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Abstract

The downward transport of surface particle production constitutes an important mechanism for carbon

sequestration by the ocean. Only a small fraction (C10%) of the flux that leaves the euphotic zone reaches 1000m

depth because the particulate organic matter is consumed and transformed in the oceanic midwater column. The depth

at which this transformation occurs is crucial to estimate carbon sequestration. Description of the particle flux and

remineralization with depth below the euphotic zone has previously been limited to empirical relationships that neglect

physical and biological mechanisms. Because several particle properties and functions (settling speed, rates of

coagulation and consumption) are related to particle size, measurements of particle size spectra provide an important

tool to understand particle dynamics. Most of the mechanisms affecting particle dynamics known for the surface layer

should continue in the mesopelagic region. We review the different mechanisms and formulate equations describing

changes in particle size distributions throughout the water column as a result of particle sinking, coagulation,

disaggregation, and bacterial and zooplankton consumption. The resulting model describes the midwater particle

population by its mass distribution for the size range 1mm to 1 cm. Most of the particle data sets have a narrower size

range but we suggest that model results are not greatly affected by the lack of data on particles smaller than 200 mm
because most of the particle mass is in particles larger than 100mm, as seen in a full size-range particle spectrum. The

combination of this model with a unique particle size spectra data set, obtained during an inter-annual survey at the

French JGOFS site in the NW Mediterranean Sea, give an insight into the key processes for particle dynamics in the

unknown midwater layers.
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1. Introduction

Particle sedimentation to the deep-sea is a major
mechanism for the redistribution of carbon, other
nutrients (P, N, Si) and trace elements (e.g., Th,
Pb, Ag, Se) in the water column (Broecker and
Peng, 1982; Fowler and Knauer, 1986; Hebel et al.,
d.
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1986; Lee and Fisher, 1993). Because particle
settling speed generally increases with particle
length (Shanks and Trent, 1980; Alldredge and
Gotschalk, 1988, 1989; Syvitsky et al., 1995), the
particle size distribution can be used to predict the
potential vertical flux of a marine ecosystem. For
this reason, macroscopic aggregates in the eupho-
tic zone have been studied during the last two
decades to determine their properties, including
geometry, chemical content, and size distributions.
The results allow investigation of the linkage
between particle size spectra and bio-physical
processes (settling, aggregation, solubilization
and remineralization).

Particles range from individual organisms to
assemblages of highly degraded detritus; they can
be formed directly by such biological processes as
cell division and fecal pellet production or
indirectly by coagulation of other particles. Once
formed, particle size can be reduced by reminer-
alization, solubilization and physical fragmenta-
tion caused by microbial and zooplankton
communities living and feeding on aggregates
(Alldredge, 1972; Silver et al., 1978; Davol and
Silver, 1986; Steinberg et al., 1994; Turley and
Mackie, 1994; Green and Dagg, 1997; Kiørboe,
2000, 2001). Particle size can also increase by
coagulation (Jackson, 1990) and fecal production.
These changes in particle sizes can dramatically
affect the vertical flux by changing particle sinking
speeds as well as particle concentrations. As a
result, the vertical distributions of all the elements
carried by particles are changed and the knowl-
edge of the processes affecting particle size is
important for understanding the distribution of
these elements in the water column.

Descriptions of carbon flux as a function of
depth are based on empirical relationships which
fit discrete sediment trap data to either power law
or exponential functions (e.g., Martin et al., 1987;
Bishop, 1989; Armstrong et al., 2002). The
observed spatio-temporal variations of the two
resulting parameters do not involve any mechan-
isms. Dadou et al. (2001) developed a model that
predicts the vertical flux of elements in midwater
and deepwater as a function of surface inputs.
They did apportion the particles into two size
classes and used ad hoc functions to move particles
between the two. Their simple particle dynamics
models yielded a better estimation of the POC flux
than did a simple depth–flux relationship. How-
ever, their model was unable to reproduce the
observed temporal variations in particle flux to the
benthos. Dadou et al. suggested that adding
zooplankton behavior or marine snow dynamics
could improve their results. Jackson and Burd
(2002) have developed a series of models to
describe interactions between particle flux and
zooplankton population dynamics in the subsur-
face region. They indicated that the animal prey–
predator interactions can affect the particle
vertical flux. Their models results are sensitive to
zooplankton behavior (e.g., feeding and death
formulations) for which we have little information.
The implication of Dadou et al. (2001) and
Jackson and Burd (2002) is that understanding of
processes affecting particles transformation is
crucial in any attempt to estimate what controls
the vertical flux of material.

Many of the processes affecting particle size in
the surface layer (settling, coagulation, bacterial
and zooplankton activity) should continue in the
midwater region, although at different rates.
Therefore, models of particle dynamics developed
for the surface layer can also be used deeper. By
comparing observed particle size spectra and
model results, we can estimate the relevant process
rates and direct future studies. The aim of this
paper is to describe the processes affecting
particle dynamics and to assemble them into a
mathematical framework that can be used to
model the midwater particle processes. Our
region of interest is the sub-euphotic
midwater zone with a nominal depth range of
100–1000m. We first review particle properties
and dynamics as inferred mostly from surface
studies and we discuss their relevance to midwater
conditions. We then develop mathematical for-
mulations describing the different processes and
assemble them into an integrated model. In the
companion paper, we test the model against a
unique 3 years data set of midwater particle
distributions in the NW Mediterranean (Stem-
mann et al., 2004) in order to estimate the relative
effect of the different mechanisms on particle
distribution.
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2. . Particle properties

2.1. Particle length and mass

Particles in the ocean range from the ‘‘almost
dissolved’’ colloids about 1 nm long to aggregates
longer than 1 cm. We will use the generic term
‘‘particle’’ to describe non-motile particles and
aggregates without distinction.

