low abundances they are

included in the group ‘others’ (Figure 4). Until the middle

of the experiment, the total autotrophic biomass increased

in the different treatments almost in the same way as the

Chl a concentration (Figure 3). During the last four days the

biomass increased most in the two treatments with a high

N:P ratio (40H and 40L) due to a high growth of the

mixotrophic chrysophyte Uroglena sp. However, different

from the Chl a concentration, the biomass in the treatment

with a high N:P ratio and a high dose of N (40H; NhighPmed)

only reached the same level as in the highest nutrient

enrichment with a Redfield N:P ratio (15H; NhighPhigh).

Thus, the N dose explained most of the biomass variation

even though the P dose also contributed to the biomass

increase (Table II). At the end of the experiment the total

phytoplankton biomass was at the same level as that during

the vernal bloom in the study area [(Kauppila and Lepistö,

2001) J. Suomela, unpublished data]

Chrysophytes

Of chrysophytes, Dinobryon faculiferum (Willén), Pseudopedi-

nella spp. and Uroglena sp. were dominating. Dinobryon

faculiferum grew equally well in all nutrient enrichments

during the first half of the experiment (Figure 5). This

resulted in a negative relationship between the relative

biomass of D. faculiferum and the N dose, since the total

phytoplanktonbiomass at this timewasN-limited (Figure 6,

Table III). In the second half of the experiment the

biomass of D. faculiferum was highest in the treatments

with the highest doses of both N and P (significant N �
P–effect, Figure 5, Table II). The relative biomass was then

poorly (r2 = 21%) positively related to the P dose (Table III).

Also Pseudopedinella spp. grew best in the treatment

with the highest doses of both N and P in a Redfield

ratio (significant N � P–effect, Figure 5, Table II). The

relative biomass of Pseudopedinella followed the same pat-

tern as the absolute biomass, but was more clearly also

negatively related to the N:P ratio and also positively

related to the N dose at the end of the experiment

(Figures 5 and 6, Table III).

Uroglena sp. differed from the other species in being

most clearly affected by the N:P ratio of the nutrient

enrichments (Tables II and III). During the last four days

Uroglena sp. grew exponentially in the two treatments

with the highest N:P ratio (40L and 40H) (Figure 5). In

these treatments it made up 35–40% of the total phyto-

plankton biomass at the end of the experiment (Figures 4

and 6). Then the N:P ratio alone explained 91% of the

variance in absolute biomass and 88% of the relative

biomass of Uroglena (Tables II and III).

Prymnesiophytes

Of prymnesiophytes, Chrysochromulina spp. was present in

low numbers during the experiment. During the last

days the abundances increased especially in the treat-

ments with a high or medium N dose (Figure 5) and was

slightly positively (r2 = 14%) related to the N:P ratio.

The relative abundance of Chrysochromulina was not

Fig. 4. Phytoplankton community composition at the start (Day 0) and at the end (Day 10) of the experiment. At day 0, only the means of the
zooplankton removal treatment (filtered) and the non removal (non filtered) treatments are shown, since there were no differences among the other
treatments. For treatment codes, see Table I, Figure 2.
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significantly explained by any factor (Table III), prob-

ably due to the low overall abundance of the species.

Diatoms

Although the biomass of diatoms was low at the start of

the experiment, they responded quickly to the nutrient

addition and became the dominant algal group. How-

ever, the different species responded differently to the

nutrient enrichments. Two fastgrowing centric species,

Chaetoceros wighamii (Brightwell) and Skeletonema costatum

(Greville) Cleve made up 32–57% of total phytoplankton

biomass at the end of the experiment in all treatments

(Figures 4 and 6). During the first part of the experiment

the biomass of Chaetoceros spp. (dominated by C. wighamii)

was highest in the treatments with the highest N dose

(Figure 5). During the later part of the experiment the

biomass increased rapidly also in the other treatments,

especially in the treatment with a high N:P ratio (40L;

NmedPlow) in which ammonium started to accumulate

(Figure 5). In the middle of the experiment both the

absolute and the relative biomass of Chaetoceros spp. was

best related to the N dose (Tables II and III). The effect

of P was negative (Table II), since in the treatments with

a high N dose, Chaetoceros was more abundant when the

P dose was moderate (40H; NhighPmed) as compared with

when it was high (15H; NhighPhigh). At the end of the

experiment the N:P ratio explained most of the variance

in the biomass, since the biomass was highest in both the

treatments with high N:P ratios (40L and 40H) (Figure 5,

Table II). The relative biomass of Chaetoceros was on the

other hand highest in the control and in the treatments

with the lowest nutrient enrichments, resulting in a

negative relation to both the P dose and the product of

N and P (Figure 6, Table III).
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Fig. 5. Absolute biomasses of dominating phytoplankton species/groups (Treatment mean �1 SE) in the different treatments during the
experiment.
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The biomass of the other dominant diatom, Skeleto-

