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Abstract

The quantitative relationship between organic carbon and mineral contents of particles
sinking below 1800 m in the ocean indicate that organisms with mineral shells such as
coccolithophores are of special importance for transporting carbon into the deep sea. Several
hypotheses about the mechanism behind this relationship between minerals and organic
matter have been raised, such as mineral protection of organic matter or enhanced sinking
rates through ballast addition. We examined organic matter decomposition of calcifying and
non-calcifying Emiliania huxleyi cultures in an experiment that allowed aggregation and
settling in rotating tanks. Biogenic components such as particulate carbon, particulate
nitrogen, particulate volume, pigments, transparent exopolymer particles (TEP) and
particulate amino acids in suspended particles and aggregates were followed over a period of
30 days. The overall pattern of decrease in organic matter, the amount of recalcitrant organic
matter left after 30 days, and the compositional changes within particulate organic matter
indicated that cells without a shell are more subject to loss than calcified cells. It is suggested
that biogenic calcite helps in the preservation of POM by offering structural support for
organic molecules. Over the course of the experiment, half the particulate organic carbon in
both calcifying and non-calcifying cultures was partitioned into aggregates and remained so
until the end of the experiment. The partial protection of particulate organic matter from
solubilization by biominerals and by aggregation that was observed in our experiment may
help explain the robustness of the relationship between organic and mineral matter fluxes in

the deep ocean.

Keywords: Ballast, coccolithophores, degradation, aggregation, PCA, TEP
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1. Introduction
Recent findings suggest that the ratio of minerals, i.e., opal (biogenic silica), calcium
carbonate, and quartz, to organic carbon (Min.:Corg) provides a means of understanding
export fluxes of organic matter (OM) to the deep ocean (Armstrong et al., 2002; Francois et
al., 2002; Klaas and Archer, 2002). This is based on the analysis of field data showing that
the Min:Corg ratio in particulate matter is generally constant below a depth of 1800m. There
are several mechanisms that might cause such a relationship (Hedges and Keil, 1995;
Armstrong et al., 2002; Klaas and Archer, 2002). First, organic compounds may be
physically protected against microbial degradation by their association with minerals. In
addition, OM may glue particles together, forming aggregates; if the particulate organic
carbon content becomes too low, particles may disintegrate, removing both POC and minerals
from observed fluxes. Or, the settling velocity of particles may increase when associated with
more dense mineral material, leading to a faster export of the ballasted OM (Smayda, 1970;
McCave, 1975; Ittekot and Haake, 1990). Whereas the role of minerals in the preservation of
OM has been studied extensively in marine sediments (Suess, 1973; Hedges and Keil, 1995;
Mayer 2004) and in soils (see review in Baldock and Skjemstad, 2000), only little is known
about the effect of biologically produced minerals on the decomposition rates of settling OM
during its transit through the water column. OM in seawater becomes associated with
minerals through adsorption onto mineral surfaces, aggregation with clay sized particles or
biologically by growth of cells that produce an outer mineral shell (e.g., the opal frustules of
diatoms and radiolaria or calcium carbonate shells of foraminifera, pteropods and
coccolithophores). Comparing the carrying capacity of different minerals, i.e., the organic
carbon fraction associated with the mineral, Klaas and Archer (2002) showed that CaCO3 and
lithogenic material are more efficient than opal in the downward transport of organic carbon.

The special role of CaCO3 in chemical and physical protection of OM in soils has been
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summarized in Baldock and Skjemstad (2000). It is suggested that Ca®* cations aid in the
preservation of OM by the formation of Ca-organic linkages (Duchaufour, 1976). These
linkages can alter the structure of organic macromolecules and the orientation of functional
groups, with likely implications for the efficiency of enzymatic attack (Oades, 1988).
Stabilization of OM by CaCO; during export to the deeper ocean will have large implications
for understanding the ocean’s capacity to store CO, and therefore needs to be included in
numerical modeling that aims to quantify the marine carbon cycle. Moreover, since recent
investigations have shown a decrease in biogenic calcification with ocean acidification
(Riebesell et al., 1993; Delille et al., 2004), understanding the relationship between calcite and

OM preservation will also be important to predict future changes in OM decomposition.

To investigate the effect of biogenic CaCOj on the preservation of and ballasting of
OM, we compared the formation and settling velocities of aggregates (Engel et al., 2008) as
well as the decomposition of POM during laboratory incubations of a non-calcifying and a
calcifying strain of the marine coccolithophore Emiliania huxleyi. Here, we report the changes
in the chemistry of dissolved and particulate components during microbial decomposition and
discuss the role of calcification for the preservation of OM. E. huxleyi is a widespread,
bloom-forming coccolithophore in the ocean that participates in the export of calcite and
organic matter to the deep sea. Since aggregates rather than single cells are the most likely
carriers of particle flux in the deep ocean (Fowler and Knauer, 1986), we allowed cells to
aggregate prior to and during the experiment and analyzed suspended and aggregated particles

separately.
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2. Materials and Methods

A list of abbreviations is given in table 1.

2.1 Experimental set-up

Decomposition of calcifying (CAL) and non-calcifying (NCAL) Emiliania huxleyi
cells were compared under conditions that allowed aggregation and settling of the cells as
similar as possible to what might occur in the water column (Fig. 1). Non-calcifying and
calcifying strains of the coccolithophore E. huxleyi were grown in batch culture at 15°C and
salinity 35.1 with a light flux of 100 umol m~s™ in a 16h: 8h light: dark cycle. Seventy liters
of each culture were grown in f/4 media (Guillard, 1975) (initial [NOs]: 265 pmol L, initial
[PO4]: 9.38 umol L™). The pH of the cultures was initially adjusted to 7.5 to assure that CO,
was abundant during growth. The cultures were aerated during the 16h light period. The
purity of each culture (i.e., the predominance of calcifying or non-calcifying cells) was
confirmed by microscopic observations at 1000x magnification.

Incubation of the two cultures (CAL and NCAL) in rotating tanks on roller tables was
performed in series, not in parallel. When each culture reached late exponential growth
phase, it was transferred to 7 tanks of 4.5-L volume each and kept in the dark at 9°C. To
promote aggregation of cells, all tanks were placed on roller tables (Shanks and Edmondson,
1989) that rotated at 0.66 rpm. To simulate the sinking of aggregates into deeper and more
dilute waters, the particle concentration was lowered before the decomposition experiment
began. This was accomplished by removing tanks from the roller table after 5 days and
allowing particles to settle for 10 minutes. Then 3L of supernatant were removed from each
tank and replaced coastal seawater taken at the Long Island Sound and aged for 2 months in
the dark at 9°C. At this point, the tanks were again placed on roller tables rotating at 0.66 rpm,
and the incubation begun (i.e., time zero corresponds to the time at which the supernatant was

replaced by filtered seawater). To prevent collision between aggregates and the tank wall, the
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rotation speed was repeatedly increased during the experiment respectively. At each sampling
point one tank was harvested. Each experiment lasted for 30 days with 7 sampling points

(days 0, 3, 6, 10, 16, 23, 30).

