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ABSTRACT- The colloidal fraction of dissolved organic carbon in seawater is one of the largest reser-
voirs of organic carbon on the planet, outweighing phytoplankton or the bacteria by a considerable
margin. Even though this colloid-sized material is a carbon reservoir of global significance, it is not
easily accessible to the bacternia and may escape extensive biological degradation by virtue of its parti-
cle size characteristics. However, when larger colloids {(between 0.2 and 2.0 pm in diameter) are incor-
porated into microaggregates (that are tens of pm to mm across), colloidal organic carbon {COC) is
broken down as the aggregates become bioreactors for organic material. For example, the aggregation
of colloids and bacteria by surface coagulation triggers a brief (2 to 4 h) episode of bacterial respiration.
The bioreactive nature of aggregates is confirmed in their development as sites of intense bacterial
exoenzyme activity, even though the organic material released by this activity remains largely uncou-
pled from bacterial growth. The degradation of COC in aggregates is a process that is missing from cur-
rent models of carbon transport and ocean productivity. In addition, while the COC caught up into
aggregates may be more bioreactive than previously suspected, respiration of the aggregated material
persists for only a few hours. Realistic measurements of respiration should take this short-lived, but
intense, response to aggregation into account.
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INTRODUCTION

Colloidal organic carbon (COC) is one of the largest
reservoirs of organic carbon on the planet (Cauwet
1978, Hedges 1987, Druffel et al. 1992). It easily out-
weighs the phytoplankton or bacteria (Cauwet 1978,
Druffel et al. 1992; Fig. 1B). Colloidal organic particles
(between 1 nm and a few pm in diameter) are also the
most abundant particles in seawater, reaching concen-
trations as high as 107 to 10° ml~' (Koike et al. 1990,
Wells & Goldberg 1991, 1992, 1994).

In theoretical and laboratory treatments of particle
dynamics (Friedlander 1960a, b, McCave 1984, Farley
& Morel 1986, O'Melia 1987, Honeyman & Santschi
1989, 1992, Santschi & Honeyman 1991a, b, Johnson &
Kepkay 1992, O'Melia & Tiller 1993, O'Melia & Yang
1994), colloid aggregation has been identified as an
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important mechanism for transferring COC up the par-
ticle size spectrum to form microaggregates. These
smaller aggregates can then coalesce on a large scale
to produce the macroaggregates known as 'marine
snow’ (Alldredge & Hartwig 1986).

The settling out of aggregates and copepod fecal
pellets have been identified as 2 major routes for the
transport of organic carbon from the photic zone to the
ocean interior. A number of authors (Honjo 1980,
Banse 1990 with references) have reported that most of
the material collected by sediment traps is in the form
of aggregates rather than fecal pellets. Others (All-
dredge et al. 1987, Riebesell 1989 with references)
have found the opposite — that fecal pellets are the
primary component of material collected by traps.
There are 2 reasons why it has been difficult to resolve
these conflicting data: (1) fecal pellets settle out
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rapidly, while slower-settling aggregates remain in
suspension to at least partially recycle their carbon into
the water column; (2) the bioreactivity of aggregates
(the rate at which aggregate carbon is broken down
and respired to CO,) is not well understood.

Johnson & Kepkay (1992) have suggested that col-
loid aggregation can accelerate the degradation and
respiration of COC. Given the significance of COC as a
global reservoir of carbon, any process that could
enhance its reactivity would play a major role in the
redefinition of carbon transport and ocean productiv-
ity. Nearly all of the results to date suggest that colloid
aggregation is indeed an important process (McCave
1984, O'Melia & Tiller 1993 with references), but it is
difficult to utilize existing data sets to establish what
might be taking place in the real ocean. Most of these
data sets are characterized by adherence to either a
biological or physico-chemical viewpoint. Alldredge &
Hartwig (1986) and Johnson et al. (1990) have already
outlined the limitations of this partitioned approach to
aggregation. They go on to make a point that will be
repeated throughout this review — that a combined
physical, biological and radiochemical approach is the
only viable route to a quantitative understanding of
colloid aggregation and its effect on the respiration of
COC.

