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INTRODUCTION

Much of the function and structure of natural phyto-
plankton communities fundamentally depends on
interactions between light limitation and nutrient limi-
tation. It is well known that the relative importance of
light and nutrient limitation varies with depth. Com-
monly, the top of the water column is light-saturated,
but phytoplankton growth is limited by low nutrient
concentrations. The situation is the reverse with in-
creasing depth. Assuming that each species has its
own preferences for nutrients, light and temperature,
the questions are: do these species exploit different
parts of the vertical resource gradient and do they use
vertical separation to inhabit and exploit vertical
niches where species-specific requirements are met in

the best possible way? If yes, then how consistent is the
separation compared to inter-annual variability and
changes in environmental conditions?

In natural environments, vertical niche separation
can lead to co-existence of closely related species
(Sommer 1982, West & Scanlan 1999) and has thus rel-
evance to competition and species richness. The ways
in which species can become vertically separated vary
widely (Heaney & Butterwick 1985), and the popula-
tions are liable to re-dispersion by mixing. In a strati-
fied water column, enhanced growth at optimal optical
depth can lead to uneven phytoplankton distributions
and induce the formation of intermediate maxima of
abundance (Lindholm 1992, Gasol et al. 1993). Motility
of planktonic micro-organisms, either by active swim-
ming or by buoyancy regulation, provides cells with a
powerful strategy to seek an optimal vertical position
in the water column within the limits of physical and
physiological constraints. Many species also take ad-
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vantage of diel light fluctuations to exploit resources
from a wide depth range over the course of a day; this
is known as diel vertical migration (DVM) (Eppley et
al. 1968, Blasco 1978, Staker & Bruno 1980, Heaney &
Eppley 1981). For autotrophic micro-organisms the
adaptive significance of DVM could be summarized as
the exploitation of high levels of irradiance near the
surface during the day, where low concentrations of
inorganic nutrients would normally limit growth, and
nocturnal descent to a layer where readily available
nutrients are utilized to fulfill metabolic requirements
(Cullen 1985, Jones 1991). The net result is optimiza-
tion of growth rate within the constraints of the envi-
ronmental limitations and ecological strategy of the
species. The potential range and success of DVM
depends on the dispersion by mixing and the species-
specific absolute swimming speed of the organisms
(Throndsen 1973), which is also related to their cell
size (Sommer 1988a). Dinoflagellates are generally
considered relatively fast swimmers among phyto-
plankton (Throndsen 1973, Kamykowski & McCollum
1986, Kamykowski 1995). Several cyanobacterial spe-
cies are able to change their buoyancy by regulating
the relative amount of gas vesicles and ballast carbo-
hydrates within the cells (Klemer 1985, Villareal & Car-
penter 1990, Oliver 1994). One of the fastest swimmers
among the primary producers is the phototrophic cili-
ate Mesodinium rubrum, which can swim up to 5 mm
s–1 (Lindholm 1981), on average an order of magnitude
faster than dinoflagellates.

The aim of this study was to demonstrate in a formal,
testable way that vertical segregation of phytoplank-
ton is a persistent, robust and species-specific prop-
erty. The null hypothesis was that any differences in
the vertical distribution between species are random in
nature and inconsistent. To test the hypothesis, high-
frequency sampling of phytoplankton vertical profiles
was carried out during a diel cycle in the summers of
1996 and 1998 in mesocosms receiving different nutri-
ent loads. Specific objectives were to demonstrate how
the vertical distribution of phytoplankton is affected
by (1) motility, (2) differences in nutrient loads, and
(3) inter-annual variability. As DVM is often induced
by shortage of mineral nutrients in the upper euphotic
layer (Heaney & Eppley 1981, Klemer et al. 1982, Cul-
len 1985), we expected the vertical migration to be
more pronounced in a low-nutrient environment. To
give the plankton communities time to adapt to the
new nutrient regimes, the vertical profiles were sam-
pled at the end of the second week of the experiments.
This study was conducted during 2 large-scale meso-
cosm experiments in the coastal Baltic Sea. These
mesocosm experiments were designed within the
COMWEB project, which focused on the response of
microbial food-web components of the coastal pelagic

community (phytoplankton, bacteria, protozoa, meso-
zooplankton) to increasing eutrophication.

METHODS

Experimental set-up. The mesocosm experiments
were conducted between July 17 and August 7, 1996,
and June 23 and July 13, 1998, in the outer archipelago
zone near the Tvärminne Zoological station (University
of Helsinki), on the south-western coast of Finland
(Stn XII of Niemi 1975). The experimental site has a
depth of 20 to 36 m, is relatively sheltered, and is influ-
enced by Baltic surface water (6 to 7 psu) during fre-
quent upwelling events (Niemi 1975, Haapala 1994).

The physical set-up of the experiments was identical
in both years. A natural water column was enclosed in
8 transparent enclosures and manipulated with min-
eral nutrients. Each plastic enclosure (double-layered
polyethylene with glass-fiber thread reinforcement in
between) had a total volume of 51 m3 (diameter 2.3 m)
and a total depth of 14 m. The enclosures were fas-
tened to wooden platforms, which were moored in a
circular manner ca 30 m away from a central buoy. The
enclosures were loosely covered with polyethylene lids
to allow air exchange but prevent contamination by
sea birds. 

