
BGD
5, 1631–1654, 2008

Ocean acidification
and flux of marine

aggregates

X. Mari

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Biogeosciences Discuss., 5, 1631–1654, 2008
www.biogeosciences-discuss.net/5/1631/2008/
© Author(s) 2008. This work is distributed under
the Creative Commons Attribution 3.0 License.

Biogeosciences
Discussions

Biogeosciences Discussions is the access reviewed discussion forum of Biogeosciences

Does ocean acidification induce an
upward flux of marine aggregates?
X. Mari
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Abstract

The adsorption of anthropogenic atmospheric carbon dioxide (CO2) by the ocean pro-
vokes its acidification. This acidification may alter several oceanic processes, including
the export of biogenic carbon from the upper layer of the ocean, hence providing a
feedback on rising atmospheric carbon concentrations. The effect of seawater acidifi-5

cation on transparent exopolymeric particles (TEP) driven aggregation and sedimen-
tation processes were investigated by studying the interactions between latex beads
and TEP precursors collected in the lagoon of New Caledonia. A suspension of TEP
and beads was prepared and the formation of mixed aggregates was monitored as a
function of pH under increasing turbulence intensities. The pH was controlled by ad-10

dition of sulfuric acid. Aggregation and sedimentation processes driven by TEP were
drastically reduced when the pH of seawater decreases within the expected limits im-
posed by increased anthropogenic CO2 emissions. In addition to the diminution of TEP
sticking properties, the diminution of seawater pH led to a significant increase of the
TEP pool, most likely due to swollen structures. A diminution of seawater pH by 0.215

units or more led to a stop or a reversal of the downward flux of particles. If applicable
to oceanic conditions, the sedimentation of marine aggregates may slow down or even
stop as the pH decreases, and the vertical flux of organic carbon may reverse. This
would enhance both rising atmospheric carbon and ocean acidification.

1 Introduction20

Photosynthesis within the euphotic layer is the process by which organic carbon is
produced from dissolved inorganic carbon (DIC), thus favoring the drawdown of atmo-
spheric CO2 towards the oceans. The export of primary production from the surface
to the deep ocean is a key component of the ocean carbon cycle. This carbon export
– often referred to as the biological carbon pump (Volk and Hoffert, 1985) – is respon-25

sible for maintaining a vertical gradient of dissolved inorganic carbon (DIC) and thus,
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a constant drawdown of CO2 on geological time scales (Sarmiento and Siegenthaler,
1992). In such a scheme, the ocean is assumed to play a role in regulating fossil fuel
CO2 accumulation by exporting a part of the excess organic carbon produced, pro-
vided the DIC fixed during photosynthesis sinks out of the euphotic zone and is buried
in sediments.5

Therefore, the ocean plays a buffering role for atmospheric carbon concentration,
with about half of the anthropogenic CO2 released since pre-industrial times now stored
in the ocean (Sabine et al., 2004; Feely et al., 2004). One of the consequences of the
continuous uptake of atmospheric CO2 by the ocean is the reduction in seawater pH
(Caldeira and Wickett, 2003), which may decrease by 0.8 to 1.4 units over the next10

300 years (Caldeira and Wickett, 2005). While the effects of ocean acidification on
carbonate fixing marine organisms received increasing attention in the past decade
(Gattuso et al., 1998; Riebesell et al., 2000; Langdon et al., 2003; Orr et al., 2005;
Gazeau et al., 2007), the consequences of ocean acidification on the efficiency of
the biological carbon pump for regulating atmospheric CO2 emissions are still widely15

unknown.
Amongst the mechanisms controlling the vertical export of organic carbon, the for-

mation of marine snow aggregates is one of the most important (Shanks and Trent,
1980; Smetacek, 1985; Fowler and Knauer, 1986; Asper et al., 1992; Jackson and
Burd, 1998). By determining the abundance and sinking characteristics of marine ag-20

gregates, aggregation controls vertical export of large particles (Fowler and Knauer,
1986; Asper et al., 1992; Jackson and Burd 1998), of picoplankton cells (Richardson
and Jackson, 2007), and of dissolved organic carbon (Engel et al., 2004) – materials
ultimately stemming from primary production. The abundance and sinking characteris-
tics of aggregates depend on the rate at which particles collide, and on the probability25

