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INTRODUCTION

Transparent exopolymer particles (TEP) are now
known to be abundant in the ocean (Alldredge et al.
1993). These particles had previously gone unnoticed
due to their relative invisibility. However, after stain-
ing with alcian blue, a dye specific for polysaccharides,
TEP could be quantified and the question of their eco-
logical importance addressed. The presence of TEP is
known to influence the aggregation rate of particles

(Kiørboe & Hansen 1993, Dam & Drapeau 1995, Logan
et al. 1995, Passow & Alldredge 1995b) and particle
size spectrum (Passow & Alldredge 1994). Thus, TEP
may affect the flux of organic carbon from the euphotic
layer to the deep ocean, and help to explain the
discrepancy between observed vertical flux and
those predicted by aggregation-sedimentation models
(Jackson 1990, Hill 1992, Logan et al. 1995). In addition
TEP may be consumed by protozoans and copepods
(Decho & Moriarty 1990, Shimeta 1993, Tranvik et al.
1993) and, thus, it may represent an alternative path-
way for the transfer of carbon and energy from dis-
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ABSTRACT: Transparent exopolymer particles (TEP) are considered to be generated abiotically from
dissolved extracellular polysaccharides released mainly by phytoplankton. TEP may affect the aggre-
gation rate of particles and therefore influence the flux of organic carbon to the deep ocean. The role
of NO3

– limitation in the production of TEP by the marine diatom Chaetoceros calcitrans was investi-
gated. C. calcitrans was grown in batch cultures with different initial nitrate concentrations (25, 75,
150, 250 and 450 µmol l–1). Nitrate affected the production of TEP in 2 distinct ways. The initial spe-
cific growth rate and maximum concentration of biomass (as estimated by chlorophyll a, cell number,
total particulate carbon or total particulate nitrogen) reached in every culture was directly dependent
on the initial NO3

– concentration. Maximum TEP concentration followed this trend, and was signifi-
cantly linearly correlated with several biomass-related variables and with the initial NO3

– concentra-
tion. However, despite the general trend of direct covariation between TEP concentration and phyto-
plankton biomass, NO3

– has a more specific effect. A close examination of the exponential phase
shows that the net production of TEP per biomass was higher in N-limited cultures. In the N-sufficient
cultures, during Day 2, there was even a decrease in the concentration of TEP per unit of biomass
with respect to the inoculum. Our results support the hypothesis that, under N-limitation, a large pro-
portion of the photosynthetically fixed carbon is channeled to TEP. The concentration of carbohydrate
in the particulate fraction (PCH) was larger in N-limited cultures. The effect was clearer during expo-
nential growth. In this phase there was a good agreement between the response of TEP and PCH to
N limitation. Unlike TEP, PCH decreased sharply during the stationary and senescent phases. The
decrease of PCH was associated with an increase in dissolved organic carbon and an increase in the
number of bacteria in the cultures.
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solved organic carbon (DOC) to a higher trophic level
(Mari 1999).

High TEP concentration is frequently associated
with the final phase of diatom blooms in the ocean
(Passow et al. 1994, Mari & Burd 1998), and with the
stationary and senescent stage in cultures (Waite et al.
1995, Hong et al. 1997) and mesocosm experiments
(Passow & Alldredge 1995b). TEP are formed abio-
tically from dissolved extracellular polysaccharides
released by phytoplankton and bacteria (Passow et al.
1994, Passow 2000). Bubble scavenging (Mopper et al.
1995, Zhou et al. 1998, Mari 1999) has been suggested
as a mechanism responsible for TEP formation from
dissolved extracellular polysaccharides. However, in
a bloom dominated by Phaeocystis antarctica, the
sloughing and disintegration of the colonial matrix
was considered an important source of TEP as well
(Hong et al. 1997). Dissolved organic matter may
undergo spontaneous gelation to form TEP (Chin et
al. 1998). Finally, Passow (2000) reported the forma-
tion of TEP by laminar shear from precursors smaller
than 0.2 µm.

