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ABSTRACT A large-scale mesocosm experiment was carried out in the coastal area of the northern
Baltic Sea in order to study limiting (bottom-up) and controlling (top-down) factors of the late summer
pelagic community. The experiment was conducted in 5 floating 30 m* mesocosms manipulated with
nutrient (N and P) enrichments and fish (stickleback fry) according to a cross-over experimental design
with rotating treatments. Concentrations of particulate organic C, N, P, and chlorophyll a as well as the
development of bactena, phytoplankton, protozoa, and mesozooplankton biomass were followed for
21 d, and sedimentation was measured. Nutrient enrichments induced phytoplankton blooms with
equal biomass peak levels in all mesocosms. However, the timing of the enrichment and the effect of
the top-down manipulation resulted in diversified structure of planktonic communities in each meso-
cosm. Basically 2 kinds of system emerged: (1) mesocosms that had received nutrients immediately
after the start of the experiment developed towards more regenerating systems where both N and P
were retained to greater extent; (2) mesocosms that received nutrients after a 5 d lag-period developed
towards a ‘new production’ type of system. In the latter kind, accumulation and loss of N followed
closely the development of autotrophic biomass. In all mesocosms, N-limitation was maintained due to
greater sedimentary loss of N, while P was retained more effectively within the detrital pool of the
pelagic system. The cascading effect of top-down manipulation influenced the grazer community and
resulted in a different functional response in each manipulated mesocosm. These results indicate that
during the process of eutrophication, the food web structure, timing of the fertilization, and alternative
grazing/predation strategies of the planktonic heterotrophs have a crucial impact on the retention and
loss of nutrients from the pelagic system.
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INTRODUCTION

Eutrophication in aquatic ecosystems is a result of
complex interactions between nutrient enrichment and
the feed-back mechanism of the planktonic food web.
Algal biomass growth is controlled from 'bottom-up’
through nutrient limitation and resource competition
and from ‘top-down’ by zooplankton grazing, preda-
tion, and sedimentation. The interactions between
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these controlling mechanisms determine the structure
and biomass level of the planktonic food web (Sommer
1988, Thingstad & Sakshaug 1990, Mazumder et al.
1992). Retention and export of the produced biomass
and assimilated nutrients depend on the food web
structure, life cycle strategies, and behavior of the
dominating organisms within the planktonic commu-
nity (Peinert et al. 1989, Wassmann 1993, Elser et al.
1995). A large number of mesocosm experiments re-
lated to ‘top-down’ and ‘bottom-up’ control of the
planktonic food web and consequently on allocation of
carbon and nutrients in the pelagic system have been
conducted in freshwater environments {e.g. Carpenter
et al. 1985, McQueen et al. 1986, Threlkeld 1988,
Bloesch & Burgi 1989, Mazumder et al. 1992}, while
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studies combining both approaches have been less
common in marine and estuarine investigations (see
for example Horstedt et al. 1988, Riemann et al. 1988,
Granéli et al. 1993)

Several studies conducted mainly in freshwater
environments have demonstrated that nutrient enrich-
ments combined with high zooplankton grazing pres-
sure lead to dominance of larger grazing-resistant cells
(e.g. Lynch & Shapiro 1981, Hessen et al. 1986, Hor-
stedt et al. 1988, Mazumder et al. 1988). Consequently,
sedimentary losses of particulate nutrients tend to in-
crease due to the higher sinking velocities of larger
cells (Bloesch & Burgi 1989, Mazumder et al. 1989) and
increased contribution of zooplankton fecal material
to the settling flux (Bloesch & Burgi 1989). Addition
of visually feeding planktivorous fish reduces the
numbers of larger herbivores, and leads to a biomass
increase of nanoplankton, generally favored by zoo-
plankton grazers (Hessen et al. 1986, Mazumder et al.
1988, Drenner et al. 1989), as well as to a subsequent
decline of sedimentation rates and retention of nutri-
ents in the pelagic system (Mazumder et al. 1992).
However, some recent observations and model predic-
tions indicate that the effect of zooplankton on the
retention or loss of nutrients may be controversial
depending on the feeding and reproduction strategies
of the dominant species both in marine and freshwater
environments (Peinert et al. 1989, Aksnes & Wassmann
1993, Wassmann 1993). Also the site-dependent fac-
tors related to the morphological and physical charac-
teristics of the basin may be crucial (Elser et al. 1995).
Furthermore, zooplankton regulate phytoplankton
species composition and interspecific competition not
only through grazing but also by assimilating a rela-
tively constant proportion of P and N from food com-
ponents and by decreased excretion of the element in
demand (Elser et al. 1988, Sterner 1989, Andersen &
Hessen 1991) Thus, the species composition and struc-
ture of the pelagic food web may shift the initial ele-
mental ratio of the nutrient supply to a direction that
may be limiting for a given element assimilated by the
higher levels of the food web.

The concept of top-down' and 'bottom-up’ control is
further complicated by the trophic interactions and
nutrient fluxes within the microbial loop (Azam et al.
1983). The cascading effects of fish predation and zoo-
plankton grazing are not only channeled through the
grazing food chain on nano- and microphytoplankton,
but the alternative feeding strategies of crustacean
zooplankton on protozoa and algae (Stoecker & Ca-
puzzo 1990, Kleppel 1993) affect the biotic interactions
within the microbial loop by suppressing the protozoan
microzooplankton and further influencing the proto-
zoa-bacteria interactions (Kivi et al. 1993). Allocation
of nutrient enrichment either to picoplanktonic algae

(and further to the microbial loop) or to the larger
nano- or microplanktonic algae will also have a crucial
impact on the fate of the produced biomass (Thingstad
& Sakshaug 1990, Wehr & Campbell 1994). However,
the perturbations caused by nutrient enrichments and
top-down manipulations were observed to affect the
microbial loop only moderately, while the major impact
was channeled to larger (nano-} planktonic algae
(Kuuppo-Leinikki et al. 1994).