DISSOLVED AND COLLOIDAL ORGANIC CARBON
Nomenclature

Oceanographers have traditionally defined dis-
solved organic carbon (DOC) in seawater as the carbon
passing through a filter (e.g. a Whatman GFC fiber-
glass disc with a nominal pore size of 1.0 ym). This
operational definition of DOC is based on size fraction-
ation, rather than the chemical or biochemical charac-
terization of organic carbon, and suffers from a number
of limitations. For example, when seawater passes
through a filter, organic material is adsorbed onto pore
walls (Johnson & Wangersky 1985, Buffle et al. 1992)
and the pore size changes. In addition, the organic
material that passes through the filter is difficult to
characterize by most of the methods available to ana-
lytical chemists. Many of the difficulties encountered
in the chemical characterization of DOC are related to
the fact that seawater is a complex, salt-rich and
poorly-defined solvent (Wangersky 1975, 1993). This
means that the definition of DOC by size fractionation
is probably here to stay, even though it may have little
to do with the composition or reactivity of the so-called
dissolved fraction.

Some of the more recent work on DOC has been
focused on refinements of size fractionation (e.g. see

Benner et al. 1992, Buffle et al. 1992). In particular,
ultrafiltration techniques have been used to subdivide
DOC into colloidal organic carbon (COC) and low mol-
ecular weight organic carbon (LOC). COC (which is
sometimes referred to as submicron or high molecular
weight carbon) is made up of organic particles or
aggregates between 1 nm and a few pm in diameter
(Stumm 1977, Heimenz 1987). LOC is smaller organic
material, with particle diameters of less than 1 nm (or
molecular weights of less than 10 000).

Size of organic carbon pools

DOC in the ocean is recognized as one of the 3 main
reservoirs of organic material on the planet, equal to
the carbon stored in terrestial plants or soil humus
(Hedges 1987). A new analytical technique (Sugimura
& Suzuki 1988) was also thought to recover 200 to
400 % more DOC than older methods (such as photo-
oxidation). This new technique, based on high temper-
ature catalytic oxidation (HTCO) in a vertical furnace,
made an organic carbon pool of already global signifi-
cance assume even more importance. However, since
retraction of the original HTCO results by Suzuki
(1993), there has been a steady, downward revision of
the DOC pool size. HTCO now appears to recover an
absolute maximum of 10 to 40% more DOC than
photo-oxidation (Chen & Wangersky 1993, Ridal &
Moore 1993). Given the recent chequered history of
DOC analysis, and the conflicting data that can still be
obtained by HTCO (Benner et al. 1992, Martin &
Fitzwater 1992, Ogawa & Ogura 1992, Tanoue 1992,
Sharp 1993), it is important to remember that the size
of the marine DOC pool is very much an open ques-
tion. However, even when these conflicting results are
taken into account (Sharp 1993, Sharp et al. 1994), ear-
lier estimates of DOC in the world’'s ocean (Cauwet
1978; Fig. 1A) are probably not far off values obtained
using the present analytical state of the art. DOC still
outweighs any other marine source of organic carbon
by at least a factor of 10 (Druffel et al. 1992; Fig. 1A).

Measurements of the number of colloid-sized parti-
cles in the ocean (Wells & Goldberg 1992) suggest that
COC accounts for 10 to 40 % of total DOC. Results from
the ultrafiltration of seawater (Benner et al. 1992,
Ogawa & Ogura 1992, Kepkay et al. 1993} suggest that
COC is between 15 and 35% of the total (Fig. 1B).
While these 2 independent techniques are in agree-
ment that the colloidal fraction of DOC is lower than
previously suspected {Cauwet 1978), Benner et al.
(1992) have also pointed out that COC includes a sub-
stantial carbohydrate content, making it a likely candi-
date for material that can be turned over by biological
activity. In addition, even though COC may only be
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Fig. 1. (A) Dissolved organic carbon (DOC) and other major
sources of organic carbon in the world’s ocean (adapted from
Cauwet 1978). (B) Subdivision of DOC into low molecular
weight (LOC) and colloidal (COC) fractions {adapted from
Cauwet 1978 using the ultrafiltration results of Benner et al.
1992, Ogawa & Ogura 1992 and Kepkay et al. 1993)

10 to 40 % of total DOC, it still outweighs other marine
sources of particulate organic carbon by a wide margin
(Fig. 1B). When this is combined with the possibility
that COC is bioreactive, any process affecting the
degradation of colloids will have far-reaching effects
on the cycling of a globally significant carbon pool.

Source of DOC and COC

While small organic particles can be generated dur-
ing the physical or biological breakdown of larger ag-
gregates (Hunt 1980, McCave 1984, Wells & Goldberg
1993b), the ultimate source of marine organic material
is phytoplankton production in the photic zone (Druffel
et al. 1992). Unfortunately, there is very little informa-
tion available on the relationship between DOC and
the organic exudates released by the phytoplankton.
There have been only 2 studies of DOC release by
phytoplankton in culture (Sharp 1973, Chen &
Wangersky 1993) and some recent work on the release
of translucent extracellular polymers (Alldredge et al.
1993, Passow et al. 1994). There are, however, a num-
ber of studies (reviewed by Van Es & Meyer-Reil 1982,
Fogg 1983, 1986) delineating the production of extra-
cellular exudates by ¥C-labelled phytoplankton and
the rapid, biological turnover of these exudates.