During both experiments, mineral nutrients (ammo-
nium chloride and potassium dihydrogen phosphate)
were added daily between 09:00 and 10:00 h, starting
from Day 2. An even distribution of these nutrients
within the 0 to 12 m water column was achieved by
lowering an open-ended hose to the mesocosm, filling
it with the nutrient mixture (diluted into a fixed volume
that filled the entire hose), and slowly lifting the hose
to the surface with a circular motion. Within any given
year, all the mesocosms received different nutrient
loads; thus there was no true replication. Earlier simi-
lar experiments had showed that the variance in the
abundance of individual phytoplankton species be-
tween replicate mesocosms was <10% (Olli et al. 1996).
In the control mesocosms (no nutrient additions), the
cell concentrations of micro-phytoplankton species
declined to negligible levels. Thus, during both years,
1 low-nutrient load (LN) enclosure and 1 high-nutrient
load (HN) enclosure, with balanced added nutrient
ratios (molar N:P = 16; concentrations given in Table 1),
were used for the vertical distribution study.

Sampling and sample analysis. Sampling was per-
formed during a 24 h period with 4 h time intervals
starting at 09:00 h on Expt Days 15 and 16 (1996) and
16 and 17 (1998). By this time, clear differences in the
phytoplankton community had developed between LN
and HN enclosures. The water column from 0 to 12 m
was sampled with a Sormunen type water sampler

220



Olli & Seppälä: Vertical niche separation of phytoplankton

(a 7.5 l volume and 1 m-long tube sampler) with 1 m
depth interval. The contents of each 2 subsequent sam-
ples were pooled, totaling 6 composite samples per pro-
file, where each represented 2 m water-column depth.

Sub-samples for phytoplankton counts (100 ml) were
fixed immediately with acid Lugol’s solution and kept
dark until counting. Aliquots of 25 or 50 ml were counted
with a Leica DM IL inverted microscope with phase-
contrast optics. The phytoplankton species selected for
the study are listed in Table 2;  species selection was
based on their abundance (to facilitate easy counting)
and their motility potential based on theoretical size
considerations (Sommer 1988a). Aphanizomenon sp.
and Anabaena lemmermannii are common filamen-
tous bloom-forming cyanobacteria in the Baltic Sea,
capable of buoyancy regulation through gas-vesicle
formation. Heterocapsa triquetra is a ubiquitously pre-
sent dinoflagellate in coastal waters, often forming
dense blooms. The coccoid chlorophyte Monoraphid-
ium contortum was selected as a non-motile reference
organism. Chlorophyll a (chl) was sampled as another
reference parameter to reflect the vertical distribution
of bulk phytoplankton. Sub-samples for chl (50 ml)
were filtered onto Whatman (GF/F) glass-fiber filters
and immediately soaked in 96% ethanol for 24 h at
room temperature. Chl was analyzed with a spectro-
fluorometer (Shimadzu RF 5001) using excitation at
431 nm and emission at 671 nm with 5 nm bandwidths.

The spectrofluorometer was calibrated using chloro-
phyll a standard (Sigma) and an extinction coefficient
of 83.4 l g–1 cm–1 at the red peak of 665 and 666 nm
(Wintermans & de Mots 1965). 

Water-column stratification was assessed using CTD
casts inside and outside the mesocosms. Daily irradi-
ance was obtained from the Längden stationary
weather station, 8 km south of the study site. Under-
water light profiles were measured every 1 m from 1 to
10 m (Li-Cor submersible quatum meter equipped with
a cosine collector). During the 1996 experiment, light
profiles were measured every second day starting from
Day 1 (outside the mesocosms, control with no nutrient
additions and 2 nutrient load mesocosms). During the
1998 experiment, light profiles were measured on Expt
Days 2 (outside and control) and 4 (outside, control and
3 nutrient load mesocosms). Malfunctioning of the un-
derwater light sensor prevented further measurements
during 1998. Samples for dissolved mineral nutrients
(NO2-N+NO3-N, PO4-P, NH4-N) were taken daily from
a pooled water sample representing the upper 0 to 6 m
layer, and every second day representing the deeper 6
to 12 m layer, and analyzed according to the method of
Grasshoff et al. (1983). All nutrient samples were taken
in the morning prior to the daily enrichments.

Data analysis. The depth profiles of the species and
chl were analyzed by correspondence analysis
(ADE-4; software and documentation: http://biomserv.
univ-lyon1.fr). The data were arranged in a matrix
with 6 columns corresponding to the 6 sampled depths,
which were treated as variables. The rows represented
the vertical abundance profiles of phytoplankton spe-
cies (and chl) at different times. Ordination techniques
are very efficient in concentrating the available multi-
dimensional information into a few axes, which ex-
plain most of the variance. The data presented here
resulted from row-weighted correspondence analysis.
Row-weighting involves a linear scaling of the cell
abundance in individual profiles so that the sum of
cells in each profile will become equal. This eliminates
the potential effects of several-fold differences in total
abundance and leaves the shape of the profiles as the
source of variance. A variety of other ordination tech-
niques (several forms of principal component and cor-
respondence analyses) were tried in parallel. The
results appeared to be robust and not dependent on
the method used. Correspondence analysis was fa-
vored because of the double multiplicative centering of
the data table. It considers the departure of each data
point from its expected value, i.e. the mean of all the
(linearly scaled) species abundances at a given depth.
Thus, the average effect of depth is eliminated and the
present analysis focuses on the shape of individual ver-
tical profiles relative to the mean of all profiles. The
method has been used earlier to analyze the vertical
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Table 1. Nutrient loads (mmol m–3 d–1) in enclosures where
vertical profiles of phytoplankton were sampled. LN: low