of adhesion upon collision (i.e., stickiness). While collision rate is controlled by the
concentration and size of particles, and by fluid dynamics, adhesion depends upon the
sticking properties of particles (Jackson, 1990). Particle stickiness proved to play a key
role in controlling aggregation and sedimentation (Boyd et al., 2005; Jackson et al.,
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2005). For example, model simulations predict that an increase of particle stickiness
by one order of magnitude (i.e., from 0.1 to 1) decreases the critical concentration for
algal aggregation by one order of magnitude (Boyd et al., 2005). As a result, an in-
crease of particle stickiness would increase sinking rates and reduce the concentration
of particles in the upper ocean (Boyd et al., 2005). While the formation of aggregates5

is largely controlled by the sticking properties of particles, sedimentation of aggregates
depends upon their density. Therefore, the efficiency of the biological pump to adsorb
the excess organic carbon produced is ultimately linked to the abundance and density
of aggregates.

Transparent exopolymeric particles (TEP) (Alldredge et al., 1993) play a central role10

in aggregation and sedimentation processes by promoting aggregation (Passow et al.,
2001), and by regulating sinking characteristics of aggregates via alteration of their
density (Azetsu-Scott and Passow, 2004). The role of TEP as a regulating factor of ag-
gregate formation is two-fold: (1) they increase the concentration of particles and, thus,
collision frequency, and (2) they increase particle stickiness and, thus, coagulation effi-15

ciency. TEP stickiness, which is higher than that of any other particles, is linked to the
presence of a high fraction of acid polysaccharides, which allow them to form cation
bridges and hydrogen bonds (Passow, 2002). Therefore, variations of environmental
conditions potentially affecting the surface charge distribution and the conformation of
TEP, such as pH, may alter their sticking properties (Passow, 2002). Finally, owing to20

their low density (Azetsu-Scott and Passow, 2004), the relative contribution of TEP to
marine aggregates determines the excess density of aggregates and, thus, their fate
in the water column. As an example, an aggregate composed of a large proportion of
TEP will remain suspended in the water column or even move upward (Azetsu-Scott
and Passow, 2004; Mari et al., 2007).25

To test how ocean acidification might influence the biological pump and thus the
carbon balance, I investigated the effects of pH variations on the physico-chemical
processes of aggregation and sedimentation by conducting a pH perturbation study
with seawater collected in the Southwest lagoon of New Caledonia. This study con-
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sisted of a two-step experiment. First, cell-free but TEP-precursors-containing seawa-
ter was mixed with inert beads, and the interactions between TEP and beads were
monitored as a function of pH under increasing turbulence conditions. This approach
allows studying the effect of pH variations on aggregation, using a simplified marine
system composed of naturally occurring TEP and artificial beads. Second, after mon-5

itoring the effects of pH on aggregation processes, the samples containing TEP and
beads were transferred into settling chambers, and the vertical transport of particles
was monitored over time.

2 Material and methods

2.1 Sampling10

Seawater samples were collected at a 15 m deep coastal site in the lagoon of New
Caledonia (22◦15′47′′S 166◦25′55′′E), at 5 m depth and at weekly intervals during six
occasions in August and September 2007 using a 5 L Niskin bottle. The character-
istics of the water column were constant over the course of the experiment. The la-
goon of New Caledonia is a semi-closed, relatively shallow site, surrounded by olig-15

otrophic oceanic water and connected to the ocean by narrow passes through the reef.
The concentrations of chlorophyll a, dissolved inorganic nitrogen (nitrate+nitrite (NOx))
and phosphorus (PO3−

4 ) averaged (±s.d.) 0.48±0.07µg L−1, 0.09±0.05µmol L−1,
0.07±0.01µmol L-1, respectively. The temperature averaged (±s.d.) 22.03±0.17◦C,
and the salinity averaged (±s.d.) 35.40±0.13.20

2.2 Experimental set-up

Seawater was filtered at low vacuum pressure (<15 kPa) through 0.2µm polycarbonate
filters. The filtrate that contained TEP precursors was put inside two 2-L containers of
a mixing device generating small-scale turbulence. One container was used as the
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control (pH=8.16), while H2SO4 was added in the other to reach a reduction in pH of
0.2, 0.4, or 0.8 units.

