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Small-scale oxygen fluxes and remineralization in sinking aggregates
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Abstract

Sinking aggregates are the major component of the vertical particulate flux in most regions of the ocean. Con-
trolling factors for aggregate remineralization rates and solute exchange with the surrounding water, however, are
poorly quantified because of few empirical data. To study the role of flow and diffusion on aggregate remineral-
ization rates, oxygen distributions were mapped within and around aggregates by use of microelectrodes in a flow
field similar to that experienced by sinking aggregates. The oxygen distribution was asymmetrical with a wake of
undersaturated water at the rear (downstream) of the aggregates. Oxygen concentrations within the aggregates were
.80% of air saturation. The diffusive fluxes of oxygen at the aggregate-water interface were similar along the
equator and at the downstream pole for a wide range of different aggregate sources (field-sampled diatom aggregates,
lab-made diatom aggregates, aggregates formed from freeze-thawed diatoms, and zooplankton detritus aggregates)
measured at various temperatures. Remineralization rates were reaction limited and, hence, determined by substrate
quality and quantity rather than by transport-limited oxygen supply during sedimentation at ambient oxygen con-
centrations above ;25 mM.

Aggregates of phytoplankton and detritus colonized by
microorganisms are common features in the pelagic envi-
ronment of lakes, rivers, and the ocean (Alldredge and Silver
1988; Eisma 1993; Grossart and Simon 1993). Bacteria, fla-
gellates, and ciliates are up to 10,000-fold more concentrated
on aggregates compared to a similar volume of ambient wa-
ter (Caron et al. 1986). Aggregate sinking velocities range
between 20 and 200 m d21 (Alldredge and Gotschalk 1988),
and sinking aggregates comprise a significant component of
the flux of organic matter formed in the euphotic zone and
exported to sediments in most regions of the ocean, i.e., the
draw down of atmospheric CO2 into the deep ocean and
sediments (Shanks and Trent 1980; Fowler and Knauer
1986). However, the vertical flux of organic matter below
the euphotic zone decreases significantly with increasing wa-
ter depth, and the organic matter that reaches the sediment
is partly solubilized and remineralized through microbial
degradation during the sedimentation process (Lee and
Wakeham 1988).

Solubilization and remineralization processes of the or-
ganic substrates often imply that the concentrations of oxy-
gen, silicic acid, and dissolved organic carbon (DOC) within
aggregates are significantly different from those in the bulk
water (Alldredge and Cohen 1987; Brzezinski et al. 1997;
Alldredge 2000), and the measured influx of oxygen and
efflux of dissolved combined amino acids between the ag-
gregates and the surrounding water suggest an efficient mass
transfer at the aggregate-water interface (Smith et al. 1992;
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Ploug et al. 1997; Ploug and Jørgensen 1999). However, con-
trolling factors for small-scale fluxes of solutes between the
aggregate and surrounding water and aggregate remineral-
ization rates during sedimentation are poorly quantified be-
cause of insufficient experimental techniques. Alternatively,
mass transfer theory has been applied to estimate interface
fluxes and/or diffusion rates within aggregates on the as-
sumption that fluxes of solutes to and from aggregates are
transport limited (Csanady 1986; Brzezinski et al. 1997).

The recent development of a vertical flow system in which
aggregates can be stabilized in the suspended phase by an
upward directed flow velocity that opposes and balances the
sinking velocity of individual aggregates has now enabled
direct quantification of flow and diffusion around these dur-
ing sinking (Ploug and Jørgensen 1999). The measured gra-
dients of flow and solutes in the vicinity of aggregates in
this flow system have been shown to agree with those pre-
dicted by mass transfer theory, independent of transport lim-
itation of the biological processes (Kiørboe et al. 2001).

In the present study, small-scale oxygen dynamics and
interface fluxes were analyzed in aggregates of different
sources, sizes, and sinking velocities at various temperatures.
The measured oxygen fluxes were compared with those pre-
dicted by mass transfer theory at transport or reaction limi-
tation of remineralization rates in sinking aggregates, in or-
der to examine whether remineralization rates are indeed
diffusion limited during sedimentation.

