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ABSTRACT: Effects of elevated temperature on the formation and subsequent degradation of diatom
aggregates were studied in a laboratory experiment with a natural plankton community from the Kiel
Fjord (Baltic Sea). Aggregates were derived from diatom blooms that developed in indoor mesocosms
at 2.5 and 8.5°C, corresponding to the 1993 to 2002 mean winter in situ temperature of the Western
Baltic Sea and the projected sea surface temperature during winter in 2100, respectively. Formation
and degradation of diatom aggregates at these 2 temperatures in the dark were promoted with roller
tanks over a period of 11 d. Comparison of the 2 temperature settings revealed an enhanced aggregation potential of diatom cells at elevated temperature, which was likely induced by an increased
concentration of transparent exopolymer particles (TEP). The enhanced aggregation potential led to
a significantly higher proportion of particulate organic matter in aggregates at 8.5°C. Moreover, the
elevated temperature favoured the growth of bacteria, bacterial biomass production, and the activities of sugar- and protein-degrading extracellular enzymes in aggregates. Stimulating effects of rising temperature on growth and metabolism of the bacterial community resulted in an earlier onset of
aggregate degradation and silica dissolution. Remineralization of carbon in aggregates at elevated
temperature was partially compensated by the formation of carbon-rich TEP during dark incubation.
Hence, our results suggest that increasing temperature will affect both formation and degradation of
diatom aggregates. We conclude that the vertical export of organic matter through aggregates may
change in the future, depending on the magnitude and vertical depth penetration of warming in the
ocean.
KEY WORDS: Diatom aggregates · Temperature · Degradation · Extracellular enzymes · Bacterial
growth · Global warming
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Phytoplankton aggregates are hotspots of bacterial
activity in marine systems (Alldredge & Silver 1988,
Simon 2002) and comprise a variety of biological and
chemical processes on small spatial and temporal
scales. The formation of macroscopic phytoplankton
aggregates (i.e. marine snow) has frequently been observed during phytoplankton blooms, particularly
those dominated by diatoms (Smetacek 1985, Riebesell
1991, Kiørboe et al. 1996). Aggregates are the main vehicles in the export of organic matter from the surface

ocean and drive the sequestration of particulate organic carbon (POC) to the deep sea (Fowler & Knauer
1986, Asper 1987). The efficiency of aggregate export
is controlled by a number of factors, of which the rate
of aggregate formation, aggregate size, sinking velocity, and bacterial degradation activity are the most important. Aggregation and degradation of organic matter were shown separately to be sensitive to changing
temperature. Thornton & Thake (1998) demonstrated
that the formation of aggregates from nitrate-limited
continuous cultures of Skeletonema costatum was positively correlated with temperature. The rate of bacter-
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ial aggregate degradation depends primarily on
growth and metabolic activity of the associated bacterial community and on the quality of aggregated organic matter (Grossart & Plough 2001). Temperature
has been proposed as a principally limiting or supporting factor for microbial processes (Pomeroy & Wiebe
2001). Growth of isolated marine bacterial strains, for
example, followed the Arrhenius law over a broad
range of temperatures (Wiebe et al. 1992, Pomeroy &
Wiebe 2001). Cell-specific growth rates in natural bacterial populations more than doubled when temperature was increased experimentally from 10 to 26°C.
Moreover, within the same temperature range, the
cell-specific respiratory CO2 production increased by a
factor of approximately 4.7 (Jiménez-Mercado et al.
2007). Bacterial growth requires suitable organic substrates, provided by the degradation of organic matter.
The initial step in organic matter degradation is the hydrolysis of high molecular weight compounds by bacterial extracellular enzymes (Hoppe et al. 1993, Arnosti
2004). Enzymatically catalyzed reactions are known to
show an optimum curve with respect to temperature.
Increasing temperatures accelerate enzymatic reactions as long as they do not cause damage or denaturisation of proteins. For instance, Rath & Herndl (1994)
showed that the activity of β-glucosidase extracted
from marine snow increased until a temperature optimum of about 40°C was reached, and decreased
strongly at 50°C. In their study, thermostability of βglucosidase was improved if enzymes were associated
with marine snow.
Temperature effects on the cycling of organic matter
in the ocean, and the underlying mechanisms, are of
interest to better predict consequences of global
warming. Since effects of rising temperature on phytoplankton aggregates cannot be estimated by investigating individual processes, we conducted an encompassing experiment that integrated temperature
effects on (1) growth and aggregation of phytoplankton cells, and (2) bacterial degradation of aggregates.
Winter–spring blooms occurring in the Kiel Fjord
(Western Baltic Sea) were used as a suitable model system. For the Baltic Sea region, an increase in winter
sea surface temperature of up to 10°C by 2100 is predicted (IPCC 2001). Here, we report temperature
effects on the formation, biogeochemical properties,
and microbial degradation of aggregates derived from
natural diatom communities that were grown at present-day and elevated temperatures (+ 6°C).

MATERIALS AND METHODS
Experimental setup. The experiment was conducted
as part of the AQUASHIFT indoor mesocosm study in