Phytoplankton exudes a wide range of organic
compounds that can vary with its physiological state
(Nalewajko & Lean 1972, Hoagland et al. 1993). Poly-
saccharides can represent up to 87% of total carbohy-
drates released in the stationary phase (Vieira & Myk-
lestad 1986). However, there are large differences in
the amount of carbohydrates produced by different
species. The partition of carbohydrate production be-
tween an internal pool and the fraction released extra-
cellularly depends upon culture conditions (Myklestad
1974). The protein:carbohydrate ratio has been shown
to decrease as the growth rate decreases, both in batch
and in continuous cultures under nitrogen limitation
(Caperon & Meyer 1972, Myklestad & Haug 1972,
Myklestad 1974). Mari & Burd (1998) showed in situ
evidence for TEP abundance being higher when ni-
trate and the inorganic N:P ratio were low in the sur-
face mixed layer. Since TEP are mainly composed of
polysaccharides, it has been speculated that the pro-
duction of TEP would be enhanced when cell growth is
N-limited. The objective of this study was to test this
hypothesis on batch cultures of the diatom Chaeto-
ceros calcitrans.

Chaetoceros calcitrans was selected because it pro-
duced the largest amount of mucus-like material of the
several diatom species we surveyed (authors’ unpubl.
results). Additionally, Chaetoceros is a relatively well-
studied genus from the point of view of carbohydrate
production, stickiness, and mean sinking rate. In
response to N limitation, several species of Chaeto-
ceros have been shown to (1) increase the amount of
total cell carbohydrates (Myklestad & Haug 1972,
Myklestad 1974, Vieira & Myklestad 1986), (2) in-

crease the amount of released free extracellular poly-
saccharides (Myklestad & Haug 1972, Myklestad
1974), and (3) specifically increase the sugar-contain-
ing compounds on the cell surface (Waite et al. 1995).
Furthermore, nutrient limitation affects the stickiness
of several species of phytoplankton (Kiørboe et al.
1990), and the mean sinking rate of several species of
diatoms including C. gracilis (Bienfang et al. 1982).
Aggregate formation in cultures of C. affinis and C.
gracilis depends on the presence of TEP (Kiørboe &
Hansen 1993, Crocker & Passow 1995). However, Kiør-
boe et al. (1998) did not find a clear correlation
between TEP concentration and stickiness in a natural
bloom dominated by Chaetoceros spp.

MATERIAL AND METHODS

Growth conditions and experimental design. Unial-
gal batch cultures (2000 ml) of Chaetoceros calcitrans
were grown in F/4 medium (Guillard & Ryther 1962),
and prepared with filtered (0.2 µm) seawater, except
for nitrogen that was supplied as NaNO3 at concentra-
tions of 25, 75, 150, 250 and 450 µmol l–1, producing
N:P stoichiometric ratios of 1.6, 5, 10, 16.6 and 30
(atomic ratios) respectively. Silica was provided at an
initial concentration of 350 µM to avoid silica limita-
tion. Cultures were maintained at 17°C in continuous
light (Sylvania Gro-Lux F30W/GRO) at a photon flux
density of 150 µmol m2 s–1 (spherical sensor LI-COR
SPQA 1100 connected to a DataLogger LI-COR 1000).
Cultures were ventilated with air filtered through
0.2 µm filters (Millipore) to avoid CO2 limitation and to
guarantee a good mix during growth. The intensity of
bubbling was carefully adjusted to produce the same
apparent turbulence in all cultures. Samples were
taken from the cultures at different stages and pro-
cessed according to the following methods.

Cell abundance. Chaetoceros calcitrans abundance
was determined both by microscopic observation with
a Neubauer hemocytometer, and by flow cytometry
using 2% glutaraldehyde fixed samples stored in liq-
uid nitrogen (Vaulot et al. 1989, Corzo et al. 1999), with
very good agreement between both techniques (r =
0.95). Bacteria enumeration was done by flow cytome-
try, staining bacterial DNA with SYTO-13 (Molecular
Probes) according to del Giorgio et al. (1996).

The quantification of bacteria reported in this study
corresponds mainly to free-living bacteria, although
some aggregates might disintegrate while passing
through the flow chamber and tubing of the flow
cytometer. Attached bacteria were reported to be less
than 10% of the total bacterial community both in
mesocosm studies (Smith et al. 1995) and in the ocean
(Hodson et al. 1981). This should result in a small
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underestimation of the total number if diatom cultures
can be compared in this aspect to both mesocosm
experiments and the ocean.