Visual observation of particles in the surface
ocean reveals considerable variation in character-
istics ranging from individual phytoplanktonic
cells and fecal pellets to aggregates composed of
multiple particle types embedded in a mucilagi-
nous matrix (Alldredge and Silver, 1988). It is
useful to describe the particle abundance as a
function of an important particle property, such as
diameter, mass, surface area or carbon content.
These properties are generally correlated but the
relationships are not simple both because aggre-
gates are porous objects whose porosity increases
with their size and because they are formed from
different constituents having different densities.
Typical densities of aggregate constituents are
1.03–1.1 g cm�3 for cytoplasm, 1.23 g cm�3 for a
fecal pellet and 2.6 g cm�3 for the silicon wall of a
diatom (Komar et al., 1981; Mann and Lazier,
1991). To determine the mass of each aggregate
accurately, we need to know the exact composition
and size of each constituent. Reliable data at this
level of detail are not currently available for any of
the complex natural particles described as marine
snow. Fractal scaling has been used as a tool to
describe the relationship between particle mass
and length. This approach usually assumes that an
aggregate is formed from one source particle type,
although more comprehensive descriptions exist
(e.g., Jackson, 1998). The fractal dimension
characterizes the relationship between particle
mass and diameter (see below). Calculated fractal
dimensions for natural surface water and labora-
tory aggregates range from 1.59 to 2.67 (Logan
and Wilkinson, 1990; Li and Logan, 1995;
Jackson, 1995a; Jackson et al., 1997).

Much less is known about aggregates in the
midwater layers, but aggregates of phytoplank-
tonic origin tend to dominate the mass and
abundance of particles in both coastal (Peinert
and Miquel, 1994; Passow and Wassman, 1994)
and oceanic regions (Billet et al., 1983; Lampitt,
1985; Takahashi, 1986; Sancetta et al., 1992).

2.2. Particle size spectrum

2.2.1. Concepts

The particle size spectrum provides a useful way
to characterize the relationship between particle
abundance and size. If #N is the cumulative particle
concentration, the total number concentration of
particles larger than a given mass m, then nðmÞ ¼
�d #N=dm is the number spectrum. Here n and #N

are both functions of particle mass but they can be
expressed as functions of particle diameter d or
any other particle properties and converted
between each other.

The number spectra is usually estimated by
counting the number of particles within a given
length and dividing that number by the extent of
the range and the volume sampled. Length is a
useful particle descriptor because several particle
properties such as mass and settling speed
(Alldredge and Gotschalk, 1988), colonization by
microbes and zooplankton (Kiørboe, 2000, 2001)
and coagulation rate (Jackson and Lochmann,
1993) depend on it. Biogeochemical activity such
as aggregates remineralization by bacterial activity
or zooplankton consumption can also be a
function of length (Jackson, 1993; Ploug and
Grossart, 2000; Kiørboe and Thygesen, 2001).
Because it is easily measured with optical techni-
ques, many marine particle studies measure
particle distribution as a function of length
(Table 1).

2.2.2. In situ observations

Most in situ instruments observe only a narrow
range of particle sizes present in nature because the
lower size limit is set by instrumental sensitivity
and the upper size limit is set by the rarity of large
particles in the limited water volumes observed.
Moreover, different instruments use different ways
of measuring physical properties that are affected
differently by the fractal nature of aggregates
(Jackson et al., 1995). Particle size has been
commonly measured either with impedance
instruments (which measure a property that
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Table 1

Different instruments used to measure particle size spectra in midwater. The instrument characteristic are as reported by the respective

authors

Instrument Size range Depth range Reference

Underwater Video Profiler II >100mm–1.5mm 0–1000m Gorsky et al. (1992)

UVP III >400mm–B5mm 0–1000m Gorsky et al. (2000)

UVP IV >90mm 0–1000m Gorsky et al. (2000)

Marine Snow Profiler (MSP) >600mm 0–4300m Lampitt et al. (1993)

Large Aggregate Profiling System (LAPS) 0.5mm–B5mm 0–1000m Walsh et al. (1997)

SNOWCAM >35mm 0–100m MacIntyre et al. (1995)

MAPPER LFC >50mm Costello et al. (1992)

High Resolution Camera System (Parca) >50mm 0–1000m Ratmeyer and Wefer (1996)

Floc Camera Assembly >50mm Syvitski et al. (1995)

Aggregate Settling Collector and Observation Tower >500mm 0–700m Diercks and Asper (1997)
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approximately corresponds to the volume of the
solid particles composing an aggregate) or optical
instruments that measure light transmission and
scattering by a particle or the size of its image.
Impedance instruments (such as the Coulter
Counter) are used for particles with 0.5 mmo
do200 mm in water samples returned to the
laboratory. Imaging systems have been used to
measure in situ particles with d>50 mm (Table 1).
In situ observations of particles using non-
intrusive methods are preferred to water collection
because aggregate fragility can cause their disrup-
tion during sampling.

A means to cover a wide particle size range is to
combine results from different instruments. In a
unique set of studies, Jackson et al. (1995, 1997)
combined results from multiple instruments to
describe the length spectra for 1 mmodo1 cm, first
in a mesocosm and then in the surface layer in
Monterey Bay, California. They observed that the
number of particles was greatest in small (o50 mm)
particles, but that the mass was predominantly in
larger particles (d>100 mm, Fig. 1).
3. Processes affecting particle size and spatial

distributions

3.1. Settling

Particle settling occurs at a speed that is a
function of particle mass and diameter. Typical
settling speeds in the surface layer increase with
particle length and range from o1md�1 for small
algae to >100md�1 for fecal pellets and large
marine snow particles (Fig. 2).