2006 that investigated the impact of temperature
changes on the biology and biogeochemistry of
phytoplankton blooms. The general setup of the
AQUASHIFT mesocosms is described in more detail in
Sommer et al. (2007). Briefly, a natural phytoplankton
community was collected from the Western Baltic Sea
(Kiel Fjord) and incubated in 8 mesocosms in 4 temperature-controlled walk-in rooms. Temperatures of 2.5,
4.5, 6.5 and 8.5°C were applied to duplicate mesocosms with a volume of 1400 l each. Calculated from
the decadal mean between 1993 and 2002, 2.5°C was
chosen as the in situ temperature in the Kiel Fjord
during winter and early spring (Sommer et al. 2007). A
12 h light:12 h dark cycle was applied. The light
regime simulated the daily course of light intensities
based on season-dependent database values derived
from a model using astronomic formulae (Brock 1981).
The maximum light intensity was 179 μmol photons
m–2 s–1. After the addition of 13 μmol l–1 nitrate, an initial nitrate concentration of 21 μmol l–1 was achieved in
all mesocosms. The initial phosphate concentration
was 0.9 μmol l–1 in all mesocosms. Hence, inorganic
nutrients yielded a N:P ratio of 23.3 in all mesocosms,
indicating a phosphate deficiency relative to the Redfield ratio (Redfield et al. 1963).
For the purpose of the present study, aggregates
were formed experimentally from particulate matter
produced in the duplicate mesocosms at 2.5 and 8.5°C.
Aggregation and sedimentation of diatoms in the
ocean mainly occurs after the peak of blooms (Smetacek 1985, Riebesell 1991, Kiørboe et al. 1996); therefore, material for the aggregation experiment was collected from the mesocosms 4 d after the bloom peak,
defined as the maximum concentration of chlorophyll a
(chl a). The peak of the bloom in the mesocosms at
8.5°C occurred 6 d earlier than at 2.5°C (J. Wohlers et
al. unpubl. data). The aggregation experiment was
therefore conducted with a time shift of 6 d between
the 2 temperature treatments.
In order to harvest sinking particulate matter, including phytoplankton cells and detrital material, organic
matter that had sedimented from the water column
was drawn from the bottom of the mesocosms with a
peristaltic pump. For each mesocosm, the collected
material was diluted with mesocosm water to obtain
similar particle volumes for all incubations. The suspensions were carefully mixed and transferred into
roller tanks. Organic matter of duplicate mesocosms
per temperature was incubated separately. A series of
5 roller tanks per mesocosm was prepared, thus yielding a total of 20 tanks in 4 incubation series. Mean values and standard deviations presented in the present
study are derived from these duplicates per temperature treatment. Each roller tank had a diameter of
23 cm and contained a volume of 5 l. In order to pro-
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mote aggregation, all tanks were placed on roller
tables and were rotated with 0.5 rpm in the dark at
temperatures of 2.5 and 8.5°C, respectively (Fig. 1).
Sampling. Sampling of each incubation series was
performed at the start of the experiment and after 60,
108, 156, 204, and 252 h. Macroscopic aggregates
(> 2 mm) and seawater with dispersed particulate organic matter (POM) were sampled separately after
removing roller tanks from the roller table and allowing
aggregates to settle to the bottom of the tank. All aggregates were then isolated with a serological pipette and
pooled into an aggregate slurry. The volume of the
aggregate slurry containing all macroscopic aggregates
from the roller tank was determined using a 500 ml
graduated cylinder. After all aggregates were removed,
the surrounding seawater (SSW) was sampled and its
volume determined with a 1000 ml graduated cylinder.
It was assumed that aggregates comprised only a
relatively small fraction of the total slurry volume due to
the simultaneous uptake of SSW during manual aggregate isolation. In order to calculate the amounts of particulate components in the aggregate fraction (AGG),
amounts in the SSW were subtracted from those in the
slurry according to Engel et al. (2002). Hence, the
proportions of particle volume (PV), particulate organic
carbon (POC), nitrogen (PON), and phosphorous
(POP), transparent exopolymer particles (TEP), and
chlorophyll a (chl a) were calculated as follows:

AGG = v(sl)cx(sl) – v(sl)cx(SSW)
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(1)

where v(sl) is the slurry volume, cx(sl) is the concentration of parameter x in the slurry and cx(SSW) is the concentration of parameter x in the SSW. PV and amounts
of POC, PON, POP, TEP, and chl a were normalized to
1 l of tank volume.
Biogeochemical analyses. The aggregate slurry and
SSW were analyzed separately. In order to produce a
homogeneous suspension for subsampling, aggregate
slurries were diluted 1:50 with 0.2 μm-filtered and
autoclaved seawater and agitated gently. For measurements of POC, PON, and POP, duplicate samples
of 20 ml diluted aggregate slurry and 250 ml SSW
were filtered onto precombusted GF/F filters (Whatman) and stored at –20°C until further processing.
Prior to analysis, filters were dried for 12 h at 80°C.
POC and PON were measured on a CHN-analyser
(NA-1500, Carlo Erba). For the analysis of POP, samples were digested with peroxy sulphate at 120°C for
30 min. After digestion, POP was measured as dissolved orthophosphate according to Koroleff (1977).
For the analysis of TEP, triplicate samples of 5 to
10 ml aggregate slurry and 25 ml SSW were filtered
onto 0.4 μm polycarbonate filters and stained with
Alcian Blue, a cationic copper phthalocyanine dye that
complexes carboxyl and half-ester sulphate reactive
groups of acidic polysaccharides. Samples were stored

Fig. 1. Experimental setup and sampling design. See ‘Materials and methods’. AGG: aggregates; SSW: surrounding seawater
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frozen at –20°C until analysis. TEP concentrations
were measured photometrically (λ = 787 nm) and
expressed in xanthan equivalents per litre (Xeq l–1)
(Passow & Alldredge 1995). A factor of 0.75 was
assumed to convert TEP (μg Xeq) into carbon units
(TEP-C, μg C) (Engel & Passow 2001).
Samples for determination of chl a were filtered onto
GF/F filters (Whatman) and stored at –20°C in the
dark. Prior to analysis, filters were homogenized with
an ultrasonic mixer and pigments were extracted with
80% acetone (Strickland & Parsons 1974). Chl a concentration was determined with a fluorometer (excitation: 480 nm, emission: 685 nm) and corrected for
phaeopigments by measuring the fluorescence before
and after acidification of samples with 1 N hydrochloric acid.
A Coulter counter (Multisizer II, Beckman) equipped
with a 100 μm aperture, was used to determine PV of
aggregates and SSW. The volume of particles between
2.8 and 60 μm equivalent spherical diameter was
determined and summed up to yield PV. Prior to analysis, aggregates were broken down so efficiently that all
particles were small enough to pass through the aperture and their volume was subsequently detected. This
was confirmed by particle size spectra of broken
aggregates provided by the Coulter counter measurements, which revealed that more than 90% of the
detected particle volume was derived from particles
smaller than 40 μm. Analysis was done in triplicate,
each with 2 ml of sample.
Dissolved silicate (dSi) was determined in undiluted
SSW according to the method of Koroleff (1977) using
an autoanalyzer. Ammonium molybdate reacts with
dSi in seawater, generating a blue molybdate complex.
After reduction with oxalic acid, the dSi concentration
can be measured photometrically.
Microbiological analyses. All microbiological analyses were performed for aggregate slurries and SSW,
respectively. Rates and bacterial cell numbers were
normalized to 1 ml of aggregates and SSW, respectively. For enumeration of bacteria, samples were filtered onto black, 0.2 μm pore size polycarbonate filters
(Whatman) and stained with 4’6’diamidino-2-phenolindole (DAPI) (Porter & Feig 1980). Samples were
stored at –20°C. Cells were counted using an epifluorescence microscope (Axioplan, Zeiss) at 1000× magnification within 4 wk after sampling. At least 1000 cells
per sample were counted for statistical evaluation.
Bacterial biomass production (BBP) was determined
by incorporation of 3[H]-thymidine (Fuhrman & Azam
1982). Samples of 5 to 10 ml diluted aggregate slurry
were incubated in triplicate with a saturating final concentration of 10 nM 3[H]-thymidine. Samples were
incubated for 90 min in the dark at 2.5 and 8.5°C. After
incubation, samples were poisoned with 2% formalin