2.3 Aggregation

Variations of the sticking properties of TEP as a function of pH were studied largely fol-
lowing the method of Mari and Robert (2008). After pH adjustment, Polybead Carboxy-5

late microspheres of 6 µm diameter (Polysciences, Inc., initial concentration=0.025 g
mL−1 for 2.5% solid volume, density=1.05 g cm−3) were added to the filtrate to yield
a final concentration of ca. 4000 mL−1. The volume of beads solution added was cal-
culated from the beads solution characteristics described above. In order to avoid
clustering, the volume of beads added to each container was diluted in 20 mL of 0.2-10

µm filtered seawater stemming from the respective treatment and sonicated for 5 min
prior to turbulence production. The mixing device is composed of two grids oscillating
vertically inside the two 2-L Plexiglas cylindrical containers, and generates small-scale
turbulence under the control of a rotor controlling the oscillation frequency (Peters et
al., 2002).15

The interactions between TEP and beads were monitored at room temperature
(room was temperature controlled at 22◦C) under increasing turbulence intensities,
tuned at the start of three successive 1 h periods. The frequency of oscillations was
set to reach turbulence kinetic energy dissipation rates, ε, of 0.1, 1, and 10 cm2 s−3,
during the first, second, and third hour of the experiment, respectively (Mari and Robert20

2008). Samples were collected every hour (four sampling occasions) in order to deter-
mine TEP size spectra and to describe the relationship between TEP and beads.

2.4 Vertical transport

After the last sampling in the turbulence chambers, the solutions were transferred in
250-mL tissue culture flasks. For each treatment, four flasks were filled with 200 mL of25

solution in order to follow the vertical repartition of particles over time. Sampling was
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performed every hour for 4 h, each flask being used for a single sampling occasion.
In order to monitor the upward and downward flux of particles, 20 mL of the surface
and bottom layers were siphoned from each flask. Since the room was temperature
controlled at 22◦C, which corresponds to the seawater temperature, thermal convection
was assumed negligible. During the experiments, the flasks were left perfectly still (i.e.,5

turbulence-free) on the bench.
The height of the studied water column was 8.7 cm. In order to avoid disturbing

the layering 20 mL (corresponding to 9 mm water column) of the surface layer were
siphoned using a Pasteur pipette fixed on a stand. The stand was in turn fixed on an
elevating platform (Labo-lift). The pipette was slowly immerged to 9 mm depth under10

the surface and the top 20 mL were gently siphoned by gravity into a small glass vial. In
order to recover 20 mL of the bottom layer, the intermediate water column was siphoned
off by slowly immerging the pipette, leaving 20 mL (a seawater column of 9 mm) in the
bottom of the settling chamber. After sampling, the solutions were immediately filtered
to determine the TEP volume concentration and to enumerate the number of beads.15

2.5 TEP and beads determination

TEP size spectra, the abundance of beads and the relationship between TEP and
beads and were determined from 5 mL sub-samples filtered onto 0.2-µm polycarbon-
ate filters, stained with Alcian Blue (Alldredge et al., 1993), and transfer of the retained
particles onto a microscope slide (Passow and Alldredge, 1994). TEP size spectra20

and the total abundance of beads were determined for each slide by counting and
sizing TEP and by counting beads at 250×magnification using a compound light mi-
croscope. The equivalent spherical diameter (ESD; µm) of individual TEP was calcu-
lated by measuring its cross-sectional area with an image-analysis system (ImagePro
Plus, MediaCybernetics) and counts were combined and classified into 20 logarithmic25

size classes (Mari and Burd, 1998). A relationship between TEP size and numbers of
attached beads was established for each sample by sizing individual TEP and enumer-
ating its associated beads at 400×magnification. A minimum of 20 mixed aggregates
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of TEP-beads were studied for each slide.