2.2 Sampling

Aggregates and suspended particles without aggregates (< 1mm) were analyzed
separately. On each sampling day, one 4.5 L tank was removed from the roller table and
turned on its sides for 20 minutes, allowing particles to settle to the bottom. Then the upper
lid of the tank was removed and 2x 200ml of seawater was drained through a Tygon tube by
gravity into glass bottles for immediate determination of pH and O, concentration.
Aggregates, i.e. particles 21 mm that settled to the bottom of the tank within 20 minutes and
were large enough to be clearly identified as aggregates, were carefully removed from the
bottom of the tank with as little surrounding seawater as possible using a 10-mL serological
pipet and mild suction. The volume of several aggregates at a time was determined to the
nearest 0.1 mL inside the pipette, and these particles transferred to a Nalgene bottle. This
process was repeated until all aggregates in the tank were removed, yielding a pooled
aggregate sample for each tank containing about 20-50 aggregates for NCAL and 50-200
aggregates for CAL at each day of sampling. The total volume of the pooled aggregate
sample per tank water was calculated. Three-hundred mL of 0.2-pum filtered seawater were
added to the bottle, and the aggregates disaggregated by gentle agitation. Aliquots were
removed from the bottle for various analyses.

The pooled aggregate sample contained aggregates as well as some surrounding
seawater (SUSP) that is inevitably collected together with the aggregates. While the volume
fraction of SUSP in the pooled slurry was assumed to be larger than the volume fraction of

collected aggregates, particle concentration within aggregates is enriched by generally 2-4
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orders of magnitude. To obtain a conservative estimate of concentrations within aggregates,
the concentrations of particulate components in the SUSP were subtracted from those in the
slurry. This corrected aggregate sample (AGGQG) is hence considered to be a representative
average of just aggregates within the tank. AGG concentrations reported here for each
component are per liter of tank water. Subsamples of SUSP were collected from tank water
after aggregates had been removed in order to determine particulate components therein. The

total volume of tank water was determined using a 1000 ml graduated cylinder.

2.3 Biological and chemical analysis

The pH of tank water was determined with an Orion perPHect LogRmeter (model
370). Dissolved oxygen was measured with a YSI oxygen meter (Model 55). Alkalinity was
calculated from temperature and pH according to Parsons et al. (1984). Ambient carbonate ion
concentration was calculated using the CO,sys-software developed by Lewis and Wallace
(1998), measured pH, temperature and alkalinity data, and the calculation scheme of Peng et
al. (1987), and the dissolution constants of Mehrbach et al. (1973).

Particulate mass was determined by gently (200 mbar) filtering 400-600 mL tank
water (SUSP) and 60-80 mL AGG slurries onto combusted, pre-weighed GF/F filters, oven
drying the filters at 60°C for 24 h, and reweighing. Total particulate carbon (TPC),
particulate organic carbon (POC) and particulate organic nitrogen (PN) were determined by
elemental analysis from 50-200 mL tank water (SUSP) and 20-50 mL AGG samples filtered
gently through combusted (24 h, 500°C) GF/F (Whatman) filters. For determination of POC,
filters were fumed for 2 h in air saturated with HCI to remove inorganic carbon, and dried for
2 h atca. 50°C. TPC, POC, and PN were subsequently measured on a CHN-analyzer (Carlo
Erba EA-1100). All filters were prepared in duplicate and stored at —20°C until analysis.

Particulate inorganic carbon (PIC) was determined by subtracting POC from TPC.
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Chlorophyll-a was extracted from filters with acetone during 20 minutes of sonication
and analyzed using high performance liquid chromatography (HPLC) using the method and
apparatus described by Sun et al. (1991). Briefly, 100 mL tank water (SUSP) or 20 mL AGG
samples were filtered onto combusted GF/F filters, which were extracted twice using 100%
acetone. The extracts were combined and filtered through a 0.2-um Zetapor membrane.
Samples were injected within 24 hours of extraction onto a 5-uum Adsorbosphere C-18 HPLC
column and separated as described by Mantoura and Llewellyn (1983) and Bidigare et al.
(1985). Chl a retention time and concentrations were determined using an authentic standard
(Turner Design). Duplicate analyses of the samples agreed within 30%.

Total hydrolyzable amino acids were analyzed by fluorescence HPLC after acid hydrolysis
according to Lee and Cronin (1982, 1984) and Lee et al. (2000). Either 50-100 mL tank water
(SUSP) or 10-20 mL AGG samples were filtered onto combusted GF/F filters. The filters
were sealed under N in glass vials containing 6N HCI with 0.25 wt% phenol and hydrolyzed
at 110°C for 20h. Hydrolyzates were filtered through 0.2-um disposable cellulose acetate
syringe filters to remove particulates, evaporated under N2, and dissolved in Milli-Q water.
Amino acids were then analyzed by HPLC following derivatization with o-pthaldialdehyde
(OPA) after Lindroth and Mopper (1979) using an Alltech Altima C-18 250-mm 5-um
column. OPA-derivatized amino acids were detected by fluorescence and identified by
comparison to the retention times of amino acids in a standard mixture (Pierce Chemical
Standard H with the non-protein amino acids B-alanine and y-aminobutyric acid added).
Duplicate analyses of the samples generally agreed within 30%.

Particle concentration, volume and size distribution of both AGG and SUSP between
2 and 60 um equivalent spherical diameter (ESD) were determined using a Coulter Counter
(Coulter Multisizer II) from replicate 2-mL samples. Samples were diluted by a factor of 10-

20 with 0.2-um filtered seawater to keep coincidence of particles entering the aperture <5%.
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Transparent Exopolymer Particles (TEP) were detected by staining with Alcian Blue,
a cationic copper phthalocyanine dye that complexes carboxyl and half-ester sulfate reactive
groups of acidic polysaccharides. The amount of Alcian Blue adsorption per sample volume
is a measure of TEP concentration and was determined colorimetrically according to Passow
and Alldredge (1995) from 20-30 mL tank water (SUSP) or 5-10 mL AGG samples filtered
onto 0.4-um Nuclepore filters. All filters were measured in triplicate. The concentration of
TEP is given in carbon units using a conversion factor of 0.325 mol C/g xanthan gum
equivalent (Xeq.) as determined for E. huxleyi by Engel et al. (2004). Engel et al. (2004)
previously showed that adsorption of stain to the cell surface of calcifying E. huxleyi was
equivalent to 0.085 pmol C cell”". Thus, for the calcifying strain used during this experiment,
the total amount of TEP was corrected for the amount of Alcian Blue adsorbed by the cell.
The calcified cell corrected amount of TEP was thus calculated by subtracting 1.02x10™" g C
cell” times the number of cells present from the observed amount of TEP (g Xeq. L™). Cell
abundance was determined using a Coulter Counter (Multisizer II).