The considerable variability in the relationship
between aggregate diameter and settling speed is
not surprising given the heterogeneity of particles,
particularly the aggregates. In midwater, Diercks
and Asper (1997) measured particle settling speeds
of subsurface particles, finding no statistical
relationship between settling speed and diameter
for 0.5 cmodo5.5 cm and concluded that the
variation in the density of particle constituents
controlled the aggregate settling speed. Their
observation of regional differences in average
settling speed suggests that different marine
systems produce different types of particles.
Berelson (2002) has argued that there are vertical
differences in settling speed, with an average
increased by a factor of 2–10 between the depth
of 100 and 2000m as a result of differential
mineralization.

These results indicate that a universal relation-
ship between settling speed and particle diameter
likely does not exist but that local relationships may
be applicable. Such a conclusion agrees with the
analysis of Kriest (2002). No studies have been
carried out to measure simultaneously settling speed
and diameter over the full 1mm–1 cm size range.

3.2. Coagulation

Coagulation is the process by which two
particles are brought into contact by physical
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Fig. 1. (A) Sectional number and (B) mass spectra obtained in the mixed layer by Jackson et al. (1997). The mass spectrum is

calculated assuming that rp=1.068 g cm�3, that aggregates are composed of a unique particle source (d1=5mm) and that the porosity

can be described using fractal theory (D3 ¼ 2:3).
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mechanisms and join together to form a single,
larger particle. The physical mechanisms include
Brownian motion, shear and differential settling
(e.g., O’Melia, 1978). Coagulation models have
been used by different authors to model the
phytoplankton dynamic in the surface layer and
in a mesocosm (Jackson, 1990; Hill, 1992; Riebe-
sell and Wolf-Gladrow, 1992; Jackson, 1995a;
Ruiz, 1997). Coagulation can have a major impact
in determining particle size distribution in the
mixed layer and may explain the rapid export of
surface phytoplanktonic production, even in the
absence of zooplankton grazing (Jackson, 1990).

In the midwater region much less is known
about the rates, although the decreasing particle
concentrations and shear rates should decrease
particle encounter rates. Sediment trap observa-
tions in the Black Sea (Honjo et al., 1987; Izdar
et al., 1987) and in the Gulf of Lyon (Monaco
et al., 1990) have discovered specific situations in
continental margin nepheloid layers where fine-
grained particles were intercepted in midwater by
settling organic matter produced during a surface
phytoplankton bloom.

While the encounter rates leading to aggregation
depend on particle concentrations, sizes and
masses, the probability that colliding particles join
depends on their stickiness. The stickiness is
nominally described as the probability a that two
colliding particles stick together. Studies have
shown that a varies from less than 0.1 to 1 in
algal cultures (Kiørboe et al., 1990; Kiørboe and
Hansen, 1993; Hansen et al., 1995) and 0.6–0.8 for
aggregates of different natures (Alldredge and
McGillivary, 1991). Stickiness can be affected by
the concentration of mucus, such as ‘‘transparent
exopolymeric particles’’ (TEP), around the particle
and particle shape (Alldredge et al., 1993, 1995;
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Fig. 2. Particle settling speed function of particle diameter measured by different authors. We report either the data points for (J)

Smayda (1970), (x ) Shanks and Trent (1980), (B) Carder et al. (1982), (&) Azetsu Scott and Johnson (1992) or the empirical

relationships reported by different authors, 1—Alldredge and Gotschalk (1988), 2—Alldredge and Gotschalk (1989), 3—Syvitski et al.

(1995), 4—Diercks and Asper (1997). Settling speeds calculated using our model with different parameter values (5—Dr=0.08,

D3 ¼ 2:33; d1=5, 6—Dr=0.01, D3 ¼ 1:79; d1=5) are also reported. The regression line 7 is the settling speed predicted by Stokes Law.

See Table 2 for parameter descriptions.
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Dam and Drapeau, 1995; Jackson, 1995b; Passow,
2002). There is no evidences that a varies with
particle size, although this may reflect a lack of
systematic investigation.

3.3. Fragmentation

3.3.1. Physical fragmentation

Physical disaggregation breaks an aggregate
into smaller pieces without consuming particle
mass. Larger aggregates tend to have higher
disaggregation rates because shear caused by
turbulence exerts stronger forces on them and
because their greater porosity weakens them.
Given the size dependence, disaggregation has
been invoked to explain the observation that there
is a maximum size for aggregates in a coagulating
system (e.g., Parker et al., 1972).

Alldredge et al. (1990) measured the break up of
diatom aggregates in a laboratory experiment as a
function of shear intensity. They concluded that
physical disaggregation is important only in the
upper layer during a storm event when high
turbulence is generated (e>10�3 cm2 s�3). This
conclusion explained Riebesell’s (1992) observa-
tion that the disappearance of large marine flocs
from the surface layer (presumably via disaggrega-
tion) coincided with drastic increases in wind
speed. In a model study of a mesocosm diatom
bloom experiment, Jackson (1995a) showed that
including both coagulation and disaggregation
was required for the best description of the particle
dynamics. An additional model describing diel
variations in surface layer particle dynamics
showed that a diel cycle in turbulence could lead
to diel cycle in particle size due to diel fragmenta-
tion (Ruiz, 1997).

Thus, physical disaggregation is likely to be
most important in the mixed layer where turbu-
lence is common and variable. In the quiescent
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midwater region, values of the energy dissipation
rate are typically 2–3 orders of magnitude smaller
than the values observed to be important for break
up for aggregates of the same strength (10�6–
10�5 cm2 s�3, Polzin, pers. comm.). Hill (1998)
argued that breakup could occur from settling
stresses on large and fragile marine flocs. We
expect disaggregation by natural shear to be less
important in midwater. Disaggregation is more
likely controlled by biological mechanisms: bacte-
rially mediated dissolution, zooplankton mining or
zooplankton-caused shear. These mechanisms are
discussed below.