2.6 Ascending and settling velocity

Instantaneous ascending and descending velocities of TEP and beads, W (cm s−1),
were calculated from the variations of the concentration of particles in the surface and
the bottom layers, using the formula (Azetsu-Scott and Passow, 2004):5

W =
(Ct − C0) V

AC0t
(1)

where Ct and C0 are the volume concentrations of TEP (ppm) or the concentrations of
beads (mL−1) in the considered layer at time t and t0, V is the volume of the considered
layer (20 cm−3), A is the area of the settling column (22.32 cm2), and t (s) is the time
interval between t and t0. The distribution of particles was assumed homogeneous10

throughout the flasks at the start of the settling experiment. The vertical transport of
TEP by passive diffusion is too slow to account for the changes observed during these
short-term experiments and was thus ignored (Azetsu-Scott and Passow, 2004).

3 Results and discussion

3.1 TEP and beads aggregation15

For each turbulence level, the number of TEP-attached beads per unit of TEP volume
decreased significantly in the acidified seawater in comparison to the control (Fig. 1).
In addition, the fraction of TEP-attached beads decreased independently of the turbu-
lence level from 66±9% in the control treatment, to 45±6%, 30±12%, and 39±9% for
a reduction in pH of 0.2, 0.4, and 0.8 units, respectively. Therefore, the decrease of20

the number of TEP-attached beads per unit of TEP volume subsequent to acidification
seems to be caused by a reduction of TEP sticking properties. Since, in the acidified
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treatments, TEP promote the formation of aggregates with a reduced proportion of
dense particles (i.e., the beads), one may expect the density of aggregates to lessen
and, thus, their vertical transport toward the bottom to decrease.

At the start of the settling experiments, 10% of TEP had a diameter >12.5±0.7µm,
>15.3±0.6µm, >15.5±1.8µm, and >14.5±1.7µm, for the control and for the treat-5

ments with a reduction in pH of 0.2, 0.4, and 0.8 units, respectively (Fig. 2a) thus,
indicating a shift to larger size class subsequent to acidification. In addition, the abun-
dance of TEP was higher in the acidified treatments than in the control (Fig. 2b). Due
to an increase in both the size and abundance of TEP, their volume concentration at
the start of the settling experiments was three-fold higher in the pH treatments than in10

the control (Fig. 2b). Since TEP producers were removed by filtration through 0.2µm
membranes prior to pH adjustment and that initial concentrations of TEP precursors
were identical in the control and in the acidified seawater, the observed increase can-
not be caused by an enhanced production of TEP precursors from phytoplankton or
bacteria. Instead, this suggests that the observed increase in the concentration of TEP15

could be due to a pH-induced alteration of the physico-chemical processes responsible
for TEP formation, and not due to a stimulation of the production of TEP precursors by
planktonic organisms. As showed by Dogsa et al. (2005), variations of pH induce a
modification of the structure of exopolymeric substances released by bacteria and in
particular may lead to swollen structures. Accordingly, one may hypothesize that TEP20

also swell when pH decreases, which in turn would result in an increase of TEP size in-
dependently of aggregation processes. In other words, a reduction of pH may swell the
exopolymeric matrix and lead to an increase in size and, thus, volume concentration,
independently of coagulation processes. As a result, the fourfold increase in TEP con-
centration subsequent to pCO2 enhancement observed during mesocosm experiments25

(Riebesell et al., 2007; Engel, 2002) could be partly due to a pH-induced modification
of TEP structure, rather than to be solely due to an increase of TEP production. How-
ever, it is difficult to compare the increase of TEP observed in the present study and
in the mesocosm experiments for two reasons. Firstly, because the methods used to
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determine TEP concentration differed, and secondly TEP producers were present in
the mesocosms, thus, increasing TEP production subsequent to pCO2 enhancement.