For determination of bacterial abundance, SUSP and AGG samples were preserved in
4% (final conc.) formaldehyde at room temperature in the dark for about 4 months until
analysis. Ten ml of SUSP and 1 ml of diluted AGG samples were filtered onto black 0.2-um
polycarbonate membrane filters (Nuclepore) and stained with pre-filtered (0.2 um) 0.01%
acridine orange (AO) solution (Hobbie et al., 1977). The preserved AGG samples were
diluted 1:10 with 0.2-um filtered seawater within 24 hours to prevent excessive cell overlap.
Stained filters were mounted onto glass slides, covered with immersion oil and a glass
coverslip, and frozen at —20°C. Slides were then viewed at 1000x magnification using an
epifluorescence microscope (ZEISS Axioskop, blue excitation 450-490 nm). Direct counts
were made on 10 to 20 randomly chosen grids (grid is 10-um long on each edge),

corresponding to 500-1000 cells. These samples were intended for quantification of bacterial
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cell volume. For this purpose, the fluorochrome AO was chosen over DAPI because the latter
has been shown to underestimate average cell biovolume (Suzuki et al., 1993). For most
samples, cell coverage on filters was patchy and background fluorescence was high. Thus,
images for bacterial cell volume determination were not recorded because the weak contrast
between cells and the background would contribute to high errors. Loss in cell fluorescence

due to storage temperature was not accounted for (Turley and Hughes, 1994).

2.4 Data analysis

The rate constant of decay (k, d”') of each parameter was calculated assuming a first-
order exponential decay model: C(t)=C(0)e'kt, where C(t) is the concentration of the
component at time t and C(0) is the concentration at time t(0). The curve fit to the data was
performed using the software package Sigma Plot 9.0 (SYSTAT). Comparison of decay rates

or regression coefficients between CAL and NCAL were performed with #-tests.

2.4.1 Principal components analysis

Principal components analysis (PCA) is a multivariate regression analysis that can be
used to elucidate compositional differences among samples in a data matrix. PCA is
increasingly being used to analyze organic compound data sets to discriminate subtle
difference between samples and to determine the extent of sample degradation (Dauwe and
Middelburg, 1998; Dauwe et al., 1999; Sheridan et al., 2002; Ingalls et al., 2006). PCA
normally reduces the number of variable to two major principal components, PC1 and PC2,
which are regression lines passing through the center (mean) of the data along its maximum
gradients. PCI explains the largest source of variance in the data matrix, while PC2 explains

the second-largest source of variance. Site scores are the relative positions of each sample
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along each principal component axis, and reveal their distances from the origin of all the data
(the mean sample). Loadings (eigenvectors) of each variable indicate that variable’s
contribution to the data variability along each principal component axis. Using Sirius 7.0
(Pattern Recognition Systems), we performed principal component analysis on a data matrix
that included amino acid and pigment composition (mole%) after standardization by

subtracting the mean for each compound and dividing by its standard deviation.

3. Results

3.1 Changes in dissolved constituents with time

Over the course of the experiment, organic matter was clearly lost from the particulate
phase in experiments with both non-calcifying (NCAL) and calcifying (CAL) cultures, and at
least part of this POC was decomposed to CO, At t, the pH of tank seawater was 8.0 for
NCAL and 7.8 for CAL cultures. Due to the decomposition of organic matter, pH decreased
in both cultures during the experiment (not shown). Initial alkalinity in the non-calcifying
culture averaged 1.89 mmol L' In CAL, alkalinity was reduced to 1.09 mmol L' at to due to
biogenic calcification , but increased to 1.38 after 30 d indicating calcite dissolution. In both
incubations, the tanks were saturated with dissolved oxygen at ty; initial O, concentrations
were 256 umol L', Apparent oxygen utilization (AOU) during the 30-d incubations was
similar in both experiments, 92 umol
0, L' for the NCAL and 97 umol O, L™ for the CAL E. huxleyi cultures. The tanks did not

become anoxic or even hypoxic at any point.

3.2 Temporal changes in particulate constituents
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Decomposition of particulate components revealed very clear first-order exponential
decay patterns during both experiments from day 3 onwards (Table 2). During the CAL
incubation an increase in concentration between day 0 and day 3 was observed for some
components. The increase of biogenic components in enclosed systems, the so called ‘bottle
effect’ (Zobel and Anderson, 1936), is well known and can lead to a fivefold increase in
bacterial abundance (Ferguson et al., 1984). To compare maximum rates of organic matter
degradation,we chose the data between day 3 (maximum value) and day 30 to calculate the
decay rate (k) of these components in both experiments. Decay rates of all particulate

components studied were significantly different between the two experiments (Table 2).

3.2.1 Particulate Volume (PV)

Total (SUSP+AGG) cell abundance and total PV, i.e. the sum of volumes of all
particulate components >2 um as determined by the Coulter Counter, decreased over time in
both experiments. Initially, total cell abundances in the tanks were 2.66 x10°mL™" for the non-
calcifying (NCAL) and 1.77x10° mL™ for the calcifying (CAL) culture; these concentrations
decreased to 7% (NCAL) and 26% (CAL) of initial values after 30 d (data not shown). The
average size of the calcifying E. huxleyi cells was 4.2-um equivalent spherical diameter
(ESD), slightly larger than the average size of cells that lacked a coccosphere (ESD=3.7 um).
Due to the larger size of calcified cells, the total PV of both cultures were quite similar at ty
(Fig. 2) despite the difference in cell concentrations. The extent of decrease in total PV
during the course of incubation was significantly different for the two cultures (p<0.001).
Within the first two weeks, total PV in the NCAL culture decreased by 81%, whereas only
36% reduction of total PV was observed in the CAL culture. Rate constants of loss were

0.043+0.114 d™' for CAL cultures and 0.129+0.021 d' for NCAL (Table 2).
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Aggregates became visible, i.e. larger than 0.5 mm, within the first hours of incubation
in the CAL culture. Visible aggregation was delayed for 1 week in the tanks containing the
NCAL culture. Details on formation, settling velocities and physical properties of aggregates
during both incubations will be published elsewhere (Engel et al., 2007). PV in AGG,
defined as the sum of volumes of particles >2 um per AGG as determined by the Coulter
Counter, was 0.7 pl L' and 0.04 ul L™ at the onset of aggregate formation in the CAL (day 1)
and NCAL (day 6) incubations, respectively. AGG PV increased to a maximum of 3.4 ul L’
for AGG car and 1.3 ul L for AGG NcaL, equivalent to 30% (CAL) and 11 % (NCAL) of the
initial total PV. The PV fraction contained in AGG, relative to the total PV on the same day,
reached maximum values of 75% (CAL) and 72% % (NCAL). Hence, the major fraction of

particles >2um were contained in aggregates at the end of the experiment (Fig. 2).

3.2.2 Particulate carbon and nitrogen

Decomposition of total (AGG+SUSP) POC and PN was significantly larger in NCAL
than in CAL (p<0.001) (Table 2, Fig. 3). Initial total POC concentration in CAL was higher
(606 pumol L'l) than in the NCAL (461 umol L'l) and increased until day 3. Thereafter total
POCcar was decomposed to 585 pumol L'l, which is equivalent to 96% of the initial value.
(Fig 3a). In the NCAL culture, the final concentration of total POC was 273 umol L'l,
equivalent to 59% of the initial value.

