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INTRODUCTION

Some groups of algae form extracellular scales of
organic or inorganic material as part of their extra-
cellular matrix. Inorganic silicified scales are formed
by some Chrysophyceae, while calcified scales are
formed by some of the Prymnesiophyceae. Organic
scales are formed by several groups and species
among the Dinophyceae, Prasinophyceae and Prymne-
siophyceae (Tomas 1997). The size of the organic scale
types ranges from <20 to >1 µm in diameter and up to
>30 µm in length (Green et al. 1990). Scales in the
lower size range are mainly flagella scales, while body
scales belong to the fraction of larger scales. The
prasinophytes usually have 2 types of scales: large
body scales and tiny flagellar scales. The scales of the
prymnesiophytes are more diverse, and each species
may have several different scale types and sizes. The
size and morphology of the scales are characteristic for
species and are thus used as taxonomic criteria (e.g.
Manton & Parke 1962).

The chemical composition of organic algal scales has
been studied for a few species including Pleurochrysis

scherffelii Pringsheim (Romanovicz & Brown 1976),
Chrysochromulina chiton Parke & Manton (Allen &
Northcote 1975), Pyramimonas pseudoparkeae Pien-
aar & Aken (Aken & Pienaar 1985), Mesostigma viride
Lauterborn (Domozych et al. 1991) and Tetraselmis
striata Butcher (Becker et al. 1989). In summary, the
composition is dominated by protein and carbo-
hydrates, and for different scale types the protein con-
tent has been reported to range from about 3 to 65%,
while the carbohydrate content ranges from about 30
to >90%.

From our transmission electron microscope (TEM)-
based studies of microbial communities in marine
waters, we have often observed a significant abun-
dance of free algal scales (e.g. Bergh et al. 1989, Brat-
bak et al. 1990, 1992). Free scales in the water column
may be the result of a continuous production and shed-
ding of scales during growth, grazing, or from viral
lysis of cells. Since the scale formation in any case is
species-specific, their occurrence represents a finger-
print of the algal species that are, or that have been,
present in the ecosystem. In this context the turnover
and decay rate of the scales becomes a key issue. 
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In this paper we have studied the seasonal variation
of free scales in Norwegian coastal waters and their
short time dynamics (3 wk) in enclosed water masses
with artificially induced phytoplankton blooms. The
decay rate of different scale types was determined by
laboratory incubations. 

MATERIALS AND METHODS

Field studies. Temporal changes in abundance of
different scale types were studied on 2 occasions in
Norwegian coastal waters: (1) in open water masses of
the fjord Samnangerfjorden during a seasonal field
campaign (15 April to 21 October 1999) (Fig. 1); and
(2) in enclosed water masses during a mesocosm
experiment in Raunefjorden at the Marine Biological
Field Station (16 April to 6 May 1999) (Fig. 1; see also
www.ifm.uib.no/lsf/inst2.html). 

In Samnangerfjorden we collected water samples at
2 to 4 wk intervals at the depth of the chlorophyll max-
imum determined by in situ fluorescence (Seabird
SBE911plus with Sea Tech Fluorometer or STD SAIV
a/s SD 204 with Sea Point fluorometer). 

The enclosures used in the mesocosm experiment
were 4 m deep and 2 m wide (volume: 11 m3) and made
of 0.15 mm thick polyethylene (90% light penetration,
PAR). They were filled with seawater from 2 m depths.
An airlift system in each enclosure was used to ensure
mixing of the water during the experiment (Larsen et
al. 2001). We sampled 5 enclosures treated to obtain
different population densities and community compo-

sition. Three enclosures (N2, NU1 and NU2) were
enriched with nitrate and phosphate on Day 1 to a final
concentration of 8 µM NaNO3 and 0.5 µM K2HPO4.
One enclosure (N1) was delayed and received the ini-
tial nutrient enrichment on Day 4. To avoid nutrient
limitation, extra nutrients were added on Days 7 and
13 (4 µM NaNO3 and 0.25 µM K2HPO4). The enclo-
sures NU1 and NU2 were, in addition to being
enriched with nutrients, also exposed to UV radiation.
This treatment was given by pumping 0.6 m3 water
through a UV radiation unit during a 1 h period each
night. The UV unit used had a 115 W UV-C fluorescent
tube with reflector (Philips TUV 115W R VHO), which
provided an average dose of 5 mWs cm–2. One enclo-
sure served as control and received no treatment. The
enclosures were sampled every second day.