Coastal waters of the northern Baltic Sea provide a
brackish water environment which comprises charac-
teristics from both the limnic and marine systems.
Salinity in the study area, at the entrance of the Gulf of
Finland, is rather low (5 to 7 psu) and only a few species
of plants and animals tolerate it. However, the plankton
community comprises species of marine, brackish, and
freshwater origin, although both large freshwater
daphnids and large marine copepods are absent in the
zooplankton community (Niemi 1975, Kivi 1986, Viita-
salo 1992}. The seasonal succession of the planktonic
community is typical for northern boreal regions, with
high phytoplankton biomass during the vernal new
production period followed by low standing stock and
primary production and increasing dominance of
heterotrophic biomass during the regenerated produc-
tion period in summer (Kivi 1986, Kuosa & Kivi 1988,
Lignell 1990, Heiskanen & Kononen 1994). However,
considerable short-term fluctuations of water column
salinity, temperature, and available nutrients are
caused by horizontal advection of water masses as well
as by frequent upwelling of deep water into the study
area (Haapala 1994). A detailed description of the study
area is presented by Niemi (1975).

The effect of nutrient enrichments on the function
and structure of the planktonic community has been
studied experimentally at the study site since the early
1980s (Tamminen et al. 1985). These mesocosm exper-
iments combined with top-down manipulations either
by predator addition (Uitto et al. 1995) or by removal of
large crustaceans by prefractionation (Kivi et al. 1993)
have demonstrated that in summer continuous nutrient
limitation was coupled to strict grazing/predation con-
trol of the planktonic community (Kivi et al. 1993). The
present experiment was designed to assess the effects
of single and combined nutrient enrichments and the
presence or absence of a top predator (fish) on the
structure and functioning of a late summer planktonic
community. Cross-over experimental design with
rotating treatments (Table 1) was applied in order to
study the direct, carry-over, and cumulative effects of
the manipulations. The effect of manipulations on
microbial loop dynamics (bacterial biomass and pro-
duction, picoplankton, heterotrophic flagellates and
ciliates) has already been presented by Kuuppo-
Leinikki (1990) and Kuuppo-Leinikki et al. (1994).
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Mesozooplankton grazing dynamics during the exper-
iment were studied by Uitto (in press), and the bio-
chemical algal 'C-fractions by Lignell & Lindgvist
(1992). In the present paper we describe the effect of
manipulations on accumulation and loss of nutrients in
relation to the planktonic community structure and
biomass distribution in the experimental enclosures.

MATERIAL AND METHODS

The experiment was conducted during late summer
(23 July to 12 August 1988, total duration of 21 d) in the
archipelago region of the southwest coast of Finland,
in the close vicinity of the Tvarminne Zoological Sta-
tion. At the beginning of the experiment, the salinity of
surface water was 6 psu and temperature 21.5°C.
There was a drastic decline of temperature from 18 to
11°C between 29 and 31 July due to upwelling in the
study area (Kuuppo-Leinikki 1990, Haapala 1994).

Five floating plastic mesocosms (units), with a vol-
ume of ca 30 m® each (depth 9 m, diam. 2.15 m), were
filled with ambient seawater containing the natural
planktonic community by lifting them from 15 m depth
to the surface (maximum depth at the location ca
26 m). Enclosures were manipulated by daily nutrient
additions (16 ug NH,-N 1" and 4 ug PO,-P I"!) and by
the presence or absence of planktivorous fish fry
(stickleback fry Gasterosteus aculeatus L.) according
to cross-over experimental design, which implies rotat-
ing manipulations of the experimental mesocosms
(Table 1). Nutrient enrichments were started on Day 2,
and the additions were made each day after water col-
umn sampling. Stickleback fry (90 specimens per unit)
were added into Units 3 and 4 during the first experi-
mental day and removed on Day 11 (recovery of
sticklebacks was ca 90%). In the evening of Day 11
new sticklebacks were introduced into Units 1 and 2
(Table 1). Samples for particulate nutrients and
chlorophyll a (chl a) were taken each morning at 1 m
intervals between 0 and 5 m depth and pooled. Inor-
ganic nutrients were analyzed in samples taken from 0

Table 1 Manipulations in the cross-over experiment. (P + N:
nutrient addition; Fish: stickleback fry; +: manipulation present;
—: no manipulation)

Unit Period
Days 2-6 Days 7-11 Days 12-16 Days 17-21
P+N Fish P+N Fish P+N Fish P+N Fish
- — - + +
+ + +

+ 1+

4+

+

D b O —
I+ o+
I+ +

1
1

and 5 m depths, and integrated for average values
between 0 and 5 m (trapezoid integration). More
detailed descriptions of the enclosure construction,
manipulation techniques, and sampling for other para-
meters are presented by Kuuppo-Leinikki et al. (1994).

Sedimentation inside the enclosures was measured
with cylindrical sediment traps (diam. 10 cm and
height 50 cm) until Day 16 of the experiment, when
technical problems with sediment traps emerged. Sed-
iment traps were positioned in the middle of each
enclosure at 7 m depth (mean depth of 1% light level
was 7.2 m in Unit 5) and lifted up every morning before
water column sampling Settled material from the
cylinder was suspended in 2.5 1 of seawater and fil-
tered for particulate nutrient analysis.