Materials and methods

Theoretical considerations—The relative importance of
inertial and viscous forces acting in the vicinity of a sinking
particle is expressed by the Reynolds number:

UroRe 5 (1)
n

where U is the sinking velocity, ro the particle or aggregate
radius, and n the kinematic viscosity of seawater. The vis-
cous forces dominate the water movement if Re is ,0.1 and



1625Mass transfer to sinking aggregates

the streamlines are symmetrical upstream and downstream
of a sinking particle (i.e. Stokes ‘‘creeping’’ flow). The
streamlines become increasingly asymmetrical and the flow
laminar at higher Re, where the inertial forces dominate over
viscous forces (Kiørboe et al. 2001). The Reynolds number
for most sinking aggregates .0.5 mm ranges from 0.1 to 20
(Alldredge and Gotschalk 1988).

The relative increase in mass transfer due to flow in the
vicinity of sinking aggregates compared with that to sus-
pended, nonsinking aggregates in stagnant water is described
by the (bulk) Sherwood number (Sh), and it increases with
increasing Re (Kiørboe et al. 2001):

Sh 5 1 1 0.619Re0.412Sc1/3 (2)

where Re is defined with respect to aggregate radius, Sc is
the Schmidt number equal to n/Dw, and Dw is the diffusion
coefficient of the chemical solute in the surrounding water.
Eq. 2 is valid for all Re , 20, because it is deduced from
solving the diffusion/advection equations as well as Navier-
Stokes equations numerically for creeping flow and for lam-
inar flow. Turbulent flow occurs at Re k 20.

The radial, local diffusive flux of a chemical solute at
solid-water interfaces is expressed by (Sherwood et al. 1975)

dC (C 2 C )` oJ 5 2D 5 D (3)w wdr deff

where J is the flux per surface area and dC/dr is the radial
concentration gradient at the aggregate-water interface,
which can be extrapolated from the concentration at the sur-
face (Co) to the bulk concentration (C`) in order to determine
an effective diffusive boundary layer (DBL) thickness, deff.

The Sherwood number increases when the average DBL
thickness decreases because of flow. The local Sh and DBL
thickness vary several-fold from the upstream to the down-
stream region of a sinking sphere, whereas the local Sh along
equator equals that of the bulk Sh—i.e., the local Sh and
DBL thickness along equator represent the average values
of the surface integrated Sh and DBL thickness around sink-
ing spheres impermeable to flow (Kiørboe et al. 2001). The
local flux is dependent on the local DBL thickness during
transport limitation of the biological processes. During re-
action limitation (i.e., zero order kinetics), however, the flux
is constant over the entire aggregate surface, and variations
in local Sh therefore reflect variations in surface concentra-
tion depending on local DBL thickness. The ratio of local
fluxes along the equator and downstream can, thus, be used
to determine whether biological processes are transport or
reaction limited (Kiørboe et al. 2001).

When the flux is reaction limited and, hence, constant over
the entire aggregate surface, the total (area-integrated) flux
is described by

(C 2 C )` o2Q 5 4pr D 5 Sh4pr D (C 2 C ) (4)0 w 0 w ` 0deff

where Sh is the local Sherwood number, which can be ex-
pressed as the ratio of the aggregate radius to the local DBL
thickness, and C0 is the local concentration of the chemical
solute at the surface of the aggregate.

At transport limitation, the concentration of the chemical

solute is constant over the entire aggregate surface indepen-
dent on sinking velocity, and the interface flux of the solute
increases proportional to the bulk Sh. The total flux is then
described by Eq. 4, where C0 is the concentration at the
surface and Sh is the bulk Sherwood number described by
Eq. 2.