3.3.2. Biological fragmentation

The flow field associated with swimming or
feeding zooplankton has been observed to frag-
ment aggregates several millimeters long by Dilling
and Alldredge (2000). They suggested that aggre-
gate breakup by vertically migrating euphausiids
was responsible for their observed day–night
variation in marine snow size distribution in the
upper 100m depth. Steinberg et al. (1997) ob-
served a different mechanism for ctenophores and
gelatinous zooplankton, in which these organisms
became entangled in appendicularian houses and
disrupted them with the movement of their cilia or
the pulsing of their swimming bells. There are
undoubtedly more ways in which organism can
affect particle size distributions than these sparse
observations have shown.

3.4. Zooplankton feeding

Particles form the base of any midwater food
web and there are numerous indications that
zooplankton consume aggregates. Gut contents
of midwater copepods such as Scopalatum vorax

(Steinberg, 1995) or Lucicutia aff. L. grandis

(Gowing and Wishner, 1998) include amorphous
detritus and other materials associated with
aggregates. Many species colonize aggregates in
the euphotic zone (Alldredge, 1972; Green and
Dagg, 1997; Shanks and Walters, 1997) and in the
midwater (Steinberg et al., 1994, 1997). Kiørboe
(2000) calculated that the zooplankton feeding on
aggregate in the mixed layer were responsible for a
specific loss of aggregate POC on the order of 0.1–
0.2 d�1. There are no such rates published deeper,
but estimates that zooplankton metabolic demand
accounts for 9–64% of the decrease in POC flux
suggest that this rate could be also high (Sasaki
et al., 1988; Banse, 1990; Koopelmann and
Weikert, 1992; Lampitt, 1992; Steinberg et al.,
1997; Yamaguchi et al., 2002).

3.4.1. Encounter rate

Three mechanisms for zooplankton–particle
encounter have been proposed: volume filtering,
flux feeding and plume searching. Filter feeders
process a volume of water, interacting with particles
at rates proportional to particle concentrations; flux
feeders interact with falling particles at rates
proportional to particle settling velocities (essen-
tially catching particle as they fall); plume searchers
seek out falling particle by sensing the hydrody-
namic or chemical disturbance caused by them.

Filter feeding is a well-described mechanism for
many organisms including larvaceans, salps and
numerous species of crustaceans (e.g., Huntley and
Boyd, 1984). The rate of particle removal for filter
feeding is generally proportional to particle con-
centration, although feeding can saturate at high
concentrations.

Flux feeding has been more recently described
as a potentially effective mechanism to reduce
vertical flux (Jackson, 1993). Pteropods behave
like miniature sediment traps, collecting particles
on their large mucus webs (Gilmer and Harbison,
1986). The midwater copepod, Calanus cristatus,
can also flux-feed, remaining sedentary and using
its disproportionate antennae to sense settling
particles (Dagg, 1993). More rapidly settling
particles are preferentially removed by a flux
feeder because the probability of a particle falling
onto a zooplankton’s collecting apparatus depends
on the particle flux, equal to the settling speed
times the concentration (Jackson, 1993).

Kiørboe and Thygesen (2001) proposed a
variant to the flux feeding where animals remotely
search for aggregates looking for hydro-mechan-
ical disturbances or chemical signatures from the
falling particles. The solute distribution behind the
sinking particles is long and slender and may be
detected by swimming copepods. They suggest
that small poecilostomatoid copepods of genus
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Oncaea, found to feed on and colonize aggregates,
could be effective plume finders. Theoretical
calculations suggest that the ability of animals to
find particles this way is proportional to the
particle fall velocity. Because the dependence on
particle size appears to be similar, we are combin-
ing this mode of plume searching, with flux
feeding. We term this behavior ‘‘active flux
feeding’’ to distinguish with the more traditional
‘‘passive flux feeding’’ discussed above.

3.4.2. Zooplankton behavior on aggregates

The standard way to describe zooplankton
feeding is that an animal ingests all food particles
it encounters and assimilates only a fraction of
them. However, feeding behavior depends on the
size of the animal relative to the size of the particle.
A zooplankter larger than the particle can either
engulf the entire particle (Larson and Shanks,
1996, Dilling et al., 1998) or feed on a fraction of it
(Alldredge, 1972; Shanks and Walters, 1997;
Steinberg et al., 1997). A fundamental difference
from a particle dynamics perspective between the
two feeding modes is that the first decreases the
number of particles while the other makes them
smaller. Total ingestion causes the removal of
100% of the encounter particles while mining
causes the removal of a fixed amount of mass
invariant with particle size. Therefore, the fraction
of mass uptake will depend on the size of the
particle and may range from few percent to 100%
for, respectively, a very large particle and a very
small particle compared to the size of the animal.

A small zooplankter can only consume a small
amount of a large aggregate during short contacts
with the particle. This mining can represent a large
total consumption of aggregate material because
of the large number of such individuals found on
aggregates. Among the different groups, the
poecilostomatoid copepods of genus Oncaea spp.
have been found to feed on and colonize aggre-
gates (Lampitt et al., 1993; Green and Dagg, 1997;
Steinberg et al., 1997; Kiørboe, 2000). Oncaea is
widespread and abundant; it can be the numeri-
cally dominant species in midwater (Scotto Di
Carlo et al., 1984; B .ottger-Schnack, 1994). There-
fore, mining may be an important process altering
particle size spectra in midwater.
3.4.3. Production of detritus

Zooplankton not only consume particles but
they also produce fecal material (e.g., Pomeroy
and Deibel, 1980; Urrere and Knauer, 1981) and
mucus-feeding structures (Alldredge and Silver,
1988). Both types of particles have mass–length
relations different than those of typical aggregates
(Komar et al., 1981; Alldredge and Gotschalk,
1988; Jackson, 2001). However, we argue that
grouping the particles produced by zooplankton
with the typical aggregates is a reasonable
approximation. First, discarded feeding structures
such as pteropod web and appendicularian houses
are rapidly incorporated into aggregates. Second,
fecal pellets are much less abundant than aggre-
gates (e.g., Turner, 2002; Stemmann, unpublished
data). Lastly, fecal pellets are consumed or broken
up rapidly by zooplankton (Lampitt et al., 1990;
Gonzalez and Smetacek, 1994; Bathmann et al.,
1987; Peinert et al., 1987; Riser et al., 2001),
developing a fluffy consistency similar to that of
aggregates (Lampitt et al., 1990). For these
reasons, the description of particle size spectra
based on a unique relation between mass and
length may be a reasonable first approximation.