The absence of any clear cut evidence for the pro-
duction of DOC by the phytoplankton may be related

to the limited data available on low molecular weight
and colloidal fractions. For example, Kepkay et al.
(1993) have found that first LOC, and then COC, accu-
mulates in the mixed layer of coastal waters during the
decline of a phytoplankton bloom. This accumulation
was apparent even though DOC (as the total of the 2
fractions) remained almost invariant. From these data,
it is clear that the flux of COC should be included as a
specific parameter in models of DOC transport to the
deep ocean (Bacastow & Maier-Reimer 1991). To
obtain an accurate estimate of this flux, the bioreactiv-
ity of DOC as a whole (and COC in particular) must be
accounted for.

Reactivity of DOC and COC

While the bioreactivity of DOC is obviously an
important issue in oceanography (Toggweiler 1990,
1992, 1993), the quantification of reactivity is no easy
task. For example, Kepkay & Wells (1992) have found a
positive linear correlation of DOC with chlorophyll and
an inverse correlation of DOC with apparent oxygen
utilization (AOU) in the upper 100 m of coastal and
oceanic waters. At first glance, the correlations suggest
that the DOC produced by phytoplankton can be bro-
ken down and respired to CO,. However, Tanoue
(1992) and Kepkay et al. (1993) have pointed out that
the correlations cannot be applied ocean-wide and
may be more casual than systematic. Other processes,
such as photochemical oxidation (Mopper et al. 1991),
contribute to the degradation of DOC in the upper
ocean, and it has simply not been possible to establish
a consistent and reproducible relationship between
DOC and AOU or phytoplankton biomass.

The problems encountered when determining the
reactivity of DOC are perhaps best illustrated in a
long-standing paradox: DOC (on the basis of its *C
content) appears to be quite unreactive over time
spans on the order of decades to hundreds of years
(Williams & Druffel 1987, Bauer et al. 1992). Yet it has
to be considerably more reactive than the above mea-
surements would suggest, in order to maintain a bal-
ance between organic carbon and CO, inputs to the
surface and deep oceans (Hedges 1987).

While this review is devoted primarily to the reactiv-
ity of colloid-sized material, it is important to remem-
ber that LOC in the ocean outweighs COC by a factor
of 2 (Fig. 1B). Unfortunately, almost nothing is known
about the reactivity of DOC as a whole, let alone the
reactivity of LOC in relation to COC. However, the
predominance of the DOC reactivity paradox is graph-
ically illustrated in the data of Sambrotto et al. (1993).
They have suggested that anomalously high phyto-
plankton production is required in both coastal and
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open ocean waters to explain high CO, influxes from
the atmosphere at certain times of year. If this high
production does indeed exist, it does not reach the
deep ocean and has to be recycled back to CO, by res-
piration in surface waters.

The question now becomes: How much phytoplank-
ton production is in the form of COC and how much of
the COC is bioreactive, i.e. broken down and respired
to CO,, before it reaches deep water? There are plenty
of studies illustrating the rapid breakdown of relatively
young !'*C-labelled exudates that are closely associ-
ated with labelled algal cells (reviewed by Van Es &
Meyer-Reil 1982, Fogg 1983, 1986). It is difficult, how-
ever, to extrapolate these results to the slower break-
down of older exudates that probably make up the
bulk of LOC and COC released 1 to 2 wk after the peak
of a bloom (Pett 1989, Kepkay et al. 1993).

AGGREGATES — BIOREACTORS FOR COC

There is little doubt that the bacteria in aggregates
are active. Through their production of exoenzymes
(Chrost 1990 with references, Smith et al. 1992, Hoppe
et al. 1993), these bacteria are capable of breaking
down and mobilizing the larger (colloidal and particu-
late) components of an aggregate. Smith et al. (1992)
have measured such intense hydrolytic enzyme activi-
ties that they refer to aggregates as 'enzymatic reac-
tors’. The concept that aggregates act as bioreactors
for accumulated COC is at odds with the fact that DOC
(including COC) appears to be remarkably unreactive
when it is not aggregated (Hedges 1987, Williams &
Druffel 1987, Bauer et al. 1992). This leads to an impor-
tant question: How does COC escape degradation by
the bacteria?