Algal biomass in the enclosures was measured fluo-
rometrically as chl a in a Turners Designs Fluorometer
Model 10-AU after filtration onto Sartorius membrane
filters (0.45 µm) and extraction in 90% acetone
(Parsons et al. 1984). All water samples from the field
studies were brought back to the laboratory and pre-
pared for counting of scales by transmission electron
microscopy within 5 h after sampling.

Experimental studies. Decay of scales from natural
communities: Water collected on Day 14 from each of
the 4 nutrient-amended enclosures was transferred to
1 l glass bottles and incubated at room temperature in
the dark for 63 d. Samples of 20 ml were withdrawn
from each bottle once a week, fixed with glutar-
aldehyde (2% final concentration) and stored at 4°C
until the end of the incubation period when they were
prepared for counting of scales by TEM. 

Decay of scales from Pyramimonas orientalis
McFadden, Hill & Wetherbee (Prasinophyceae): A
500 ml monoculture of P. orientalis was lysed by
adding a few ml of the species-specific virus PoV (San-
daa et al. 2001) and then centrifuging for 30 min at
7500 rpm (10 000 × g) in a Beckman JS-7.5 swing out
rotor. The supernatant and the top layer of the pellet
containing scales were removed by a pipette, mixed
and used in the subsequent decay experiments.
Aliquots of this scale solution were added to 3 parallel
1 l bottles containing aged seawater to give a final
scale abundance of about 109 scales ml–1. The aged
seawater had a total organic carbon content of 2.1 mgC
l–1, and the concentration of soluble reactive phos-
phorus was 0.3 µM P (Evy Foss Skjoldal pers. comm.).
Three different incubation regimes were used in this
experiment: Days 1 to 102 at 4 to 6°C; Days 102 to 172
at room temperature; and Days 172 to 266 at room tem-
perature and nutrient enrichment. The nutrients added
on Day 172 were 1 mM C (glucose), 75 µM N (NH4Cl)
and 15 µM P (K2PO4). All incubations were in the dark.
The samples were diluted 1:10 in particle-free water
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Fig. 1. Map of the Norwegian coastal area included in this
study. M: biological station Espegrend, the site for mesocosm 

studies. S1: sampling station in Samnangerfjorden
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before they were prepared for counting of scales by
transmission electron microscopy. 

Analysis. Particles in the water samples were har-
vested by centrifugation directly onto 400 mesh Ni-grids
supported with carbon-coated formvar film (Bratbak
& Heldal 1993). All samples were centrifuged at
40 000 rpm (260 000 × g) for 30 min in a Beckman L8 ul-
tracentrifuge equipped with a SW 41 Ti swing out rotor.
The grids were air-dried and positive stained for 3 min
with uranyl acetate (2% w/w in water) 4 to 6 h before
counting. The total counts of scales were calculated as
described in Bratbak & Heldal (1993) from counts per
view field in a JEOL 100S TEM operated at 30 000 to
50 000× magnification. We counted 20 to 200 fields of
view on each sample and if attainable at least 200 scales.

RESULTS

Fig. 2 illustrates the diversity and morphology of
algal scales in marine water samples. Most of the scale
types we counted in this study are present in these
images.

Field studies

Temporal changes in chl a and abundance of differ-
ent scale types in the open water masses of Sam-
nangerfjorden are shown in Fig. 3. The main increases
in chl a concentration occurred in April and in June.
The abundance of free scales from different species of
Pyramimonas increased in April and/or May from
about 104 to 5 × 105 ml–1. A similar but less pronounced
development was seen for scales of Heterocapsa
sp. (Dinophyceae) and Chrysochromulina polylepis
Manton & Parke (Prymnesiophyceae). These scales
peaked in abundance in late May and in July. From the
peak values in late May to late September, the abun-
dance of all scale types decreased at an average rate of
–0.008 ± 0.003 d–1 (mean ± SD, n = 5, range –0.004 to
–0.012).