3.5. Microbial activity

Several studies have found that bacterial con-
centrations in aggregates are greater by a factor of
up to 103 relative to the surrounding waters (Silver
et al., 1978; Davol and Silver, 1986; Alldredge and
Silver, 1988; Turley and Mackie, 1994). Protozoa
are also commonly important members of detrital
communities (Caron et al., 1982; Silver et al., 1984;
Silver and Gowing, 1991).

Attached bacteria metabolize and solubilize the
particulate organic matter (POM) composing
aggregates. The rate of POC solubilization has
been estimated to range from 0.075 to 0.2 d�1

(Smith et al., 1992; Grossart and Simon, 1998).
Ploug and Grossart (1999, 2000) found that the
loss of POC by solubilization was smaller (0.023
d�1) than by respiration (0.10 d�1) and suggested
that the particle-specific mass loss may be constant
with particle size ranging from 1 to 6mm. Direct
metabolism and solubilization both represent
losses to particle mass, but solubilization provides
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food for the free living bacteria and creates a
chemical plume that allows a particle to be
detected.

Microbial consumption of particle mass can also
affect particle geometry by hollowing out the
particle or by shrinking it. In either case, it can
change the mass–length relationship. Biddanda
and Pomeroy (1988) described a characteristic
pattern of decomposition: growth of attached
bacteria, aggregation of detritus, growth of pro-
tozoa feeding upon bacteria and, after 8 d,
disaggregation. A similar pattern of microbial
succession and particle alteration has been de-
scribed for discarded larvacean houses (Davol and
Silver, 1986) and tunicate feces (Pomeroy and
Deibel, 1980). Ploug and Grossart (2000) mea-
sured the POC release rate and the shrinking of
decomposing diatom aggregates, finding that after
4 days both POC mass and apparent volume
decreased by about 37–40%. The latter result
suggests that the porosity was constant during
decomposition.

Thus, the process of particle decomposition
appears to consist of a mass loss caused by
bacteria and a size reduction caused by protozoa.
4. Mathematical description

4.1. Particle size spectrum

The use of particle size spectra provides a
powerful approach to describe a particle popula-
tion and its dynamics because several particle
properties are related to particle size. The total
number of particles per unit volume dN in a size
range between m and m + dm, where dm is a small
mass increment, is dN=n dm. The total number of
particles per unit volume between one mass (m1)
and another (m2) is the sum (integral) of the
particles in all the size intervals between m1 and
m2. We can also integrate to find the total mass of
particles per unit volume DM:

DM ¼
Z m2

m1

mnðm; z; tÞ dm: ð1Þ

Note that n is a function of position (x,y,z), time t,
and mass m. For simplification, we will focus on
vertical processes and ignore horizontal transport,
although its inclusion is a straightforward exten-
sion of what we present. As a result, n=n(m) �
n(m,z,t), where z is the depth.

Particle mass does not uniquely determine other
important properties, such as particle diameter or
settling speed. It is clear from the weak relation-
ship between particle diameter and settling speed
(Fig. 2) that there can be a range of particle
densities. This problem can be addressed with a
two-dimensional size spectrum n2(m,d,z,t) where d

is the particle diameter (Jackson, 1998). In this
case, the total number of particles in the size
region bounded by m, m + dm, d and d+dd is
dN=n2(m,d) dm dd. While this approach has been
used to describe marine food chains with diverse
particle sources, ranging from colloids to phyto-
plankton and fecal pellets, it is more difficult to
implement and requires more information to set
up (Jackson, 2001). Therefore, we will describe the
particle population with a one-dimensional mass
spectrum n(m,z,t).

The variability of the particle size spectrum
provides clues for studying by means of models the
processes that affect particle distributions in a
continuous manner. Unfortunately, the resulting
equations are not easily solved. For example, the
equations that describe coagulation result from a
complex set of integro-differential equations with
no general analytical solution. Numerical solu-
tions of these equations can be found by the
sectional approach, in which size spectrum is
approximated in pieces (‘‘sections’’) similar to a
histogram approximating a smooth curve (Gel-
bard et al., 1980). We will denote the ith section as
Si. The lower bound (mi) of Si has a particle mass
half that of its upper bound (2mi = mi+1).

In the sectional approach, the particle number
spectrum is assumed to be the product of two
parts, one varying with time, the other with
particle mass (Jackson, 1990). Within Si, n is
approximated as

n ¼
Qiðz; tÞ

mmi

for mipmo2mi; ð2Þ

where Qi(t) is the total particulate mass concentra-
tion in Si. Mass concentration can be mol C l�1, g
C cm�3, or conserved volume of C (=m/rp, where
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rp is the density of the unit particle) per unit
volume.