nutrient load; HN: high nutrient load

Nutrient load NH4 PO4

1996
LN 0.14 0.01
HN 0.74 0.05

1998
LN 0.29 0.02
HN 0.47 0.05

Table 2. Species of autotrophic micro-organisms which were
selected for the vertical distribution study. LN: low nutrient 

load enclosure; HN: high nutrient load enclosure

Species 1996 1998
LN HN LN HN

Heterocapsa triquetra × × × ×
Mesodinium rubrum × × × ×
Monoraphidium contortum × ×
Anabaena lemmermannii × × ×
Aphanizomenon sp.  × ×
Chlorophyll  a × × × ×
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distribution of phytoplankton in open water (Olli et al.
1998, Olli 1999).

By correspondence analysis, the 6 discrete depths
were reduced to 2 ordination axes, enabling a simulta-
neous visualization of each depth profile of the species
in 2-dimensional space (the first 2 axes accounted for
>80% of the information). The first ordination axis
generally agreed well with the depth gradient, which
makes the interpretation of the ordination results more
clear. The individual vertical profiles are represented
as points on an ordination plane and the relative loca-
tions of the points depend only on the shape of the pro-
file. These points can be grouped according to species,
sampling time, year, nutrient regime or a combination
of these. Grouping of the profiles is based on the
hypothesis that it explains a significant amount of the
total variance in the data, i.e. that there is something in
common among the profiles of the same group.

The hypotheses can be tested statistically by a ran-
domization procedure. First, the between-group vari-
ance (i.e. between the centers of gravity of the groups)
was calculated. This original variance was then com-
pared against a set of simulated data, which involved
random exchange of vertical profiles between the
groups, and recalculation of the variance between the
group centers of gravity. If the original between-group
variance significantly exceeded the simulated variance
(when at least 10 000 permutations were run), the dif-
ference between the original groups could be consid-
ered statistically significant. The group differences
were considered significant when the proportion of
simulations resulting in larger between-group vari-
ance than the original one (denoted here as p) was less
than 0.05. It could be interpreted similar to the p-value
of conventional statistical tests, but is not identical, as it
is not based on theoretical probability distributions but
on the outcome of simulation runs and is presented
here as exact numbers. The randomization procedure
provides a formal way to test the underlying hypothe-

sis. Hence, it is possible to conclude with a certain
amount of confidence that the vertical profiles of 1 spe-
cies are, or are not, significantly different from those of
another species, a conclusion that might be impossible
to reach by visual inspection of the vertical profiles.

RESULTS

Physical conditions

During our experiment, the hourly means of midday
irradiance (11:00 to 13:00 h) ranged from 800 to 900 µE
m–2 s–1 (1996) and 800 to 1000 µE m–2 s–1 (1999). The
average light attenuation coefficient inside the meso-
cosms was 0.53 m–1 (range 0.46 to 0.64 m–1). Most of
the variance was explained by light attenuation out-
side the mesocosms (Pearson correlation coefficient
r = 0.89, p < 0.001, n = 34). Correlation between light
attenuation and chl within the mesocosms was not sig-
nificant (p > 0.4, n = 34).  Light attenuation inside the
mesocosms was on average 6.9% higher than that out-
side. The depth of the euphotic layer (defined as 1% of
surface irradiance at noon time) was 9 m. This corre-
sponds to about 9 µE m–2 s–1 at midday.

The initial salinity stratification had almost disap-
peared by the end of the second week of the mesocosm
experiment. The water-column stability within the en-
closures arose mainly from temperature stratification,
which, due to thermal conductivity through the enclo-
sure walls, closely paralelled that outside the enclo-
sures. In 1996, the surface temperature decreased from
15°C (13:00 h; Day 15) to 14°C (05:00 h; Day 16) during
the 24 h period. At the thermocline (2 to 4 m) the tem-
perature dropped from 14 to 12°C and decreased
thereafter down to 9–10°C at 12 m depth (Fig. 1). In
1998, CTD casts within the study enclosures were
made on Expt Days 14 and 18. During this time period,
the surface water temperature increased from 14.5 to
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Table 3. Measured mineral nutrient concentrations (µM) in the upper and deeper layers of the enclosures during Day 1 (initial
values before nutrient additions) and the mean values during Days 14 to 16 (1996) and 15 to 17 (1998). Note the very low molar 

N:P ratios. 0: concentrations of NH4 below detection limit (<0.036 µM)

Load    Layer (m) Day 1 NO3 Day 1 NH4 Day 1 PO4 Day 1 N:P NO3 NH4 PO4 N:P

1996
LN 0–6 0.09 0.04 0.21 0.6 0.12 0 0.05 2.4

6–12 0.12 0.42 0.17 3.2 0.10 0.14 0.10 2.5

HN 0–6 0.11 0.04 0.21 0.7 0.21 0 0.03 6.3
6–12 0.13 0.09 0.35 0.6 0.12 0.05 0.06 3.1

1998
LN 0–6 0.14 0.30 0.28 1.5 0.12 0.12 0.08 3.1

6–12 0.15 0.38 0.32 1.7 0.11 0.15 0.14 1.8

HN 0– 6 0.13 0.33 0.24 1.9 0.16 0.10 0.11 2.4
6–12 0.11 0.36 0.27 1.7 0.14 0.10 0.13 1.8  
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16°C (Fig. 1). In 1998 there was no distinct thermo-
cline; temperature decreased gradually from the sur-
face to the bottom layer.