Experiments

Aggregates—Aggregates of different sources were stud-
ied. Diatom aggregates were either collected by SCUBA
during the spring bloom in Øresund (Denmark) or formed
from cultures (Chaetoceros debilis, Skeletonema costatum)
grown at 158C in a (16 : 8 h) light : dark cycle on B-medium
diluted 10-fold (Hansen 1989) with silicate added to a final
concentration of 150 mM. The diatoms from cultures were
harvested during the stationary growth phase. The S. cos-
tatum culture was frozen at 2208C. Immediately after thaw-
ing, the culture was diluted 2.5-fold in aged seawater from
the deep part of Øresund (salinity: 34‰). The C. debilis
culture was diluted 2.5-fold with Øresund water, similar to
S. costatum. Zooplankton detritus, including fecal pellets,
were collected from a zooplankton culture (Acartia tonsa)
grown on Rhodomonas baltica. The detritus was diluted and
suspended in artificial sea water. Aggregates composed of
diatom cultures or zooplankton detritus were formed in sep-
arate 0.5-liter tanks on a roller table (Shanks and Edmondson
1989). The speed of the roller table was set at the lowest
speed where aggregates were kept in suspension (1.5–2.4
rpm).

Oxygen measurements—Single aggregates were isolated
by use of a wide-bore pipette and gently transferred to the
chamber of a vertical flow system as described by Ploug and
Jørgensen (1999). The flow chamber consists of a 10-cm
long, circular plexiglass tube (diameter 5 cm) with a net
distended in the middle of the tube. The net provides a rel-
atively uniform flow field across the upper chamber. Aggre-
gates were placed on the net, and the upward directed flow
velocity was adjusted by a needle valve until the aggregate
was suspended and its sinking velocity was balanced by the
flow velocity. Aggregates were either freely suspended
above the net or fixed on a thin glass thread above the net
during measurements. The fluid motion and solute distribu-
tion in the vicinity of the aggregates under this experimental
condition are equivalent to those in the vicinity of an aggre-
gate sinking through the water column at a velocity equal to
the water flow (Kiørboe et al. 2001). The flow velocities
were calculated from the volume of water passing through
the chamber per unit time divided by the cross-sectional area
of the chamber.

Oxygen concentrations were measured at steady-state by
a Clark-type oxygen microelectrode (Revsbech 1989) with a
4-mm-wide sensing tip, a 90% response time of 0.8 s, and a
stirring sensitivity of ,0.3%. The electrode was attached to
a micromanipulator, and its signal was measured by a pi-
coamperemeter connected to a strip chart recorder. It was
calibrated in air-saturated and anoxic water with sodium di-
thionite. Dimensions of individual aggregates and the rela-
tive distance between the microelectrode tip and the aggre-
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Fig. 1. Isopleths of oxygen distribution (in percentage of air-
saturation) within and around a ;3.5-mm-large aggregate in an up-
ward-directed uniform flow field with a velocity of 64 m d21. The
crosses represent the measuring points, and the periphery of shaded
area is the boundary of the aggregate mapped by the oxygen sensor
under the dissection microscope.

Fig. 2. (A)The vertical distribution of oxygen through the center of the aggregate and (B) the
radial distribution along equator of the aggregate. Each measuring point represents the mean value
with the standard deviation of the mean value shown as bars (n 5 3).

gate surface were measured through a dissection microscope
with a calibrated ocular micrometer. The water in the flow
system was the same as the water in which aggregates had
formed, and it was kept at air saturation. The temperature
was 78C, 158C, or 238C for field-sampled diatom aggregates,
diatom cultures, and zooplankton detritus, respectively. The
salinity was 15‰–34‰. At these temperatures and salinity,
D for oxygen varies between 1.38 3 1025 and 2.12 3 1025

cm2 s21 and n varies between 1.47 3 1022 and 0.99 3 1022

cm2 s21 (Broecker and Peng 1974). For accurate determi-
nation of fluxes and DBL thickness, the analytical solutions
for oxygen distribution in the DBL were fitted to measured
values by applying the solver routine of the spread sheet
program Excel 7.0 (Microsoft), as previously described
(Ploug et al. 1997).