nema costatum, increased rapidly in the treatment with the

highest doses of both N and P (Figure 5). Consequently,

the crossproduct of N and P explained most of the

variation in biomass at day 6 (Table II). During the

later part of the experiment, the biomass of S. costatum

increased also in the treatments with a medium N dose

in combination with a high or medium P dose and the

P dose explained most of the biomass variance (Figure 5,

Table II). The relative abundance of S. costatum

responded almost in the same way as the absolute bio-

mass, but was also negatively correlated to the N:P ratio,

due to the relatively high growth in both treatments with

low N:P ratios (6L and 6H) and the lowest growth in the

treatments with high N:P ratios (40L and 40H) (Figure 6,

Table III). The relative biomasses of Chaetoceros spp. and

S. costatum were negatively correlated with each other at

the end of the experiment (Spearman’s rank correlation,

r2 = �0.73, P < 0.001).

The biomass of diatoms other than Chaetoceros and

S. costatum was low (Figures 4 and 5).The results of these

other diatoms are based on a lower number of counted

cells than in the other species, which probably also

resulted in the lower coefficient of determination (= the

proportion of the total variation in the dependent variable

that is explained by the independent variables in the

model) (Tables II and III). Nitzschia spp. responded on

day 6, in terms of absolute biomass, primarily to the

P dose, whereas the relative abundance was negatively

related to the N:P ratio (Figures 5 and 6, Tables II and

III). During the last part of the experiment the biomass

increased, especially in the treatment with the highest

doses of both N and P, but also in the treatment with a

high P dose and a medium N dose. This resulted in a

positive relation to the P dose of both the absolute and

relative biomass of Nitzschia.

The other pennate diatoms were combined in one

group and consisted probably also of periphyton that had
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Fig. 6. Relative biomasses of dominating phytoplankton species/groups (Treatment mean �1 SE) in the different treatments during the
experiment.
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detached from the enclosure walls. At the first half part of

the experiment the biomass of pennate diatoms was low

and was best related to the crossproduct of N and P

(Figures 5 and 6, Tables II and III). The biomass increased

mostly during the last four days. The increase was highest

in the treatment with a high N:P ratio and with the lower

nutrient level (40L; NmedPlow) (Figure 5). At the end of the

experiment the absolute biomass of pennate diatoms was

positively related to the N:P ratio and negatively related to

the N dose, whereas the relative biomass was negatively

related to the P dose (Tables II and III). However, the

coefficients of determination were low.

Cryptophytes

Cryptophytes were not abundant during the experiment,

but increased during the last few days, especially in the

treatment with a high N:P ratio and with the highest

addition of ammonium (40H; NhighPmed) (Figure 5).

Thus, the biomass of cryptophytes was best related to

the N dose at the end of the experiment (Table II).

Dinoflagellates

Because of the low overall number of dinoflagellates

and since many of them were unidentified, they were

Table III: Results of stepwise regression analysis for the relative biomasses of the main phytoplankton
groups and species

Day 6 Day 12

Step Parameter r2 F P Step Parameter r2 F P

variable estimate variable estimate

entered entered �102

Dinobryon faculiferum 1. 1. N �3.78 0.73 43.69 <0.0001 1. P 0.21 0.21 4.21 0.0570

Pseudopedinella spp. 1. N � P 42.95 0.45 13.26 0.0022 1. N 0.08 0.44 12.37 0.0029

2. N:P �0.09 0.62 6.57 0.0216 2. N:P �0.16 0.76 20.04 0.0004

3. P �40.23 0.72 4.95 0.0431 3. N � P 150.64 0.84 7.77 0.0145

Uroglena sp. 1. P �361.73 0.52 17.49 0.0007 1. N:P 0.26 0.88 116.31 <0.0001

2. P2 2445.80 0.65 5.74 0.0301 2. N � P �246.19 0.93 10.35 0.0058

Chrysochromulina spp. no variable met the 0.15 significance level no variable met the 0.15 significance level

Chaetoceros spp. 1. N2 12.95 0.53 18.39 0.0006 1. P �2.15 0.56 20.01 0.0004

2. N � P �155.77 0.82 22.86 0.0002 2. N � P �2.13 0.72 9.01 0.0089

Skeletonema costatum 1. N � P 143.18 0.66 30.66 <0.0001 1. P 26.46 0.68 34.69 <0.0001

2. N:P �0.30 0.87 23.60 0.0002 2. N:P �0.88 0.85 17.40 0.0008

4. N2 �16.88 0.89 3.11 0.0997 3. N � P 858.58 0.88 2.77 0.1182

5. N 30.26 0.93 6.82 0.0215 4. P2 �179.93 0.92 6.59 0.0235

5. N �0.21 0.98 32.79 <0.0001

Nitzschia spp. 1. N:P �0.10 0.52 17.14 0.0008 1. P2 4.51 0.56 20.22 0.0004

Pennate diatoms (others) 1. N � P 42.96 0.45 13.26 0.0022 1. P �0.45 0.24 5.04 0.0390

2. N:P �0.09 0.62 6.57 0.0216

3. P �40.26 0.72 4.95 0.0431

Cryptophyta no variable met the 0.15 significance level no variable met the 0.15 significance level