Pigments. Chlorophyll was determined spectropho-
tometrically. A volume of culture (20 to 40 ml, depend-
ing on the expected density of cells) was filtered on a
Whatman GF/F glass-fiber filter. The filter was placed
in 90% acetone and left overnight in the dark at 4°C.
The concentration of chlorophyll a (chl a) in the ex-
tracts was calculated using the dichromatic equation
provided by Jeffrey & Humphrey (1975). Samples were
analyzed in duplicate.

Carbon and nitrogen in the particulate fraction. The
particulate fraction was collected in duplicate by filtra-
tion on Whatman GF/F (25 mm) pre-combusted filters
(4 h at 450°C). The filters were then stored frozen at
–20°C for later analysis. Total particulate carbon (TPC)
and nitrogen (TPN) were determined by means of a
CNH Perkin-Elmer 240-C elemental analyzer.

Carbohydrates in the particulate fraction. The con-
centration of carbohydrate in the particulate fraction
was determined by a phenol-sulfuric assay (Dubois et
al. 1956). Two replicates were filtered on Whatman
GF/F filters and stored at –20°C until analysis. Glucose
was used for the calibration curve.

Concentration of TEP. TEP concentration was mea-
sured according to the dye-binding assay (Passow &
Alldredge 1995a). Samples (about 30 ml) obtained
from the cultures at different times were fixed with
4% formaldehyde for later processing. All samples
were processed within 1 mo using the same calibra-
tion curve. The particulate fraction was retained on
0.4 µm polycarbonate filters (Poretic) by filtration
under low pressure (<100 mm Hg). Volumes ranging
from 0.5 to 3 ml were generally enough to obtain a
good level of absorbance, except when cell density
was very low at the onset of the cultures. In that case,
10 ml was filtered as described above. Immediately
after filtration, 500 µl of an alcian blue freshly made
solution (0.03 g alcian blue dissolved in 150 ml of
0.06% acetic acid, prefiltered through 0.22 µm pore-
size filters) was added to the particulate fraction
retained onto the polycarbonate filter and allowed to
react for 2 s. The excess of dye was immediately
washed out by successive filtration of 2 aliquots of
1 ml distilled water filtered through 0.22 µm pore-size
filters. At that stage the filter can be kept frozen
(–20°C) for several weeks until further processing.
The alcian blue was released from its binding sites on
the particulate fraction by immersing each filter in
3 ml of 80% sulfuric acid for 2 h at continuous agita-
tion at room temperature. Finally the amount of alcian
blue released was determined by measuring the
absorbance at 787 nm. To account for the binding
capacity of the polycarbonate filter several blanks

were processed as described above. All samples were
analyzed in triplicate. TEP values are expressed as
xanthan gum weight equivalent calculated by means
of a calibration curve according to Passow & All-
dredge (1995a).

Inorganic nutrients. Water samples for inorganic
nutrients were collected after filtration through What-
man GF/F filters. The aliquots for inorganic nutrients
were stored frozen (–20°C) until analysis by means of a
TRAACS 800 Bran Luebbe autoanalyser following
standard protocols (Grasshoff et al. 1983).

Dissolved organic carbon. Water samples for DOC
were collected after filtration on Whatman GF/F filters.
Samples were acidified with H3PO4 and stored frozen
at –20°C until analysis using the high temperature cat-
alytic oxidation method (Chen & Wagersky 1996) with
a TOC-5050 Shimadzu Analyser. All the material in
contact with the sample for DOC required a special
cleaning procedure and treatment. The Whatman fil-
ters were pre-combusted at 450°C for 4 h; glass test
tubes, caps and o-rings were washed with 10% HCl for
24 h and soaked with abundant Milli-Q water. Caps
and o-rings were dried at 60°C and the glass test tubes
were dried at 550°C. The test tubes were kept closed
until the collection of the samples. The filtration appa-
ratus was treated similarly to the glass tubes.

RESULTS

Growth

Abundance of Chaetoceros calcitrans was dependent
on the initial nitrate concentration, and increased expo-
nentially up to Day 7 after inoculation (Fig. 1A). During
this phase both nitrate (Fig. 1C) and phosphate (results
not shown) were depleted from the external medium.
After this day, cultures entered the stationary and
senescent phase. This pattern was observed both in the
number of cells and in the concentration of other bio-
mass-related variables like chl a (Fig. 1B). The initial
NO3

– concentration or, alternatively, the initial stoichio-
metric ratio at which both NO3

– and PO4
3– were pro-

vided seems to affect the relative duration of the sta-
tionary and senescent growth phases. The larger the
N:P ratio of resources, the shorter the stationary phase.