In both, AGGcar. and AGGncar, POC concentration increased until day 10 and
remained almost stable thereafter at values of 193+7.3 umol L' for NCAL and 26216 pmol
L' for CAL, (Fig. 3a). The increase of POC in AGG followed a logarithmic growth function
in both experiments with a correlation coefficient of r?=0.980 for CAL and r=0.997 for
NCAL, indicating a limitation on the aggregation process or a balance between aggregation

and disaggregation, or between aggregation and aggregate decomposition respectively,



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

14

between days 10 and 30. The final amount of POC contained in AGG was about 42% of the
initial total POC concentration in both experiments. However, related to total POC at the time
of observation, the fraction of POC contained in AGGncar was about 70% and much higher
than the 49% in AGGcay.

Total particulate mass was initially 16.3 mg L™'in NCAL and more than two-times
lower than CAL (42.2 mg L"), which had coccolith forming cells. By the end of the
experiment total particulate mass decreased by 27.3% in NCAL and by 16.9% in CAL (data
not shown). Average POC:mass ratios for total particulates during the experiment were
0.3540.04 for NCAL and 0.17+0.03 for CAL. For NCAL, total POC: mass ratios did not
change significantly over time, whereas a slight increase in this ratio was observed for CAL
(p=0.011). POC:mass ratios for AGGncar were higher than for AGGcar due to the higher
mass of the coccosphere in the calcified cell and consistent with other bulk measurements.
However, POC:mass ratios for AGGncar were higher than POC:mass ratios of total
particulates in NCAL, indicating a selective enrichment of POC in AGG in the non-calcifying
culture.

Total PIC concentration in CAL tanks increased until day 6, indicating ongoing
coccolith formation, and fell continuously thereafter to about 20% of the initial value (data not
shown). Due to the dissolution of PIC molar total PIC:POC ratios decreased from 0.7 initially
to 0.1 at the end of the experiment. PIC:POC ratios in AGGcay varied between 0.45 and 0.8,
but in contrast to total PIC:POC ratios, showed no clear pattern over time. At the end of the
experiment PIC:POC ratios were at least two times higher in AGG than in total particulates,

indicating reduced PIC dissolution in AGG.

Initial total PN concentrations were about 50 umol L™ in both experiments (Fig. 3b).

PN concentrations increased from day O to day 3 in both tanks and decreased exponentially
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thereafter. The rate of total PN decrease in NCAL was about three times higher than in CAL
(Table 2), and yielded a final total PN concentration of 22.9 umol L™, equivalent to 45% of
the initial value. In the CAL culture, PN concentration decreased to 36.8 umol L'l, 75% of
the initial value, again indicating very little decomposition during the 1-month incubation.
Molar POC:PN ratios for all particulates (SUSP+AGG) were initially 9.1 for NCAL and 11.1
for CAL and clearly above the Redfield C:N ratio of 6.6 (Redfield et al. 1963). In both
experiments the ratio increased over time with the highest values at t=16 of 14.2 and 15.9 for
NCAL and CAL, respectively. Molar POC: PN in AGG varied from 12.2 to 15 for NCAL and

from 8.9 to 17.7 for CAL.

3.2.3 Pigments

Total (SUSP+AGG) Chl a concentration was initially higher for CAL than for NCAL
(Fig. 4). Ratios of the pigment decomposition products pheophytin (Pptn) and pheophorbide
(Ppb) (Pptn + Ppb) to their precursor, Chl a, were very small (0.03) for both cultures initially,
indicating the presence of fresh algal material at the beginning of both experiments. An
exponential decay (note log scale in Fig. 4) of Chl a was observed during both experiments.
with no initial increase in Chl a concentration at day 3. Decomposition of Chl a was
significantly faster in NCAL than in CAL (p< 0.001, Table 2). Faster degradation of Chl a in
NCAL was also indicated by a significantly steeper increase of the ratio of pheopigments
(Pptn+Ppb)/Chla during the NCAL experiment (p<0.01), yielding final ratios of 0.62 for
NCAL and only 0.30 for CAL.

No significant difference in Chl a degradation was observed between the AGG
fractions of NCAL and CAL (Fig. 4). For both cell types, however, the SUSP fractions

exhibited significantly higher ratios of pheopigments to Chl a and faster increases in these
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ratios than did their corresponding AGG fractions (#-test, p<0.01, Fig. 4), indicating
preferential decomposition of SUSP cells.

The ratio of Chl a to PN in AGG was 0.28+0.03 and 1.48+0.56 for NCAL and CAL
respectively. These ratios were significantly higher than for SUSP with 0.039 +0.02 (NCAL)

and 0.069+0.02 (CAL) (#-test, p<0.001).

3.2.4 TEP and PAA
Initial total (SUSP+AGG) TEP concentrations were 53.3 and 60.5 umol C L' in the CAL and
NCAL cultures, respectively (Fig. 5). On day 3, total TEP concentration in CAL increased
sharply by 36% over the initial value, whereas no increase was observed in NCAL. Total
TEP: POC (mol C: mol C) ratios were initially 0.088 and 0.131 for the CAL and NCAL
culture, respectively. These values are relatively low when compared to TEP:POC ratios of
0.38-0.55 observed during a mesocosm experiment with a bloom dominated by calcifying E.
huxleyi (Engel et al., 2004). In both experiments, total TEP:POC ratios decreased
significantly over the course of the experiment (p<0.005 for NCAL and CAL). No data were
obtained for NCAL on day 6 due to a break down of the photometer during measurement.
The rate constant of total TEP decomposition was significantly higher in NCAL than in CAL
experiments (p<0.01) (Table 2). In AGG, TEP concentration was initially 17.9 umol C L™ for
CAL and 5.9 pmol C L' for NCAL (day 5). TEP concentration for AGGncaAL increased to a
maximum of 14.8 yumol C L' 390 on day 23, while that for AGGcaL did not increase. The
percentage of POC made up by TEP was 44% for AGGcay. initially and decreased to 3.9 % at
the end of the experiment. In NCAL, the TEP contribution to POC in AGG was on average
3.6 £ 1.2 % with no significant changes over time. Accordingly, TEP:mass (g:g) ratios in
aggregates did not change significantly for NCAL either and yielded an average value of

0.1940.08 %. In CAL incubations, TEP:mass (g:g) ratios decreased from 0.5% to 0.14%.



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

17

Total particulate amino acid (PAA) concentrations were initially 36.6 pmol L™ and 25.7 umol
L' for the CAL and NCAL, respectively. As for total PN, the total PAA concentration
increased during both experiments on day 3 and decreased exponentially thereafter (Table 2,
Fig. 6). After day 3, total PAA concentration decreased significantly faster in CAL (p<0.01)
(Table 2), to about 53% of the initial concentration. In NCAL cultures, about 60% of the
initial concentration was left at the end of the experiment. However, no difference in the rate
of total PAA decrease was observed when the data of day 3 were omitted. Using the nitrogen
content of each amino acid determined, we calculated that at day 3, 96.6% of PN in CAL was
contained in PAA. Such a high contribution of PAA to PN indicates the production of
proteinaceous particles, such as bacteria (Fig. 7) and Coomassie Blue stainable particles
(CSP) (Long and Azam, 1996), or adsorption of dissolved amino acids onto particles. Hence
concentration pattern of PAA in CAL and NCAL during the first days of the experiment were
likely due to a combination of algal decomposition, bacterial dynamics and adsorption/

desorption processes. PAA in AGGcaL increased much faster that in AGGNcAL.