3.2 Vertical transport as a function of seawater pH

In the control treatments, the concentrations of TEP and of beads increased during
the first hour of the settling experiment, both in the surface and bottom layers (Fig. 3).5

This increase in both layers can only occur if TEP and beads moved vertically both
upward and downward. The observed decrease of TEP and beads concentrations in
the surface layer after the first hour of the experiment suggests that those particles may
“escape” the surface sampling after they reached the air-water interface by adhering
to the surface microlayer (SML). In addition, when the volume of seawater lowered10

subsequent to sampling, the SML was mostly likely ruptured and lost via attachment
to the inner walls of the chambers. Since the sampling procedure does not seem to
recover satisfactorily the TEP and beads that are likely accumulating in the SML, the
upward velocity in the control treatments was determined only from changes in TEP
and beads concentrations occurring in the surface layer during the first hour. The15

downward velocity in the control treatments was calculated from changes in particle
concentrations occurring in the bottom layer during the first hour.

In the pH treatments, the concentrations of TEP and of beads always decreased in
the bottom layer during the whole experiment (Fig. 3). This decrease in the bottom
layer can only occur if both populations of particles moved upward. Accordingly, the20

concentration of particles should increase in the surface layer. The apparent diminution
of TEP and beads concentration in the surface layer, as well as the high variability of
the concentration of particles in this layer suggest that the accumulation of particles in
the SML may hide the suspected upward flux. Since the concentration of particles in
the bottom layer always decreased and that the surface sampling apparently failed to25

detect the surface accumulation of particles, the upward velocity in the pH treatments
was calculated from changes in TEP and beads concentrations occurring in the bottom
layer during the first hour.
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As the middle layer was not investigated, it is possible that the particles that moved
upward remained in the middle layer and never reached the surface layer. Although
the sampling procedure does not allow verifying that this mechanism did not occur, it
is considered very unlikely.

3.3 Upward and downward particle velocities5

The velocity at which particles moved vertically (i.e., downward and upward) in the
settling chambers was calculated from the variation in the concentration of particles at
the surface and bottom layers after one hour. Average velocities were calculated from
6 and 3 measurements for the control and pH treatments, respectively.

In the control, the concentration of TEP increased in both layers. Their settling10

velocity averaged (±s.d.) 0.57×10−3±0.43×10−3 cm s−1, and their ascending ve-
locity averaged (±s.d.) 0.34×10−3±0.16×10−3 cm s−1. In the acidified seawater,
the concentration of TEP in the bottom layer always decreased concomitant with
an increase in the surface layer, and their average ascending velocity increased to
0.40×10−3±0.15×10−3, 0.91×10−3±0.54×10−3, and 1.80×10−3±0.76×10−3 cm s−1 for15

a reduction in pH of 0.2, 0.4, and 0.8 units, respectively. The concentration of beads
in the bottom layer of the chambers containing the acidified solutions, decreased to
89±11%, 86±16%, and 75±10% of the initial concentration for a reduction in pH of
0.2, 0.4, and 0.8 units, respectively. The average ascending velocity of beads reached
0.33×10−3±0.19×10−3, 0.41×10−3±0.38×10−3, and 0.72×10−3±0.39×10−3 cm s−1 for20

a reduction in pH of 0.2, 0.4, and 0.8 units, respectively (Fig. 4). On the contrary,
the concentration of beads in the bottom layer of the control chambers, reached
258±78% of the initial concentration, and the average settling velocity of beads
reached 0.19×10−3±0.07×10−3 cm s−1. This shows that the decrease in pH stimu-
lated the upward flux of TEP and attached beads.25
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3.4 Potential implications for carbon export in the ocean

Recently it has been shown that an increase of the partial pressure of CO2 could sig-
nificantly increase the rate of organic carbon removal from the upper layer of the ocean
(Riebesell et al., 2007), thus, pleading for biologically-driven feedbacks on rising atmo-
spheric carbon concentration. A suggested pathway for this excess carbon consump-5

tion is the settling of organic material linked to enhanced TEP concentration (Riebesell
et al., 2007). Conversely, one may also argue that the observed elevated consumption
of DIC is indeed associated with higher loss of organic carbon in the water column,
but upward rather than downward, in other words into the SML. This alternative path-
way is supported by the four-fold increase in the concentration of TEP (Riebesell et al.,10

2007) and, thus, the likely enhanced contribution of TEP within aggregates composi-
tion, which in turn should reduce their density.