Results

An example of oxygen distribution mapped from 624
measurements around and within a 3.5-mm large aggregate
at a sinking velocity of 64 m d21 is shown in Fig. 1. This
sinking velocity is equal to the average sinking velocity of
similar-sized aggregates measured in situ (Alldredge and
Gotschalk 1988). Oxygen concentrations $80% of air sat-
uration occurred inside the aggregate because of oxygen res-
piration by the microbial community living at the surface
and within the aggregate. The oxygen minimum zone de-
velops where the diffusion distance to the surrounding water
is largest, and it was slightly shifted to the rear of the ag-
gregate because of flow. A wake with oxygen concentrations
lower than that of the bulk water occurred at the rear (down-
stream) of the aggregate, whereas oxygen concentrations
along the surface were ;98% of air saturation in the up-
stream region of the aggregate.

The vertical oxygen distribution through the center of the
aggregate and that along the equatorial axis relative to the
flow direction are shown in Fig. 2. The radial, diffusive flux
of oxygen is proportional to the oxygen gradient at the ag-
gregate-water interface (Eq. 3). The effective DBL thickness
was determined by extrapolation of the oxygen gradient at
the interface to the bulk water concentration, and it was 1.2
and 0.2 mm downstream and along equator, respectively.
The oxygen concentration showed a 12% decrease across 1.2
mm distance downstream (Fig. 2a) and a 2% decrease across
0.2 mm distance along equator (Fig. 2b). The interface dif-
fusive fluxes of oxygen downstream and along equator were
similar (0.17 nmol O2 mm22 h21), because the local concen-
tration difference between that at the surface and the bulk
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Fig. 3. Measured ratio of the equatorial diffusive flux to that at
the downstream pole. The ratio at transport limitation is represented
by the solid line. The horizontal lines represent average measured
values with the standard deviation of the mean value.

Fig. 4. Measured ratio of ro : DBL thickness of equator of dif-
ferent aggregates as a function of the theoretical Sherwood number
(Eq. 2). The dotted line represents the 1 : 1 ratio.

was proportional to the local DBL thickness (Eq. 3). Re-
mineralization rates were, thus, reaction limited rather than
transport limited.

The average flux of oxygen at multiple positions in the
equatorial plane relative to that at the downstream pole was
1.25 6 0.50 in aggregates of different sources and at differ-
ent temperatures (Fig. 3). The ratio of the equatorial fluxes
to the downstream flux was up to 12-fold lower than those
predicted at transport limitation. This flux ratio is a linear
function of Re0.41Sc1/3 at transport limitation and intermediate
Re (Kiørboe et al. 2001)—hence, it is a nonlinear function
of sinking velocity (Eq. 1). It depends on aggregate size,
sinking velocity, the temperature-dependent kinematic vis-
cosity of sea water, and the diffusion coefficient of the chem-
ical solute. The aggregate size ranged between 2 and 8 mm,
and the sinking velocity ranged between 54 and 200 m d21.
The flux ratio and its variation were independent of Re0.41Sc1/3

as predicted by reaction limitation of the biological process-
es. The relatively small variation of flux ratios measured was
presumably explained by heterogeneous distribution of mi-
croorganisms.

The ratio of aggregate radius to its DBL thickness mea-
sured at equator is shown in Fig. 4. The average values in-
creased proportional to the theoretical Sherwood number
with increasing aggregate size and sinking velocity (Eq. 2).
However, a large scatter was observed at high sinking ve-
locities for aggregates with relatively rough surfaces and
where the DBL thickness was in the order of 100–200 mm.
The ratio of the aggregate radius to its equatorial DBL thick-
ness increases similar to the bulk Sherwood number at in-
creasing sinking velocities but without an increase of total
mass transfer when the biological processes are reaction lim-
ited (Kiørboe et al. 2001). Instead, the concentration of sol-
utes, which are consumed within the aggregate, increases at
the aggregate surface with increasing sinking velocity.