The overall development in phytoplankton biomass
during the mesocosm experiment is illustrated by the
chl a measurements (Fig. 4). The chl a concentration
remained relatively low in the control enclosure (1 to
2 mg l–1), while in the nutrient-enriched enclosures the
concentration increased and reached 8 to 10 mg l–1

after 12 to 14 d. As expected and compared to Enclo-
sure N2, the development in chl a concentration was
delayed in Enclosure N1, and in the UV-treated enclo-
sures (NU1 and NU2) it was more variable. The devel-
opment in the 2 parallel UV-treated enclosures was
very similar and demonstrates the reproducibility of
the experiments and the chl a measurements. 

Fig. 5 shows the net change in abundance of 6 dif-
ferent scale types during the 20 d mesocosm experi-
ment. The overall abundance of scales was roughly 10
times higher in the nutrient-amended enclosures com-
pared to the control enclosures, and the most pro-
nounced increase in scales (i.e. scales of Pyramimonas
cirolanae Pennick) was delayed in N1 compared to N2
and NU (NU1 and NU2). The development in the dif-
ferent enclosures with respect to scale concentration
was thus in general agreement with the development
in chl a concentration (Fig. 4).

Scales of Heterocapsa sp., Pyramimonas sp. and
Pyramimonas cirolanae were dominant from the start
of the experiment (Fig. 5). Pyramimonas sp. scales
were initially the most abundant but they were out-
numbered by P. cirolanae scales when the biomass in
the enclosures started to increase. In the second half of
the experiment, when the number of P. cirolanae
scales peaked and started to decrease, there was a
marked increase in Heterocapsa sp. and Pyramimonas
sp. scales in Enclosures NU1 and NU2 that was not
paralleled by similar increases in N1 or N2. From Day
5 on we found an increasing abundance of Chryso-
chromulina polylepis and Chrysochromulina sp. scales
in all enclosures. Thus, there were considerable differ-
ences in population densities and community composi-
tion in the different enclosures, as intended by the
experimental design.

In Enclosure N1, the algal community included a mix-
ture of several species of diatoms, dinoflagellates and
other flagellates (Larsen et al. 2001). On Day 15 the com-
munity included 7 different diatoms (3.0 × 103 cells ml–1)
and 13 different dinoflagellates, among which Hetero-
capsa rotundata (Lohmann) Hansen made up the
majority (2.8 × 103 ml–1). The abundance of Heterocapsa
sp. scales on Day 15 was 6.9 × 104 ml–1 and increasing
(Fig. 5). Other flagellates were the most abundant forms
and 2 to 5 µm sized unidentified flagellates, mostly with
Prymnesiophyceae-like chloroplasts, peaked on Day 13
(9 × 104 cells ml–1). The abundance of 2 different
Chrysochromulina polylepis plate scales on Day 13 was
8.6 × 104 and 4.3 × 104 ml–1 and the abundance of
Chrysochromulina sp. scales was 1.6 × 105 ml–1 (Fig. 5).
Pyramimonas sp. and 6 to 10 µm sized unidentified
prasinophytes reached maximum abundance on Day 15
with 3 × 104 and 9 × 103 cells ml-1, respectively. The abun-
dance of P. cirolanae scales on Day 15 reached a maxi-
mum value of 7.0 × 106 ml–1, while the abundance of
Pyramimonas sp. scales was 2.3 × 106 ml–1 and still
slightly increasing (Fig. 5). In summary, for Heterocapsa
spp. and Pyramimonas spp. the abundance of free scales
in the water was 25 to 310 times as high as the abun-
dance of cells. The abundance of Chrysochromulina sp.
scales was 3 times the abundance of all cells with Prym-
nesiophyceae-like chloroplasts.