Previous studies have shown that TEP could reduce the sinking velocity of marine
aggregates by decreasing their density. Azetsu-Scott and Passow (2004) demon-
strated that TEP have a density lower than seawater, and that they move upward un-15

less combined with denser particles. In addition, they also demonstrated that TEP
can bring attached beads to the surface. During their study, Azetsu-Scott and Pas-
sow (2004) used beads with the same density as those in the present study. By study-
ing sinking velocities of large Nitzschia closterium aggregates (>0.1 cm), Engel and
Schartau (1999) proposed that sinking velocity of such aggregates decreased when20

their specific TEP content increased. Thus, it is clear that TEP can reduce the sinking
velocity of marine aggregates depending on the concentration at which they appear
inside aggregates.

During a study of the development of a coastal bloom, Azetsu-Scott and Niven (2005)
presented further evidence that TEP may indeed promote an upward flux of organic25

matter. The authors showed that TEP concentrations were consistently higher in the
surface layer (from the surface to <5 cm depth) during the bloom than at 5 m, where the
maximum of chlorophyll was located and they concluded that TEP were indeed moving
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upward. Since TEP in particular (Niven et al., 1997) and acid polysaccharides in gen-
eral (Quigley et al., 2002) are known to be highly reactive with thorium, the hypothesis
that a large fraction of TEP ascend in the water column is supported by the observed
concomitant accumulation of Thorium-234 and TEP in the surface layer (Azetsu-Scott
and Niven, 2005). In addition, since high TEP concentrations may reduce the down-5

ward export of biogenic carbon via a diminution of the density of marine aggregates,
one may hypothesize that the high biomass formation (mainly due to diatoms), but
low downward export observed subsequent to iron enrichment in the Southern Ocean
during the SOIREE experiment (Boyd et al., 2000) might be caused by a high TEP
production. During this experiment, the fertilization with iron resulted in an increase in10

primary production and a shift in the phytoplankton composition to large diatoms, but
this increase was not accompanied by increased export rates.

Although it would have been more appropriate to decrease the pH by increasing
pCO2 to mimic the ocean’s acidification, this approach would have implied bubbling,
process known to alter: (i) the size distribution of particles by promoting surface coagu-15

lation, and (ii) the vertical repartition of TEP. Therefore, an acid-driven acidification was
considered more appropriate to investigate the effect of acidification on aggregation
efficiency. Aggregation was studied inside 2-L turbulence chambers, thus, containing
about 56.4 mmol of SO2−

4 . The volume of H2SO4 added to the 2-L solutions to decrease
the pH were 5.5µL, 8.9µL and 15.3µL for a diminution of pH of 0.2, 0.4, and 0.8 units,20

respectively. The molarity of the H2SO4 used was 17.8 mol L−1. Seawater contains
about 28.2 mmol L−1 of SO2−

4 . Therefore, according to the volumes of acid added in

seawater to reduce the pH, the concentration of SO2−
4 increased by only 0.17%, 0.28%

and 0.48%, for a diminution of pH of 0.2, 0.4, and 0.8 units, respectively. As a result,
alteration of alkalinity, cation concentration in seawater, as well as interaction of excess25

sulfate half-ester sulfate reactive groups of TEP was very minor and was thus ignored.
Assuming that the observed responses to a reduction in pH driven by acid addition

apply at a more global scale to the future natural environment, the present study sug-
gests that predictions about future atmospheric CO2 concentration may be underesti-
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mated, as they assume a constant drawdown by the ocean. The effect of ocean acidi-
fication on the biological pump can be crudely estimated assuming that: phytoplankton
cells interact with TEP the same way the beads did and phytoplankton abundance is
equivalent to that of beads (i.e., by replacing the beads by phytoplankton cells), vertical
carbon flux is dominated by TEP-phytoplankton aggregates, phytoplankton density is5

around 1.30 g cm−3 (from 1.10 to 1.50 g cm−3; Azetsu-Scott and Johnson, 1992), TEP
density (Azetsu-Scott and Passow, 2004) is ca. 0.84 g cm−3, and using volume:carbon
conversion factors for TEP (Mari, 1999) and for phytoplankton cells (Strathmann, 1967).
In such a scenario about half of organic carbon contained in TEP-phytoplankton ag-
gregates should settle down under current pH conditions, while this downward flux of10