Dinophyta no variable met the 0.15 significance level 1. P2 5.85 0.28 6.28 0.0234

M. rubra (big) 1. N �4.62 0.16 3.10 0.0976 1. N:P �0.21 0.71 39.40 <0.0001

2. N � P 203.88 0.85 13.70 0.0021

M. rubra (small) 1. N:P �0.10 0.40 10.66 0.0049 1. N � P �0.78 0.74 45.97 <0.0001

2. N2 �1.37 0.56 5.35 0.0353

APP 1. N �14.99 0.87 108.90 <0.0001 1. N �0.07 0.64 27.88 <0.0001

2. P2 �230.19 0.93 11.23 0.0044 2. N2 0.03 0.88 31.91 <0.0001

3. N2 4.71 0.95 7.98 0.0135 3. N � P �61.74 0.91 3.38 0.0875

4. N:P 0.06 0.96 19.88 0.0006

5. P �0.18 0.98 7.55 0.0177

The significance level to enter in the model was 0.15.
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combined in one group. Unfortunately, phagotrophic spe-

cies could not be distinguished from autotrophic or mixo-

trophic ones. The biomass of dinoflagellates increased in

all treatments (Figure 5). The increase was highest in the

highest nutrient enrichments, resulting in a positive rela-

tion to both the N and P dose (Figure 5, Table II). The

relative abundance of dinoflagellates increased until the

middle of the experiment, but decreased after that in all

treatments (Figure 6). At day 6, the relative biomass was

not significantly affected by the nutrient enrichments, but

at the end of the experiment it was slightly (r2 = 28%)

positively related to the P dose (Figure 6, Table III).

Myrionecta rubra

Because of the large size differences in Myrionecta rubra, the

species was divided into two size classes; small (average

length 17 mm, range 13–23 mm) and large (average length

27 mm, range 23–33 mm) cells. In the first half of the experi-

ment, both size classes responded positively to the doses of

bothNandP,whichwas seenas a high growth in the highest

nutrient enrichment (15H; NhighPhigh) (Figure 5, Table II).

During the second half of the experiment the abundance of

M. rubra declined abruptly in all enclosures. At the end both

size classes were primarily positively related to the P dose

(Table II). At day 6, the relative biomass of the largeM. rubra

was highest in the treatments with the lowest nutrient

enrichments, resulting in a negative relation to the N dose.

The relative biomass of the small individuals was highest in

both the treatments with low N:P ratios (6L and 6H) and

thus negatively related to the N:P ratio (Figure 6, Table III).

Although the relative biomasses were low at the end of the

experiment, the large individuals were then negatively

related to the N:P ratio and positively related to the product

of N and P, whereas the small individuals were negatively

related to the product of N and P (Figure 6, Table III).

APP

Autotrophic picoplankton (APP) were abundant at the

start of the experiment, but declined drastically during

the experiment in all treatments (Figure 5). Both the abso-

lute and relative abundances of APP were all the time best

negatively related to the N dose, since the biomass

decreased least in the treatment with the lowest N dose

(6L; NlowPmed) (Figures 5 and 6, Tables II and III).

Zooplankton and effects of zooplankton
exclusion

The initial zooplankton community was dominated by the

rotifers Synchaeta baltica and Synchaeta spp. (mainly S. litoralis

and S. monopus), which made up 70% of the total zooplank-

ton biomass (Figure 7). Cladocerans (dominated by Podon

polyphemoides and Bosmina coregoni maritima) and calanoids

(Eurytemora affinis and Acartia bifilosa) were present in low

numbers (Figure 7). In the zooplankton removal treat-

ment, the crustacean zooplankton and the rotifer Synchaeta

baltica, were successfully removed (Figure 7). Smaller Syn-

chaeta species and calanoid nauplii were not affected by

the filtering. However, because of the low overall number

of crustaceans, statistical differences between the zooplank-

ton removal and corresponding non-removal treatments

were recorded only for S. baltica at the beginning of the

experiment (ANOVA, P < 0.05).

The zooplankton biomass increased in all treatments

during the experiment (Figure 7). At the end of the experi-

ment the zooplankton biomass was highest in the treatments

with the highest phytoplankton biomass, resulting in a pri-

mary positive relation to the N dose (Figure 7, Table II). Of

the zooplankton groups, copepods increased in all treat-

ments but there were no statistically significant effects due

to the enrichment of N or P. The cladocerans were on the

other hand positively related to the P dose and negatively to

Fig. 7. Biomasses of main zooplankton groups at the start (Day 0) and at the end (Day10) of the experiment. At day 0, only the means of the
zooplankton removal treatment (filtered) and the non removal (non filtered) treatments are shown, since there were no differences among the other
treatments. For treatment codes, see Table I, Figure 2.
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the N dose, whereas Synchaeta baltica and Synchaeta spp. were

positively related to theN dose at the end of the experiment.