Chl a was determined fluorometrically (Sequoia-
Turner 450, calibrated with pure chl a, Sigma) after
sonication and ethanol extraction (24 h at room tem-
perature) from samples filtered onto glass-fiber filters
(Whatman GF/F). Phosphate and ammonium were
measured manually in duplicate (Grasshoff et al.
1983). Samples for particulate organic carbon (POC),
particulate organic nitrogen (PON) and particulate
phosphorus (PP) were filtered onto glass-fiber filters
(single samples from the water column, duplicates
from sediment trap samples). All glassware and glass-
fiber filters (Whatman GF/F) used for nutrient analyses
were acid-washed and precombusted (4 h at 500°C).
Filters for POC and PON analyses were dried at room
temperature, sealed in petri dishes and analyzed with
a Heraeus CHN-O-RAPID elemental analyzer. Sam-
ples for dissolved total nitrogen (DTN) and phosphorus
(DTP) were filtered through glass-fiber filters in the
end of each manipulation period and stored frozen
until analyzed. PP and DTP were analyzed according
to Solorzano & Sharp (1980). DTN was determined
after oxidation as in total N analysis (Grasshoff et al.
1983). Dissolved organic nitrogen (DON} is the value of
DTN after subtraction of NH,-N, thus including both
NO;-N and NO,-N. However, the proportion of those is
only minor in comparison to the DON fraction and
NH,-N during summer in the northern Baltic. Corre-
spondingly, dissolved organic phosphorus (DOP) de-
notes DTP after subtraction of PO,-P.

Samples for enumeration of planktonic organisms
were taken from Day 1 onwards at 2 to 3 d intervals.
Preservation, microscopical enumeration and carbon
conversion of bacteria, picoplanktonic eucaryotes and
cyanobacteria, phytoplankton, autotrophic and hetero-
trophic nanoflagellates, and ciliates during the experi-
ment are described by Kuuppo-Leinikki et al. (1994).
Mesozooplankton samples were preserved with 4%
buffered formaldehyde, and enumerated with an in-
verted microscope (Uitto in press). Detrital carbon was
calculated by subtracting the carbon biomass of the
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sum of the planktonic organisms from the total mea-
sured POC. Before the numerical analysis, the biomass
values of planktonic organisms were estimated by lin-
ear interpolation for the days when no blomass sam-
ples were taken.

Prior to statistical analyses, the normal distribution of
the variables was checked by Shapiro-Wilks' test (W >
0.9, p > 0.05). In most cases the null hypothesis of equal
variances could be accepted (Levene test, p > 0.05). In
only a few cases, a minor heteroscedasticy (Levene
test, p > 0.01) had to be approved.

RESULTS
Particulate nutrients and chl a

The manipulated mesocosms received nutrient addi-
tions for two 5 d periods in an alternating, pairwise
manner (i.e. Units 1 and 3, Units 2 and 4; see Table 1).
Sharp and simultaneous chl a peaks emerged in Units
1 and 3, while there was a phase difference of 5 d be-
tween the top of the bloom peaks in Units 2 and 4
(Fig. 1A). The first biomass peaks of chl a were quite
similar in all units (ca 15 g chl ["!), while the highest
concentrations of chl in Unit 1 was observed during the
last manipulation period (Fig 1A}). Control Unit 5
showed consistently low concentrations of chl, which
did not deviate from the levels prevailing outside the
experimental mesocosms (Fig. 1A).

The most notable difference between chl a and par-
ticulate nutrients was the accumulation of POC, PON
and PP. The decline of POC and PON concentrations in
Units 1 and 3 after the first enrichment period (Fig. 1B,
C) was not as pronounced as for chl a, and almost
nonexistent for PP (Fig. 1D)}. The highest POC (1.2 mg
C 1), PON (175 pg N 1"y and PP (42 pg P 1 ') concen-
trations were reached in Unit 4 during the last enrich-
ment period (Fig. 1B-D). The concentrations of partic-
ulate nutrients correlated significantly with chl a in all
manipulated units. The lowest correlations were ob-
tained between chl a, PON, and PP in Unit 4 (r = 0.5,
p < 0.05). Low concentrations of particulate nutrients
prevailed in Unit 5 (Fig. 1B-D).

In Units 1 and 3, the C:chla ratio was lowest (<50)
during the bloom peak and the change was identical in
both units. In Units 2 and 4, the development of the
C:chl a ratio followed opposite trends, being low dur-
ing the first part of the experiment in Unit 2 and during
the latter part of the experiment in Unit 4 (Fig. 2A). The
C:N ratio decreased significantly in Units 1 and 3,
while in Units 2 and 4 no trend was observed (Fig. 2B,
Table 2}. The C:P ratios decreased significantly in all
manipulated enclosures (Table 2) and reached values
below the Redfield ratio (C:P = 41 by weight) soon after

the beginning of the experiment (Fig. 2C). Manipu-
lated units had lower C:N and C:P ratios than the con-
trol (1-way ANOVA, Dunnet's a prioritest, p<0.01, n =
21). Also N:P ratios of particulate material decreased
significantly in all units (Fig. 2D, Table 2). However,
there was no difference between the N:P ratios of
manipulated and control units {1-way ANOVA, Dun-
net's a priori test, p > 0.05, n = 21), indicating that the
N:P ratio was relatively stable regardless of manipula-
tions performed.

Biomass and species composition of plankton

The biomass of autotrophic algae followed the chl a
concentrations in the enclosures (Fig. 3). In Units 1 and
3, the biomass peaks on Day 12 (203 and 174 ng C 17",
respectively) were mainly formed by an autotrophic
nanoflagellate, Pseudopedinella sp. (Chrysophyceae;
ca 60 % of total phytoplankton biomass). In Units 2 and
4, the peak phytoplankton biomass was dominated by a
small centric diatom, Thalassiosira pseudonana Hasle &
Heimdal (ca 40 % of the total phytoplankton biomass).

Total heterotrophic biomass was initially dominated
by bacteria, while the other groups (mainly micro- and
mesozooplankton) increased their share towards the
end of the experiment (Fig 3). In Units 2 and 3, the
biomass of heterotrophic ciliates (dominated by Loh-
maniella spiralis) increased during the latter part of
the experiment (Fig 3). The biomass of heterotrophic
nanoflagellates increased slightly in all units between
Days 9 and 13, being highest in Unit 4, but decreasing
soon thereafter (Fig. 3). Mesozooplankton biomass was
mainly dominated by copepods (Eurytemora spp. cope-
podites and adults) in all units, while during the last
manipulation period Synchaeta sp. (Rotatoria) formed
over 80% of the total mesozooplankton biomass in
Unit 4. The proportion of detrital carbon was estimated
to be predominant in all units, forming ca 50 to 60 % of
the total organic carbon in the beginning of the exper-
iment, and increasing up to 67% during the third
manipulation period in Unit 4 (Fig. 3).