The specific growth rate (µ) calculated for the expo-
nential phase ranged from 0.47 to 0.7 d–1. µ was related
to the initial NO3

– concentration according to the Monod
equation, µ = (µmaxS )/(Ks + S ) where µmax = maximum
specific growth rate, Ks = half-saturation constant, and
S = substrate concentration (result not shown). The ex-
perimental data were fitted to Monod kinetics by a non-
linear regression Levenberg-Marquardt algorithm (r2 =
0.99, Ks = 11.7 ± 2.8 µM NO3

–, µmax = 0.67 d–1).
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C:N stoichiometric composition of the particulate
fraction

The TPC and TPN contents in the particulate fraction
were related to the initial NO3

– concentration supplied to
the cultures (Fig. 2). In general, the changes in TPC and
TPN during the evolution of the cultures were similar to
other biomass-related variables like number of cells and
chlorophyll (Fig. 1). The major differences were found
during the senescent phase. TPC reached maximum
concentration on Day 7 for cultures at 25, 75 and 150 µM,
and later, on Day 10, for cultures at 250 and 450 µM. Af-
ter this date, throughout stationary and senescent
phases, the TPC concentration remained fairly constant
compared to the large decrease observed in cell num-
bers and chlorophyll, mainly in cultures at 250 and
450 µM. This observation suggests that part of the cellu-
lar carbon produced during the exponential phase re-
mained in the particulate fraction during the senescent

phase but in a non-living compartment. TPN followed
basically the same trend as TPC, except that a larger rel-
ative decrease was observed in the senescent phase. 

The stoichiometric C:N ratio of the particulate frac-
tion, initially close to 12, showed a decrease during the
second day, down to values close to the Redfield ratio,
in response to the initial NO3

– pulse (Fig. 2C). How-
ever, at the end of the observed exponential phase its
value was higher than 20 for all cultures, except for
Culture 5, which received the higher NO3

– initial con-
centration and was P-limited as well. Later, the C:N
ratio remained basically unchanged in all cultures up
to the end of the experiment.

TEP concentration

Two characteristics are remarkable in the change of
TEP concentration versus time: (1) The kinetics of TEP
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Fig. 1. Time course of (A) cell number, (B) chlorophyll a and
(C) NO3

– concentration in batch cultures of Chaetoceros cal-
citrans provided with 25 (d), 75 (s), 150 (j), 250 (e) and
450 (m) µM NO3

– at time zero. Plotted data are the mean of 2
replicates. Standard deviation is represented as a bar when it

exceeds the symbol size

Fig. 2. Time course of (A) total particulate carbon (TPC) and
(B) nitrogen (TPN) referred to volume of culture and (C) C:N ra-
tio in batch cultures of Chaetoceros calcitrans grown at 25 (d),
75 (s), 150 (j), 250 (e) and 450 (m) µM intital NO3

– concentra-
tion. Plotted data are the mean of 2 replicates. Standard devia-
tion is represented as a bar when it exceeds the symbol size
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and that of biomass-related variables differed in senes-
cent phase. While there was a large decrease in cell
number and chlorophyll during the senescent phase,
mainly in the nitrogen sufficient cultures, the concen-
tration of TEP remained almost constant or slightly
increased. (2) The magnitude of initial NO3

– pulse that
cells received when transferred to the new medium
affected the net increase of TEP concentration. The
second day after inoculation, when cell density was not

significantly different between cultures, the concen-
tration of TEP was higher in cultures grown at a N:P
stoichiometry below the Redfield ratio (Fig. 3). This dif-
ference was more obvious when the TEP concentration
was scaled to either cell number, chl a, TPC or TPN
(Fig. 4). In all cases, the general trend during the expo-
nential phase was that TEP concentration per unit of
biomass (estimated by chl a, cell number, etc.) was
inversely related to the initial NO3

– pulse.
Maximum TEP concentration per volume of culture

was directly related to the maximum amount of bio-
mass reached in every culture, which in turn was
dependent of the initial nitrate concentration supplied
to the culture (Fig. 5). 