In the mesozooplankton removal treatment the abund-

ances of copepods and cladocerans increased slightly, but

were still low at the end of the experiment. The biomass of

S. baltica increased to the same level as in the corresponding

non-removal treatment, but did not statistically differ from

this. The biomass of Synchaeta spp. (S. baltica not included)

increased on the other hand five-fold more in the removal

treatment than in the corresponding nutrient enrichment

treatment (repeated measures ANOVA, P < 0.05)

(Figure 7). This resulted in a higher total zooplankton

biomass in the mesozooplankton removal than in the non-

removal treatment at the end of the experiment (Figure 7).

Exclusion of large mesozooplankton did not affect the

Chl a concentration (Figure 3). The total phytoplankton

biomass was somewhat higher in the zooplankton removal

treatment than in the corresponding non removal treat-

ment, even though the difference was not statistically sig-

nificant (Figure 3). Zooplankton removal affected, however,

the composition of the phytoplankton community. The

biomasses of Dinobryon faculiferum and small Myrionecta rubra

were significantly higher in the treatment with removal of

mesozooplankton (repeated measures ANOVA, P < 0.01,

Figure 5). The biomasses of S. costatum, pennate diatoms

and Chrysochromulina spp. were also higher in the zooplank-

ton removal treatment than in the corresponding non-

removal treatment, but the differences were not statistically

quite significant (Figure 5, repeated measures ANOVA,

0.05 < P < 0.2). Mesozooplankton removal affected nega-

tively the biomasses of Nitzschia spp. and Pseudopedinella spp.

(Figure 5, repeated measures ANOVA, P = 0.01).

DISCUSSION

Phytoplankton nutrient limitation

The phytoplankton community was N-limited in terms

of Chl a and total biomass. This is in accordance with

predictions based on the relatively low N:P ratio of the

water in the area (Kirkkala et al., 1998) and with the

generally observed N-limitation of the northern Baltic

Sea (Granéli et al., 1990; Kivi et al., 1993). The N-

deficiency was clearly observable in the treatments with

a medium N dose in which the dose of P (low, medium

or high) had no additive effect on the autotrophic

growth. When the N dose was high, a high P dose in-

creased the phytoplankton biomass additionally compared

with the medium P dose, indicating that also the avail-

ability of P started to limit phytoplankton growth.

Although the total phytoplankton biomass and Chl a

concentration indicated N-limitation, the individual

species varied in their responses to the nutrient supply.

Even though most species at the first part of the experi-

ment responded both to the N and P supply, there were

species that were clearly N-limited and others that were

more P-limited. The N-limitation of the total phytoplank-

ton biomass was due to fast growth responses of a few N-

limited species. Only the diatom Chaetoceros spp. responded

clearly primarily to the N dose, whereas the mixotrophic

chrysophyte Uroglena sp. was positively related to the N:P

ratio, also indicating N-limitation. Later in the experiment

the differences among the groups became stronger. At the

end of the experiment Uroglena and Chaetoceros spp., were

still N-limited, whereas the other chrysophytes and the

dinoflagellates were best related to the addition of both N

and P. Skeletonema costatum, Nitzschia spp. and Myrionecta

rubra responded primarily to the addition of P and seemed

thus to be P-limited.

Phytoplankton biomass and Chl a concentration

responded somewhat differently to the nutrient enrich-

ments. During the later part of the experiment the Chl a

concentration increased exponentially in the treatment

with a high N:P ratio and a high N dose (40H; NhighPmed)

and were, from day 7 onwards, higher in this treatment

than in the one with the same amount of N but with a

higher P dose (15H; NhighPhigh). The total algal biomass

did not, however, differ between these two treatments. The

increase in Chl a in the treatment with a high N:P ratio

must thus be due either to species-specific differences in

cellular Chl a content or to an increase in the cellular quota

of Chl a. The treatments with high N:P ratios became

dominated by the mixotrophic chrysophyte Uroglena sp.,

but it is not in our knowledge whether this species can have

higher contents of Chl a than the other species. Previous

studies have shown that if nitrogen is added to N-limited

phytoplankton cells, the Chl a content of the cells will

increase almost immediately, even if there may not be a

corresponding response in cell growth or division (Rhee,

1978) [(Geider and Osborne, 1992) p. 176]. This may be

an explanation for the high Chl a concentrations in the

treatments with high N:P ratios, in which ammonium

accumulated in the middle of the experiment. The result

suggests that Chl a concentration is not always a reliable

measure of either nutrient limitation or phytoplankton

biomass.

Species-specific responses and resource
competition

The experiment started at the first week of June when

the vernal bloom was over and the total biomass of

phytoplankton was low. The diatoms responded fast to

the added nutrients and became the dominant group. Of

the diatoms, two species, Chaetoceros wighamii and Skeletonema

costatum became dominating and made up 32–57% of the
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total biomass in all treatments at the end of the experiment.

Centric diatoms are known for their fast growth respon-

ses to nutrient enrichments also from other enclosure

experiments (Harrison and Davis, 1979; Sanders et al.,

1987; Kuosa et al., 1997) and dominate often in natural

eutrophic waters. The two dominating species differed,

however, in their responses to the nutrient enrichments.