Restrictions of bacterial access to COC

The larger size fraction of COC may escape bacterial
degradation by virtue of its particle size. Johnson &
Kepkay (1992) found that larger colloids (including
bacteria) between about 200 nm and 2 um in diameter
are located at a broad minimum between 2 transport
regimes (Fig. 2). Smaller colloids are transported to
bacterial cells by Brownian motion and/or convective
diffusion, while particles greater than a few pm in
diameter are more effectively transported by collision
with cells in turbulent shear. This means that the larger
colloidal fraction may survive as a resource that is
largely untapped by the bacteria.

In order to gain better access to larger colloids, bac-
teria have to expend energy by swimming to increase
the probability of particle interceptions (Johnson &
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Fig. 2. Curves of rate constants (x} for particle transport to a
1 pm bacterial cell by Brownian motion, convective diffusion
and turbulent shear (Johnson & Kepkay 1992) using a turbu-
lent energy dissipation rate (g) that is typical of rates found
near the ocean ocean surface (1 x 10°? cm? s73). In addition,
collision efficiencies (E) of 1 or <1 have been used to plot the
transport curves (from Johnson & Kepkay 1992). Broad trans-
port minima (arrowed) are apparent between particle diame-
ters of about 200 nm (0.2 pm) and 2 pm

Kepkay 1992). They also need to expend energy to
produce exoenzymes so that larger colloids can be bro-
ken down to low molecular weight substrates and
respired internally. Aggregation not only brings larger
colloids into the regime dominated by turbulent shear,
it also brings them into close contact with bacterial
cells (Johnson et al. 1986, Kepkay & Johnson 1989). As
a result, the bacteria need only expend energy on
exoenzyme production to gain access to the larger size
fraction of COC.

Aggregates, exoenzymes and uncoupled bacterial
growth

Smith et al. (1992) have pointed out that the mobi-
lization of aggregate carbon by exoenzymes allows
aggregates to be a source as well as a sink for DOC
and COC. The production of low molecular weight
organics in these bioreactors exceeds consumption by
at least an order of magnitude. The reason why hydrol-
ysis remains uncoupled from the bacterial consump-
tion of its end-products is not clear. However, Smith et
al.'s (1992) definition of consumption is based solely on
*H-leucine incorporation into the growth of bacterial
biomass. There are no estimates of how much of the
LOC and COC produced by hydrolysis is consumed by
respiration.
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Simultaneous measurements of exoenzyme activity,
respiration and the 2 size fractions of DOC are essen-
tial for any real understanding of the role of aggregates
as bioreactors for organic carbon. These measure-
ments are of particular importance, given the ongoing
downward revision of DOC concentrations (Sharp
1993), the discovery of a new class of translucent algal
exudates {(Alldredge et al. 1993, Passow et al. 1994)
and the role played by aggregation in the scavenging
of colloid-sized material.

COLLOID AGGREGATION
Nomenclature

Aggregation, coagulation and flocculation are terms
that have often been used interchangeably by ocean-
ographers to describe the formation of larger from
smaller particles. Several authors (e.g. Johnson et al.
1990) have suggested that flocculation is specifically re-
lated to the binding of particles by high molecular
weight polymers, while coagulation is restricted to par-
ticle-binding by charge neutralization through electrical
double-layer compression. Others (e.g. Stumm & Mor-
gan 1981) use the same terms in the opposite sense, so
that flocculation is related to double layer compression
and coagulation is associated with polymer bridging.

In response to this conflict, I will use aggregation in
its most general sense to encompass all of the factors
contributing to the formation of larger particles (La
Mer & Healy 1963, Tomi & Bagster 1978). 1 will also
add one more note of caution: theoretical treatments of
colloid aggregation in the ocean are based on the
assumption that colloids are particles with simple
shapes. This is not always the case in seawater, where
COC can often take the form of complex, branching
structures (Wells & Goldberg 1993).

Collision efficiency and particle stickiness

Aggregation is a 2-step process; particles must first
collide and then stick together. The physical factors
involved in particle collisions have already been well-
reviewed (e.g. see McCave 1984, O’'Melia 1987,
O'Melia & Tiller 1993 with references). To summarize,
the hydrodynamic factors involved in collisions be-
tween colloidal particles are accounted for in estimates
of the collision efficiency, E (e.g. see Hill 1992 with ref-
erences, Johnson & Kepkay 1992). The probability that
particles will stick together after collision has been de-
fined as the coalescence efficiency (McCave 1984) or
coagulation efficiency (Jackson 1990, Kigrboe et al.
1990, Jackson & Lochman 1993).