57



Aquat Microb Ecol 37: 55–62, 200458

Fig. 2. Transmission electron microscopy micrographs of particles harvested from the mesocosm experiments at Espegrend on
May 6, 1999, illustrating some scales and groups of scales from species included in this study. 1 to 3: scales from Pyramimonas
orientalis, i.e. box scale (1), crown scale (2) and limuloid scale (3); 4: box scale from Pyramimonas cirolanae; 5: from Heterocapsa 

sp.; 6 and 7: from Chrysocromulina sp.
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When the concentration of Heterocapsa sp., Pyrami-
monas sp. and Pyramimonas cirolanae scales started to
decrease in the control enclosure (Fig. 5), the rates of
decrease were –0.09 ± 0.01, –0.04 ± 0.007 and –0.07 ±
0.02 d–1 (mean ± SE), respectively. These rates are
higher than in the nutrient-amended enclosures (N1,
N2 and NU1, NU2), where the concentration of P.
cirolanae scales decreased at a rate of –0.02 ± 0.01 d–1

(mean ± SD, n = 4, range –0.01 to –0.03) after the peak
concentration. These rates are based on net change in
scale abundance, and assuming that the rate of scale
removal is the same in all enclosures we interpreted
these results to indicate that there was some produc-
tion of scales in the nutrient-amended enclosures
throughout the entire experimental period. 

Experimental studies

Decay of scales from natural communities

Fig. 6 shows that the abundance of Pyramimonas
cirolanae box scales and 3 different P. orientalis
scales decreased by 1 to 2 orders of magnitude when
incubated for 63 d under laboratory conditions. The
average loss rate for the 4 different scale types was
–0.020 ± 0.002 d–1 (mean ± SD) and the range was
–0.022 to –0.018 d–1. 

Decay of scales from Pyramimonas orientalis

Fig. 7 shows the decay of 3 different Pyramimonas
orientalis scales under different conditions. In aged
seawater at 4 to 6°C (Days 1 to 102) we observed no
significant loss, while at room temperature (Days 102
to 266) the loss rate for the 3 scale types was –0.01 ±
0.001 d–1 (mean ± SD, n = 3). Carbon and nutrient addi-
tion at Day 172 did not change the loss rate signifi-
cantly (t-test, p > 0.05).

The total abundance of scales was 9 × 109 scales ml–1 at
the start of the experiment. The contrast of the scales as
they appeared in the TEM decreased throughout the
incubation period. This indicates that they lost mass and
in part we attribute the decrease in abundance of free
scales to this process. Moreover, scales that were partially
disrupted, and decaying scales in loose aggregates that
were 10 to 20 µm in size (Fig. 8) became more numerous
throughout. We did not observe any frequent direct
contact between bacteria and scales in our preparations.
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DISCUSSION

Seasonal variation and short time dynamics of
different scale types originating from various flagellate
species were demonstrated by our studies in Sam-
nangerfjorden and in the mesocosm experiments.

The total abundance of scales was 3 × 104 to 1.2 × 106

ml–1 in Samnangerfjorden and 7 × 105 to 1.6 × 107 ml–1

in the mesocosm experiments. The corresponding chl a
values were 0.3 to 3 and 0.6 to 12 µg l–1. There was a
significant correlation between the total abundance of
scales and chl a in the mesocosm experiments (R =
0.464, p < 0.0004, df = 52) but not in Samnangerfjorden
(R = –0.191, p < 0.6, df = 7). Pyramimonas, Heterocapsa
and Chrysochromulina species were the dominating
scale-producing algae both in the mesocosms and in
Samnangerfjorden, but they made up only a small frac-
tion of the total algal biomass (i.e. chl a). The correla-
tion between scale abundance and chl a in the meso-
cosms is therefore interpreted as a covariance between
the algal populations producing scales and the popula-
tions dominating the biomass. With vertical mixing and
horizontal water transport, Samnangerfjorden is a
more complex environment than the mesocosms. In
addition, the sampling intervals were much longer in
Samnangerfjorden than in the mesocosm study (1 to
2 d vs 2 to 4 wk) and the data set is rather limited;
therefore, no relationship between scale abundance
and chl a concentration is to be expected. 