4.2. Mass–length relation

Fractal scaling provides the means of relating
particle mass m to its diameter d. According to
fractal theory, if an aggregate of mass m is
composed of sub-particles, each of the same mass
m1 and diameter d1, the relationship between the
aggregate diameter and the mass can be described
as a fractal by

m

m1
¼

dv

d1

� �3

¼ Af
dg

d1

� �D3

; ð3Þ

where dv is the conserved diameter (the diameter
the aggregate would have if no water was trapped
between particles composing the aggregate), dg is
the gyration diameter (the root-mean-square
diameter, a size close to the visual diameter), Af

is a fitting constant and D3 is the fractal dimension
(Jackson, 1995a). Af is calculated from Eq. (3) for
the case of the initial cell. For a solid sphere, dg ¼ffiffiffiffiffiffiffi

0:6
p

dv and Af ¼ 0:6�D3=2:

4.3. Model

We have developed a model that describes the
change in midwater particle concentration by all
the processes reviewed above: settling, coagula-
tion, fragmentation, microbial activity and zoo-
plankton consumption. At any depth and time, the
rates from the processes sum to yield the total rate
of change of particle concentration. Thus, the rate
of change of the number size spectrum is

@n

@t
¼

Xf

o¼1

@n

@t

� �
o

; ð4Þ

where (@n/@t)o are the rate of change of n from the
oth mechanism and f is the number of mechanisms
considered (see Table 2 for a list of symbols).

The sectional approximation to Eq. (4) is

@Qi

@t
¼

Xf

o¼1

@Qi

@t

� �
o

: ð5Þ
In the following paragraphs, we will describe
mathematically processes (o=1–8) that affect
particles in the mesopelagic region.

4.4. Vertical flux of particles

The settling speed of an aggregate can be
calculated from a modified Stokes fall velocity
that uses fractal scaling (Jackson, 1995b):

w ¼ amb ð6Þ

with a¼gðrp�rf Þð18rfnÞ
�1ðrpp=6Þ

1=D3�1A
1=D3

f d
3=D3�1
1 ;

b ¼ 1� ð1=D3Þ; g is the gravitational accelera-
tion, rf the fluid density and n is the kinematic
viscosity.

The net loss or gain at a given depth due to
settling (o=1) is a function of the vertical gradient
in particle concentration:

@n

@t

� �
1

¼ �w
@n

@z
; ð7Þ

where w=w(m). The equivalent equation for the
sectional approach results from integrating Eq. (7)
over Si

@Qi

@t

� �
1

¼ �
Z 2mi

mi

mw
@n

@z
dm

¼ � wi

@Qi

@z
; ð8Þ

where wi ¼
R 2mi

mi
wm�1

i dm is the average settling
speed over Si.

While n is a function of space, particle mass, and
time, the spatial dependence is explicit only for the
transport terms. This would include any advection
or mixing processes as well as particle settling. The
various biological and coagulation processes that
affect the particle distribution depend only on the
local concentrations and rates.

4.5. Coagulation

Coagulation models simulate the particle size
distribution resulting from the collision and
subsequent sticking together of particles over a



ARTICLE IN PRESS

Table 2

List of model parameters and their values. M, L, and T represents mass, length and time

Symbol Description Dimension

a Constant for wðmÞ L T�1 M�b

Af Constant in fractal relationship —
b Constant for wðmÞ —

c Clearance rate for filter feeder L3 T�1

d Particle diameter L

d1 Diameter of primary particle L
dg 2 � radius of gyration L
dv Diameter of conserved volume L

D Detritus production function L�4 T�1

Di Detrital production rate in Si M L�3 T�1

D3 Fractal dimension —
e Total zooplankton encounter rate T�1

ec Encounter rate for filter feeders T�1

ef Encounter rate for flux feeders T�1

em Encounter rate for miners T�1

f Total number of rate terms —

g Gravitational acceleration L T�2

l Total number of particle sections —

m Particle mass M
m1 Mass of primary particle M
n Particle number spectrum L�4

#N Cumulative particle concentration larger than a given mass or length range L�3

N Particle concentration in a given mass or length range L�3

o Indice of the mechanism —
p Fraction of food to detritus —

Qi; Qq Mass concentration in Si; Sq M L�3

r Specific loss rate from bacteria T�1

Si ith section —
T Mass transfer function for feces M�1

w Particle settling speed L T�1

Zc Concentration of filter feeders ind L�3

Zf Concentration of flux-feeders ind L�3

Zm Concentration of particle miners ind L�3

a Stickiness —

b Coagulation kernel T�1

1 %bq;i; 2 %bq;i ; 3 %bq;i; 4 %bi;i ; 5 %bq;i Sectional coefficients for change in Si M�1 L3 T�1

Dr Particle excess density M L�3

dm Mass uptake per mining M

e Energy dissipation rate L2 T�3

n Seawater viscosity L2 T�1

xb Breakup rate for binary fission T�1

xc Breakup rate to cloud T�1

rp Density of primary particle M L�3

rf Fluid density M L�3

s Flux-feeding cross-sectional area L2
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wide range of sizes. The change in concentration
of particles of any mass with time from
coagulation (o=2) results from a cascade of mass
up the particle size spectrum: gain from the
collision of smaller particles and loss from the
collision with other particles. These changes can be
described as

@n

@t

� �
2

¼ 0:5a
Z m

0

bðm0;m � m0Þnðm0Þnðm � m0Þ dm0

� nðmÞa
Z

N

0

bðm;m0Þnðm;m0Þ dm0; ð9Þ
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where a is the particle stickiness and b(m, m0)
is the coagulation coefficient describing the
interaction rates between particles of masses m

and m0.
The transformation of Eq. (9) to the sectional

form after integration is

dQi

dt
¼ aQi�1

Xi�1

q¼1

1 %bq;iQq gain from collision q; i � 1

þ aQi

Xi�1

q¼1

2 %bq;iQq gain from collision q; i

�aQi

Xi�1

q¼1

3 %bq;iQq loss from collision qoi; i

� a4 %bi;iQ
2
i loss from collision q ¼ i; i

� aQi

Xl

q¼iþ1

5 %bq;iQq loss from

collision q > i; i; ð10Þ

where l is the total number of sections,
ð1 %bq;i;2 %bq;i;3 %bq;i;4 %bi;i;5 %bq;iÞ are the sectional coeffi-
cients used by Jackson and Lochmann (1993) and
a is assumed to be independent of size in the
absence of more detailed information.