Table 2. Linear regressions between nutrient ratios and time
in the different enclosures. b: slope, r*: coefficient of determin-
ation (ns: not significant: p > 0.05; n: 21, except Unit 1: n = 19)

Uit 1 Unit2  Unit 3 Unit4  Units
C:N b -0.13 ns -0.14 ns 0.12
r’ 0.48 ns 0.53 ns 0.20
CP b -1.25 -0.68 -0.89 -0.46 0.84
r* 0.79 0.61 0.55 0.33 0.45
N:P b -0.09 -0.08 -0.04 -0 06 ns
r? 0.38 0.57 0.20 0.24 ns
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Fig. 1. (A) Concentration of chlorophyll a in Units 1 and 3 and outside the experimental enclosures (upper panel), and in Units 2

and 4, and in control Unit 5 {lower panel) from Day 1 to Day 21. (B) Concentrations of particulate organic carbonin Umts 1, 3, and

5 (upper panel), and in Units 2, 4 and 5 (lower panel). Horizontal bar denotes periods when nutrients were added to Units 1 and

3 or to Units 2 and 4. Concentrations of (C) particulate organic nitrogen and (D) particulate phosphorus in Units 1, 3 and 5 {upper

panel), and in Units 2, 4 and 5 (lower panel). Thick lines denote cumulative addition of N in {(C) and P in (D) to Umts 1 and 3 or 2
and 4 during nutrient enrichments

Nutrient fractions

The cumulative nitrogen additions (80 ng NH;-N I
per 5 d period) were generally recovered in Units 2 and
4 after the enrichment periods, while in Units 1 and 3
nitrogen additions were hardly detectable after the first
enrichment period in the sum of measured nitrogen
fractions (NH,-N, DON, and PON]j (Fig 4A). After the
second enrichment period, nitrogen had accumulated
in PON and ammonium pools in Unit 1, while in Unit 3
only the PON fraction had increased. However, the to-

tal increment in both units (47 and 16 pg N 1!, respec-
tively) did not balance nitrogen additions, indicating
loss of nitrogen from the pelagic system. During the lat-
ter half of the experiment, practically no measurable
amounts of ammonium could be detected in the surface
layer, indicating efficient utilization of the daily nutri-
ent additions. The few exceptions (Fig. 4A) were all due
to elevated ammonium concentrations in the lowest
part of the euphotic zone (5 m) (data not shown). During
the last 5 d period, decreased PON concentrations in
Units 2 and 4 indicated increased sedimentation. How-
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ever, the total decrease (43 and 59 ng N "', respec-
tively) was lower than the previous addition (80 pg N
I"!) also indicating accumulation of nitrogen (Fig. 4A).

A high recovery of cumulative phosphate additions
(20 ug P 1! per 5 d period) was generally obtained in
the sum of phosphorus fractions after each enrichment
period (Fig. 4B). In Units 2 and 4, PP concentrations
continued to accumulate throughout the first three 5 d
periods, and in Units 1 and 3, PP accumulated during
the last three 5 d periods corresponding with the

enrichment periods for each unit. Losses between
enrichment periods were low except during the last 5d
period, when decreased total phosphorus concentra-
tions indicated sedimentation in Units 2 and 4 (total
decrease 17 and 23 ug P I"!, respectively). Also the
slightly lower yield (total increase 14 ug P I'!) of P
enrichment in Unit 3 was presumably due to sedimen-
tation of PP during the last 5 d period (Fig. 4B). Besides
the first nutrient enrichment period in each unit, inor-
ganic phosphorus was continuously available (>2 nug
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PO,-P 1Y) in the whole water column (data not shown).
Also DOP accumulated in Unit 2 during the third and
fourth manipulation period (Fig. 4B).

Nutrients in settled material

Quantitative sedimentation rates of particulate
material were irregular and showed no consistent vari-
ation in relation to different manipulations (data not
shown). This was probably due to the elastic construc-
tion of the enclosures, which allowed them to move
continuously and change shape, driven by currents in
the area. Therefore the measured sedimentation rates
could not be related to any constant volume above the
cylinders. Thus only the nutrient ratios of the settled
material are presented.

The major source of variation in the C:N ratios of
settled material was generally due to sampling (daily
variation: 1-way ANOVA, p < 0.05) rather than due to

different treatments (between enclosures: 1-way
ANOVA, p > 0.05). C:N ratios of suspended and settled
material were similar in all units (paired ¢-test, p > 0.1,
n = 15). Neither was there significant difference be-
tween the mean C:N ratios of suspended and settled
particulate material during the different manipulation
periods when the data from all units was combined
(2-sample f-test, p > 0.05, and n = 25; Table 3).

The C:P ratios of settled material had declined dur-
ing the second and third periods in the manipulated
units {Table 3). The settled material from the control
unit had slightly higher C:P ratios than in the manipu-
lated units (1-way ANOVA, p < 0.05, n = 14}, but only
the difference between Unit 4 and the control was sig-
nificant (Tukey's a posteriori test, p = 0.05). However,
the C:P ratios of suspended and settled material were
significantly different in all units regardless of the
manipulations (paired t-test, p < 0.0001, n = 15; Table 3).
This suggested that although nutrient enrichments
resulted in sinking loss of P and consequently in lower
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Fig. 4. (A) Fractions of total suspended nitrogen (NH4: ammo-
nium; PON: particulate organic nitrogen; DON: dissolved
organic nitrogen + NO; and NOy; ng N 17'), and (B) fractions
of total suspended phosphorus (PO,: phosphate; PP: particu-
late phosphorus; DOP: dissolved organic phosphorus: pg P I71)
in the start of experiment (Day 1) and at the end of each
manipulation period. Numbers above the first group of
columns refer to the experimental units and are the same for
each manipulation period

C:P ratios of settled material in manipulated units,
accumulation of P in the suspended material occurred.