The number of body scales per cell may be estimated
from the size of the cells and the size of the scales that
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Fig. 6. Decay of 4 different scale types from 2 algal species
(Pyramimonas cirolanae and P. orientalis) shown as percent-
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and incubated at room temperature in the dark for 63 d.
Symbols represent the mean of 4 incubations and error bars
represent ±SE. Lines are linear regression based on all data 

for each scale type
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cover the cell surface. Moestrup & Walne (1979) esti-
mated that Pyramimonas tetrarhynchus Schmarda,
with a cell size of 22 × 15 µm (length × width) and a
total surface area of approximately 1200 µm2, is cov-
ered by about 6800 each of outer and inner body scales
(OBS and IBS, respectively) that are 0.42 µm wide (i.e.
0.18 µm2). P. orientalis, which is about 7 × 5 µm (length
× width), may be estimated to have a surface area of
about 100 µm2 and to be covered by about 1000 box

scales that are approximately 0.3 µm wide (i.e.
0.09 µm2). The small (<4 µm) species P. cirolanae
(Backe-Hansen & Throndsen 2002) will likewise have
about 500 scales per cell. In Enclosure N1 the maxi-
mum abundance of free P. cirolanae box scales was
7.0 × 106 ml–1 and the maximum abundance of free
Pyramimonas sp. box scales was 2.7 × 106 ml–1. If free
scales are released only when cells die, we may esti-
mate that these scales were produced at the expense of
about 1 × 104 P. cirolanae cells ml–1 and 3000 Pyrami-
monas sp. cells ml–1 (assuming P. orientalis with
1000 scales per cell to be typical for Pyramimonas sp.).
These cell losses are about 30 and 10% of the maxi-
mum abundance of Pyramimonas sp. cells (3 × 104 cells
ml–1) in N1. In the open waters of Samnangerfjorden
the maximum abundance of Pyramimonas sp. box
scales and P. cirolanae box scales was 4.4 × 105 and 3.9
× 105 ml–1 respectively. With the same assumptions as
above, these scales were produced at the expense of
about 400 Pyramimonas sp. cells ml–1 and 1000 P.
cirolanae cells ml–1.

Under experimental conditions we determined loss
rates in the range of –0.01 to –0.03 d–1 for all types of
scales. At low temperature and low bacterial activity
(in aged seawater, 1 to 2 × 105 bacteria ml–1; data not
shown) the scales seem to be quite enduring. Stimulat-
ing bacterial activity by adding nutrients did not
increase the degradation of scales. One interpretation
of this is that the scales are built of recalcitrant organic
material and that the degradation rate is limited by
steric hindrance. If the scales are assumed to be
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polyanionic polysaccharide-calcium complexes they
may act as chelators in seawater and tend to form
aggregates, which in turn results in a decrease in
abundance of free scales. From the incubation experi-
ments of scales from the mesocosm experiments, we
observed loose aggregates of organic material in the
size range of 10 to 20 µm, and these aggregates seem
to a large extent to consist of decaying algal scales
(Fig. 8). The observed decrease in the abundance of
free scales that we have called decay in this study may
thus be a combination of decomposition and aggrega-
tion.

The main conclusions that can be drawn from this
study are that algal scales are abundant in natural
waters and that they have a relatively slow decay rate.
They represent a species-specific fingerprint of the
algal flagellate community that is, or that has recently
been, present in the water and their abundance
reflects the abundance of the algal species from which
they are shed. Since some flagellate species can only
be recognized by their scale morphology, observation
of free scales in transmission electron microscopy con-
veys information to support observation and enumera-
tion of plankton done by traditional light microscopy.
In order to evaluate and interpret quantitative data on
free algal scales in natural waters we need more basic
data on the rate of scale production and on how many
scales of different types the various species have. We
also need a better understanding of the factors that
determine release of scales from cells. 
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