(final concentration) to stop growth and filtered onto
0.2 μm polycarbonate filters (Sartorius). Filters were
rinsed with ice-cold 5% trichloracetic acid and radioassayed by liquid scintillation counting. For calculation
of BBP from thymidine incorporation, a conversion factor of 2 × 1018 cells mol–1 thymidine and a carbon conversion factor of 0.3 × 10– 6 μg C μm– 3 cell were applied
(Ducklow & Carlson 1992). A mean cell volume of
0.03 μm3 cell–1 was assumed. The cumulative BBP represents the overall BBP during the 252 h of incubation
as calculated from the measured rates and the incubation time.
The activity of bacterial extracellular enzymes was
measured in the diluted aggregate slurries and the
SSW using fluorogenic substrate analogues (Hoppe
1983). The reaction velocities of α- and β-glucosidase,
leucine-aminopeptidase, and alkaline phosphatase
were determined by the use of 4-methylumbelliferylα-glucopyranoside, 4-methylumbelliferyl-β-glucopyranoside, L-leucine-4-methyl-7-coumarinylamide, and
4-methylumbelliferyl-phosphate, respectively. Fluorogenic substrate analogues were added to subsamples
of 200 μl volume to final concentrations ranging from
0.2 to 1000 μmol l–1. Samples were incubated in duplicate for 3 h in the dark at 2.5 and 8.5°C. Fluorescence
was measured with a microtiter plate fluorometer
(Fluoroskan Ascent, Thermo Labsystems; excitation
355 nm, emission 460 nm).
The velocity (V ) of enzymatic hydrolysis followed
Michaelis-Menten kinetics in all samples. Hence, data
were fitted according to the equation:
V=

Vmax [S ]
K m + [S ]

(2)

using the software SigmaPlot 9.0. Here, S is the substrate concentration (μmol l–1), Vmax is the maximum
velocity of the enzymatic reaction (i.e. the maximum
hydrolysis rate) (μmol l–1 h–1), which is attained at saturating substrate concentration, and Km (μmol l–1) is
the Michaelis constant. The Michaelis-Menten kinetic
describes the single-substrate mechanism for an
enzyme reaction:
k1
2
⎯⎯⎯
⎯
⎯
→[ES ] ⎯k⎯
[E ] + [S ] ←
→[E ] + [P ]
⎯
k–1

(3)

where E is the enzyme, ES the enzyme–substrate complex, P the product of the enzymatic reaction, and k1,
k–1, k2 the rate constants of the individual steps. As
Vmax evaluates the catalytic step of enzymatic substrate
degradation at saturating substrate concentration, it is
defined by:
Vmax = k2[E]

(4)

The binding strength between the enzyme and the
substrate molecule is given by Km, an inverse measure
of the enzyme affinity:
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k − 1 + k2
(5)
k1
In order to characterize the enzymatic degradation of
a substrate, it is useful to apply a parameter including
both the catalytic and the substrate binding step. This
is especially reasonable when dealing with a complex
natural system that contains unknown concentrations
of enzymes and substrates. The ratio Vmax/Km describes the efficiency of enzymatic substrate degradation as a function of the affinity, catalytic capacity, and
concentration of the enzyme:
Km =

V max
k1
=
k 2[E ]
Km
k − 1 + k2

(6)

The ratio of Vmax/Km is helpful to assess the enzymatic degradation of substrates at low, non-saturating
concentrations.
For comparison of enzymatic activities at 2.5 and 8.5°C,
an enhancement factor (I) was calculated as follows:
x (8.5°C)
(7)
I=
x (2.5°C)
where x is the mean value over incubation time of
Vmax, Vmax/Km, and cell-specific Vmax, in aggregates
and in SSW at 8.5 and 2.5°C, respectively. All values
are presented as means ± SD.

Table 1. Concentration of inorganic nutrients and elemental
stoichiometry of suspended particulate organic matter (POM)
in the mesocosms at 8.5 and 2.5°C at the start of the aggregation experiment. Values are means ± SD of duplicate mesocosms per temperature. POC: particulate organic carbon;
PON: particulate organic nitrogen. nd: not detectable
8.5°C

2.5°C

Inorganic nutrients
Nitrate (μmol l–1)
Phosphate (μmol l–1)

nd
0.07 ± 0.02

nd
0.03 ± 0.01

Stoichiometry of POM
[POC]:[PON]
[PON]:[POP]

10.0 ± 2.4
32.6 ± 5.8

16.6 ± 2.1
29.5 ± 0.2

and 33 ± 4 μl l–1 at 2.5°C (Fig. 2). During the first 60 h
of incubation, aggregates formed in roller tanks at both
temperatures, reaching a maximum size of approximately 5 mm in diameter. Aggregates were comprised
of diatom species mainly of the genera Skeletonema
and Chaetoceros. After 60 h, the molar ratio of
chl a:PON in aggregates was 2.1 ± 0.7 at 8.5°C and 3.6
60

a

50

RESULTS

40

Bloom development in the mesocosms
30
20

PV (µl l–1)

In all mesocosms, build-up and decline of phytoplankton blooms dominated by diatoms were
observed. After 3 to 7 d, chl a started to increase exponentially in the mesocosms at 8.5°C (elevated temperature) and 2.5°C (in situ temperature). Algal growth
resulted in a drawdown of nitrate and phosphate in
all mesocosms. Maximum chl a concentration was
reached between Days 11 and 19, and was not significantly different between the 2 temperatures. After the
peak, chl a decreased rapidly and sedimentation of
particles to the bottom of the mesocosms was
observed. When organic matter was collected from the
mesocosms for dark incubations in roller tanks, phosphate and nitrate were depleted in all mesocosms. The
stoichiometry of suspended POM at 8.5 and 2.5°C
revealed ratios of [PON]:[POP] higher than the Redfield ratio, indicating that algal growth was limited by
phosphate deficiency at both temperatures (Table 1).