The N:P ratios of settled material were similar in all
units (1-way ANOVA, p > 0.05), but the settled ma-
terial had significantly higher N:P ratios than the
suspended material regardless of the manipulation
(paired t-test, p < 0.0001, n = 15). The average N:P ra-
tio of settled material had declined slightly in the ma-
nipulated enclosures during the second and third peri-
ods being consistently lower that the mean suspended
N:P ratio which also decreased slightly (Table 3).

DISCUSSION

Development of pelagic communities in the
manipulated enclosures

The initial phytoplankton biomass was low, as is
typical for the regenerating summer period at the
study area (Lignell 1990, Heiskanen & Kononen
1994). The phytoplankton community was dominated

Table 3. Average nutrient ratios of suspended (SUS) and settled

(SET) material + standard deviation in all units {n = 25} during

the first, second and third enrichment periods (values in paren-

theses are the coefficients of variation percentage). *Values of

suspended and settled material that are significantly different
from each other (2-sample t-test, p < 0.001, n = 25}

Period C:N C:P NP
1 SUS 82+1.2 42.1+63 52+009
(14.7) (15.0)" (17.4)
SET 83+009 593+75 7.2 £0.9
{10.7) (12.7) (13.6)"
2 SUS 852+ 1.5 39.8 +4.9 4706
(17.1) (12.4)" (12.5)"
SET 8211 553+64 6.8 +0.7
(13.0) (11.5)" (10.7)
3 SUS 8.1+1.3 37.6 8.2 4606
(16.1) (21.9)" (12.4)"
SET 7.6+0.8 473+97 62+ 1.1
(10.0) (20.6)° (17.0)

by cyanobacteria Aphanizomenon flos-aquae (Lignell
& Lindqvist 1992) while also others, mainly freshwater
algae (i.e. Cyclotella spp., Closterium acutus, Coelas-
trum spp.; Kuuppo-Leinikki et al. 1994), were abun-
dant. However, these species were not able to gain
advantage from nutrient enrichments, but declined or
maintained constant biomass after start of the experi-
ment. The freshwater characteristics of the species
composition and the high bacterial biomass indicated
that there had been a freshwater outflow from the
inner parts of the archipelago to the study area prior
the start of the experiment (Kuuppo-Leinikki et al
1994).

Nutrient enrichments in manipulated enclosures led
to biomass levels which corresponded to the vernal
bloom biomass in the study area (Heiskanen &
Kononen 1994). However, timing of the nutrient
enrichment after enclosing the phytoplankton com-
munity into the mesocosms was crucial for the later
development of the community. The onset of the
phytoplankton bloom initiation, biomass and commu-
nity structure were almost identical in the units which
received nutrients at the same time. This indicated
that the interplay of nutrient deficiency and decrease
of turbulence after enclosing the community into the
mesocosms resulted in exclusion of diatoms in Units 1
and 3, and favored the Chrysophycean flagellate
Pseudopedinella sp. which was capable of producing
a bloom when the nutrient enrichments finally com-
menced. Immediate nutrient additions favored the
growth of a small centric diatom Thalassiosira pseu-
donana which could counteract losses due to sedi-
mentation and grazing and establish a bloom in
Units 2 and 4
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Although the biomass of autotrophic picoplankton
increased slightly in all units, the major biomass
growth due to nutrient enrichments was channeled to
nanoalgae, while autotrophic picoplankton were
mainly controlled by grazing of heterotrophic nanofla-
gellates (Kuosa 1991, Kuuppo-Leinikki et al. 1994). In a
regenerating system the major source of nutrients for
picoplankton is through recycling by nano- and micro-
protozoa which would enable maximum growth rate of
picoplankton even in oligotrophic situations. Thus, the
pulsed nutrient input is primarily channeled to growth
of larger phytoplankton while small picoplanktonic
algae are unable to scavenge nutrient enrichments
(Thingstad & Sakshaug 1990).

After the first two 5 d periods, bacterial biomass
declined in all units coinciding with the decreasing
temperature (from 17 to 10°C) and with the increasing
numbers of heterotrophic nanoflagellates. Tempera-
ture change influenced the activity of the microbial
community through decrease in bacterial productivity
and protozoan grazing efficiency. However, adaptation
to lower temperature occurred within a few days
(Kuuppo-Leinikki 1990). In fact, the change In temper-
ature was interlinked with the coupled oscillation of
bacterial production, biomass of heterotrophic nano-
flagellates and ciliated protozoa (Kuuppo-Leinikki et
al. 1994). This indicated that, although temperature
drop may have had an effect on the production and
grazing rates, the growth of these groups was tightly
coupled and their biomass increase was mainly con-
trolled by food web interactions of the microbial loop
(i.e. grazing and predation). Still, it is likely that the
ciliates obtained a considerable part of their carbon
supply from other sources, e.g. from autotrophic pico-
plankton, nanoflagellates, or through functional mixo-
trophy, since it was estimated that they satisfied only a
small fraction of their carbon needs through grazing on
bacteria and heterotrophic nanoflagellates (Kuuppo-
Leinikki et al. 1994).

The addition of sticklebacks maintained relatively
low metazoan biomass in Units 3 and 4 during the first
part of the experiment (Days 1 to 11). The fraction of
heterotrophic biomass (including all the other groups
except bacteria) of total POC was significantly lower in
Units 3 and 4 in comparison to Units 1 and 2 (1-way
ANOVA, p < 0.001; Tukey's a posteriori test, p = 0.05;
Days 1 to 11). There was also some evidence that the
fish addition caused recession of zooplankton grazing
on algae in unit 4 and resulted in more rapid develop-
ment of phytoplankton bloom in Unit 4 than in Unit 2
(Fig 1A), which had no fish during the first half of the
experiment, in accordance with the observations
concerning the cascading effects of top-down control
of algal biomass in lakes (Carpenter et al. 1985, Ma-
zumder et al. 1988).