Particle stickiness will be affected by all of the
hydrodynamic factors included in E, but coagulation
efficiency is more difficult to determine because it
includes a number of physical and biological factors
that cannot be precisely defined (Johnson et al. 1990).
Nearly all of the most recent estimates of particle stick-
iness (Kigrboe et al. 1990, Riebesell 19914, b, Hill 1992,
Jackson & Lochman 1993, Kierboe & Hansen 1993) are
concerned specifically with phytoplankton cells in cul-
ture or natural waters.

The stickiness of bacterial cells has been expressed
in terms of short-range hydrodynamic and van der
Waal's forces (Van Loosdrecht et al. 1989), but very lit-
tle is known about the stickiness of other colloid-sized
particles. For instance, McCave (1984) has used a
coagulation efficiency of 0.1 to model colloid ag-
gregation. In contrast, Wells & Goldberg (1992) have
found that the coagulation efficiency of 5 to 100 nm
colloids is an absolute maximum of 0.001. This far
lower value for the coagulation efficiency of small col-
loids is in agreement with O'Melia & Tiller’s (1993) and
O’'Melia & Yang's (1994) concept of electrosteric stabi-
lization. Electrostatic repulsion between small parti-
cles is screened at the high ionic strengths of seawater,
allowing macromolecules adsorbed onto the particle
surfaces to assume relatively thick conformations
(O'Melia & Tiller 1993). In turn, the adsorbed macro-
molecules allow kinetically stable suspensions of the
small particles to develop (O’'Melia & Yang 1994), but
the resistance of these suspensions to the effects of
aggregation has yet to be quantified.

On a larger scale, phytoplankton cells and aggre-
gates are almost always preconditioned by a film of
bacteria and colloidal material in natural waters (Mar-
shall et al. 1971, Egan 1987, Vaque et al. 1990). More
information is needed on the coagulation efficiency of
cells and aggregates in the presence and absence of
this conditioning film.

Collision mechanisms

Within the colloidal (submicron) region of the size
spectrum, a number of mechanisms contribute to the
collision of suspended particles (Fig. 3):

1. Brownian motion. Particles smaller than a few um
in diameter undergo random walk due to the impact of
solute molecules (Fig. 3A). This multi-directional trans-
port of particles on a small scale is a major factor con-
tributing to particle collisions in the colloid size range
(McCave 1984, Farley & Morel 1986, O'Melia 1987,
Johnson & Kepkay 1992, O'Melia & Tiller 1993).

2. Shear. Particles following steamlines and/or
eddies that are closer together than the distance
between their centers will collide in laminar or turbu-
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Fig. 3. Collision mechanisms that contribute to the ag-

gregation of colloid-sized particles (adapted from

Johnson et al. 1990). Collision mechanisms include

(A) Brownian motion, (B) turbulent or laminar

shear, (C) differential settling, (D) diffusive capture,

(E) surface coagulation, (F) filtration and (G) bacterial
motility

lent shear (Fig. 3B). This process of collision in shear is
typically important for particles larger than a few pm in
diameter (McCave 1984, O'Melia 1987, Hill et al. 1992,
Johnson & Kepkay 1992, O'Melia & Tiller 1993) and
less important than Brownian motion for particles in
the submicron size range.

3. Differential settling. Rapidly settling particles can
overtake and intercept smaller particles (Fig. 3C). As
in the case of fluid shear, collision will depend on the
particles following streamlines that are closer together
than the distance between their centers {(Melik &
Fogler 1984). This process is probably more important
in the ocean interior and less important than shear-
based collisions in the greater turbulence encountered
near the ocean surface (McCave 1984).

4. Diffusive capture. A diffusion-limited boundary
layer is established around the surface of a settling
particle (Fig. 3D). Outside this layer, advection is the
predominant mechanism of particle transport. Within
the layer, diffusion becomes important. The effective
thickness of the boundary layer is a function of particle
size, settling speed and diffusivity. In the case of col-
loids, diffusive capture is one of the more important
aspects of differential sedimentation in the ocean inte-
rior (McCave 1984, Johnson & Kepkay 1992).

5. Surface coagulation. The aggregation of colloids
at the air-sea interface, especially on rising bubbles, is
known as surface coagulation (Johnson et al. 1986). A
bubble injected into the water initially rises with a
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mobile interface between the gas and liquid phase.
The mobility of the interface is maintained by gas cir-
culation within the bubble (Fig. 3E) and the tangential
velocity at the bubble surface is not zero (as it is at the
surface of a solid sphere). Streamlines are drawn
towards the surface (Fig. 3E) and colloid-sized parti-
cles are transported to the bubble with an efficiency
that is orders of magnitude greater than the transport
of particles to a solid sphere (Johnson et al. 1990). This
means that surface coagulation is one of the most
important mechanisms of colloid aggregation in the
upper ocean even though its effects are restricted to
the mixed layer (Kepkay & Johnson 1989). The convec-
tive diffusion of particles to a mobile interface bubble
is also enhanced relative to a solid sphere but, as the
bubble continues to rise and age, material accumulates
on the surface and is swept to the rear (Fig. 3E). Fur-
ther accumulations cause the bubble to become rigid,
as an immobile interface is established, with all the
particle interception and collision characteristics of a
solid sphere.