10
0
60

b
50
40
30
20
10
0
0

50

100

150

200

250

300

Time (h)
Formation of aggregates
Total PV in roller tanks was initially similar in both
temperature treatments, yielding 43 ± 8 μl l–1 at 8.5°C

Fig. 2. Particle volume (PV) in aggregates and surrounding
seawater (Total PV) and PV in aggregates (AGG) at (a) 2.5
and (b) 8.5°C. (m): Total PV at 8.5°C; (d): PV in aggregates at
8.5°C; (n): total PV at 2.5°C; (s): PV in aggregates at
2.5°C. Values are means ± SD of duplicate incubations
per temperature
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± 1.3 at 2.5°C. The proportions of total POM (AGG +
SSW) included in aggregates were significantly higher
at 8.5°C than at 2.5°C (p < 0.001) during the whole
experiment. Aggregates at 8.5°C contained between
93 and 96% of total PV, while aggregates at 2.5°C contained between 48 and 61% of total PV (Fig. 2).
Between 81 and 96% of total POC, PON, and POP was
contained in aggregates at 8.5°C, while aggregates at
2.5°C included between 43 and 69% (Table 2, Fig. 3).
TEP concentration in aggregates and SSW at 8.5°C
was significantly higher than at 2.5°C (p < 0.01)
(Fig. 4). At both temperatures, TEP concentration
increased during dark incubation in the roller tanks.
Concentration of total TEP started to increase after
156 h to values up to 10.5 ± 1.9 mg Xeq l–1 at 8.5°C and
2.6 ± 0.6 mg Xeq l–1 at 2.5°C. TEP concentration
increased strongly in SSW, but only slightly in aggregates (Fig. 4). Ratios of TEP:PV were significantly
higher in aggregates at 8.5°C than at 2.5°C (p < 0.001).
The mean ratio of TEP:PV over incubation time was
117 ± 41 μg Xeq μl–1 in aggregates at 8.5°C and 37.0 ±
19.1 μg Xeq μl–1 in aggregates at 2.5°C (Figs. 2 & 4).
TEP in aggregates comprised a carbon amount of up to
0.3 ± 0.06 mmol TEP-C l–1 at 8.5°C and 0.09 ±
0.04 mmol TEP-C l–1 at 2.5°C.

1.8

a

1.6
1.4
1.2
1.0
0.8
0.6

POC (mmol l–1)

0.4
0.2
0
1.8

b

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0

0

50

100

150

200

250

300

Time (h)

Microbial growth
The abundance of aggregate-associated bacteria
after 60 h of incubation was 1.8 × 108 ± 3.1 × 107 cells
(ml AGG)–1 at 8.5°C and 2.0 × 108 ± 5.8 × 107 cells
(ml AGG)–1 at 2.5°C. At the same time point, the bacterial abundance in SSW was one order of magnitude
lower, with 1.9 × 107 ± 0.8 × 107 cells (ml SSW)–1 at
8.5°C and 0.8 × 107 ± 0.2 × 107 cells (ml SSW)–1 at 2.5°C
(Fig. 5). Bacteria showed exponential growth, with μ =
0.007 ± 0.001 h–1 in aggregates and μ = 0.006 ±
0.003 h–1 in SSW at 8.5°C. In contrast, at 2.5°C, bacter-

Fig. 3. Particulate organic carbon (POC) in aggregates and
surrounding seawater (total POC) and POC in aggregates
(AGG) at (a) 2.5 and (b) 8.5°C. (m): Total POC at 8.5°C; (d):
POC in aggregates at 8.5°C; (n): total POC at 2.5°C; (s): POC
in aggregates at 2.5°C. Values are means ± SD of duplicate
incubations per temperature

ial cell abundance in aggregates and SSW did not
increase until the end of the incubation (Fig. 5).
Cumulatively calculated BBP in aggregates was 0.72 ±
0.06 μmol C (ml AGG)–1 and 0.09 ± 0.002 μmol C
(ml AGG)–1 at 8.5 and 2.5°C, respectively. POC-specific
BBP in aggregates at 8.5°C was about
Table 2. Particulate organic nitrogen (PON) and particulate organic phosphoone order of magnitude higher than at
rous (POP) in aggregates at the time of aggregate formation (60 h) and at the
2.5°C (p < 0.01) (Fig. 6).
–1
end of the experiment (252 h) (μmol l , % of total), and loss from aggregates
until the end of incubation (% loss). Values are means ± SD of duplicate incubations at 8.5 and 2.5°C

Activity of extracellular enzymes
8.5°C

2.5°C

PON

POP

PON

POP

60 h
μmol l–1
% of total

116 ± 18
91 ± 2

3.9 ± 1.0
89 ± 2

28 ± 3
59 ± 12

1.0 ± 0.0
58 ± 7

252 h
μmol l–1
% of total

110 ± 16
84 ± 3

3.2 ± 0.8
78 ± 0

38 ± 11
62 ± 8

1.4 ± 0.4
60 ± 3

5±1

17 ± 1

–

–

% loss

In general, maximum hydrolysis
rates (Vmax) of alkaline phosphatase
and leucine-aminopeptidase were
significantly higher than those of αand β-glucosidase in aggregates and
SSW at both temperatures (p < 0.001)
(Tables 3 & 4). Temperature effects
on Vmax were observed for sugarand protein-degrading extracellular
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enzymes, where Vmax in aggregates and SSW was
higher at 8.5 than at 2.5°C (Tables 3 & 4, Fig. 7). The
differences between Vmax at 8.5 and at 2.5°C were
significant for β-glucosidase and leucine-aminopeptidase in aggregates, and for α-glucosidase, β-glucosidase, and leucine-aminopeptidase in SSW (p < 0.05)
(Tables 3 & 4). No significant effect on alkaline phosphatase was observed. The factor IVmax was calculated
according to Eq. (7) in order to compare the different
tested extracellular enzymes with regard to the temperature-induced enhancement of Vmax. A higher
value of IVmax revealed that increased temperature
had a stronger impact on Vmax of protein-degrading
leucine-aminopeptidase than on Vmax of polysaccharide-degrading α-glucosidase and β-glucosidase. The
temporal development of Vmax in aggregates differed
between the temperature treatments. Vmax of β-glucosidase, leucine-aminopeptidase, and alkaline phosphatase decreased over time in aggregates at 8.5°C,
but increased in aggregates at 2.5°C (Fig. 7).