The qualitative differences of the pelagic food web
structure between the 4 manipulated units became
more evident during the latter part of the experiment
(Days 12 to 21). In all units the biomass fraction of het-
erotrophic organisms had increased (Fig 3). Although
the heterotrophic fraction of total POC was the similar
in all units (1-way ANOVA, p > 0.1), the major groups
were quite different. In Units 1 and 4 mesozooplankton
dominated the total heterotrophic biomass, while in
Units 2 and 3 mainly the protozoan fraction increased
(Fig. 3). In Unit 1 copepods were the dominating group,
while in Unit 4 the small rotatorian Synchaeta sp.
formed most of the total metazoan biomass. In Units 2
and 3 the protozoan biomass increase was mainly due
to ciliates, but also amoebaflagellates (i.e. Quadricilia
rotundata, which was probably feeding on nanoalgae
and diatoms; Vers 1992) and other bacteriovorous fla-
gellates (i.e. Paraphysomonas spp.) were abundant.
These qualitative differences indicated that the nutri-
ent enrichments, the cascading effects of top-down ma-
nipulations, and the timing of the rotating treatments
had a crucial impact on the structural development of
the planktonic communities as a whole. The manipula-
tions resulted in diversified functional responses both in
the autotrophic and heterotrophic pool of the pelagic
ecosystem, which further influenced recycling and flux
of inorganic nutrients in the mesocosms.

Nutrient dynamics in the manipulated enclosures

The most notable difference between the nitrogen
and phosphorus dynamics was that in all enclosures
phosphorus was retained more effectively within the
pelagic system than nitrogen. While the biomass in the
manipulated enclosures was increasing, C:N, C:P, and
N:P ratios of particulate matter showed generally
decreasing trends, the decline of C:P ratio being most
pronounced (Table 2). Moreover, the cumulative phos-
phorus additions were generally detectable in the sum
of measured phosphorus fractions, while the measured
nitrogen fractions did not always balance the cumula-
tive nitrogen additions (Fig. 4). PP continued to in-
crease and total dissolved phosphorus (DOP + PO,-P)
decrease during the periods without any nutrient addi-
tion, which indicated rapid mineralization of organic
phosphorus as well as effective uptake of phosphate
that had accumulated inside the enclosures. Accumu-
lation of DOP in Unit 2 during the third and fourth
manipulation period indicated that both bacteria and
phytoplankton were incapable of assimilating all avail-
able phosphorus either because their biomass growth
was controlled by increasing protozoa (Fig 3) or that
they were limited by nitrogen (or by some other
growth-limiting factor).
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The differences between C:P and N:P ratios of set-
tled and suspended particulate material indicated that
settled material was phosphorus-impoverished in rela-
tion to nitrogen and carbon. Phosphorus is released
faster from settling organic material and mineralized
more rapidly than nitrogen in aquatic environments
(Antia et al. 1963, Garber 1984, Tezuka 1989). Re-
leased DOP is generally hydrolyzed rapidly by bacte-
ria, which liberate significant amounts of orthophos-
phate to surrounding media (Ammermann & Azam
1985, Tamminen 1989). The insignificant difference
between the C:N ratios of settled and suspended mate-
rial (Table 3) denoted further that nitrogen was lost by
sedimentation from the pelagic system to a greater
extent than phosphorus in all units.

The N:P ratios of suspended particulate matter
decreased only moderately and there were no sig-
nificant differences due to enrichments. A relatively
stable N:P ratio is typical for phytoplankton growing
under N limitation, while the C:N ratio varies as a func-
tion of phytoplankton growth rates (i.e. nutrient defi-
ciency) (Goldman et al. 1979). Nitrogen has been
found to be most often the limiting nutrient for phyto-
plankton growth during the productive season in the
coastal northern Baltic (Tamminen et al. 1985, Kivi et
al. 1993). During the present experiment there was
apparently the greatest shortage of nitrogen, which is
supported by immediate total exhaustion of added
ammonium, while there was always a surplus of phos-
phate in the mesocosms. Moreover, the general range
of C:P ratios in manipulated units (50 to 28 by weight)
did not indicate P limitation of the planktonic commu-
nity (Goldman et al. 1979, Sakshaug & Olsen 1986).

Impact of the planktonic food web on the retention
and loss of nutrients

In Units 1 and 3 the C:N ratio followed the fraction of
autotrophic biomass of total POC (Pearson's correla-
tion coefficient, r > 0.6, p < 0.05), which indicated that
the phytoplankton biomass development was mainly
limited by nitrogen (Davies & Sleep 1989). Thus, the
uptake and loss of nitrogen followed the development
of the autotrophic biomass in Units 1 and 3. Moreover,
the sedimentary loss of nitrogen was more pronounced
than in Units 2 and 4. This infers that in Units 1 and 3 a
‘new production’ type of system occurred. The rapid
bloom development and the following steep biomass
decline suggests that the planktonic system was more
transitory and had a more temporary character than in
Units 2 and 4. In Units 2 and 4 nitrogen contents of par-
ticulate matter did not have any significant relation-
ship with the C:chl a ratio, indicating that the hetero-
trophic and/or detrital pool of the pelagic system

controlled the retention and loss of nitrogen (r < 0.35,
p > 0.05). This suggested that in Units 2 and 4 the biotic
interactions were more coupled and that the pelagic
system had shifted to be more 'regenerating’ with
greater retention capacity for added nutrients and
smaller sedimentary losses than in Units 1 and 3.