Nutrients

The initial mineral nutrient concentrations on Day 1,
and 3 d mean concentrations including the days of ver-
tical distribution sampling and 1 d before, are given in
Table 3. Nitrate concentration was low (generally
<0.15 µM) throughout the experiments and there were
no significant differences between the layers. In 1996
there was a slight accumulation of nitrate during the
third week in the HN enclosure (up to 0.21 µM). Ammo-
nium concentrations were generally around 0.15 µM,
indicating rapid uptake by the phytoplankton. Differ-
ences between the upper and deeper layers were minor
and inconsistent, except in the LN enclosure during
1996, when ammonium concentrations were generally
higher in the deeper layer. In both years, the initial con-
centration of phosphate was high (0.16 to 0.34 µM),
but there was a general decreasing trend down to

0.03–0.09 µM by the end of the experiments. The dif-
ference in phosphate concentration between the upper
and deeper layers was generally consistent, being
higher in the deeper layer. In spite of the balanced nu-
trient additions (molar N:P = 16), phosphate tended al-
ways to be in excess (molar N:P generally <7).

Response of plankton organisms

Nutrient enrichment invoked a rapid increase in the
phytoplankton biomass in both years. The initial mean
0 to 12 m-integrated chl concentrations in 1996 and 1998
were 2.93 (SE ± 0.02) and 2.55 (SE ± 0.02) µg chl l–1,
respectively. By the time of the vertical profile sam-
pling, the chl concentrations in the LN and HN enclo-
sures had increased to 9.67 (SE ± 0.07) and 15.94 (SE ±
0.19) µg chl l–1 in 1996, and to 5.50 (SE ± 0.05) and
16.92 (SE ± 0.14) µg chl l–1 in 1998. In both years the
increase in chl concentration was most pronounced
during the first week of the experiment. In 1996, the
phytoplankton response was mainly attributable to the
dominant species Heterocapsa triquetra. In 1998, the
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numbers of H. triquetra were low during the first half
of the mesocosm experiment, but by Day 16 it domi-
nated the micro-phytoplankton biomass. The filamen-
tous cyanobacteria had a slower response. In 1998,
both Aphanizomenon sp. and Anabaena lemmerman-
nii became quite abundant by Day 16. In 1996, Apha-
nizomenon sp. had a very low biomass and could not
be quantified, while A. lemmermannii was sufficiently
abundant only in the LN enclosure. Mesodinium rub-
rum had a relatively low abundance in both years, but
sufficient to be quantified reliably.

Vertical profiles of chl and phytoplankton

1996 experiment

In the LN enclosure, the dominant species, Hetero-
capsa triquetra, was concentrated in the upper layers
during the light period, but had a relatively uniform
vertical distribution throughout the water column in

the dark period (Fig. 2). This was contrasted by the
vertical distribution of Mesodinium rubrum, which
was more abundant in the deeper layers, during both
night and day (Fig. 2). The profiles of Monoraphidium
contortum were fairly uniform or decreased slightly
with increasing depth (Fig. 2). In contrast, Anabaena
lemmermannii was never abundant in deeper layers
and had a relatively consistent peak at or near the
surface layer (Fig. 2). Chl concentrations increased
uniformly towards the surface, although with some
fluctuations (Fig. 2). In the HN enclosure, H. triquetra
displayed a surface aggregation throughout the 24 h
period, and also a deep aggregation of varying mag-
nitude (Fig. 3). The profiles of M. rubrum were quite
similar to those in the LN enclosure, being character-
ized by aggregations in the middle and deeper layers
and avoidance of the surface layer (Fig. 3). The verti-
cal profiles of M. contortum varied without any
notable pattern (Fig. 3). The shape of vertical profiles
of chl (Fig. 3) followed those of the dominant species
H. triquetra.
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1998 experiment

In both enclosures, Heterocapsa triquetra gradually
increased in abundance towards the surface during
daylight, with some aggregation in the deepest layer
(Figs 4 & 5). During the hours of darkness, the bulk of
cells tended to inhabit the deeper layers. Aphani-
zomenon sp. displayed a quite variable depth distribu-
tion pattern, with strongest surface aggregation during
daylight (Figs 4 & 5). The Anabaena lemmermannii
population stayed at the surface even during the dark
period (Figs 4 & 5). The vertical distribution of Meso-
dinium rubrum (Figs 4 & 5) showed a similar deep
aggregation and surface avoidance as in the 1996
experiment. The chl (Figs 4 & 5) profiles agreed gener-
ally with the profiles of H. triquetra, as in 1996. In the
LN enclosure, the chl profile also had a maximum at
the surface during the dark period (Fig. 4), while a
deep aggregation was also clearly evident. Again, this
probably reflects the deep population of H. triquetra.