6. Filtration. Macroaggregates (marine snow) have
pores that allow significant water flow during particle
settling (Logan & Hunt 1987). Larger colloids can be
collected by these pores through size exclusion, while
particles smaller than the pore size can collide with the
pore wall through convective diffusion or interception
(Fig. 3F). While this combination of processes has been
modelled in terms of filtration through a cylindrical
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pore (Johnson & Wangersky 1985) and the scavenging
of small particles by a rapidly-sinking porous sphere
(Stolzenbach 1993), its contribution to colloid scaveng-
Ing by natural macroaggregates remains to be deter-
mined.

7. Bacterial motility. One of the primary biological
contributers to collisions between colloids is bacterial
cell motility (Johnson & Kepkay 1992), but aggregates
can also be generated by the activities of larger organ-
isms, such as suspension feeders (Shimeta 1993). The
aggregates produced by feeding can be the organism
itself (Tranvik et al. 1993) or particle-loaded mucous
webs, such as those manufactured by planktonic tuni-
cates (Flood et al. 1992). Bacterial motility has com-
monly been treated as a diffusive process (Lauffen-
berger 1983), but a consideration of scales indicates
that this approach is not valid for the interaction of bac-
teria with colloid-sized particles (Fig. 3G). Nutrient-
limited bacteria have been observed to swim at veloci-
ties of up to 30 pm s~! for run times of about 1 s and
then tumble (Fig. 3G) before initiating a new run
(Lauffenberger 1983). This means that bacteria can
travel many times the dimensions of even the largest
colloids during a single run (Johnson & Kepkay 1992),
and cause particle collisions by interception rather
than diffusion. At this point, however, it is not possible
to assess (in any general sense) the contribution of bac-
terial motility to colloid aggregation.

Colloid aggregation and the Brownian pump

While a number of excellent theoretical treatments of
particle collision and adhesion have recently appeared
in the literature (e.g. see O’Melia 1987, O'Melia & Tiller
1993 with references), McCave (1984) has produced the
summary most relevant to the open ocean. Modifying
the approach taken by Friedlander (1965) and Hunt
(1980), McCave delineated specific regions of the parti-
cle size spectrum associated with specific collision
mechanisms. Brownian motion is predominant where
particles (including bacteria) are less than a few pm
across; differential sedimentation and turbulent shear
are most significant in the transport of larger particles.

The association of a specific collision mechanism
with a specific particle size range is in agreement with
Friedlander's (1960a, b, 1965) contention that there is a
flux of particles from smaller to larger sizes in an equi-
librium or ‘quasi-stationary’ size spectrum. On a sub-
micron scale, the flux (referred to as the Brownian
pump) is driven by collisions between particles of sim-
ilar size (Jeffrey 1981, McCave 1984) to produce small
aggregates. The small aggregates collide to make big-
ger aggregates and so on up to particulate sizes
(greater than a few pm across).

When compared to residence times in the open
ocean, the time constant for aggregation by the Brown-
ian pump can be long. McCave (1984) calculated that
3 mo to 20 yr would be required for Brownian aggre-
gation to reduce the number of 500 nm particles by half
when coagulation efficiency is 0.1 and particle concen-
trations are 4 x 10° ml~! (in deep-ocean nepheloid lay-
ers) or 4 x 10° ml~' (in mid-water). The results from
work using thorium isotopes as in situ tracers (Clegg &
Whitfield 1991, Santschi & Honeyman 1991a, b, Bas-
karan et al. 1992, Moran & Buessler 1992, 1993) sug-
gest the opposite — that rapid particle aggregation
and the possible degradation of aggregates by respira-
tion are responsible for the short residence time of col-
loids in the upper ocean.