During the second part of the experiment (1.e. Days
12 to 21), the highest mean heterotrophic biomass (ca
20% of the total POC) was in Unit 2 (although it was
not significantly different from the other units). [n this
unit the protozoan biomass increased strongly during
the latter part of the experiment (Fig. 3) This sug-
gested that the biomass increase of autotrophic and
heterotrophic nanoflagellates ca 5 to 6 d earlier was
efficiently grazed by ciliates and other protozoan
micro-organisms (Kuuppo-Leinikki et al. 1994). It
seemed likely that in Unit 2 heterotrophic micro-
organisms could assimilate a considerable fraction of
the produced biomass, thus controlling autotrophic
production by grazing and retaining more nutrients in
the pelagic system. However, there was no indication
that the change-over of the fish manipulation on
Day 11 into Unit 2 had any effect on mesozooplankton
biomass and hence on their predation on ciliates.

The considerable increase of mesozooplankton bio-
mass in Unit 4 (Fig. 3) was unlikely to be due to cessa-
tion of fish predation following the change-over of fish
manipulation on Day 11. Mesozooplankton biomass
was dominated by a small rotifer Synchaeta sp. which
formed a clear predator-prey cycle with nanoflagel-
lates and bacteria in Unit 4 (Kuuppo-Leinikki et al.
1994). Rotatorians seem to feed selectively on a wide
variety of algae (Egloff 1988) and on bacteria (Sanders
et al. 1989). A significant fish-phosphorus enrichment
interaction was found to have an effect on rotifer bio-
mass in a freshwater enclosure experiment by Drenner
et al. (1989), who postulated that this may have been
due to fish suppression on cladocerans and thus
reduced competition between cladocerans and rotifers.
While there was no increase of other mesozooplankton
(i.e. crustaceans; data not shown) after termination of
the fish manipulation in Unit 4, this suggested that the
carry-over effect of fish predation continued after re-
moval of fish. Thus the coupled fluctuations of bacteria,
nanoplankton, and rotifers were probably enhanced
due to reduced resource competition between rotifers
and crustaceans initiated already during the first part
of the experiment.

The development of biomass in Unit 4 differed from
the other manipulated units in other respects as well.
The fraction of detrital organic material was signifi-
cantly higher in Unit 4 (ca 48 to 67 % of total POC} than
in the other units during the latter part of the experi-
ment (Days 12 to 21; 1-way ANOVA, p < 0.001; Tukey's
a posteriori test, p = 0.05) which suggested that a large
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fraction of the produced biomass had accumulated in
the detrital pool in this unit. Results of the stepwise
multiple regression (Table 4} showed that the changes
of suspended particulate C:N ratio in Units 1 and 3
were mainly controlled by the contribution of the total
autotrophic biomass to total POC, while in Unit 4 bac-
terial biomass resulted in the best correlation with the
C:N ratio. In Unit 2 there was no significant correla-
tion. The stepwise regression analysis supported the
conclusion that in Units 1 and 3 the C:N ratio was
mainly controlled by the development of autotrophic
biomass being less affected by the heterotrophic pool
of the pelagic system, while in Units 2 and 4 autotrophs
did not have a significant influence on the C:N ratios of
suspended material.

Changes of the C:P ratio in Units 1, 2, and 3 were
best explained by models including autotrophic bio-
mass, while also heterotrophs had a significant role for
incorporation of P {Table 4). The insignificant correla-
tions between C:chl a and C:P ratios of particulate
matter (Pearson's correlation coefficient, r = -0.01) and
the exclusion of other groups than heterotrophs from
the stepwise multiple regression model (Table 4) indi-
cated that phosphorus accumulation (i.e. decrease of
C:P ratio) was independent on fluctuations of auto-
trophic biomass in Unit 4. These results exemplify the
important role of pelagic heterotrophs for the retention
of phosphorus. Predator-prey cycles within the plank-
tonic food web were apparently crucial for the accu-
mulation of P into the pelagic system during the latter
part of the experiment. This may not have been only
due to incorporation of P into their body tissue, but
processes like sloppy feeding, fractionation, and rup-
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turing of algal biomass into dissolved organic form as
well as into smaller particulate fractions (Lampert
1978), and coprophagy and related processes (Noji
1991) may have enhanced retention of P in the small-
sized detrital particulates. Moreover, the carry-over
effects were probably important in phosphorus reten-
tion, since no increment of crustacean biomass was
observed after the change-over of the fish manipula-
tion. Thus, it seems likely that the recovery of the
higher trophic levels after change of fish manipulation
did not occur during the second half of the experiment
(Days 12 to 21) in Units 3 and 4. Thus, the development
of the planktonic community and the retention of nutri-
ents seemed to continue along the course determined
during the first 10 d of the experiment. Accordingly,
the second part of the experiment was not long enough
to produce any apparent effects due to the fish manip-
ulation in Units 1 and 2.

Contribution of planktonic biomass fractions to
particulate nutrients in the manipulated enclosures

The elemental ratios of suspended material reflected
the average composition of the whole pelagic commu-
nity including detrital material. Although the actual
nutrient ratios of different groups could have been
variable, elevated C:N ratios occurred when algal bio-
mass declined (especially in Units 1 and 3 where dis-
tinct bloom peaks developed) indicating that nitrogen
may have been limiting algal growth after culmination
of the blooms. However, since the detritus fraction
increased concurrently with the decline of algal bio-

Table 4. Stepwise multiple regression analysis of the combined effects of the food web components on the variation of C:N and

C:P ratios of particulate material in the manipulated units.

Independent variables tested were the fractions of autotrophic

(Aut%POC), bacterial (Bac%POC), other heterotrophs including heterotrophic nanoflagellates, protozoan, and mesozooplankton

biomass (Het“POC), and detrital fraction of total POC (as %).