3.2.5 Bacteria

The total (SUSP+AGG) concentration of bacteria was initially 2.0 £ 6.0 x10° cell mL!
and 8.0 + 5.4 x10°cell mL"! in the NCAL and CAL cultures, respectively, and increased
during both experiments by one order of magnitude. No significant differences in the bacteria
concentration or the rate of increase of bacteria concentration between the two cultures were
observed (t-test, p=0.28) (Fig. 7). On day 16 very high bacteria concentrations were observed
during both experiments in the SUSP as well as in the AGG fractions. Because these samples

were filtered and analyzed on different dates a methodological error seems unlikely.
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However, the increase of bacteria abundance at day 16 was not reflected in changes of other
organic matter variables or oxygen consumption rates.

Bacteria in aggregates were enriched by two orders of magnitude relative to SUSP,
yielding final concentrations of 6.1 + 3.5 x 10* and 3.0 + 1.6 x 10° cells mL"' AGG for the
NCAL and CAL cultures, respectively. The percentage of bacteria in AGG varied between
52 and 94% of total bacteria, with an average of 70+ 15% for NCAL and 72 + 25% for CAL,
and was not significantly different between the two experiments. This indicates that most

bacteria in both incubations were particle associated.

3.3 PCA of organic compound composition

Results of the principal components analysis (PCA) of the amino acid and pigment
compounds dataset are presented in Tables 3 and 4 and depicted graphically in Fig. 8. One
sample (NCAL AGG, day 10) was removed from the data set because it plotted well outside
the other data. This did not affect the overall pattern of the PCA results, but allowed for
greater separation of the remaining data.

The first principal component (PC1) explained 28.7% of the variance in the data, and
the second (PC2) explained 16.3% of the variance. Loadings are listed in Table 3 in order of
their relative contributions to PC1. For PC1, only the loadings of the most useful biomarkers
of degradation will be discussed here. Chlorophyll a (Chl @) had a relatively large positive
loading on PC1 (0.263), whereas its decomposition products pheophytin (Pptn) and
pheophorbide (Ppb) had highly negative loadings (-0.322 and -0.265, respectively). The non-
protein amino acid B—alanine (BALA), a decomposition indicator (Lee and Cronin, 1982;
Dauwe and Middelburg, 1998), had a negative loading (-0.192). Another non-protein amino
acid commonly used as a decomposition indicator, y-aminobutyric acid (GABA), was not

detected in any of the samples. Glutamic acid (GLU) and aspartic acid (ASP), two amino
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acids that tend to be highly concentrated in the cell walls of calcified coccolithophores (Carter
and Mitterer, 1978), differed somewhat in their loadings. GLU had a positive loading (0.202)
whereas ASP had a slightly negative loading (-0.034).

None of these six biomarkers had significant loadings on PC2. The hydrophobic
amino acids isoleucine (ILE) and leucine (LEU) had the most positive loadings on PC2 (0.478
and 0.434, respectively), and the hydrophilic amino acids glycine (GLY) and lysine (LYS)
had the most negative loadings (-0.435 and -0.368, respectively).

In PCA, samples plot near the variables in which they are enriched (e.g., samples with
positive site scores on PC1 are enriched in variables with positive loadings on that axis). Site
scores are listed in Table 4, grouped according to each sample type. The initial time points
for each sample type (NCAL SUSP day 0, NCAL AGG day 6, CAL SUSP day 0, and CAL
AGG day 0) all had positive site scores on PC1 (1.639, 1.309, 2.061, and 3.759, respectively),
indicating that these samples were enriched in Chl a. Site scores for each sample type
progressively decreased over time, suggesting that the samples became increasingly depleted
in Chl a and enriched in Pptn, Ppb, and BALA. This is in accordance with the interpretation
that PC1 indicates OM degradation. NCAL samples in general had significantly more
negative PC1 site scores (¢-test, p=0.01 for comparison of NCAL and CAL SUSP samples,
0.03 for AGG, and 0.0005 for both combined) and also exhibited a significantly greater
decrease over time than CAL samples (F-test, p=0.005 for SUSP, 0.03 for AGG, and 0.002
for both combined). Therefore, NCAL samples were consistently more enriched in Pptn, Ppb,
and BALA.

The samples also exhibited significant separation on PC2, with aggregates consistently
having more positive site scores than suspended particles (z-test, p=0.004 for comparison of
NCAL AGG and SUSP, p=0.008 for CAL, and p=0.0002 for both combined). Aggregates

were therefore enriched in compounds with positive loadings, such as ILE and LEU, whereas
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suspended particles were enriched in compounds with negative loadings, such as GLY and

LYS.

4. Discussion

4.1 Particulate organic matter degradation

Direct comparison between a calcifying and a non calcifying E. huxleyi culture during
our incubation experiments revealed that decomposition rates of all total (SUSP+AGG) POM
components investigated were significantly reduced in the presence of biogenic calcite.
Overall, the apparent decrease of POC and PN in CAL was very small and the residual
percentage of POC and PN left after 30 days of dark incubation was more than twice as high
in CAL as in NCAL incubations. Moreover, organic compounds that can be used as
biomarkers of decomposition, such as pheopigments and the amino acid B—alanine, became
enriched to a higher extent in organic matter of NCAL than CAL. This was shown by PCA
analysis of pigments and PAA as well as by the temporal change in the ratio (Pptn+Ppb)/Chl
a during the experiments. Together, these results strongly suggest that calcified E. huxleyi
cells were better protected against decomposition than non-calcified cells during our
decomposition experiment. Therefore our data support the idea of organic protection through
mineral ballast, i.e. settling organic matter in association with calcareous particles may reach
the deeper ocean better preserved. The mechanisms that could underlie mineral protection are
manifold. Young et al. (1992) suggested that calcification might have evolved as a
mechanism to protect the cell’s protoplasm against bacterial attack by means of a physical
barrier, i.e. the coccosphere. However, thorough investigations that could support this idea are
lacking. In an experiment with the dinoflagellate Scrippsiella trochoidea, Arnarson and Keil

(2005) showed that degradation of organic matter was delayed when clay was added to the
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incubations. In their experiment some fraction of the mineral protection was attributed to the
sorption of dissolved organic molecules onto the mineral surface. Sorptive preservation of
organic molecules onto clay has been recognized as an important mechanism delaying organic
matter oxidation in sediments (Hedges and Keil 1995). This could be due in part to physical
protection of molecules that are adsorbed within micropores of the mineral surface and
therefore hidden from enzymatic attack (Mayer 1994). Liu and Lee (2007) hypothesize that
the 3-dimensional structure in organic-rich sediments also plays a major role in absorbing
organic compounds, providing a physical protection mechanism for labile organic matter. In
analogy, organic matter and coccoliths may form stable 3D structures that then physically
protect organic matter against degradation.