200

250

300

Fig. 5. Bacterial cell numbers in aggregates (AGG) and surrounding seawater (SSW) at 2.5 (s) and 8.5°C (d). Fitted
curves show nonlinear regression with Nt = N0eμt, where N0 is
the initial cell number, μ the growth rate constant, and t
the time. Values are means ± SD of duplicate incubations
per temperature

BBP [nmol bac-C (µmol POC)–1 h–1]

Fig. 4. Transparent exopolymer particles (TEP) in aggregates
and surrounding seawater (total TEP) and proportion in aggregates (AGG) at 2.5 and 8.5°C. (m): Total TEP at 8.5°C; (d):
TEP in aggregates at 8.5°C; (n): total TEP at 2.5°C; (s): TEP in
aggregates at 2.5°C. Values are means ± SD of duplicate
incubations per temperature

150

Time (h)

0.6
0.5
0.4
0.3
0.2
0.1
0
0

50

100

150

200

250

300

Time (h)
Fig. 6. Temporal development of bacterial biomass production
(BBP) normalized to particulate organic carbon (POC)
amounts in aggregates at 2.5 (s) and 8.5°C (d). Values are
means ± SD of duplicate incubations per temperature
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Table 3. Activity of extracellular enzymes associated with aggregates. The enhancement factors IVmax and IVmax/Km were
calculated according to Eq. (7). Values are means ± SD of duplicate incubations per temperature over time. *Significant
differences between temperature treatments (p < 0.05). AGG: aggregates
Vmax [nmol (ml AGG)–1 h–1]
8.5°C
2.5°C

Enzyme

α-glucosidase
β-glucosidase
Leucine-aminopeptidase
Alkaline phosphatase

7.0 ± 1.5
21.0 ± 1.3
386 ± 62
221 ± 14

Vmax/Km (h–1)

IVmax

4.5 ± 0.15
5.0 ± 0.10
66.5 ± 4.0
169 ± 37

1.6
4.2*
5.8*
1.3

IVmax/Km

8.5°C

2.5°C

0.20 ± 0.02
0.65 ± 0.13
9.0 ± 1.0
108 ± 21.0

0.05 ± 0.01
0.05 ± 0.01
3.0 ± 0.20
118 ± 0.20

4.0*
13.0*
3.0*
0.9

Table 4. Activity of extracellular enzymes in the surrounding seawater (SSW). The enhancement factors IVmax and IVmax/Km were
calculated according to Eq. (7). Values are means over time ± SD of duplicate incubations per temperature. *Significant
differences between temperature treatments (p < 0.05)
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7400 ± 2020
2400 ± 1850

700

8.5°C

0.6
0.5

400

0.4

300

0.3

10

200

0.2

5

100

0.1

0

0.0

160

0.6

25
20
15

0
14

8

2.5°C
12

140

10

120
100
80

6

60

4

IVmax/Km

8.5°C

2.5°C

0.008 ± 0.0004
0.006 ± 0.0025
0.089 ± 0.020
1.58 ± 0.750

0.002 ± 0.0004
0.002 ± 0.0017
0.040 ± 0.0010
1.55 ± 0.34

20
18
16
14
12
10
8
6
4
2
0

8.5°C

5

2.5°C
0.5

4

0.4
3
0.3
2
0.2

40

2

20

0

0

50

100

150

200

250

0
300

4.0*
3.0*
2.2
1.0

SSW
0.7

500

30

[nmol (ml

[nmol (ml SSW)–1 h–1]
α-,β-glucosidase

1.6*
1.9*
5.9*
1.6

600

AGG–1) h–1],

Vmax

35

106 ± 14
171 ± 46
1250 ± 149
1500 ± 127

AGG

40

Vmax/Km (h–1)

IVmax

Vmax Leucine-aminopeptidase

Vmax [nmol (ml AGG)–1 h–1]
8.5°C
2.5°C

Enzyme

1

0.1
0.0

0

50

100

150

200

250

0
300

Time (h)
Fig. 7. Maximum hydrolysis rates (Vmax) of extracellular enzymes in aggregates (AGG) and surrounding seawater (SSW) at 8.5
and 2.5°C. (d): α-glucosidase; (J): β-glucosidase; (m): leucine-aminopeptidase. Values are means ± SD of duplicate incubations
per temperature
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A significantly higher ratio of Vmax/Km indicated an
enhanced activity of α-glucosidase, β-glucosidase, and
leucine-aminopeptidase at non-saturating substrate
concentrations in aggregates and SSW at 8.5°C compared to 2.5°C (p < 0.05) (Tables 3 & 4). This suggests
an increased degradation efficiency of polysaccharides
and proteins at higher temperature, even when substrate availability is low. IVmax/Km was calculated
according to Eq. (7) to compare the temperature effects
on the efficiency of the different tested extracellular
enzymes. As indicated by highest IVmax/Km for β-glucosidase in aggregates, increased temperature had
the strongest impact on the degradation efficiency of
β-glycosidic-linked polysaccharides in aggregates
(Tables 3 & 4).
The cell-specific Vmax of aggregate-associated bacteria was higher than those of bacteria in SSW for all
tested extracellular enzymes and at both temperatures
(p < 0.05) (Table 5). Icell-spec Vmax revealed that cell-specific Vmax of leucine-aminopeptidase in aggregates and
SSW was significantly higher at 8.5 than at 2.5°C (p <
0.05).

tures, ratios were clearly higher than predicted by the
Redfield ratio (Table 6). Ratios of [PON]:[POP] were
not significantly different between the temperature
treatments. In contrast, significantly lower ratios of
[POC]:[PON] and [POC]:[POP] were obtained at 8.5
than at 2.5°C (p < 0.05) due to higher amounts of PON
and POP (Tables 1, 2 & 6). The initial concentration of
dSi in SSW was below the detection limit at both temperatures. After 108 h of incubation at 8.5°C, dSi
started to increase up to a final value of 10.3 ± 1.0 μmol
l–1. In contrast, dSi in SSW at 2.5°C did not increase
significantly until the end of the incubation (Fig. 8).