Data analysis

Between-species effects

Fig. 6 depicts the locations of vertical profiles on the
first ordination planes. The individual profiles are
grouped according to species and enclosures. For each

group, the 7 profiles (corresponding to 7 sampling
times) are connected to the group’s center of gravity.
Three effects are apparent from Fig. 6:

First, there is relatively little overlap between the
profiles of different species. Most distinctive is the sep-
arate location of the profiles of Mesodinium rubrum on
the right side of the ordination planes. According to the
correlation of the 6 depths with the ordination axes
(sub-plot in Fig. 6), this side of the ordination planes
was largely defined by the deep layers (6 to 12 m), con-
sistent with the vertical distribution of M. rubrum
(Figs 2 to 5). The profiles for the cyanobacteria are on
the left side of the ordination planes in Fig. 6, relecting
their relatively strong surface aggregation (Figs 2 to 5).
It is interesting that although for 1998 the filamentous
cyanobacteria groups (Aphanizomenon sp. and Ana-
baena lemmermannii) form clusters quite close to each
other on the left side of the ordination plane, there is a
clear difference between the species, indicating that
they shared different vertical niches. For 1996, the pro-
files of Heterocapsa triquetra stand apart from those of
Monoraphidium contortum and chl (Fig. 6). Note that
for 1996, the group defined by chl in the HN enclosure
(c2 in Fig. 6) is much closer to the profiles of H. trique-
tra. This probably reflects the high degree of domi-
nance of H. triquetra in the HN enclosure and its
strong effect on the chl profiles. For 1998, the profiles
of H. triquetra overlap with the chl profiles. This
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reflects the remarkable similarity in the shape of their
respective vertical profiles (Figs 4 & 5), and is ex-
plained by the dominance of H. triquetra in the phyto-
plankton assemblage.

Second, the profiles of the same species from differ-
ent enclosures cluster quite closely. This indicates that
the species tended to have a specific vertical distribu-
tion pattern quite independent of the nutrient loads. 

Third, compared to Monoraphidium contortum and
chl, the clusters of profiles of the motile species (partic-
ularly Mesodinium rubrum and Heterocapsa triquetra)
have a much wider spread on the ordination plane.
The spread of chl profiles in the HN enclosure for 1996
is relatively large, probably due to the strong influence
of H. triquetra. This suggests that the shape of individ-
ual profiles of motile species varied  much more during
the course of a diel cycle, probably due to migratory
behavior.

The spread of the groups along the ordination planes
(Fig. 6) represents variation along the first 2 ordination
axes. The overall extent of the variability in abundance
of each species in both years and both nutrient load
conditions (Fig. 7) gives a better representation of the

relative degree of migratory activity. There was a
decrease in migratory activity in the order Hetero-
capsa triquetra and Mesodinium rubrum to Aphanizo-
menon sp., Anabaena lemmermannii, Monoraphidium
contortum and chl (Fig. 7). Interestingly, the migratory
activity of M. rubrum was much lower in 1996 than in
1998.

The clear separation of the vertical profile groups, as
defined by species, was statistically significant in both
years (5 groups, p = 0). Since the experiments in both
years were carried out during a similar successional
stage of the plankton community (Niemi 1973, 1975)
and the sampling schemes were identical in both
experimental years, it was possible to combine the 2
data sets and include the inter-annual variance in an
analysis of vertical profiles. Randomization tests re-
vealed that the groups defined by species only
(6 groups) or species and years (10 groups) were sig-
nificantly different (p = 0). This was also the case when
chl, as a combined parameter for the whole phyto-
plankton community, was excluded from the analysis.
Fig. 8A shows the first ordination plane with the posi-
tions of vertical profiles grouped according to species
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(chl excluded for clarity) and years. The separate loca-
tion of Mesodinium rubrum on the right side of the
ordination plane, which corresponds to the deeper lay-
ers (see sub-panel in Fig. 8A), is apparent. However,
the distribution of M. rubrum during both years was

clearly different. The profiles of filamentous cyanobac-
teria all cluster relatively close to the upper left part of
the ordination plane in Fig. 8A, which was more influ-
enced by the surface layers (sub-panel in Fig. 8A).

Within-species effects

The conclusion that, when generalized over the 2
experimental years and different nutrient loads, the
abundance profiles are species-specific does not auto-
matically mean that the nutrient load and inter-annual
variance were insignificant in determining the shape
of the vertical distribution patterns of individual spe-
cies. Below, we consider separately the data sets of 2
individual species and examine the effects of nutrient
load and inter-annual variability. For 2 species (Hete-
rocapsa triquetra and Mesodinium rubrum) and chl,
four 24 h data sets from both experimental years and
from enclosures with 2 different nutrient loads are
available.

Heterocapsa triquetra

There was considerable overlap between the vertical
profiles for Heterocapsa triquetra grouped according
to year and enclosure (4 groups), and a randomization
test revealed no significant difference (p = 0.1238; see
also Table 4). However, the inter-annual variance was
significant (p = 0.0145), whereas differences in nutrient
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load had no significant effect (p = 0.6836). The effect of
nutrient load was also not significant when data from
the years 1996 (p = 0.4308) or 1998 (p = 0.9575) were
considered separately.