Chaetoceros spp. (mainly C. wighamii) was positively related to

high amounts of ammonium. During the first half of the

experiment the growth was highest in the treatments with

the highest N dose, but when the ammonium concentra-

tions increased in the treatment with a high N:P ratio and

with a medium N dose (40L; NmedPlow), the biomass of the

species increased rapidly also in this treatment. Skeletonema

costatum was, on the other hand, P-limited, even though the

growth was most stimulated by high additions of both

N and P.

The relative biomasses of Chaetoceros spp. and S. costa-

tum, which reflect their competitive success, were nega-

tively correlated with each other at the end of the

experiment. Chaetoceros spp. was in terms of relative bio-

mass highest in the control and in the treatments with

the lowest doses of N and P, and negatively related to the

P dose. This can be explained by the species’ high affinity

to low nutrient concentrations (Turpin and Harrison,

1979). Accordingly, both a high growth rate (Sommer,

1989b) and very low half saturation constants for both

ammonium and phosphate have been measured for

Chaetoceros species (Eppley et al., 1969; Finenko and

Krupatkina, 1974). The fact that the biomass started a

fast increase in the treatment with a high N:P ratio and

with a moderate N dose only after the ammonium con-

centration started to increase, indicates, however, that

the species was not the best competitor for N. This may

be due to differences in the uptake rates of ammonium of

the dominant species (Flynn, 1998). Consequently, in

continuous culture experiments S. costatum has been

shown to have a higher uptake rate (Conway and

Harrison, 1977; Turpin and Harrison, 1979; Quarmby

et al., 1982; Stolte et al., 1994) but also a higher require-

ment for ammonium than Chaetoceros species (Mickelson

et al., 1979). In addition, S. costatum is able to modify its

uptake rates to changing nutrient regimes (Harrison et al.,

1976; Conway et al., 1976). The uptake rate is high

especially at high nutrient concentrations and the species

has consistently been shown to be favoured by a pulsed

nutrient supply (Conway and Harrison, 1977; Quarmby

et al., 1982; Turpin and Harrison, 1979). Turpin and

Harrison (Turpin and Harrison, 1979) found that

ammonium-limited continuous cultures were dominated

at equilibrium by Chaetoceros species, whereas cultures

with one pulse per day were dominated by S. costatum,

and cultures with eight pulses per day contained both

taxa. Skeletonema costatum was probably also in our experi-

ment a better competitor for ammonium than Chaetoceros

at high concentrations, but had also a higher requirement

for the nutrient which gave it a competitive disadvantage

at low nutrient concentrations. Moreover, S. costatum

seemed to have a higher requirement for phosphorus

than Chaetoceros, which is also in agreement with earlier

studies (Sakshaug and Andersen, 1986). S. costatum has

been thought to require more phosphate because it has a

high content of ATP associated with a rapid growth rate

(Sakshaug and Andersen, 1986). Consistently, Sakshaug

and Olsen (Sakshaug and Olsen, 1986) reported an

optimum N:P ratio of 9:1 (molar) for S. costatum during

nutrient saturation. The results suggest that of the two

species Chaetoceros, during nutrient competition, should

be dominant at low nutrient concentrations and at high

N:P ratios, whereas S. costatum is favoured by high nutri-

ent concentrations and lower N:P ratios.

The low biomass of pennate diatoms in our experi-

ment may be due to the fact that they generally have

lower growth rates than the centric species (Grover,

1989b; Sommer, 1989b). This probably explains the

biomass increase during the few last days only. Many

species of the genus Nitzschia, and also other pennate

diatoms, have a very low half saturation constant for

P and tend to dominate in P-limited habitats (Sommer,

1985; Grover 1989a, 1989b). Grover (Grover, 1989c)

demonstrated that an elongate shape with a high sur-

face:volume ratio may be advantageous in the uptake of

nutrients over smaller spherical cells. Also in our experi-

ment, the pennate diatoms seemed to be good competi-

tors for P since the relative biomass was negatively

related to the P dose at the end of the experiment.

Contrary to the other pennate diatoms, Nitzschia spp.

was positively related to the P dose. This is in agreement

with the study of Suttle and Harrison (Suttle and

Harrison, 1988), in which Nitzschia became dominant

in N-limited cultures. Tilman et al. (Tilman et al., 1986)

found that the competitive ability of diatoms for

P decreases at temperatures >17�C, whereas the tem-

perature in our study increased to 19�C in the end of the

experiment. However, the genus Nitzschia is large, and it

is known that there exist species-specific differences in

their ability to compete for P (Grover, 1989a).

Although we only studied the effects of N and P, some

other nutrients or trace elements may have became

limiting during the experiment and affected the compe-

tition among the species. Growth of diatoms can be

limited by the availability of silica (Conley et al., 1993),

but silica is normally not considered as a potentially

limiting nutrient in the Baltic Sea. Due to the high

growth of diatoms we do not suggest that silica limited

phytoplankton growth in our experiment. However, we
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cannot rule out the possibility that the availability of Si

became limited and affected the competition among the

diatom species (Kuosa et al., 1997). Of the two dominat-

ing diatom species, data from the literature suggests that

Si-limitation would have favoured Chaetoceros, since it is

more efficient at taking up silicate than Skeletonema

(Conway and Harrison, 1977; Harrison and Davis, 1979).