DISCUSSION
The experiment was set up to assess the effects of
increased temperature on the formation, biogeochemical properties, and degradation of diatom aggregates.
Two temperature treatments were applied during
bloom development, aggregation of cells, and subsequent degradation of aggregates.

Organic matter turnover in aggregates

Temperature effects on the formation and biogeochemical composition of aggregates

Aggregates at 2.5°C did not show a net loss of PV
and POM at the end of incubation time. In contrast, PV
(Fig. 2) and POC (Fig. 3), as well as PON and POP
(Table 2) decreased in aggregates at 8.5°C until the
end of incubation. Aggregates at 8.5°C contained a PV
of 49.0 ± 1.2 μl l–1 after 60 h of incubation. PV
decreased to 27.4 ± 0.6 μl l–1 within the next 48 h,
equivalent to a net loss of 40 ± 4%. POC in aggregates
at 8.5°C was 1.4 ± 0.2 mmol l–1 after aggregate formation (t = 60 h) and decreased by 21 ± 10% until the end
of incubation (Fig. 3). PON and POP in aggregates at
8.5°C were reduced by 5 ± 1% and 17 ± 1%, respectively, over the course of the incubation (Table 2).
The molar ratios of [POC]:[PON], [POC]:[POP], and
[PON]:[POP] in aggregates at 8.5 and 2.5°C did not
show a consistent trend over time. At both tempera-

In the present study, higher temperature clearly
increased the proportion of PV (Fig. 2) and POC
(Fig. 3), as well as PON and POP contained in aggregates (Table 2). Thus, aggregates played a larger role
Table 6. Molar elemental ratios of particulate organic matter
(POM) in aggregates at 8.5 and 2.5°C. Values are means ±
SD of duplicate incubations per temperature over time.
POC: Particulate organic carbon; PON: particulate organic
nitrogen; POP: particulate organic phosphorous
Temperature [POC]:[PON] [POC]:[POP]
8.5°C
2.5°C

11.4 ± 2.0
20.2 ± 2.1

349 ± 56
536 ± 87

[PON]:[POP]
30.2 ± 5.2
26.8 ± 4.8

Table 5. Cell-specific potential hydrolysis rates (Vmax) in aggregates (AGG) and surrounding seawater (SSW). The enhancement
factor Icell-spec Vmax was calculated according to Eq. (7). Values are means ± SD of duplicate incubations per temperature over time.
*Significant differences between temperature treatments (p < 0.05)
Enzyme
8.5°C

AGG Vmax (amol cell–1 h–1)
2.5°C
Icell-spec Vmax

α-glucosidase
33 ± 21
β-glucosidase
95 ± 29
Leucine1717 ± 532
aminopeptidase
Alkaline phosphatase 1081 ± 672

8.5°C

SSW Vmax (amol cell–1 h–1)
2.5°C
Icell-spec Vmax

57 ± 15
61 ± 30
521 ± 23

0.6
1.6
3.3*

9±1
19 ± 8
387 ± 96

10 ± 1
15 ± 3
101 ± 342

0.9
1.3
3.8*

1220 ± 516

0.89

131 ± 69

125 ± 42

1.0
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Fig. 8. Development of dissolved silicate concentration (dSi)
in surrounding seawater (SSW) during incubation at 2.5 (s)
and 8.5°C (d).Values are means ± SD of duplicate incubations
per temperature

in the overall turnover of organic matter at elevated
temperature. In the ocean, larger proportions of POC,
PON, and POP in aggregates represent a more efficient allocation of organic matter for potential export
via fast particle sinking.
Because we did not investigate the aggregation process directly, we can only speculate about the potential
mechanisms that were responsible for enhanced
aggregate formation at higher temperature. The initial
PV at elevated and in situ temperatures was not significantly different; therefore, similar collision rates
between particles can be assumed for both treatments.
Instead, higher TEP:PV ratios likely enhanced aggregation at the elevated temperature (Figs. 2 & 4), since
TEP have been identified to promote aggregation by
increasing the stickiness of particles (Alldredge et al.
1993, Passow et al. 1994, Engel 2000).

Transparent exopolymer particles (TEP)
TEP contain primarily polysaccharides, and are
therefore carbon-rich and poor in nitrogen. The formation of TEP from dissolved sugars is an important process in the conversion of dissolved organic carbon into
POC (Engel et al. 2004). The organic matter used in the
present study contained high amounts of TEP (Fig. 4),
which was related to exudation by diatoms suffering
from nutrient depletion in the mesocosms (J. Wohlers
et al. unpubl. data). A further increase in TEP concentration was observed during dark incubation: TEP concentration was significantly higher at elevated temperature than at in situ temperature (Fig. 4). It seems
likely that the high abundance of bacteria had a substantial effect on the formation of TEP by modifying
precursors originating from phytoplankton exudation.
Bacterial degradation activity increases the proportion

of deoxy sugars in extracellular polysaccharides (EPS),
enhancing the hydrophobic feature of EPS and the formation of TEP (Giroldo et al. 2003). Bacteria also produce considerable amounts of exopolymers, in particular when attached to surfaces (Decho 1990). The
formation of an exopolymer capsule enables marine
bacteria to attach to surfaces (Heissenberger et al.
1996). TEP can be generated by releasing polysaccharide fibrils from the capsular material. However, this
process was of minor importance in our experiment.
Cell-specific TEP production of 0.1 fg Xeq cell–1 h–1
was determined for coastal North Sea bacterioplankton (Stoderegger & Herndl 1999). Assuming this rate,
only 0.8 and 3.6% of TEP production in aggregates at
in situ and elevated temperatures, respectively, could
be related to bacterial production.