Carbohydrates in the particulate fraction

The maximun concentration of particulate carbohy-
drates (PCH) was reached at Day 7 (cultures grown at
25, 75, 150 and 250 µmol NO3

– l–1) and at Day 10 (cells
grown at 450 µmol NO3

– l–1) after transferring the cells
to the new medium (Fig. 6A). In the senescence phase
there was a marked decrease in PCH as previously
shown for several other biomass-related variables.
Maximum concentrations (14 to 60 µg ml–1) were
directly related to the initial nitrate concentration sup-
plied to the cultures (Fig. 6A).

PCH concentration scaled to TPC showed consider-
ably larger values during the exponential growth
phase in N-limited cells (Fig. 6B). Clearly, N limitation
increased the net production rate of PCH in Chaeto-
ceros calcitrans.
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Fig. 3. Concentration of transparent exopolymeric particles
(TEP) per volume (data in a log scale) with time in batch
cultures of Chaetoceros calcitrans grown at 25 (d), 75 (s), 150
(j), 250 (e) and 450 (m) µM initial NO3

– concentration. Data
in lineal scale are presented in the inserted graph. Plotted
data are the mean of 4 replicates. Standard deviation is rep-

resented as a bar when it exceeds the symbol size

Fig. 4. To compare be-
tween cultures the con-
centration of TEP was
scaled to (A) cell num-
ber of Chaetoceros cal-
citrans, (B) chlorophyll
a, (C) total particulate
carbon (TPC), and (D)
total particulate nitro-
gen (TPN). Cultures
were grown at 25 (d),
75 (s), 150 (j), 250 (e)
and 450 (m) µM initial 

NO3
– concentration
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Dissolved organic carbon

The pore size used in this study to discriminate
between dissolved and particulate fractions was
~0.7 µm (Whatman GF/F) for all variables except for
TEP (0.4 µm, Poretics). Therefore, our measurements
of DOC would be an overestimation as compared with
data obtained using filters with pore sizes of 0.2 or
0.45 µm.

DOC at the onset of the experiment was 7.4 ± 3.1 µg
C ml–1. This amount was introduced either with the
natural seawater when preparing the media (filtered
through 0.2 µm pore size) or with the cell inoculum.
DOC in the cultures grown at 25, 75, and 150 µmol
NO3

– l–1 oscillated below 14 µg C ml–1 throughout the
experiment, although there was a general trend of
DOC to increase during the senescent growth phase
(Fig. 7). Maximum concentrations were higher in cul-
tures grown at 250 and 450 µmol NO3

– l–1 , i.e. 26 and

44 µg C ml–1 respectively. In this case, DOC showed a
clearer trend to increase from the beginning of the
experiment. However, similarly to the cultures grown
at lower NO3

– availability, the DOC net increase was
higher during the senescent growth phase, likely due
to the release of intracellular content after cell disinte-
gration.

Bacterial abundance

Initial bacteria abundance was about 1.5 × 105 bac-
teria ml–1. The number of bacteria in the cultures
grown at 25, 75 and 150 µM initial NO3

– concentra-
tion remained lower than 1.6 × 106 bacteria ml–1

throughout the experiment, although a general trend
toward a slight increase was observed in the station-
ary and senescent phases (Fig. 8). Bacterial abun-
dance in the N-sufficient cultures was considerably
larger, reaching values as high as 6 and 8 × 106 bac-
teria ml–1 at the end of the senescent phase in cul-
tures grown at 250 and 450 µM initial NO3

– concen-
tration. The release of DOC (Fig. 7) occurring in these
cultures due to the high rate of cell death and disinte-
gration (Fig. 1) provided the substrate for bacterial
growth.
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Fig. 5. Relationship between TEP and other biomass-related
variables. (A) Maximal concentration of TEP reached in the
stationary phase (TEPmax), maximal abundance of Chaeto-
ceros calcitrans (Nmax) and maximal concentration of chloro-
phyll a (chl amax) plotted against initial NO3

– concentration. 
(B) TEPmax was linearly related to both Nmax and chl amax

Fig. 6. Time course of the carbohydrate concentration
in the particulate fraction (PCH) in batch cultures of
Chaetoceros calcitrans grown at 25 (d), 75 (s),
150 (j), 250 (e) and 450 (m) µM initial NO3

– concen-
tration. (A) PCH scaled to volume. Plotted data are the
mean of 2 replicates. Standard deviation is rep-
resented as a bar when it exceeds the symbol size. 