According to resource competition theories, picoplank-

ton should be favoured over larger phytoplankton in nutri-

ent limited conditions because of their higher nutrient

affinity associated to their small size and higher ratios of

surface area to volume (Smith and Kalff, 1982; Fogg, 1986;

Raven, 1998). This appears to be so during the nutrient-

limited situation at the start of the experiment, when the

APPmade up 20% of the total autotrophic biomass. This is

also in the common range of abundances of APP in the

northern Baltic during the season of regenerated produc-

tion in summer (Kuosa, 1988, 1991). We suggest that the

overall decline of both the absolute and even more the

relative biomass of APP during the experiment was due

to increased predation by both heterotrophic and mixo-

trophic flagellates and the rotifer Synchaeta spp. A decline of

the relative contribution of picoplankton to the total auto-

trophic biomass as the total production increases has also

been observed in other studies, both experimentally after

nutrient additions, and in field conditions (Agawin et al.,

2000). APP decreased least, however, in the N-depleted

nutrient enrichments with the lowest N dose (6L;

NlowPmed), which could be due to their competitive advan-

tage in taking up N at low concentrations.

The dominance of the autotrophic ciliateMyrionecta rubra

under the nutrient-limited condition at the start of the

experiment indicates that the species is an especially good

competitor for nutrients. The species has developed such a

strong dependence on its cryptophyte endosymbiont that it

has generally been considered as an obligate autotroph

(Lindholm, 1985, 1992). However, Gustafson et al. (Gustaf-

son et al., 2000) found recently that M. rubra is capable of

ingesting cryptophyte prey and steal their organelles. In our

study area the species usually has a biomass peak during the

phytoplankton minimum in the beginning of June. The

species has been shown to have a high demand for inorganic

N, but also one to four times higher uptake rate for nitrate

than diatoms and dinoflagellates (Wilkerson andGrunseich,

1990). The competitive advantage during nutrient limita-

tion is probably increased by the species’ very high swim-

ming speed, which allows it to exploit resources from deeper

water strata as well as from nutrient patches.Myrionecta rubra

responded in the first half of the experiment to the nutri-

ent enrichments as a true autotroph, with a high biomass

increase in the treatment with the highest doses of both

N and P. The relative biomass on the other hand was high-

est in the treatment with the lowest nutrient additions

(significant negative relation to N and the N:P ratio),

which confirm the assumption of the good ability of the

species to compete for nutrients. The abundance of

M. rubra decreased drastically in all enclosures during the

last four days of the experiment. The smaller M. rubra cells

were affected bypredation of copepods, seen as a significant

positive response to the zooplankton removal. However,

the larger individuals were not affected by the zooplankton

removal. Thus the overall decrease ofM. rubrawas probably

due to other things than an increased predation pressure.

The species is very fragile and known to be difficult to

maintain in cultures (Stoecker et al., 1991).

Growth of mixotrophic phytoplankton

One mixotrophic species, the chrysophyte Uroglena sp.,

became dominant during the experiment. Uroglena sp.

responded strongest to the N:P ratio of the treatments,

due to its exponential growth in both the enrichments

with high N:P ratios whereas the growth was lowest in

the treatments with the lowest N:P ratios. In the two

treatments with high N:P ratios Uroglena made up 30–

40% of the total phytoplankton biomass at the end of the

experiment. The result is consistent with other experi-

mental studies in which enrichment of N alone has

stimulated growth of other mixotrophic flagellates

( Jansson et al., 1996). Uroglena americana is also known to

form dense blooms in Lake Biwa, Japan, under P-limited

conditions (Urabe et al., 1999) and is dominant in

Japanese lakes with low DIP concentrations and high

DIN:DIP ratios (Yoshida et al., 1995). The species is an

obligate bacterivore, which by ingesting bacteria receives

phospholipids that are essential for its growth (Kimura

and Ishida, 1985; Kimura et al., 1986).

Jansson et al. (Jansson et al., 1996) suggested that N-

limitation in mixotrophic species may be induced by

grazing on P-rich bacteria, since both the C:P and N:P

ratios are generally lower in bacteria than in phytoplank-

ton (Fagerbakke et al., 1996). Compared with flagellates,

bacteria have a higher affinity for phosphate at low

concentrations (Currie and Kalff, 1984; Bratbak and

Thingstad, 1985; Güde, 1985) and they are also better

competitors for dissolved organics, due to their higher

surface-to-volume ratio (Sieburth and Davis, 1982;

Fenchel, 1986). Thus, under P-limitation, algae that are

able to feed upon P-rich bacteria would have a competitive

advantage. Consistently, Urabe et al. (Urabe et al., 1999)

found in a feeding experiment, that the bacterivory of

U. americana increased when the P concentrations in the

lake water decreased.