A significant difference was found when the vertical
profiles were grouped according to sampling time (7
groups, p = 0.0101). This means that the change in the
shape of the vertical profiles of Heterocapsa triquetra
was synchronized over time (cf. Figs 2 to 5). To reveal
the effect of the diel cycle, a within-groups correspon-
dence analysis was performed. This analysis removes
the effect of different enclosures (i.e., both inter-
annual variability and variability due to nutrient mani-
pulations) and the vertical profiles are scattered with
maximal variance around the axis origin (Fig. 9). Fig. 9
shows the temporal typologies of the vertical profiles in
the 4 enclosures. The first ordination axis correlates
well with the depth gradient, while the second axis is
strongly influenced by the 2 deeper layers in opposite
directions (sub-panel in Fig. 9). In all but the HN enclo-
sure in the 1996 experiment, the vertical profiles reveal
a diel movement from the right side of the plane (cor-
responding to surface layers and light interval) to the
left side (deep layers, dark interval) and back again by

the next morning. In the 1996 HN enclosure, the deep
aggregation of H. triquetra at 21:00 h occurred at 8 to
10 m (Fig. 3), which differed from the usual 10 to 12 m
peak (Figs 2 & 3). This resulted in a deflection of the
shape of the vertical profile to an extent that between-
group differences (grouped according to sampling
time) were not significant (p = 0.5388) in 1996. How-
ever, the effect of time on the distribution patterns of
H. triquetra in 1998 was highly significant (p = 0.0001).

Mesodinium rubrum

Mesodinium rubrum had a significantly different
vertical distribution (p = 0.0006) when all 4 enclosures
were considered separately; most of this difference
was due to the significant inter-annual variance (p = 0).
Diel cycle had no significant effect whether the 2 years
were combined (p = 0.1725) or considered separately
(Table 4). The effect of nutrient load was not significant
when both years were combined (p = 0.1251) or in 1996
alone (p = 0.2414), but in 1998 the nutrient load ef-
fect was quite close to being significant (p = 0.05478;
10E + 5 permutations).
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Filamentous cyanobacteria

Fig. 8A shows that the cyanobacterial groups tended
to separate from the other phytoplankton groups.
Within the cyanobacteria (Fig. 8B), the 2 species Ana-
baena lemmermannii and Aphanizpmenon sp. had
significantly different vertical distribution patterns
when the data from both years were considered (p =
0.0001) and when the data from 1998 were analyzed
separately (p = 0.0007). A randomization test revealed
no significant effect of the nutrient load on the vertical
distribution when all the data from 1998 were analyzed

(p = 0.3153), or when both species were analyzed sep-
arately (A. lemmermannii, p = 0.2023; Aphanizomenon
sp., p = 0.4545). A significant inter-annual effect (p =
0.0003) was revealed for A. lemmermannii. In no case
did the vertical profiles differ significantly when
grouped according to sampling time (Table 4).

DISCUSSION

The present study showed significant species-spe-
cific differences in the vertical distribution patterns of
autotrophic micro-organisms in large-scale mesocosms
which covered a light gradient down to <1% of surface
irradiance. A highly significant inter-annual variability
in vertical distribution was evident for each individual
species studied. However, species-specific differences
were clearly more pronounced than inter-annual vari-
ability or that caused by nutrient supply rates. These
results demonstrate the vertical segregation of auto-
trophic micro-organisms in the water column. Vertical
segregation of phytoplankton species has been docu-
mented before (Ganf & Oliver 1982, Sommer 1982,
1985). However, here we have demonstrated in a for-
mal, testable way that patterns of segregation are spe-
cies-specific and robust, and are not overly sensitive to
changes in environmental conditions.

A particular strategy of vertical niche separation is
motility. Differences in short-term (24 h) variability in
the shape of vertical distribution profiles separated the
species along a motility gradient. This was exemplified
by the characteristic wide scatter of the vertical profile
groups of motile species on an ordination plane com-
pared to those of non-motile species (Fig. 7), indicating
that motile species can exploit resources from a wider
depth range in the water column. Vertical movements
were apparent as clearly recognizable DVM (diurnal
surface and nocturnal deep aggregations), as in the
cases of Heterocapsa triquetra, but were not limited to
DVM, as in the cases of Mesodinium rubrum and Aph-
anizomenon sp. The vertical separation of some spe-
cies, e.g. M. rubrum, was so evident that it did not call
for a formal statistical test. However, in most cases
visual examination of raw profiles (Figs 2 to 5) or even
representation on an ordination plane were not con-
clusive. Our results convincingly demonstrate a verti-
cal separation of 2 species of filamentous cyanobacte-
ria (Anabaena lemmermannii and Aphanizomenon
sp.) that may occupy close vertical niches.

The lack of a clear nutrient manipulations effect
deserves some attention. In both years there was a
notable accumulation of ammonium during the first
week. Thereafter the phytoplankton community was
well adapted to the new nutrient regimes and effi-
ciently assimilated the added ammonium during a 24 h
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Table 4. Significance (p) of between-group analysis revealed
by randomization tests with 104 or 105 (*) simulations on sub-
sets of the data. (Het: Heterocapsa triquetra; Mes: Meso-
dinium rubrum; Ana: Anabaena lemmermannii ; Aph: Apha-
nizomenos sp.; Cya: Ana + Aph; 1996, 1998 denote cases
when the test was restricted to a particular year). Effect: sin-
gle or combined effect of nutrient load (nutr), year, sampling
time (time) or species (sp); Groups: number of groups; Pro-
files: number of individual profiles included in the particular
test. Only within-species analyses are shown, since the dif-
ferences between species within a particular year or when
data from both years were pooled resulted always in p = 0