4.6. Fragmentation

Several models have been proposed for particle
fragmentation by velocity shear and the resultant
particle distribution (Hill, 1992, 1996; Jackson,
1995a; Ruiz, 1996). These models are complex and
we have a poor understanding of shear and
particle breakup rates below the surface due to
the lack of observation. Does fragmentation occur
through the erosion of the surface aggregate, or
does the aggregate split into several daughter
particles and what is the resulting size distribution?
How fast does this happen and what is the size
dependence of the processes? A complete descrip-
tion would use a transfer function that depends on
the masses of both parent and daughter particles
times the spectral density of the parent particle. In
the absence of in situ data and to reduce the model
complexity, we model physical disaggregation in a
very simple manner by considering two extreme
cases: a binary splitting into two equal mass
particles and splitting into clouds of elemental or
source particles.

The change in the concentration of particle with
mass m by splitting of a parent particle into two
equal daughters (o=3) can lose particles by
breakup to smaller particles and add them by
breakup of larger particles

@nðmÞ
@t

� �
3

¼ �xbðmÞnðmÞ þ 2xbð2mÞnð2mÞ; ð11Þ

where xb(m) is the breakup rate, a function of
shear, including that induced by zooplankton.

The sectional equivalent for binary splitting is

@Qi

@t

� �
3

¼ �xb;iQi þ xb;iþ1Qiþ1: ð12Þ

The change in the concentration of particle with
mass m by fragmentation into a cloud of source
particles of mass m1 (o=4) results in an increase of
elemental particles and a loss of parent particles
such as

@nðm1Þ
@t

� �
4

¼
Z

N

m1

xcðmÞnðmÞ
m

m1
dm;

@nðmÞ
@t

� �
4

¼ �xcðmÞnðmÞ for m > m1: ð13Þ

The sectional equation for fragmentation in a
cloud of elemental particles is

@Q1

@t

� �
4

¼
Xl

i¼2

xc;iQi;

@Qi

@t

� �
4

¼ �xc;iQi; ia1: ð14Þ

As discussed above (Section 3.3) midwater turbu-
lence is considered to be too low to break up
particles, but sufficient shear may be created
locally by the action of swimming zooplankton.
Therefore, xb and xc should be a function of the
volume of water affected by zooplankton while
swimming. This volume can be approximated from
swimming speed, cross-sectional surface area of
the zooplankton and the number concentration of
the organisms. We estimate the length-scale of the
flow field to be larger than the length of the
organism itself.
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4.7. Zooplankton

As a first approximation, we consider that large
zooplankton consume entire aggregates when they
encounter them and that they are filter and flux
feeders. In contrast, small zooplankton can con-
sume only a portion of each aggregate and they are
active flux feeders.

4.7.1. Encounter rate

The rate at which any particle encounters
zooplankton equals an encounter kernel times
the zooplankton concentration. For the rate of
encounter by filter feeders,

ec ¼ cZc; ð15Þ

where Zc is the number concentration of filter-
feeding zooplankton and c is the average volume
clearance rate.

For flux feeders, the encounter kernel is the
product of w and a cross-sectional area s; such as

ef ¼ wsZf ; ð16Þ

where Zf is the number concentration of flux-
feeding zooplankton. Note that values of Zf ; Zc; c

and s can vary in space and time, depending on
the zooplankton community present, while c and s
can vary with food concentration and particle size.

4.7.2. Total particle consumption

The net effect of animal particle consumption
when the total particle is consumed must account
for the formation of fecal pellets, whose rate is
indicated by D and which is developed further
below. The net effect of filter feeding (o ¼ 5) and
flux feeding (o ¼ 6) on the particle size spectrum is
then

@n

@t

� �
5þ6

¼ �ðec þ ef Þn þ D: ð17Þ

In the sectional representation of filter feeding, the
change of mass in section i due to full consumption
is

@Qi

@t

� �
5

¼ �
Z 2mi

mi

ðecmnÞ dm þ Di

¼ � ecQi þ Di ð18Þ

if ec is independent of m and Di ¼
R 2mi

mi
Dm dm:
For flux feeding, the sectional equation is

@Qi

@t

� �
6

¼ �
Z 2mi

mi

wsZfmn dm þ Di

¼ � asZQim
b
i ðb þ 1Þ�1

� ð2bþ1 � 1Þ þ Di if w ¼ amb: ð19Þ

4.7.3. Partial particle consumption—mining

By consuming only a small amount (dm) from an
aggregate at each contact, a small animal can
cause the particle to shrink rather than disappear.
This mining makes particles smaller but does not
change the total number of particles. The rate at
which miners find particles having mass m is
emðmÞnðm; tÞ; where emðmÞ is the specific encounter
rate for the miners. Since each encounter with
particle m decreases the mass of the particle to m–
dm and each encounter with a particle of mass
m þ dm increases the number of m particles, the
change in nðm; z; tÞ after a small time dt by mining
(o¼ 7) can be described by

ðnðm; t þ dtÞ � nðm; tÞÞ ¼ emðm þ dmÞnðm þ dm; tÞ dt

� emðmÞnðm; tÞ dt: ð20Þ

The shrinkage causes loss of particles of a given
size but also their gain from shrinkage of larger
particles.