The abundances of Dinobryon faculiferum and Pseudo-

pedinella spp., the other potentially mixotrophic chryso-

phytes present in our experiment, were not positively

related to either the N dose nor the N:P ratio of the
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nutrient additions. The high growth of these species in

the highest nutrient enrichment (15H; NhighPhigh) indi-

cates that the species had a high requirement of nutri-

ents. Of prymnesiophytes the potential mixotrophic

Chrysochromulina spp. was present during the experiment

but did not reach high numbers in any treatment. The

cell numbers increased during the last four days, espe-

cially in the enrichments with a medium or high N dose,

resulting in a weak (r2 = 0.14) positive relation to the N:P

ratio. In another experiment in the same area in late

summer, Chrysochromulina spp. bloomed in a treatment

with a high ammonium addition in a high N:P ratio

(Lagus et al., 2003). Chrysochromulina species have also in

other studies been found to be favoured by high nitrogen

concentrations (Hajdu et al., 1996), and have recently

been proved to be able to gain P through bacterivory at low

dissolved P concentrations (Stibor and Sommer, 2003).

Dinoflagellates are normally included in the group of

potentially mixotrophic phytoplankton, even though the

group is poorly known and includes both autotrophic,

heterotrophic and mixotrophic species. Generally about

half of the species are estimated to be unpigmented hetero-

trophs (Gaines and Elbrächter, 1987). Most mixo- and

phagotrophic species rather prey on other phytoplankton

and even on ciliates than on bacteria ( Jacobson and

Anderson, 1986; Li et al., 1996). In our experiment the

growth of dinoflagellates was favoured by the highest

nutrient enrichments and seemed to follow the same pat-

tern as the total phytoplankton biomass. The positive

growth response to the highest N and P doses could thus

be due both to direct autotrophic growth and to predation

on autotrophs, which increased in the same treatments.

Zooplankton

The zooplankton removal treatment decreased the

amount of large zooplankton. This in turn resulted in a

decreased predation pressure on the smaller zooplank-

ton, seen as a manifold increase in the rotifer Synchaeta

spp. in the removal treatment. At the end of the experi-

ment the total zooplankton biomass was actually higher

in the zooplankton removal treatment than in the corres-

ponding non removal treatment.

The zooplankton removal did not affect the Chl a con-

centrations, but the total phytoplankton biomass was

slightly higher in the removal treatment even though the

difference was not statistically significant. This is consistent

with other studies from the Baltic Sea, where the total

phytoplankton biomass has been shown to be primarily

nutrient-limited during the summer minimum (Kivi et al.,

1993). However, although mesozooplankton did not affect

the total phytoplankton biomass, they did have an effect

on species composition. This agrees with results from other

mesocosm experiments and can be explained by the fact

that the suppression of species preferred by the large

zooplankton is compensated by growth of other species

that are released from grazing by smaller zooplankton and

protozoa (Sommer et al., 2003). In the present experiment,

zooplankton removal favoured growth of Dinobryon faculi-

ferum, small Myrionecta rubra, Skeletonema costatum, pennate

diatoms and Chrysochromulina spp., but depressed Nitzschia

spp. and Pseudopedinella spp. We suggest decreased grazing

by copepods and cladocerans as a reason for the increases

in the zooplankton removal treatment. Increased grazing

by Synchaeta spp. or increased competition among the

phytoplankton species were on the other hand the prob-

able causes for the decrease of Nitzschia and Pseudopedinella

in the zooplankton removal treatment. Since Synchaeta spp.

was the dominating zooplankter overall it is probable that

it also depressed the biomass of those species in the other

treatments and thus affected the results on their responses

to the nutrient enrichments. For example, since Synchaeta

spp. responded primarily to the N dose, the positive

response of Nitzschia spp. to the P dose could be due to

intense predation by Synchaeta in the treatments with a high

N dose.

We do not think that grazing by copepods was respon-

sible for the differences in phytoplankton growth in the

different nutrient enrichment treatments, since the over-

all abundance of copepods was low and no significant

difference in copepod biomass due to the nutrient

enrichments was recorded. Overall we do not suggest

that the large zooplankton significantly altered the nutri-

ent availability for the algae. The species that were most

favoured by the zooplankton removal treatment, were

those that grew best in the corresponding nutrient

enrichment without removal.