Another mechanism for apparent protection of particulate matter by sorptive
preservation could be that biogenic calcite offers structural support to organic matter that
otherwise would be lost to size fractions <0.7 um and hence no longer be detectable as
particulate matter. Because coccoliths provide a structure that can not be broken apart by
bacteria, the association between organic matter and coccoliths, or particulate biogenic
minerals in general, is more likely to keep organic matter in the particulate size fraction
during decomposition. Hence, biogenic calcite would favor the partitioning of organic matter
from the dissolved into the particulate fraction and therewith retain POM during
decomposition. This explanation is supported by our observation that neither bacterial
abundance nor AOU was significantly different between the experiments. Hence, the
microbial degradation of POM and the respiration of organic components might have been
similar, but the loss of POM was retarded in CAL due to the retention of potentially dissolved
organic matter (DOM) on the mineral particles. Because DOM, particles <2um, and hydrated

gel particles do not sink gravitationally on their own, they cannot contribute to particle export.
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Hence, as mentioned earlier biominerals could be ballasting otherwise buoyant fractions of

OM matter into settling processes.

4.2 Differential decomposition of organic matter

In both experiments, the total particle volume (PV) decreased significantly with time
by a factor of 5-6. Surprisingly, POC and PN decreased much less than the total PV (Fig. 3).
One possible reason for this difference is that POC/N measurements were made on particles
>0.7 um, while the Coulter Counter measured the volume of particles between 2-60 um.
Therefore, if particles in the range of 0.7-2 um contained a large proportion of POC (Altabet,
1990), or if highly hydrated gel particles that are not detectable by the Coulter Counter (such
as TEP and Coomassie Blue Stained Particles (CSP)) were abundant, this could explain the
differences we observed. TEP and CSP contain polysaccharides and proteins, respectively,
and are therefore rich in organic carbon. The increase in POC and PN concentration on day 3
of the CAL experiment coincided with an increase in TEP and PAA but not with an increase
in PV. Although TEP could only explain 40% of this POC increase in CAL, it indicates that
formation of gel particles such as TEP and CSP could make a significant contribution to
POM formation.

Changes in organic matter during decomposition were revealed by PCA. On the first
principal component axis (PC1), Chl a plotted opposite the decomposition indicators
pheophytin (Pptn), pheophorbide (Ppb), and B—alanine (BALA), suggesting that variance
along PC1 was largely due to biological degradation. These compounds had relatively small
loadings on PC2, indicating that PC1 accounted for most of the compositional variation
resulting from decomposition, whereas PC2 reflected variation due to other processes

(possibly the preferential incorporation of certain amino acids into aggregates, as explained in
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the next section). Although initial organic compositions of NCAL and CAL samples were
generally similar and plotted near to each other in the PCA, NCAL samples were initially
somewhat more enriched in Pptn, Ppb, and BALA than CAL samples and had more negative
site scores (Fig. 8). This suggests NCAL samples may have undergone some decomposition
prior to initial sampling, during the 5-day aggregation period at the beginning of the
experiment. Over time, the NCAL samples exhibited a greater decrease in Chl a and
enrichment with Pptn, Ppb, and BALA than CAL samples, supporting our argument that
NCAL samples decomposed more than CAL samples. Not surprisingly, glutamic acid, which
is often a biomarker for calcareous coccolithophores, plotted near the CAL samples. This
compound also plotted very close to Chl a, again suggesting that more calcified samples
tended to be less degraded. However, a similar biomarker for calcareous plankton, aspartic
acid, plotted near the center of the PCA. This amino acid appears to have had equally large
sources in all samples. Glycine can sometimes be enriched in degraded samples (Lee and
Cronin, 1982), although it is also enriched when diatoms are present (Ingalls et al., 2006). Its
enrichment in the NCAL SUSP samples is consistent with those samples being the most
degraded.

In both CAL and NCAL experiments the turnover times were lower for TEP than for
POC and lower for PAA than for PN. This may point to a preferential decomposition of
polysaccharides and proteins, but can also be due to diagenesis of organic matter during
decomposition, which may alter compounds to a form where they are no longer detectable by

standard analysis (Lee et al., 2004).

4.3 Role of TEP and calcite in aggregation
During the first 3 days of incubation on the roller table, we observed an increase in

TEP concentration in tanks containing calcifying cells, indicating an enhancement of
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production and/ or coagulation of dissolved polysaccharides into TEP. Coagulation rates of
DOM into POM might have been higher during the first days of both experiments than in
natural settings due to the high shear initially exerted by the spin-up of the roller tanks. This,
however, does not explain why we observed an increase in TEP formation solely in the
experiment with calcifying algae. Arnarson and Keil (2005) reported an increase of POM
during the initial phase of an experiment when clay was added to a culture of the
dinoflagellate Scripsiella trochoidea with no incubation on a roller table. In their experiment,
some fraction of POM formation was attributed to sorption of dissolved organic molecules
onto the mineral surface. Coccoliths of E. huxleyi are partly covered by acidic
polysaccharides at the time of their production (de Jong et al. 1976, van Emburg et al. 1986).
Similar to the polysaccharides forming TEP, this coccolith polysaccharide contains ester
sulfate and uronic acid groups that bind Ca** (de Jong et al. 1979) and stain with Alcian Blue
(Engel et al. 2004). To what extent the coccolith polysaccharide cover may enhance the
sorption of DOM, irrespective of dissolved polysaccharides, is unknown. Primary production
as an alternative source for TEP production in CAL seems unlikely since the experiments
were conducted in the dark. We cannot exclude the possibility that calcifying cells during our
experiment produced more dissolved acidic polysaccharides than naked cells and thus had a
higher concentration of TEP precursors initially, consequently leading to more TEP
production during the spin-up of roller tanks. De Jong et al. (1979), however, observed that
calcifying cells produce less dissolved polysaccharides than naked cells. Also, we did not
observe higher TEP formation in CAL cells prior to the experiment, i.e. both incubations had
similar TEP concentration initially. We therefore suggest that coccoliths may act as an
aggregation nucleus for colloidal DOM, such as acidic polysaccharides, leading to the
observed higher increase of TEP and POC production during the first days of the experiment.

This hypothesis is supported by the observation that the fraction of TEP within AGG at the



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

25

onset of aggregate formation was higher in CAL than in NCAL despite similar initial total
(AGG+SUSP) TEP concentration. Assuming that the coccospheres attracted a higher amount
of acidic polysaccharides than naked cells, these polysaccharides were likely to enhance
stickiness of CAL cells, resulting in faster aggregate formation as demonstrated by video
monitoring (Engel et al., 2007).

Alternatively, secondary production of TEP by bacteria could have contributed to total
TEP concentration during the experiment. Using the bacterial production rate of TEP of
0.11+0.03 fg Xqev. L cell' h™' given in Stoderegger and Herndl (1999), we calculated that
bacteria potentially contributed less than 0.5 % to TEP concentration during the first week of
the experiment. Thus they were unlikely to be responsible for the observed doubling in TEP
concentration at day 3. However, due to increasing bacteria abundance and decreasing TEP,

bacterial contribution to TEP may have been as high as 17% at the end of the experiment.