Temperature sensitivity of bacterial growth and
degradation activity
Aggregates harbour diverse and large bacterial communities, since they provide a beneficial substrate for
bacterial growth. In accordance with previous studies
(Alldredge et al. 1986, Herndl 1988, Karner & Herndl
1992, Ploug & Grossart 2000, Grossart et al. 2003), we
observed an enrichment of bacteria in aggregates
(Fig. 5), as well as increased cell-specific enzymatic
rates of aggregate-associated bacteria (Table 5). It has
been suggested that the acceleration of metabolic rates
after attachment allows bacteria to maximize benefit
from substrate-replete aggregate surfaces (Grossart et
al. 2007).
In the present study, elevated temperature substantially increased rates of bacterial growth and degradation activity on aggregates as well as in the SSW
(Tables 3 to 5, Figs. 5 to 7). Temperature effects on
bacterial extracellular enzymes were strong enough to
increase the loss of POM from aggregates, accelerating the turnover of aggregates at elevated temperature
(Table 2, Figs. 2 & 3). Extracellular enzymes are produced by bacteria to hydrolyze polymers into subunits,
which can then be taken up by the cell. Their
hydrolytic activity drives the solubilization of particles
and is therefore crucial for the degradation of aggregates (Smith et al. 1992). Temperature effects on extracellular enzymes integrated 2 aspects: (1) rising temperature enhanced the enzymatic degradation of
organic matter thermodynamically by an increase of
the rate constants k1 and k2 given in Eq. (3); and (2)
aggregates at elevated temperature showed higher
abundances of bacteria and, therefore, higher production of extracellular enzymes (Fig. 5). Starting with
similar bacterial abundances at both temperatures,
only aggregates and SSW at elevated temperature pro-
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vided conditions beneficial for bacterial growth (Figs. 5
& 6). Thus, higher enzymatic activities in aggregates at
elevated temperature were supported by an increased
enzyme production of a larger bacterial community.
Cell-specific rates of extracellular enzyme activity
(cell-specific Vmax) allow for a differentiation between
these 2 aspects, since they exclude effects due to temperature-related differences in bacterial abundance.
Significant differences in cell-specific Vmax of leucineaminopeptidase between the 2 temperatures indicated
that temperature effects on the catalytic step of the
enzymatic reaction were decisive for the increased rate
of enzymatic protein hydrolysis. In contrast, cell-specific Vmax of α-glucosidase and β-glucosidase did not
reveal significant differences between the 2 treatments, suggesting the increased enzymatic degradation of polysaccharides at elevated temperature was
primarily promoted by a larger bacterial community.
Tested extracellular enzymes revealed different sensitivities to elevated temperature, leading to differences in activity ratios of polysaccharide-, protein-,
and organic phosphate-degrading enzymes between
the 2 temperatures (Tables 3, 4 & 5). However, we did
not determine an effect of different activity ratios on
the stoichiometry of POM. Nevertheless, different temperature sensitivities of extracellular enzymes may
have changed the biochemical composition of labile
organic matter in aggregates and SSW, which is highly
relevant for bacterial growth, but accounts only for a
minor proportion of total organic matter. Different control mechanisms of enzyme expression further complicate the projection of degradation rates of bulk organic
carbon, nitrogen, and phosphate from the magnitude
of enzymatic activity. Extracellular glucosidase activity
is repressed by high concentrations of the monomeric
end-products and, therefore, is regulated by ambient
substrate concentrations (Chróst 1991). In contrast,
leucine-aminopeptidase was shown to be repressed
only by specific amino acids known to be rare in seawater, e.g. histidine and phenylalanine. High protease
activity at low concentrations of labile substrates was
found in a previous study (Christian & Karl 1998). It is
assumed that a constitutively high leucine-aminopeptidase activity ensures an efficient supply with nitrogenous substrates, which are often limiting bacterial
growth (Christian & Karl 1998).
The activity of extracellular enzymes in aggregates
showed different temporal trends at the 2 temperatures. Continuously increasing enzymatic rates in
aggregates at in situ temperature suggest a sufficient
substrate supply to bacteria until the end of incubation,
supporting the assumption that aggregate degradation
was temporally impeded due to lower temperature and
not substrate limitation. Enzymatic rates in aggregates
at elevated temperature decreased with time, coincid-
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ing with an exponential increase in cell numbers
(Figs. 5 & 7). A similar coincidence of increasing bacterial cell density and decreasing metabolic rates in
aggregates was observed for glucose and leucine
uptake (Azúa et al. 2007). Decreasing uptake rates
were suggested to indicate a quantitative and qualitative impoverishment of organic matter in aggregates
with time, an explanation that also seems reasonable
for temporally decreasing enzymatic activity in aggregates at elevated temperature.