Sub-set Effect Groups Profiles p

Het Nutr × Year 4 28 0.1238
Het Time 7 28 0.0101
Het Year 2 28 0.0145
Het Nutr 2 28 0.6836

Het 1996 Nutr 2 14 0.4308
Het 1996 Time 7 14 0.5388

Het 1998 Nutr 2 14 0.9575
Het 1998 Time 7 14 0.0001

Mes Nutr × Year 4 28 0.0006
Mes Time 7 28 0.1725
Mes Year 2 28 0
Mes Nutr 2 28 0.1251

Mes 1996 Nutr 2 14 0.2414
Mes 1996 Time 7 14 0.08786*

Mes 1998 Nutr 2 14 0.05478*
Mes 1998 Time 7 14 0.4529

Cya Species × Nutr 5 30 0
× Year

Cya Time 7 30 0.1013
Cya Species 2 30 0.0001

Cya 1998 Species 2 28 0.0007
Cya 1998 Species × Nutr 4 28 0.0038
Cya 1998 Time 7 28 0.0969
Cya 1998 Nutr 2 28 0.3153

Aph Nutr 2 14 0.4545
Aph Time 7 14 0.1329

Ana Nutr × Year 3 21 0
Ana Time 7 21 0.9113

Ana 1998 Nutr 2 14 0.2023
Ana 1998 Time 7 14 0.2119
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period. It is likely that the apparent nutrient regimes in
the LN and HN enclosures were more similar than
what would be expected from the large differences in
the absolute nutrient loads (2.5 and 4.9 times in 1998
and 1996, respectively). At the time of the vertical pro-
file sampling the chl-normalized ammonium load of
the HN enclosure exceeded that of LN enclosure by a
factor of only 1.52 (1998) or 1.59 (1996). Although this
is smaller than the differences between the absolute
loads, it still suggests a considerable contrast in the
apparent nutrient regimes experienced by the algae.
Community-level nutrient limitation in the HN enclo-
sures cannot be excluded, since enclosures with even
higher nutrient loads also supported higher chl con-
centrations (data not shown).

Heterocapsa triquetra showed the clearest DVM be-
havior, as seen in the raw vertical profile plots (Figs 2
to 5) and the ordination plane (Fig. 9). The consistency
of this behavior over both years and nutrient loads was
confirmed by a formal statistical test. In 1996, H. tri-
quetra was already abundant in the initial phase of the
experiment and increased after the nutrient additions.
Interestingly, in 1998 only trace concentrations of H.
triquetra were present in the initial water columm, but
this species became dominant during the latter part of
the experiment. Possibly part of this success could be
attributed to DVM behavior.

The vertical distribution of Mesodinium rubrum was
consistent with that recorded in earlier studies in the
coastal Baltic Sea (Olli et al. 1998, Olli 1999). All the
data indicate that during summer M. rubrum is rela-
tively uniformly distributed in the upper mixed layer,
or inhabits the deeper parts of the mixed layer just
above the pycnocline, in contrast to its very dense and
shallow surface aggregation during the vernal bloom
(Olli et al. 1998, Olli 1999). These data suggest that in
the Baltic Sea M. rubrum favors relatively lower tem-
peratures and/or high nutrient concentrations.

Much of the variability in the light conditions within
the mesocosms arose from environmental light attenu-
ation, and not from variability in phytoplankton bio-
mass caused by different nutrient supply rates. Sup-
posing the chl-specific vertical attenuation coefficient
of PAR for phytoplankton to have a range of 0.005 to
0.03 m2 mg–1 chl a, the light attenuation due to algae
can be calculated as a product of chl concentration and
this coefficient (Kirk 1994). The 0 to 12 m depth inte-
grated concentration of chl varied from 2.5 to 22 µg chl
l–1, which, using a chl-specific vertical attenuation coef-
ficient of 0.01 m2 mg–1 chl a, would approximate light
attenuation of 0.03 to 0.22 m–1. However, the lack of
correlation between chl concentration and light atten-
uation in the mesocosms suggests that much of the
light came from the surrounding water column through
the plastic walls of the mesocosms, not from above, and

was controlled by the turbidity of the water masses
passing the experimental site. This is very plausible
given the large depth-to-diameter ratio (6.1) of the
enclosures and the relatively high ratio of scattering to
absorbtion in determining the light attenuation in
Baltic coastal waters (Seppälä unpubl. data), and sug-
gests that within a given year the light conditions
within the LN and HN enclosures were much more
similar than what could be expected from open-water
phytoplankton blooms of equivalent densities.

The vertical segregation of phytoplankton popula-
tions can potentially have important consequences for
inter-specific interactions, especially competition and
co-existence. Migration and vertical niche separation
can counteract inter-specific resource competition of
planktonic micro-organisms (Angeli et al. 1995). Based
on differences in their nutrient and light preferences,
phytoplankton species can inhabit and exploit differ-
ent vertical niches in the water column (Ganf & Oliver
1982, Makulla & Sommer 1993). Several studies have
analyzed light:nutrient ratios in the perspective of
phytoplankton resource competition (Sommer 1988b,
1993, 1994). Could the intrinsic nature of the light gra-
dient in aquatic habitats cause vertical heterogeneity
and provide a solution to Hutchinson’s (1961) chal-
lenge that the high diversity of species present in
plankton is inconsistent with the assumption of com-
petitive exclusion in the supposed uniformity of
pelagic environments (known as ‘the paradox of the
plankton’)?