The ratio of TEP to POC (mol C: mol C) within CAL aggregates decreased during the
experiment without any detectable influence on aggregate stability. The final TEP:POC ratio
in CAL incubations was very similar to the average TEP:POC ratio within NCAL aggregates,
suggesting that a minimum amount of glue (acidic polysaccharides) might be necessary to
keep particles within an aggregate. Relative to total organic carbon or mass this amount of
TEP was fairly small (i.e. ~4% and 0.01-0.02%, respectively). We did not observe
disintegration of aggregates during the experiment. Longer incubations, however, may reveal
decomposition of the residual TEP fraction in AGG, potentially resulting in aggregate

fragmentation.

4.4 Aggregate decomposition
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We observed no decrease in organic matter concentration within aggregates during
either 30-d experiment. Investigating the decomposition of diatom cells within aggregates,
Passow et al. (2003) observed that the amount of cells and biogenic matter did not decrease
within aggregates over a 42-d period. They concluded that degradation of cells within
aggregates was either reduced or balanced by simultaneous aggregation of suspended
particles. During this experiment, the highest amount of organic matter was preserved in
aggregates at a time when changes in total organic matter concentration in the tanks were
negligible (days 15-30). Thus, if decomposition had taken place in aggregates and was
balanced by aggregation from suspended particles, we should have observed a massive
decrease of total organic matter during the second half of our experiment.

Bacterial colonization precedes organic matter degradation and enhances aggregate
formation partly because bacteria are often encapsulated by sticky material, or release mucus
substances (Decho, 1990). Thus, one might argue that decomposition of aggregates during
this experiment was slower because they were composed of already partially degraded
material that offered bacteria a poor substrate. Chl a: PN ratios, however, were significantly
higher and (Pptn + Ppb): Chl a ratios significantly lower, for AGG than for SUSP, indicating
the presence of relatively fresh algal cells in AGG. We did not observe a marked difference
in the decomposition of AGG and SUSP over time using PC1 as a degradation index (Dauwe
et al. 1999), despite seeing these differences in pheopigment/ chl a ratios. However, PC1
does not appear to exclusively indicate degradation, since compounds such as phenylalanine
(PHE), valine (VAL), alanine (ALA), and methionine (MET) that do not necessarily reflect
degradation had large loadings on this axis and may have influenced separation of the data.
AGG and SUSP samples for both cell types were well separated on PC2, indicating that these
samples had compositional differences resulting from processes other than decomposition.

This is extremely interesting, since these fractions were originally derived from the same
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cultures, and should theoretically have the same composition. Possibly, certain compounds
are preferentially incorporated into aggregates as they form from colloidal or dissolved
organic matter. Differences in hydrophobicity may control this preferential incorporation, as
suggested by the fact that AGG samples plotted near the hydrophobic amino acids leucine and
isoleucine, whereas the SUSP samples plotted near the more hydrophilic amino acids glycine
and lysine. Aggregation and disaggregation processes may therefore change the composition
of particulate organic matter (POM) as it sinks through the water column. We can only
speculate about the mechanisms that could be responsible for reduced decomposition in
aggregates. Compaction of particles within the aggregate could provide a physical barrier if it
resulted in pore sizes too small to allow bacterial attack. At small scales (interstitial pores
about 0.1 - 10 nm in diameter), aggregation may place a physical barrier between organic
substrates and decomposing organisms or their extracellular enzymes (Baldock and
Skjemstad, 2000). Previous studies on soil aggregates have found that bacteria can only exist
within aggregates when the interstitial pore spaces are at least three times their own diameter
(Oades, 1988; Baldock and Skjemstad, 2000). However, it is not yet known whether the
physical exclusion of bacteria or exo-enzymes from aggregates occurs in the water column.
Although we observed bacteria in the AGG fraction, it is not possible to determine whether
these bacteria were actually within the aggregates or merely on their surfaces (counting
bacteria requires aggregate disruption, so the original location of bacteria cannot be
determined). Bacteria abundances were higher by two orders of magnitude in AGG than in
SUSP (data not shown) and comparable to abundances observed previously on marine snow
(Smith et al., 1992). High bacterial densities were previously thought to lead to rapid
dissolution of POM in aggregates during short-term incubations (Smith et al., 1992), or during
the initial phase of long-term incubations (Grossart and Ploug, 2001). During this

experiment, however, high bacterial densities on aggregates did not cause significant
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671  solubilization of aggregated organic matter. Again, bacteria may have only been present on
672  the surface, and physically excluded from the interior of the aggregates. Also, Grossart and
673  Ploug (2001) suggested that the decrease they observed in bacterial activity on aggregates
674  with time was due to increasing grazing pressure of attached protozoa. We did not look at
675  heterotrophic flagellates during this experiment. However, since we observed no significant
676  decrease in the amount of POM and bacteria in aggregates, total grazing and subsequent
677  respiratory losses of carbon must have been small.

678 Because our experiment was limited to a 30-d period, we cannot exclude the

679  possibility that aggregate decomposition occurs on longer time scales. How effectively

680  aggregates will export organic matter to the deep ocean might therefore depend primarily on
681 the settling velocity, i.e., whether an aggregate reaches the deep sea within weeks rather than
682  months. Determination of aggregate formation, size and settling velocities during this

683  experiment revealed that aggregates in CAL formed earlier and sank faster than in NCAL

684  (Engel et al., 2007).

685

686

687 5. Conclusion

688 This study showed that the decomposition rate of most particulate organic components

689 is slowed down in calcifying cells of the species Emilinia huxleyi compared to non-calcifying
690  cells. Calcifying and non-calcifying cells both formed macroscopic aggregates whose

691  chemical compositions were different from suspended particulate matter in the surrounding
692  seawater. No decomposition of aggregates was observed within the 30 day period of both
693  experiments. Our results suggest that biogenic calcite plays an important role in the

694  preservation of particulate organic matter in seawater.

695
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Table 1. Abbreviations

ALA
ARG

alanine
arginine

BALA -alanine

Chl
CSP
ESD
GLU
HIS

ILE
LYS
Min
OM
PCA
PIC
POC
Pptn
PV
SUSP
THR
TPN
VAL

chlorophyll

Coomassie Blue stained particles
equivalent spherical diameter
glutamic acid

histidine

isoleucine

lysine

mineral

organic matter

principal components analysis
particulate inorganic carbon
particulate organic carbon
pheophytin

particle volume

particles in surrounding seawater
threonine

total particulate nitrogen
valine

AO  Acridine Orange

ASP  aspartic acid

CAL calcifying E. huxleyi cells
Corg organic carbon

DAPI

GABA y-aminobutyric acid

GLY glycine

HPLC high-performance liquid
chromatography

LEU leucine

MET methionine

NCAL non-calcifying E. huxleyi cells
PAA total particulate amino acids
PHE phenylalanine

PN  particulate nitrogen

POM particulate organic matter

Ppb  pheophorbide

SER serine

TEP transparent exopolymer particles
TPC total particulate carbon

TYR tyrosine

Xeq xanthum gum equivalent
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Table 2: Regression statistics for the first-order exponential decay of total organic matter

components over time. The decay rate constant (k) was always calculated using the highest

concentration as initial value. Significance level of difference between NCAL and

CAL:**<0.001, *<0.01.

time variable (y) decay rate standard  correlation  number of
(t, days) (k, d) deviation of coefficient observations
(k) () ()
Calcified E. huxleyi (CAL)
3-30 POC 0.012%* 0.0046 0.997 6
3-30 PN 0.012%%* 0.0057 0.999 6
3-30 TEP 0.040%* 0.0125 0.985 6
3-30 PAA 0.037* 0.0081 0.993 6
1-30 TPV 0.043%*%* 0.0114 0.988 7
1-30 Chl a 0.060%** 0.0043 0.998 6
Non-calcified E. huxleyi (NCAL)
3-30 POC 0.016 0.0161 0.997 6
3-30 PN 0.039 0.0148 0.979 6
3-30 TEP 0.058 0.0164 0.982 6
3-30 PAA 0.027 0.0089 0.990 6
1-30 TPV 0.129 0.021 0.992 7
1-30 Chl a 0.130 0.030 0.967 7




877 Table 3. Variable loadings in the principal components analysis (PCA) in order of
878  their relative contributions to PC1. Bold fonts indicate key indicators of freshness or

879  degradation.