(B) PCH referred to TPC
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DISCUSSION

In practice, when TEP concentration is determined
colorimetrically (Passow & Alldredge 1995a), it in-
cludes both non-living organic particles, larger than
0.4 µm, formed from polysaccharides excreted pre-
sumably by phytoplankton and/or bacteria (Alldredge
et al. 1993, Passow et al. 1994), and the extracellular
acidic polysaccharides attached to cell surfaces (Decho
1990). In our study, we have not attempted an evalua-
tion of the comparative contribution of both fractions to
the spectrophotometric measurement; however cell
surface mucus is considered to be negligible compared
to ‘true’ TEP (Passow & Alldredge 1994, 1995a,b). The
term TEP in this paper includes any particle that might
be stained by alcian blue in the assay conditions
reported in the ‘Materials and methods’ section after
Passow & Alldredge (1995a). This implies that any
acidic polysaccharide present in the sample accessible
for staining and larger than 0.4 µm contributed to the
TEP value measured in this study.

Initial NO3
– concentration had a double effect on

TEP production by Chaetoceros calcitrans in batch cul-
tures. (1) Since NO3

– was used in this study as the lim-
iting nutrient, the initial specific growth rate was
determined by NO3

– concentration according to the
Monod equation. The maximum amount of biomass
reached at the end of the exponential growth phase in
every culture was, as expected, directly related to the
initial NO3

– concentration, and qualitatively the same
results were obtained for different biomass estimators
(Figs. 1, 2 & 5). The maximum TEP concentration per
unit of volume was linearly dependent on the initial
NO3

– concentration supplied to the cultures (Fig. 5).
This suggests that there is a certain level of TEP pro-
duction per unit of biomass in C. calcitrans grown
under variable N supply and implies that a good linear
correlation between TEP concentration and phyto-

plankton biomass should also exist. Analysis of our
data did reveal a significant linear correlation between
the concentration of TEP and both cell number and chl
a in cultures of C. calcitrans (Fig. 5). TEP concentration
was shown to correlate linearly with particulate
organic carbon and chl a in a mesocosm experiment
and in field studies as well (Passow & Alldredge
1995a,b). TEP concentration paralleled the general
horizontal distribution of chl a in a study in the Ross
Sea (Hong et al. 1997), although in this case the rela-
tionship between TEP and chl a per unit of volume in
the mixed layer was better described through a poten-
tial equation. However, when TEP abundance and TEP
area were measured by microscopy no significant cor-
relation was found with chl a (Schuster & Herndl
1995). (2) Our results also suggest that there is a more
specific role for nitrate. Clearly, the net rate of TEP pro-
duction was affected by the initial NO3

– concentration.
NO3

–, as the only source of N, and PO4
3– were provided

at different stoichiometric ratios (1.6, 5, 10, 16.6 and 30)
to produce a wide range of experimental conditions
from N limitation to P limitation (Redfield et al. 1963).
The initial net production of TEP per unit of volume
was higher by almost 1 order of magnitude in N-lim-
ited conditions after transferring the cells (at end of the
exponential growth phase) to new fresh media with
different N:P stoichiometric ratios (Fig. 3). The differ-
ences between the N:P growing conditions, in terms of
TEP per unit of volume, were only visible up to the sec-
ond day after inoculation, when the biomass level was
scarcely different between the cultures. Later, the dif-
ferences in the specific growth rate imposed by the ini-
tial NO3

– availability resulted in large differences in
biomass between cultures, making it necessary to
scale TEP concentration to phytoplankton biomass for
comparison between distinct growing conditions. The
general tendency supported the initial hypothesis. The
concentration of TEP normalized to biomass was
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Fig. 7. Time course of dissolved organic carbon (DOC) in
batch cultures of Chaetoceros calcitrans grown at 25 (d),
75 (s), 150 (j), 250 (e) and 450 (m) µM initial NO3

–

concentration

Fig. 8. Bacterial abundance in batch cultures of Chaetoceros
calcitrans grown at 25 (d), 75 (s), 150 (j), 250 (e) and
450 (m) µM initial NO3