Huisman & Weissing (1994, 1995) developed a phyto-
plankton light competition model, which predicts that
competition for light and nutrients is inherently differ-
ent from competition for 2 or more nutrients. In a well-
mixed volume of water it is not only the ratio of nutri-
ent supply to light supply that determines the outcome
of species competition, but also the absolute supply
rates of light (Huisman & Weissing 1994, Weissing &
Huisman 1994, Huisman 1999, Huisman et al. 1999). In
a well-mixed water column with a uniform distribution
of competitors, the absolute supply rate of light to the
cells is equal, and consequently the vertical light
gradient does not provide spatially heterogeneous
conditions for phytoplankton growth (Huisman &
Weissing 1994, Weissing & Huisman 1994). The theory
of competition for light in a well-mixed habitat pre-
serves the classical limit to species diversity – the num-
ber of resources for which competition occurs (Huis-
man & Weissing 1995), and the vertical light gradient is
not sufficient to solve Hutchinson’s paradox of the
plankton.

The phytoplankton light-competition model depends
crucially on the uniform distribution of competitors,
which is usually achieved by an externally imposed
mixing of the water column (Huisman & Weissing
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1994, Weissing & Huisman 1994). When this require-
ment is not fulfilled, as in the case of motile organisms
and/or incomplete mixing, phytoplankton species be-
come spatially differentiated, and equilibrium co-exis-
tence of several species competing for even a single
resource is likely to occur (Weissing & Huisman 1994).

As shown in the present study, the autotrophic spe-
cies consistently inhabit different parts of the water
column, probably supported by incomplete mixing
and/or motility of the organisms. It should be stressed
that this vertical segregation is not limited to differ-
ences in the depths of the populations’ distribution
maxima, but is a dynamic phenomenon, whereby an
important component is variability in the distribution
profiles over a diel cycle. The vertical distribution pat-
terns of individual species could be fairly dynamic dur-
ing a diel cycle, but at the same time recognizably
similar over an inter-annual scale, and with variable
nutrient supply rates. Consequently, the populations
experience differences in both the absolute supply
rates and the ratios of potentially limiting recources.
Theoretically, this condition is sufficient for stable co-
existence of several species competing for a limited
number of resources. Strictly, it does not solve Hut-
chinson’s paradox of the plankton which assumes
homogeneity of the water column. Rather it shows that
the water column is not homogeneous, at least with
respect to vertical distribution of the organisms, i.e. the
micro-organisms do not regard the environment as
homogeneous.

Indeed, the actual vertical distribution of species in a
natural water column arises from a combination of
physical mixing and motility as the organisms seek an
optimal compromise between light- and nutrient-limi-
tation. Phytoplankton which sink, float or maintain
their swimming movements are liable to be re-distrib-
uted throughout the depth of the turbulent layer. The
extent to which they are redispersed within it depends
upon the magnitude of the ratio between the average
vertical turbulent velocity fluctuation and the vertical
velocity of the cell movement (Reynolds 1997). Hum-
phries & Imberger (cited in Reynolds 1997) showed
that a ratio of about 15 was required to maintain
mixed-layer populations in approximately uniform
suspension. Clearly, in natural systems, turbulent velo-
city is extremely variable in time and space, depending
on the energy of the mechanical forcing and the speed
of its dissipation through the eddy spectrum. In the
simplest model of open water of infinite depth and hori-
zontal expanse and lacking any density stratification
and subject to wind stress of constant velocity and
direction, a sufficiently robust estimate of turbulent
velocity can be calculated from windspeed in the
range of 5 to 20 m s–1 by multiplying with a coefficient
of 1.25 × 10–3 (Reynolds 1997). Taking 10–3 m s–1 as the

speed of movement of a large flagellate or buoyant
cyanobacterium, a wind speed as high as 12 m s–1

would be needed for turbulent diffusion to dominate
the motile particle distribution. Although such wind
speed is not unnatural, the usual wind speeds in the
coastal Baltic are lower. However, most of the deep
(>10 m depth) basins of the temperate-cold zone are
stratified during the productive period of spring to late
autumn (Sorokin 1999); this counteracts wind-forced
mixing. After a deep mixing has occurred, only 1 d is
necessary to restore thermal stratification in summer
(Olli 1999). Studies from the open coastal waters also
revealed a consistent vertical segregation of phyto-
plankton populations (Olli et al. 1998, Olli 1999), and
support the conclusions of this study that vertical seg-
regation is a robust, species-specific property.

In summary, the experimental data suggest that the
patterns of vertical segregation of phytoplankton in the
water column are species-specific and robust. They ap-
pear to be persistent biological phenomena, not overly
sensitive to changing environmental conditions or acci-
dents of hydrodynamics or sampling procedures. The
vertical niche separation of phototrophic micro-organ-
isms is expressed as (1) systematic differences between
the vertical distribution of individual species along the
depth gradient, and (2) interspecific differences in mi-
gratory activity. The latter can be in the form of recog-
nizable DVM or high variability in the shape of vertical
abundance profiles with no clear links to diel rhythm.
These conclusions have potential implications for spe-
cies competition, co-existence, and diversity.
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