880
Loadings

Variable PCl1 PC2
PHE 0.304 -0.033
VAL 0.299 0.067
Chl a 0.263 0.075
HIS 0.246  0.002
SER 0.244 -0.150
GLU 0.202 0.005
ARG 0.149 0.266
LYS 0.107 -0.368
ILE 0.102 0478
ASP -0.034 0.076
LEU -0.082 0.434
THR -0.115  0.262
GLY -0.183 -0.435
BALA -0.192 0.113
TYR -0.263 -0.107
Ppb -0.265 -0.067
MET -0.315  0.222
Pptn -0.322  0.042

881 ALA -0.332 -0.012

882

883

884

885

886

887

888

889

890
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Table 4. Sample site scores in the principal component analysis (PCA).

Scores
Object PC1 PC2
NCAL-SUSP
Day 0 1.639 -1.684
Day 3 0.068 -1.535
Day 6 -0.537 0.182
Day 10  -1.558 -0.787
Day 16  -2.651 -2.157
Day23  -4.539 0.026
Day30 -2.168 -0.566
NCAL-AGG
Day 6 1.309 0.920
Day 16  -4.490 0.800
Day 23  -3.411 2.563
Day 30 -4.364 0.945
CAL-SUSP
Day 0 2.061 -1.861
Day 3 1.685 -0.847
Day 6 0.774  -2.200
Day 10 0.716 -1914
Day 16 1.222  -1.195
Day 23 0.362 -1.120
Day 30 1.478 -0.318
CAL-AGG
Day 0 3.759 1.730
Day 3 2.046 1.639
Day 6 1.437 5.761
Day 10 2.147 0.700
Day 16 1.692 0.412
Day 23 1.425 0.365
Day 30 -0.102 0.141
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Figure Legends

Figure 1: Schematic presentation of the experimental set-up and sampling. Two
identical experiments were conducted in the dark. Calcifying (CAL) and non-calcifying
(NCAL) E. huxleyi cells were grown in batch cultures and incubated in 8 tanks on a rolling
table to promote aggregation (I-II). After 5d about 3/4 of the tank water was replaced by
filtered seawater to incubate aggregates in a more dilute media (III-IV). The tanks were
placed again on the roller table to simulate continuous sinking of formed aggregates for 30
more days (V). One tank was harvested at each sampling date and aggregates (AGG) were
removed from the surrounding seawater by a syringe (VI). AGG and suspended particles

without aggregates (SUSP) were then analyzed separately.

Figure 2: Changes in the total volume of solid particles > 2pum as determined by
Coulter counter during the two 30-d incubations. Symbols: open rectangles, total particle
volume in NCAL incubations; solid rectangles, total particle volume in CAL incubations.
Also shown are the changes in particulate volume of aggregates alone. Symbols: open
triangles, particle volume in aggregates in NCAL incubations; solid triangles, particle volume

in aggregates in CAL incubations.

Figure 3 a, b: Decrease of total particulate organic carbon (POC, a) and total
particulate nitrogen (PN, b) concentration during the experiments with a calcifying (solid line)
and a non-calcifying (dotted line) E. huxleyi strain. Also shown are the changes in POC and

PON concentration within aggregates. Symbols as in Fig. 2.
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Figure 4: Total and AGG Chlorophyll a (Chl a) concentration during the experiment

in NCAL and CAL. Symbols as in Fig. 2.

Figure 5: Total transparent exopolymer particles (TEP) concentration, expressed as
carbon contained in TEP, during the experiment as determined with the colorimetric method.

Symbols as in Fig. 2.

Figure 6: Total particulate amino acid (PAA) concentration during the decomposition

experiments. Symbols as in Fig. 2.

Figure 7: Total bacteria abundances during the decomposition experiments,
determined microscopically after staining with Acridine Orange. Open rectangles: NCAL,
solid rectangles: CAL. Bacteria concentration on day 16 were 88+4.1x10° for NCAL and

243+3.9 x10” and were not included in the figure to allow easier presentation of the data.

Figure 8: Graphical representation of the principal component analysis. Bold
crosshairs in the center of each plot represents ‘mean’ sample. Top panel: amino acid loadings
(key indicators of freshness/ degradation shown in larger font). Bottom: sample site scores.
Open triangles: NCAL-AGG, solid triangles: CAL-AGG, open diamonds: NCAL SUSP, solid

diamonds: CAL-SUSP. Numbers represent days on which samples were collected.



43

951
952
. Filling of Tanks with non 1. Aggregation of cultures on
calcifying (NCAL, series a) and the roller table for 5d,
calcifying (CAL, series b) cells in dark at 9°C
E.huxleyi » %
culture
7x4.2|
Ill. Sedimentation of aggregates
IV.Removal of suspended cells
V. Reincubation on the roller table @
VI. Sampling (day 1, 3, 6...30):
Vi Separation of aggregates and
) suspended cells Vv
=
Cells dispersed \‘A regates
in surrounding .Q%AGQG) ‘
seawater (SUSP) o°
953
954
955
956
957
958
959

960 Engel et al., Figure 1



961
962
963
964
965

44

particle volume >2 um

(ul/L)

days

Engel et al., Figure 2



966

967
968

969
970
971

45

POC (umol/L)

PN (umol/L)

Engel et al., Figure 3a, b



972

973
974

975
976

46

1000

chla ugn)

30

Engel et al., Figure 4



9717
978

979
980
981
982
983
984
985

47

TEP (umol C/L)

140

Engel et al., Figure 5



986
987

988
989
990
991
992
993
994
995
996
997
998

48

PAAS (umol/L)

days

Engel et al., Figure 6



999
1000

1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023

49

bacteria (x1 0°/mL)

10
days

20

30

Engel et al., Figure 7



1024
1025

1026
1027

1028

PC2 (16.3%)

0.7

0.4

0.1

-0.2

-0.5

7.0

4.0

1.0

-2.0

-5.0

JLE

ARG

Pptn

JALA

4=

U
o

(o3

- GLUg

SF

hila

TTVAL
STPHE
1SER

<
Direction of

LGLY

LYS

Degradation

-0.3

0.

0 0.3

<
Direction of

Degradation

--SUSP

-6.0

-3.0

0.

PC1 (2

0 3.0
8.7%)

Engel et al., Figure 8

6.0

50