– concentration. Plotted data are the 
mean of 2 replicates
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higher in N-limited cultures during the exponential
growth phase (Fig. 4). Since TEP are mainly polysac-
charides, it seems that under N limitation, when pro-
tein synthesis is reduced, a large proportion of the
photosynthetically fixed carbon is channeled, as pre-
sumably low N compounds, to TEP. Decreases in the
ratio of protein:carbohydrate have been reported as a
frequent response of phytoplankton cultures to N limi-
tation (Myklestad & Haug 1972, Myklestad 1974).
Those authors also found that different species of
marine diatoms differed markedly in the organic com-
position of cells and in the amount of extracellular
polysaccharides produced for the same growing condi-
tions. Species of Chaetoceros were found to produce
large amounts of extracellular polysaccharides, main-
taining relatively high ratios of extracellular polysac-
charides to cellular carbohydrates (0.29 to 1.25) com-
pared with species of other genera like Thalassiosira
fluviatilis and T. gravida (0.03 and 0.07 respectively) or
Skeletonema costatum (0.01). It is not known, as yet,
how much of these extracellular dissolved polysaccha-
rides might contribute to TEP formation. However, our
results suggest that the effect of N limitation on TEP
production is consistent with the expected effect on
carbohydrate content, both extracellular and intracel-
lular, and the protein:carbohydrate ratio.

TEP formation might depend on the turbulence level
in every culture. In our experimental conditions, the
amount of turbulence introduced by bubbling can be
approached by the dissipation rate of turbulent kinet-
ics energy (ε), ε = QgHV –1 (Tatterson 1991), where Q
is the injected air flux, g is gravitational acceleration, H
is the distance covered by bubbles in the water col-
umn, and V is the volume of the culture. Q was kept
equal in all cultures and constant throughout the
experiment. H and V decreased during the experiment
as samples were collected. However, there was no dif-
ference between treatments because the same volume
of sample was collected from each culture. Therefore,
although the intensity of the physical processes that
can affect the formation of TEP likely changed during
the experiment, it changed consistently in all the treat-
ments. 

PCH scaled to biomass was larger in N-limited cul-
tures. Similar results have been found by others for dif-
ferent species (Myklestad & Haug 1972, Vieira & Myk-
lestad 1986). The differences between N-limited and
N-sufficient cultures were larger during the exponen-
tial growth phases. TEP and PCH covaried in our
experiment during this phase. However, the paral-
lelism between both variables disappeared during the
stationary and senescent phase. While TEP concentra-
tion remained constant or increased, PCH decreased
markedly. This suggests that TEP and PCH represent 2
different pools of organic carbon under different regu-

lation. In a mesocosm study, TEP concentration was
only strongly correlated with the concentration of the
highly surface-active carbohydrate fraction (Mopper et
al. 1995). In our experiment, it is likely that PCH are
mainly cellular carbohydrates, probably localized
intracelullarly, since their time course follows the gen-
eral trend of cell concentration and chlorophyll as cul-
tures aged. During the senescent phase, PCH concen-
tration strongly decreased, probably because they
passed to a dissolved pool due to the high rate of cell
lysis found in this phase. Alternatively, part of these
carbohydrates must have been used as substrates for
the bacteria present in the cultures. In fact, we
detected increases both in the concentration of DOC
and in the number of bacteria during the senescent
phase (Figs. 7 & 8). In both cases, the increases were
higher in cultures grown at 250 and 450 µM NO3