The conflict can be partially resolved by considering
recent measurements of the number of submicron par-
ticles in seawater. Koike et al. (1990) and Wells &
Goldberg (1991, 1992, 1993) have suggested that the
concentration of colloid-sized material can be as high
as 107 to 10° ml~'. This continuum of small particles
and aggregates between 5 and 200 nm in diameter
(Wells & Goldberg 1994) is 10? to 10° times more abun-
dant than the particle concentrations used by McCave
to estimate Brownian aggregation times. Given the
dependance of aggregation rate on the square of parti-
cle concentration in the Brownian collision equation
(Smolouchowski 1917), higher particle concentrations
should speed up the Brownian pump substantially.
However, the electrosteric stabilization of smaller col-
loids by adsorbed macromolecules (O'Melia & Tiller
1993, O’'Melia & Yang 1994) will tend to work in oppo-
sition. As a result, there is still no clear picture of the
quantitative contribution made by the Brownian pump
to the aggregation of colloids.

Even if Brownian aggregation is not faster than pre-
viously suspected, there are 3 other processes — col-
loid scavenging by turbulent shear, scavenging by fil-
tration through rapidly settling porous aggregates and
scavenging by surface coagulation — that can acceler-
ate the aggregation of colloids.

Scavenging of colloids by larger particles and
aggregates

The results from McCave's (1984) models demon-
strate that collisions between colloid-sized and larger
particles are accelerated by turbulent shear. Hill et al.
(1992) also found that that the effects of turbulent
shear can extend down to the Kolmogorov scale and
below. This means that the scavenging of colloids by
larger aggregates is most important in regions of
higher turbulence, such as those found near the ocean
surface. In addition, Stolzenbach (1993) found that col-
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loids can be efficiently scavenged by filtration through
rapidly sinking, porous aggregates. It is clear, then,
that colloid scavenging by larger particles or aggre-
gates (McCave 1984, O'Melia 1987, Confer & Logan
1991, Santschi & Honeyman 1991a, b, Buffle et al.
1992, Honeyman & Santschi 1992, Stolzenbach 1993)
cannot be ignored, especially during the mass aggre-
gation of organic material dt the end of phytoplankton
blooms (Alldredge & Gottschalk 1988, Kranck & Milli-
gan 1988, Jackson 1990, Riebesell 1991a, b, Hill 1992,
Jackson & Lochman 1993, Kepkay et al. 1993).

Another mechanism for the rapid aggregation of
colloids — surface coagulation — should also be taken
into account, especially given the predominance of this
process (Johnson et al. 1986, 1990) in the production of
aggregates in the upper ocean.

Colloids, bacteria and surface coagulation

The concept that aggregates of organic material and
bacteria (Fig. 4) are generated by the coagulation of
larger (0.2 to 1 pm) colloids on bubble surfaces has
been advanced at regular intervals during the last
30 yr (Blanchard 1983, Johnson et al. 1986, Kepkay &
Johnson 1989 with references). Until recently, the
large number of conflicting reports in the literature has
made it difficult to assess the contribution of surface
coagulation to particle dynamics in the upper ocean.

Johnson et al. (1986) and Kepkay & Johnson (1989)
reconciled these conflicts by combining theory and ex-
periment to delineate the role of surface coagulation in
systems representing the real ocean. They found that
filtering seawater through anything finer than a 2 nm
pore size removes the larger COC available for coagu-
lation onto bubble surfaces. In addition, rising bubbles
of about 500 pm in diameter are the most efficient
scavengers of COC. With proper control of filtration,
bubble size and rise distance, bacteria are not required
for aggregate formation, but they do multiply rapidly
to become an important component of the aggregates
within hours of their formation (Fig 4). For the first
time, a well-defined link had been established be-
tween the aggregation of a specific size fraction of
COC (in this case by surface coagulation) and bacterial
growth.

AGGREGATES, BACTERIA AND RESPIRATION

Kepkay & Johnson (1989) found that once COC i1s
brought into close contact with bacteria by surface
coagulation, respiration can increase by as much as 36
times (Fig. 5), but only for 2 to 4 h. The bacteria respon-
sible for this increase in respiration (Kepkay & Johnson

Fig. 4. Epifluorescence photo-micrograph of an aggregate

produced by surface coagulation in a bubbling column and

stained by acridine orange to fluoresce under UV light. After

the aggregate was formed, bacteria (cell arrowed) grew up in
only a few hours

1988) are capable of utilizing COC, but the carbon
must first be concentrated with the bacteria into aggre-
gates that are tens of ym to mm across (Kepkay et al.
1990b; Fig. 4). These were the first results establishing
a direct link between colloid aggregation and the
bioreactivity (respiration) of COC. The enhancement
of respiration by surface coagulation and other forms
of aggregation may also have been apparent in earlier
data sets, but there are suprisingly few direct measure-
ments of respiration in the literature (Williams 1984).