Oxygen gradients were measured at the aggregate-water

interface along the equator at different sinking velocities, to
examine the oxygen dynamics as a function of sinking ve-
locity. Oxygen gradients and fluxes at the aggregate-water
interface of three different aggregates composed of zoo-
plankton detritus are shown as a function of sinking velocity
in Fig. 5. Oxygen gradients were observed in the surround-
ing water up to 0.8 mm distance from the aggregate surface
at low sinking velocities. At increased sinking velocities,
however, the bulk concentration occurred closer to the sur-
face concurrent with an increase in oxygen concentration at
the surface (Fig. 5, left panel). The radial flux of oxygen at
the aggregate-water interface was, thus, independent of flow
and DBL thickness at sinking velocities .10 m d21 (Fig. 5,
right panel). The DBL thickness decreased nonlinearly with
increasing sinking velocity. It decreased from 400 mm at low
sinking velocities to values #250 mm independent of aggre-
gate size at sinking velocities .50 m d21. The measured
concentration difference between that at the aggregate sur-
face and the bulk (DC) normalized to size and flux is shown
as a function of the ratio between r0 and the DBL thickness
(Fig. 6). DC decreased inversely proportional to the r0 : DBL
thickness ratio as predicted by Eq. 4 when the biological
processes are reaction limited and Q is constant. The sinking
velocity ranged between 10 and 200 m d21. The steepest
decrease in DC occurred at low sinking velocities, where the
r0 : DBL thickness ratio is low, and the relative decrease in
DBL thickness becomes large at increasing flow velocity in
the vicinity of the aggregate.

Discussion

The Sherwood number is often used in biological ocean-
ography to estimate the potential increase in interface fluxes
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Fig. 5. Radial oxygen distributions along equator of three different aggregates at different flow
velocities (left panel) and the DBL thickness and oxygen fluxes as a function of sinking velocity
in the same aggregates (right panel). Each measuring point represents the mean value, with the SD
of the mean value shown as bars (n 5 3).

as particles sink through the water column. In such model
calculations, however, it is assumed that the biological pro-
cesses are transport limited rather than reaction limited
(Csanady 1986; Karp-Boss et al. 1996; Brzezinski et al.
1997). The present study demonstrates that the diffusive
boundary layer surrounding sinking aggregates decreases in-
versely proportional to the Sherwood number, whereby the
exchange of solutes between aggregates and the surrounding
water is facilitated during sedimentation. Flow and diffusion
in the vicinity of sinking aggregates efficiently covered the
oxygen demand of the attached biota, and the oxygen uptake
was reaction limited in sinking aggregates of different sourc-
es and at different temperatures.

Oxygen transport limitation occurs where the oxygen de-
mand exceeds the potential oxygen fluxes at the aggregate-
water interface, and all oxygen is consumed at the aggregate
surface. The half-saturation constant, Km, for oxygen respi-
ration is ;0.1–3 mM O2 in heterotrophic bacteria, ciliates,
and amoeba (Focht and Verstraete 1977; Fenchel and Finlay
1995). The transport-limited diffusive oxygen flux was cal-
culated for different aggregate sizes (Eq. 4) from size-spe-
cific sinking velocities measured in situ (Alldredge and Got-
schalk 1988), the bulk Sh (Eq. 2) and the oxygen solubility
and diffusion coefficient at 48C and 208C. Transport-limited
diffusive fluxes are relatively independent on temperature,
because the temperature-dependent kinematic viscosity of
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Fig. 6. The concentration difference across the aggregate-water
interface, DC, as a function of the ratio between aggregate radius
and DBL thickness.

Fig. 7. Size-specific transport-limited flux at 48C and 208C.