Degradation of particulate matter in aggregates
The flux of organic matter in aggregates and the
related particle concentration both decrease continuously with depth (Martin et al. 1987, Kiørboe 2001). In
the present study, aggregates at elevated temperature
showed a net loss of PV, POC, PON, and POP during
the incubation, while no net loss of PV and POM was
determined from aggregates at in situ temperature
(Table 2, Figs. 2 & 3). The total duration of the experiment was restricted to 11 d, and 8 d remained after
the formation of aggregates. Thus, our experimental
results reflect an early phase of degradation, and elevated temperature clearly enhanced the remineralization of aggregates during this early phase. As no net
loss occurred from aggregates at in situ temperature,
acceleration of remineralization cannot be expressed
in terms of a temperature-normalized factor. It must be
assumed that degradation of aggregated POM at in
situ temperature occurs on longer time scales. Hence,
our results indicate a temporal lag of at least 8 d
between aggregate formation and degradation at in
situ temperature, but an immediate onset of aggregate
degradation at elevated temperature. This finding is in
good accordance with results from the AQUASHIFT
mesocosm study 2005, where a diminished temporal
lag between the peaks of primary production and bacterial production also suggested an earlier start of
organic matter degradation at elevated temperature
(Hoppe et al. 2008). Considering that degradation of
aggregates in the ocean coincides with sinking, a significantly earlier onset of aggregate degradation at
elevated temperature would lead to an enhanced remineralization of aggregated POM especially in the
upper ocean.
Aggregates at elevated temperature showed a discrepancy between the net loss of POM and the net loss
of PV. PV was reduced more strongly than POM by the
end of the incubation, and revealed a much lower variability between replicates (Figs. 2 & 3). It should be
noted that particles not detectable by the Coulter
counter, e.g. hydrated gels and particles smaller than
2.7 μm, contributed significantly to the pool of POM.
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TEP are not quantified by the Coulter counter, but also
contain organic carbon. Aggregates at elevated temperature included TEP of up to 5.2 mg Xeq l–1 (Fig. 4).
TEP can be considered as an integral part of aggregates due to its function as glue. It was therefore estimated that up to 0.3 mmol TEP-C l–1 were included in
aggregates at elevated temperature. Thus, the carbon
loss from aggregates at elevated temperature (Fig. 3)
was partially compensated by production of TEP-C
(Fig. 4).
Concentration ratios of [POC]:[PON], [POC]:[POP],
and [PON]:[POP] in aggregates did not reveal consistent temporal trends at both temperatures. The ratios
of [POC]:[PON] and [POC]:[POP] were significantly
lower in aggregates at elevated temperature due to
stoichiometric differences in the sedimented organic
matter collected from the mesocosms (Tables 1, 2 & 6).
A positive relationship between degradation rates and
nitrogen and phosphate content of organic matter was
found when data across a broad spectrum of detritus,
from unicellular algae to terrestrial macrophytes, were
included in the statistical analysis. Conversely, this
general relationship was not confirmed for the degradation of several distinct types of detritus, including
debris derived from phytoplankton (Enríquez et al.
1993 and references therein). It seems unlikely that the
lack of aggregate remineralization at in situ temperature was due to an unsuitable stoichiometry and quality of POM in our experiment. Initial chl a:PON ratios
of aggregates at the 2 temperatures indicated similar
freshness of algal cells. We therefore assume that sufficient amounts of labile organic matter were available
for bacteria at both temperatures. Hence, increased
temperature can be regarded as the leading factor for
an accelerated degradation at higher temperature in
this short-term incubation. However, potential effects
of POM stoichiometry on the degradation of aggregates on time scales exceeding the incubation period
of our experiment cannot be excluded.
Decomposition of diatom cells is tightly coupled to
the dissolution of silica from diatom frustules (Ragueneau et al. 2006). Concentration of dSi in the SSW at
elevated temperature increased by 10 μmol l–1 during
the last 6 d of incubation (Fig. 8). This increasing concentration indicated dissolution of biogenic silica (bSi).
In contrast, no increase was determined at in situ temperature, indicating that no dissolution of bSi occurred
(Fig. 8). Dissolution of bSi can start after microbial
degradation of the organic layer associated with the
diatom surface (Bidle & Azam 2001). It can therefore
be assumed that the lower bacterial abundance (Fig. 5)
and lower protease activity (Tables 3 & 4, Fig. 7) at in
situ temperature were not sufficient to remove the protecting outer organic layer associated with diatom frustules. The incubated natural diatom community con-

sisted mainly of Chaetoceros spp. and Skeletonema
spp., for which a Si:C ratio of about 0.1 can be assumed
(Brzezinski 1985). Assuming that all POC was derived
from diatoms, a concentration of approximately 14 μmol
bSi l–1 can be estimated for the SSW at elevated temperature. Hence, dissolution of bSi from diatoms dispersed in the SSW could quantitatively explain the
increase in concentration. However, following the linear initial rate approach (Greenwood et al. 2001), a bSi
dissolution rate of 0.12 d–1 was obtained for POM at
8.5°C. This rate is 3 times higher than previously found
in studies that were conducted at temperatures 5 or
10°C higher than the present study (Bidle & Azam
2001, Moriceau et al. 2007). Therefore, it seems likely
that the increasing dSi concentration in the SSW at elevated temperature was substantially influenced by bSi
dissolution from aggregates. Aggregates leak solutes
containing high concentration of dissolved compounds
(Smith et al. 1992, Kiørboe 2001), and previous studies
have revealed an acceleration of silica dissolution from
dispersed diatoms with increasing temperature (Lewin
1961, Kamatani 1982). Results of the present study
indicate a temperature-induced acceleration of bSi
dissolution from diatom aggregates.

Extrapolation of experimental results to a larger
scale — implications for the future ocean
Extrapolating the results of the present study to natural systems bears considerable uncertainties. Nevertheless, manipulative laboratory experiments are a
valuable tool to assess potential consequences of
global change, such as ocean warming and acidification, for natural systems. Formation of large particle
aggregates and the rates of their decomposition by
heterotrophic bacteria are important processes that
determine the efficiency of particle export in the ocean
(Fowler & Knauer 1986, Kiørboe et al. 1996, Smith et al.
1992). Our experimental results indicate that elevated
temperature increases both the probability of aggregate formation and the rate of bacterial degradation of
aggregated organic matter. Effects of elevated temperature on export efficiencies in the future ocean will
likely depend on the relative magnitude of increased
aggregation versus enhanced bacterial degradation. It
is important to consider that aggregation and degradation processes in the ocean are often vertically separated. While the high particle abundances required for
the aggregation of POM are mostly achieved in the
surface layer, bacterial degradation of sinking aggregates continues in the subsurface strata. In shallow
coastal areas like the Kiel Fjord, where temperatures
are homogeneous from surface to bottom, climate
warming will most probably affect the entire water col-
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umn. Here, temperature-enhanced organic matter
degradation and the resulting acceleration of organic
carbon turnover are likely to be the dominant effects of
warming. In deep water bodies, the temperature
increase at the surface may be disproportionately high
compared to subsurface strata. Here, the enhancement
of aggregate formation may predominate and increase
the export of carbon, since sinking of aggregates to
cooler depths may mitigate the effects of ocean warming on bacterial degradation. Other factors, such as
phytoplankton growth, light, and nutrient availability,
will further affect the timing of formation and bacterial
colonization of aggregates and, consequently, codetermine the export efficiencies of aggregates.
Therefore, we suppose that in situ effects of warming
on the formation and degradation of phytoplankton
aggregates in the ocean are of higher complexity,
depending on the depth penetration of increasing
ocean temperature as well as the timing of biological
processes.
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