–.
Apparently the increases in bacterial density in the
senescent phase did not affect TEP concentration, sug-
gesting that, at least under our experimental condi-
tions, TEP were resistant to microbial degradation. In
the senescent phase, bacteria likely used DOC from
cell lysis as a substrate instead of the particulate frac-
tion accumulated as TEP. Several reasons could
explain the preference of bacteria for dissolved sub-
strates in our experimental conditions. The utilization
of low molecular weight substrate will save energy
since the production of ectoenzymes will be inhibited
(Chróst 1991, Obernosterer & Herndl 1995). TEP are
likely to be relatively resistant to microbial degrada-
tion due to their chemical composition. TEP are mainly
acidic and sulfated polysaccharides enriched in deoxy-
sugars and galactosa (Mopper et al. 1995, Zhou et al.
1998). This high concentration of covalently bonded
sulfates could render TEP resistant to bacterial degra-
dation. Preliminary data suggest that the hydrolysis of
deoxysugar-containing sulfated polysaccharides are
much slower compared to other polysaccharides
(Arnosti 2000). Under the conditions of low inorganic
nutrient concentration, which prevailed in the cultures
during the stationary and senescent phases, the bacte-
rial degradation of TEP could be made difficult if the
C:N ratio of TEP was higher than 5 (typical C:N stoi-
chiometry of bacteria). Due to their chemical composi-
tion TEP are expected to have a high C:N ratio. How-
ever, low C:N ratios (7.3 ± 2.6 ) in TEP produced by
bubbling exudates of nitrogen limited diatoms have
been reported (Mari 1999). It was suggested that TEP
might be able to concentrate, by adsorption, dissolved
nitrogen compounds such as amino acids or inorganic
nitrogen (Mari 1999). Photosynthetic extracellular
release (PER) of phytoplankton is supposed to be the
main source of TEP (Passow et al. 1994, Mopper et al.
1995, Mari & Burd 1998, Mari 1999). However, PER
from phytoplankton grown in different conditions
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might not be equally suitable as a substrate for bacte-
ria or for TEP formation. Obernosterer & Herndl (1995)
reported a less efficient utilization by bacteria of PER
from N- and P-limited cultures of Chaetoceros affinis
as compared to balanced cultures, suggesting that this
would allow PER to coagulate and eventually form
mucilage. 

TEP are formed by aggregation of precursors
<0.2 µm (Passow 2000). The aggregation rate of parti-
cles depends on encounter probability and on the
stickiness coefficient. The encounter probability, in
turn, depends on particle concentration and its size
distribution, and on the intensity of the physical pro-
cesses that make particles collide. The stickiness coef-
ficient is the probability of a particle sticking once it
has collided. Nitrogen availability might affect concen-
tration and stickiness according to our results. The
increase in N supply will increase the total number of
particles, phytoplankton cells and also all kind of par-
ticles derived from them. A higher nitrogen availability
will induce an increase in the absolute concentration of
TEP as well (Fig. 3), although the relative concentra-
tion of TEP to biomass is likely to be lower (Fig. 4). 

TEP, due to their chemical composition and fractal
nature, have been suggested to facilitated aggregation
by increasing the stickiness coefficient (Kiørboe &
Hansen 1993, Passow et al. 1994), although Kiørboe et
al. (1998) in a field study did not find a good correlation
between TEP concentration and stickiness. However,
the proportion of TEP to biomass might have a greater
effect on aggregation rate than the absolute concentra-
tion of TEP (Passow & Alldredge 1995b). Dam & Dra-
peau (1995) found that the stickiness coefficient was
significantly correlated with TEP concentration per
unit of chl a in a mesocosm experiment. Nitrogen limi-
tation in cultures of Chaetoceros calcitrans resulted in
higher concentration of TEP normalized to biomass as
compared with N-sufficient cultures (Fig. 4). There-
fore, it can be hypothesized that N limitation could
affect the stickiness coefficient through an increase in
the proportion of TEP to biomass.

In addition to the effect of TEP on the stickiness coef-
ficient, its presence increases both the abundance and
size of particles present for aggregation. The increase
in particle abundance and size may be more determi-
nant than the effect on stickiness for the aggregation
rate (Logan et al. 1995). 

In conclusion, NO3
– availability might have 2 con-

trary effects on the aggregation dynamics of seston
dominated by Chaetoceros: (1) In N-sufficient condi-
tions the total number of particles will be larger, thus
increasing collision rate, but decreasing the apparent
stickiness coefficient as the concentration of TEP to
biomass will be lower. (2) Under N limitation the total
number of particles will be lower, thus decreasing col-

lision rate. However, phytoplankton cells will produce
more carbohydrates, part of which will be located
extracellularly either attached to the cell or released as
dissolved carbohydrates. PER of N-limited phytoplank-
ton will contribute to increase the abundance and con-
centration of TEP through coagulation of the surface
active fraction (Mopper et al. 1995, Schuster & Herndl
1995, Mari 1999). The large production of TEP per unit
of biomass in this situation will result in an increase of
the apparent stickiness coefficient for the whole seston
community (Dam & Drapeau 1995). New experiments
should be designed to quantify the conflicting effect of
nitrogen limitation on aggregation rate through its
contrary action on the total number of particles and
stickiness coefficient.
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