Fig. 8. Measured respiration rates in aggregates of different
sources as a function of aggregate size (symbols). The solid lines
represent the transport-limited oxygen supply as a function of am-
bient oxygen concentrations, aggregate size, and average size-spe-
cific sinking velocity (Alldredge and Gotschalk 1988).

sea water, the oxygen diffusion coefficient, and solubility
balance in the combined temperature effect (Fig. 7). The
viscosity effect on sinking velocity is not included in the
calculations. To which extent the higher viscosity of sea wa-
ter at low temperatures compared with that at high temper-
atures decreases sinking velocity is difficult to predict, be-
cause aggregates do not follow Stokes settling velocities
(Alldredge and Gotschalk 1988).

It has been argued that high concentrations of organic sub-
strates in particles and aggregates make oxygen availability
the most likely limiting factor in the remineralization process
(Csanady 1986). I compiled size-specific respiration rates
measured in field-sampled and lab-generated aggregates and
compared those with the potential diffusive oxygen supply
calculated for different concentrations of oxygen in the sur-
rounding water, average size-specific sinking velocities, and
the Sherwood number, as described above (Fig. 8). Aggre-
gate sources, size, and sinking velocity are shown in Table
1. The transport-limited oxygen supply increases 26-fold be-
cause of diffusion and flow in the vicinity of aggregates
when the diameter increases 10-fold, and the oxygen gra-
dients are generally 10- to 100-fold lower than those deter-
mined by the transport-limited oxygen supply at 250 mM
oxygen in the surrounding water. The transport-limited sup-
ply of oxygen is proportional to ambient oxygen concentra-
tions. Anoxic aggregates in the 0.5–10 mm size range are,
therefore, more likely to occur in the oxygen minimum zone
of the ocean and in estuaries, as was previously suggested
by other studies (Shanks and Reeder 1993; Ploug et al. 1997,
1999).

The DOC, particulate organic carbon (POC), and partic-
ulate organic nitrogen (PON) content of field-sampled ag-

gregates increased proportional to (aggregate diameter);1.5;
i.e., the substrate content increases ;30-fold when the di-
ameter increases 10-fold (Alldredge 1998, 2000). Hence,
mass transfer scales approximately like substrate content
with increasing aggregate size. Roller tank aggregates show
higher respiration rates compared with field-sampled aggre-
gates of similar sizes, and the respiration rates on roller-tank
aggregates scale differently with aggregate size compared
with those on field-sampled aggregates (Fig. 8). This may
be explained by the fact that roller tank aggregates often are
more compact than field-sampled aggregates, and roller tank
aggregates have a higher size-specific carbon and nitrogen
content compared with field-sampled aggregates. The car-
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Table 1. Characteristics of source, size, and sinking velocity of field-sampled and lab-generated aggregates.

Aggregate source Location
Diameter

(mm)
U

(m d21)

No. of
aggre-
gates

Temper-
ature
(8C) Reference

Diatoms (Field) Øresund, Denmark 1.6–9.5 50–180 25 7 This study
Diatoms (Lab) Cultures 2.6–5.9 45–170 150 15 This study; Ploug and Grossart (2000)
Marine snow (Field)

with gelatinous mucus Southern California Bight 1.2–5.9 10–65 13 16 Ploug et al. 1999
Marine snow (Field)

Diatoms or detritus with
gelatinous mucus

Santa Barbara Channel
Southern California Bight 0.5–20 20–200 80 15–16 Alldredge and Gotschalk 1988

Estuarine aggregate (Lab) Weser, Germany 0.5–2.0 45–190 43 22 Grossart and Ploug 2000

bon-specific respiration rates, however, have been shown to
be relatively similar in aggregates sampled in the field and
produced in roller tanks, and community respiration in-
creased proportional to POC and PON content in lab-gen-
erated diatom aggregates (Ploug and Grossart 2000). Oxygen
concentrations within field-sampled marine snow were
.90% of air-saturation although bacterial abundance were
up to 2000-fold higher on aggregates compared to that in
the surrounding water, and carbon-specific community res-
piration rates were 0.12 d21 (Ploug et al. 1999). Respiration
within roller tank aggregates composed of freeze-thawed di-
atoms or fresh zooplankton detritus with high substrate con-
tent decreases exponentially during time proportional to
POC and PON content, and respiration is, thus, likely sub-
strate limited (Ploug et al. 1997; Ploug and Grossart 2000;
Grossart and Ploug 2001).