The minimum criterion for inclusion of the independent variables

1nto the model was « = 0.05 and 0.10 to remove them (coeff.: coefficient of slope; SE: standard error; t: Student's t score; p: prob-
ability; r* coefficient of determination; const.: y-intercept; F: F-ratio from ANOVA; n: number of observations; ns: no significant

regression}
Unit  Independent variable Coeff. SE t p r? Const. F n
Dependent variable = C:N ratio
1 Aut”POC -0.11 0.04 -3.04 0.007 0.35 10.11 9.23 19
2 ns
3 Aut”POC -0.16 0.03 -5.33 <0.001 0.60 10.55 28.4 21
4 Bac%POC -0.12 0.03 -3.51 <0.003 0.41 9.29 12.3 21
Dependent variable = C:P ratio
1 Aut%POC -0.70 0.18 -3.84 0.001 0.69 65.9 18.9 20
Het% POC -0.82 0.35 -2.31 0.034
2 Aut?%POC -0.45 0.20 -2.29 0.034 0.45 53.5 7.45 21
Het%POC -0.56 0.21 -2.68 0.015
3 Aut%POC -0.86 0.10 ~8.52 <0.001 0.78 59.1 59.1 21
Het%POC -0.47 0.13 -3.56 <0.002
4 Het%POC -0.64 0.23 -2.76 0.013 0.29 43.3 7.60 21
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B. PP-distribution
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Fig. 5. Average autotrophic, heterotrophic, and detntal bio-
mass {calculated by the difference) fractions of (A) particulate
organic nitrogen (PON) and (B) particulate phosphorus (PP)
during the experiment. Nitrogen and phosphorus contents of
autotrophic and heterotrophic organisms were calculated by
using the C:N:P ratios (by welght) from the literature:
autotrophs (41:7.2:1, Goldman et al. 1979), bacteria (45:9:1,
Goldman et al. 1987), heterotrophic flagellates (C:N = 6.2,
Caron et al. 1990; C:P = 75, Lyche et al. 1996}, other protozoa
(C:N =47, Verity 1985, C:P = 44, Lyche et al. 1996), Rotatona
(55:9.7:1, Lyche et al. 1996), Cladocera {50:9.4:1, Andersen &
Hessen 1991), Copepoda (C:N = 5.3, Willlams & Robins
1982; C:P = 75, Andersen & Hessen 1991)

mass in all units, the phytoplankton C:N ratio was
more or less masked with this increase. The C:P ratio
of algae was probably relatively stable since phospho-
rus was confinuously available for phytoplankton
growth and no P limitation occurred. For the calcula-
tions, Redfield's C:N:P ratio was used to convert algal
carbon biomass to nitrogen and phosphorus units, al-
though the chemical composition of phytoplankton
may vary as a function of nutrient availability and
growth rate (Goldman et al. 1979, Sakshaug et al.
1983). However, marine phytoplankton growing at
high relative growth rates have been shown to have a
chemical composition close to Redfield's ratio (Gold-
man 1986), and for more than half of the time algal bio-
mass in all units was either increasing or stable,

The C:N and C:P ratios of heterotrophic organisms
may vary depending on the growth conditions or life
cycle stage of the species. For most organisms the ele-
mental composition of their body tissue is relatively
stable irrespective of the elemental composition of
their food when growing close to the optimal condi-
tions (Williams & Robins 1982, Goldman et al. 1987,
Caron et al. 1990, Andersen & Hessen 1991). Total
heterotrophic biomass was mostly dominated by bacte-
ria which have low and relatively stable C:N:P ratios
regardless of the elemental composition of the sub-
strate. Neither do the variations of gross-growth effi-
ciency have a significant impact on the C:N:P ratio of
bacteria (Goldman et al. 1987). Also microprotozoa,
rotatoria and copepods have relatively low and stable
C:N ratios (Williams & Robins 1982, Verity 1985, Lyche
et al. 1996). Based on the nutrient ratios found in the
literature, it was estimated that most of the suspended
particulate nitrogen was bound to heterotrophic bio-
mass, while most of the suspended particulate phos-
phorus was found in the detrital fraction (Fig. 5). This
indicates that there was a tendency of the pelagic
heterotrophs to incorporate N into their body tissue in
excess of P which would have further decreased the
N:P ratio of remineralized nutrients and strengthened
the shortage of inorganic N (Caron et al. 1990, Ander-
sen & Hessen 1991). While there was always excess of
phosphate in the water column, part of the reactive
inorganic phosphorus may have adsorbed onto the sur-
faces of suspended detrital material, thus resulting in a
higher concentration of PP in the detrital fraction. On
the other hand, the feeding activities of meso- and
microzooplankton may have also enhanced rupturing
and fractionation of algal and detrital material into
smaller particulates, thus providing more surfaces for P
adsorption or bacterial growth.

Conclusions

The response of the pelagic system to periodic
disturbances (nutrient additions) during summer was
fundamentally different from the vernal 'mew pro-
duction’ period. The late summer planktonic commu-
nity seemed to have a substantial capacity for nutrient
retention due to the complexity of the food web. More-
over, timing of the nutrient enrichment in relation to
the stability development of the water column (i.e. the
initial enclosure of the planktonic community into the
mesocosm) was apparently crucial for for the further
development of the planktonic community. The cas-
cading effect of the top predator (fish) had a minor
impact on the level of pelagic autotrophs and the
microbial loop, but fundamentally altered the structure
of the heterotrophic community by resulting in diversi-
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fied functional and taxonomic responses of the grazer
communities.

Efficient removal processes maintained the nitrogen
limitation of the pelagic system. All available nitrogen
was quickly scavenged from detrital material by the
feeding activities of pelagic heterotrophs or by rapid
sedimentation of particulate material. The cascading
effects of fish predation and predator-prey cycles of
planktonic micro-organisms were decisive for the
accumulation of phosphorus in the detrital pool of the
pelagic system. The results suggest that the feeding
activities of the pelagic microheterotrophs enhanced
retention and recirculation of phosphorus, while rapid
sedimentation and efficient incorporation of nitrogen
to the body tissue of heterotrophic micro-organisms
resulted in nitrogen deficiency of the pelagic system.
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