Of the zooplankton, the cladocerans responded posi-

tively to the P addition and the rotifers Synchaeta baltica and

Synchaeta spp. to the N-enrichment. This may result from

differences in the species nutrient demand and elemental

composition of C, N and P (Andersen and Hessen, 1991;

Elser and Urabe, 1999; Elser et al., 2003). In freshwater

systems, the cladoceran Daphnia is known to have a high

P content and low body N:P ratio and thus is usually

P-limited (Urabe et al., 1997). Copepods generally have a

lower P content and higher N:P ratios and are expected

more often to be N-limited (Andersen and Hessen, 1991;

Sterner and Hessen, 1994). In the Baltic Sea, clear differ-

ences in the C:N:P stoichiometry between the zooplankton

species have not been recorded (Walve and Larsson, 1999;

Pertola et al., 2002), but Walve and Larsson (Walve and

Larsson, 1999) reported a lower content of N in the

cladocerans Bosmina longispina maritima and Evadne nordman-

nii than in the copepod Acartia sp. On the other hand,

Pertola et al. (Pertola et al., 2002) suggested that most of

the mesozooplankton in the Baltic Sea are P-limited based
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on comparisons between seston and zooplankton N:P

ratios. It is thus possible that the cladocerans in our experi-

ment (dominated by Podon intermedius and Bosmina longispina

maritima) responded directly to the enhanced P-availability

in accordance with the stoichiometric theory. Alterna-

tively, the positive effect of the P dose can be explained

by the increase of preferred food species. This is indicated

by the fact that of the phytoplankton species that seemed to

be the preferred food for the larger zooplankton (since they

were favoured by the zooplankton removal) D. faculiferum,

M. rubra and S. costatum were at the end of the experiment

primarily related to the P dose as were also the cladoceran

zooplankton. On the other hand, N-addition led to an

increase in mainly inedible algae, such as Chaetoceros.

The elemental composition of rotifers is poorly known,

but a high N content has been recorded in the freshwater

species Brachionus rubens (Rothhaupt, 1995). The positive

response to the N dose of the rotifers in this study could

thus be due to their higher demand of N compared with

other zooplankton. However high abundances of rotifers

have also been found to correlate with increased eutrophi-

cation ( Johansson, 1983) which suggest that the genera

were favoured by the overall increased production in the

treatments with the highest N doses.

Role of nutrient competition in determining
phytoplankton species composition

In spite of the fact that factors regulating phytoplankton

communities have been studied intensively for decades,

the role of nutrient limitation, resource competition and

the resource-ratio hypothesis in natural phytoplankton

communities is still a subject of debate [e.g. (Bothwell,

1985; Harris, 1986; Bulgakov and Levich, 1999;

Reynolds, 1999; Sommer, 1999)]. The widespread

occurrence of a sestonic stoichiometry near C:N:P =

106:16:1 (Redfield ratio) has sometimes been considered

as evidence that phytoplankton growth is nutrient-

saturated (Goldman et al., 1979; Harris, 1986). In our

study, the fast growth responses due to the nutrient

enrichments and the fast depletion of the added nutrients

indicate that the phytoplankton was nutrient-limited.

It has been pointed out that competitive exclusion pro-

ceeds slowly, especially when the resource supply is vari-

able, and therefore experiments must be run for several

weeks to allow competitive dynamics to be discerned

(Sommer, 1989a, 1999; Grover, 1990). Such long term

experiments can be conducted in controlled flow-through

systems, but in mesocosms such as ours, enclosure effects

will become prevailing during long incubation times. Since

such equilibrium conditions will not occur in natural aqua-

tic ecosystems, it has been suggested that any pattern in

phytoplankton community structure that might result from

resource competition is destroyed by the high variability in

nature (Harris, 1986). However, despite the short duration

(10 days) of our experiment, and the dominance of fast-

growing opportunistic species, we were able to explain the

species-specific responses to the nutrient enrichments by

resource competition theories. This indicates that resource

competition may be an important factor in determining

the phytoplankton community structure also in natural

aquatic ecosystems.

Moreover, our results confirm the hypothesis that

mixotrophy is a competitively advantageous strategy

under certain poor nutrient conditions. High abund-

ances of mixotrophs are usually recorded in humic

lakes with low nutrient concentrations and low light

conditions ( Jones, 2000), but the role of mixotrophs in

brackish and marine environments is poorly known.

Mixotrophic phytoplankton may have an especially

important role in the regeneration of phosphorus in the

food web during phosphorus limitation.

Our results suggest that the N:P supply ratio in add-

ition to the absolute nutrient concentration is an import-

ant factor structuring the phytoplankton community in

the Archipelago Sea. Therefore the phytoplankton com-

munity in this system may be sensitive to changes in the

N:P supply ratios. A decrease in the water N:P ratio has

been assumed to cause an increase of toxic cyanobacter-

ial blooms in the Baltic Sea (Niemi, 1979; Granéli et al.,

1990). Cyanobacteria are common only during late sum-

mer in the area, and were present in very low numbers

during our early summer experiment. On the other

hand, we suggest that an increase in the water N:P

ratio may increase the abundances of mixotrophic spe-

cies such as Uroglena, but also other species of which

some might be harmful. An indication of this occurred

in 1988, when a bloom of the toxic Chrysochromulina

polylepis occurred along the Scandinavian coast during

a time when the N:P ratio of the water was high (Dahl

et al., 1989). The role of nutrient limitation, resource

competition and the N:P ratio in structuring the phyto-

plankton communities probably varies considerably both

spatially and temporally among different systems.
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Granéli, E., Wallström, K., Larsson, U., Granéli, W. and Elmgren, R.
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