Oxygen respiration rates were calculated assuming mo-
lecular diffusion to be the sole process of mass transfer with-
in the aggregates, and the oxygen dynamics could be ex-
plained by mass transfer to spheres impermeable to flow.
Theoretical studies have shown that interstitial fluid veloci-
ties within 7–20 mm large, fast-settling diatom aggregates
may be in the order of 20–200 mm s21 (Logan and Hunt
1987; Logan and Alldredge 1989). An interstitial fluid flow
would imply that the total oxygen uptake by aggregates is
higher than the diffusive oxygen uptake measured from the
oxygen gradients at the aggregate-water interface, and mass
transfer to and from sinking aggregates would be even more
efficient than that measured in this study. Previous studies
of roller tank aggregates have shown that 80% of the time-
dependent decrease in organic carbon content is explained
by respiration, under the assumption that molecular diffusion
of oxygen to be the sole process of mass transfer within
aggregates (Ploug and Grossart 2000) and interstitial fluid
flow within large, porous diatom aggregates cannot be ex-
cluded. However, interstitial fluid flow produces less steep
oxygen gradients within aggregates compared with those that
develop at pure diffusion, given similar respiration rates. The
oxygen gradients and respiration rates measured by micro-
sensors are, thus, conservative estimates.

Anoxia has been demonstrated in mm-large crustacean fe-
cal pellets attached to large marine snow (Alldredge and
Cohen 1987), and it has been considered to be a common
phenomenon in aggregates (Bianchi et al. 1992; Shanks and
Reeder 1993; Karl and Tilbrook 1994). It has also been sug-

gested as an explanation of low production rates by aggre-
gate-attached bacteria (Azam et al. 1993). However, later
studies have shown that anoxic conditions may be an ephem-
eral phenomenon, only, in the bulk volume of sinking ag-
gregates at high ambient oxygen concentrations (Ploug et al.
1997). Bacterial production measured in 1–4-mm large ag-
gregates can be 5- to 10-fold higher during suspension/sink-
ing compared with that measured in sedimented aggregates,
partly because the diffusion distance for radio tracers into
the aggregates is significantly reduced during suspension/
sinking (Ploug and Grossart 1999, 2000). Respiration is
tightly linked to bacterial production measured on the same
aggregates, and the net growth efficiencies can be up to 0.50
6 0.10 (Grossart and Ploug 2000, 2001). The present study
demonstrates that mass transfer and, hence, solute exchange
at the aggregate-water interface is an efficient process during
sedimentation. Remineralization of 0.5–10-mm large aggre-
gates by attached biota is, therefore, determined by substrate
quantity and quality rather than by oxygen transport limita-
tion during sedimentation outside oxygen minimum zones in
the ocean.

References

ALLDREDGE, A. L. 1998. The carbon, nitrogen and mass content of
marine snow as a function of aggregate size. Deep-Sea Res. I
45: 529–541.

. 2000. Interstitial dissolved organic carbon (DOC) concen-
trations within sinking marine aggregates and their potential
contribution to carbon flux. Limnol. Oceanogr. 45: 1245–1253.

, AND Y. COHEN. 1987. Can microscale chemical patches
persist the sea? Microelectrode study of marine snow and fecal
pellets. Science 235: 689–691.

, AND C. C. GOTSCHALK. 1988. In situ settling behavior of
marine snow. Limnol. Oceanogr. 33: 339–351.

, AND M. SILVER. 1988. Characteristics, dynamics and sig-
nificance of marine snow. Prog. Oceanog. 20: 41–82.

AZAM, F., D. C. SMITH, G. F. STEWARD, AND Å. HAGSTRÖM. 1993.
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