When the limited data available from the Sargasso
Sea are summarized (Fig. 5), there are wide variations
in respiration rate. The data of Riley (1939) and
Williams & Jenkinson (1982) suggest that coagulation
is not required to obtain high respirations. However,
their measurements were taken at a number of stations
at different times of year, and are characterized by
large, apparently-random variations. In Kepkay et al.’s
(1990a) data, the variations in respiration at one station
are more systematic; high respirations are associated
with surface coagulation in a bubbling column and low
respirations are typical of untreated controls.

The random variations of earlier authors could in
fact, be systematic, with low respirations associated
with quiet seas and higher respirations associated with
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Fig. 5. Respiration measurements reported from a range of
depths in the Sargasso Sea over a 51 yr period. In Kepkay et
al.'s data (1990a), there is a systematic variation in respiration
between seawater that has undergone surface coagulation in
a bubbling column (black bars) and untreated controls
(shaded bars). Earlier measurements by Riley (1939) and
Williams & Jenkinson {1982} exhibit large, random variations;
error bars delineate the range around calculated means

surface coagulation produced by episodes of intense
bubbling under high seas. Support for this conclusion
is apparent in Kepkay's (1991) measurements taken
after a storm in the North Atlantic. High respirations
could not be induced in seawater collected just after
the storm because the COC available for surface coag-
ulation had already been removed by natural bub-
bling. Instead, respiration in water from a bubbling
column was almost identical to respiration in an
untreated control. The only water samples where sur-
face coagulation could produce an appreciable
enhancement of respiration were taken from water
masses that were largely unaffected by the storm.

While there is no doubt that respiration can be
enhanced by surface coagulation, different results are
obtained when different methods are used. For exam-
ple, the enhancement of respiration measured as a
bulk property by pulsed oxygen electrode in a rela-
tively large (300 ml) water sample is less than the
enhancement measured using an oxygen microgradi-
ent system applied to aggregates collected on a filter
(Kepkay unpubl.). Even then, both types of result will
be different from those obtained using the standard
technique of measuring oxygen consumption over 24 h
in a BOD bottle.

As Kepkay et al. (1989) have pointed out, the
enhancement of respiration by surface coagulation is
episodic. It lasts for only a few hours and would not be
detected using the relatively coarse sample intervals
that are normally employed during 24 h incubations.

Future measurements of respiration in surface waters
should be taken with particular attention paid to the
time scale of data acquisition. Only in this way will
episodic events (such as those triggered by aggrega-
tion) be integrated into the results obtained over
longer times.

To arrive at any meaningful predictions of net pro-
duction by the phytoplankton, it is obviously important
to know the rate at which the organic carbon produced
by photosynthesis is broken down and respired to CO5.
Given the paucity of data on respiration in the ocean,
there is clearly a lot of work to do, not only with respect
to the measurement of respiration, but also with
respect to the inclusion of respiration (and COC reac-
tivity) in models of aggregation (Jackson 1990, Hill
1992, Jackson & Lochman 1993) and carbon transport
to deep water (Hill 1992). In addition, to make any
sense of a respiration measurement, the episodic
response of respiration to aggregation has to be
accounted for explicitly.

BIOREACTIVITY OF COC: A SUMMARY

Oceanographers have generally treated organic car-
bon, colloid aggregation and respiration as separate
fields of research. When an integrated view is taken of
all 3 fields as a whole, new insights are possible:

1. COC is a carbon reservoir of global significance,
outweighing the phytoplankton or bacteria by a con-
siderable margin (Fig. 1).

2. Brownian pumping, turbulent shear, differential
settling and surface coagulation (Fig. 3) move colloids
up the size spectrum and into the detrital carbon pool
(Fig. 1A), producing aggregates that are tens of pm to
mm across (Fig. 4).

3. Without aggregation, an appreciable fraction of
COC in the 0.2 to 1 pm size range appears to be less
bioreactive because it cannot be easily-accessed by the
bacteria (Fig. 2). Only when caught up into aggregates
with the bacteria (which are colloid-sized particles in
their own right) does the COC become more reactive,
fuelling significant increases in bacterial growth
(Fig. 4) and respiration (Fig. 5). It is not clear what
degree of preconcentration of both COC and bacteria
is required to induce this burst of bacterial activity.

4. Respiration measurements are missing from most
oceanographic data sets. The absence of these mea-
surements is particularly important given the appar-
ently uncoupled relationship of exoenzyme production
and bacterial growth in aggregates.

5. Respiration and the reactivity of COC must now be
included, not only in models of aggregation (Jackson
1990, Hill 1992, Jackson & Lochman 1993) and the pro-
duction of a detrital carbon pool, but also in models of
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ocean productivity and the transport of carbon to the
ocean interior (Bacastow & Maier-Reimer 1991, Hill
1992).
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