organic carbon should drop to <10% and the upward flux should raise to >90% af-
ter a diminution of seawater pH of 0.2 units or more (Fig. 5). This scenario should
be considered cautiously for several reasons. First, marine aggregates are not solely
composed of TEP and phytoplankton, and dense enclosures, such as clays, may sig-
nificantly enhance their density. Second, while the latex beads are not sticky and, thus,15

reduce the interspecific stickiness between TEP and beads, the phytoplankton cells
as well as many other marine particles are sticky. Therefore one may expect TEP to
associate with more naturally occurring particles than with latex beads. As a result,
naturally occurring marine aggregates should be denser than extrapolated only from
the interactions between TEP and beads. Finally, the sticking properties of TEP are20

quite variable (from ca. 0.1 to 0.8; Kiørboe and Hansen, 1993; Kiørboe et al., 1994;
Dam and Drapeau, 1995; Logan et al., 1995; Engel, 2000; Mari and Robert 2008) and
depend bloom dynamics (Dam and Drapeau, 1995; Engel, 2000) and environmental
conditions (Mari and Robert, 2008) and, thus one may argue that the sensitivity of
TEP to pH variations could vary as a function of bloom dynamics and environmental25

conditions.
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4 Conclusions

Since TEP have a density lower than seawater, the downward export of aggregates
is possible if the contribution of dense particles to aggregates in high enough with re-
gard to TEP contribution. The results allow concluding that a diminution of seawater
pH induces a diminution of the sticking properties of TEP (as shown by the diminution5

of the number of attached beads per TEP) and an alteration of their structure, which
translates in the apparition of larger swollen TEP. Both mechanisms concur to lessen
marine aggregates density. Therefore, provided acidification driven by H2SO4 triggers
similar mechanisms than acidification driven by pCO2, the acidification-induced inhibi-
tion of the downward flux of carbon and its counter part, the enhanced upward flux of10

material, may fuel the SML which ultimately should end up in the remineralization of
organic carbon in the euphotic zone, hence, providing a positive feedback loop for the
rising of atmospheric carbon and for climate change. Future work should not ignore
the role of the SML in these processes.
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Fig. 1. Variation of the number of TEP-attached beads per unit of TEP volume as a function
of pH under the three successive turbulence regimes. Each value corresponds to the average
(±s.d.) of 6 measurements for the control and of 3 measurements for each pH treatment. The
values marked with a cross are significantly different from the control (t-test, p<0.05).
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Fig. 2. Effect of pH variations on: (a) TEP size, as depicted by the 10th percentile of individual
TEP volume, and (b) TEP volume concentration (black bars) and abundance (open bars), at
the start of the sedimentation experiments. Each value of number and volume concentrations
corresponds to the average (±s.d.) of 6 measurements for the control and of 3 measurements
for each pH treatment. The values marked with a cross are significantly different from the
control (t-test, p<0.05).
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Fig. 3. Variations of TEP and bead concentrations in the surface (open circles) and bottom
(black circles) layers as a function of pH during the settling experiments.
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Fig. 4. Effect of pH variation on ascending velocities of TEP (black circles) and of beads
(open circles) in the settling chambers. Relationships between pH and ascending velocities
were determined by correlation and regression analysis using all data (n=15). The ascending
velocities increased significantly subsequent to a reduction in pH, for TEP (r2=0.70, p=0.0002,
F=26.325) and beads (r2=0.46, p=0.0054, F=11.097).
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Fig. 5. Simplified model describing potential modifications of vertical transport of TEP-
phytoplankton aggregates as a function of pH. The expected fraction of particulate organic
carbon (POC) transported upward (open circles) and downward (black circles) were estimated
assuming an average density for phytoplankton of 1.30 g cm−3. The dotted and dashed lines
represent the range of expected fraction POC transported considering the lower (i.e., 1.10 g
cm−3) and higher (i.e., 1.50 g cm−3) limits for phytoplankton density, respectively.
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