The lowest order terms for a Taylor expansion
in dm and dt yield eðm þ dmÞEeðmÞ þ ð@eðmÞ=
@mÞdm; nðm þ dm; tÞEnðm; tÞ þ ð@nðm; tÞ=@mÞdm
and nðm; t þ dtÞEnðm; tÞ þ ð@nðm; tÞ=@tÞ dt: Substi-
tuting these terms into Eq. (20), collecting terms
and adding detrital production yields

@n

@t

� �
7

¼ emdm
@n

@m
þ ndm

@em

@m
þ D: ð21Þ

The sectional representation of Eq. (21) must
take into account that we have assumed that the
shape of n is fixed within each Si (see Eq. (2)) and
that the mass is lost by shrinkage out of the section
as well by consumption of Si while mass gain in Si

by shrinkage from Siþ1: The mass loss from
feeding is

�
Z 2mi

mi

emdm
Qi

mmi

dm ¼ � ab�1dmsZfm
b�1
i

� Qið2b � 1Þ; ð22Þ
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where the right-hand side of Eq. (22) assumes that
w ¼ amb and that the search strategy for miners is
the same as for plume finders (em ¼ wsZm; Zm is
the concentration of mining zooplankton).

The mass loss due to shrinking from Si to Si�1 is
the rate at which particles between mi and mi þ dm
are found:

�
Z miþdm

mi

emndm dm

E� emðmiÞ
Qidm

mi

¼ �amb�1
i sZmdmQi for w ¼ amb; ð23Þ

assuming that emðmiþ1ÞEemðmiþ1 þ dmÞ: Finally,
the mass gain from Siþ1 is

amb�1
iþ1 sZmdmQiþ1 for w ¼ amb ð24Þ

again assuming that eðmiþ1ÞEeðmiþ1 þ dmÞ:
The total change due to mining is the sum of

these three terms and the detrital production:

@Qi

@t

� �
7

¼ ab�1sdmZm

� ðmb�1
iþ1 Qiþ1 � 2bmb�1

i QiÞ þ Di: ð25Þ

4.7.4. Detrital production

Zooplankton feeding involves the consumption
of one set of particles and the production of a
second set as feces. It, Tðm0;mÞ; represents the rate
that particles of mass m0 are converted to fecal
particles of mass m; then the total fecal particle
production D can be described by

DðmÞ ¼
Z

N

0

Tðm0;mÞeðm0Þnðm0Þ dm0: ð26Þ

T incorporates the effects of all zooplankton
feeding and fecal release. Feces, as particles,
participate in the same coagulation processes as
other particles. Describing these interactions in-
volves the use of mass–length relationships. While
it is possible to use separate relationships for fecal
pellets (Jackson, 1998, 2001), it is simpler to
assume that fecal pellets have the same mass–
length relationship as aggregates (discussed above)
and are indistinguishable from other particles of
the same mass.
To simplify the incorporation of feces into the
sectional equations, we further assume that a
fraction p of all the material zooplankton consume
is released as feces and that this material is released
equally to all sections ranging from a minimum
size characteristic of section Sic to the maximum
Sl : Thus,

Di ¼ pðl � icÞ
�1

Xl

q¼1

eqQq for i > ic;

¼ 0 for ipic: ð27Þ

Note that ic represents the minimum size of a fecal
pellet released by zooplankton. Such an equal
redistribution of mass among sections implies that
the number spectra of the fecal pellets decreases
with pellets size. Eq. (27) is required in each of the
sectional equations for filter feeding (18), passive
flux feeding (19) and active flux feeding (25) for all
sections larger than ic:

4.8. Microbial activity

Microbial activity (o ¼ 8) consumes particulate
mass and causes particles to shrink. If the specific
rate of mass loss r is constant with particle size, a
particle of mass m at t becomes a particle of mass
m � rm dt at t þ dt for small dt: For the spectra,
that means that nðm; tÞ ¼ nðm � rm dt; t þ dt).
Making the Taylor expansion of this and keeping
lowest order terms yields

@n

@t

� �
8

¼ rm
@n

@m
: ð28Þ

The conversion of Eq. (28) to the sectional
equivalent must account for the fact that the
shape of n within a section cannot change.
Changes in Qi include losses from respiration
and shrinking as well as a gain from shrinkage of
Siþ1:

@Qi

@t

� �
8

¼ �rQi � rQi þ rQiþ1

¼ �2rQi þ rQiþ1: ð29Þ
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5. Discussion

5.1. Ecological interest of the model

In the surface region of the ocean, several
studies (Alldredge and Gotschalk, 1988, 1989;
Syvitsky et al., 1995; Kiørboe, 2000) have shown
that particle properties and function can be
related to their size spectra. Most of the surface
processes should continue in the midwater
zone and in the absence of more direct measure-
ment of the processes and their rates, observed
particle size distribution can be used as clues to
find the relevant processes. Therefore, the knowl-
edge of particles size and their variation in time
can be used with models to understand the
mechanisms of particle transformation. This is of
special interest in the mesopelagic depths where
sampling is difficult but where recent imaging
techniques can be used to obtain particle size
spectra.

Not unexpectedly, much of what we conclude is
that more information is needed. Because settling
speed is so important to estimate the flux, in situ
accurate measurement at various depths and
locations should be a priority for future research.
Because both the colonizing zooplankton and the
attached microbes modify the particle size dis-
tribution and hence the settling speed, the under-
standing of their respective physical effect on the
micro scale is needed. In addition, the biochemical
nature of midwater marine particles is not well
known and needs further investigations.

We have catalogued different mechanisms
known to affect particle concentrations and,
therefore, fluxes. Our goal has been to show how
other parts of the oceanic ecosystem affect
particles in ways that have characteristic signa-
tures. In Stemmann et al. (2004), we combine the
equations describing settling (Eq. (8)), coagulation
(Eq. (10)), disaggregation (Eqs. (12), (14)), zoo-
plankton consumption (Eqs. (18), (19) and (25))
and microbial activity (Eq. (29)) in a series of
models which are tested against a 3 year survey of
particle size spectra. The results allow us to gain an
understanding of the important processes and
their rates in the oceanic midwater column and
they suggest specific field work or experiment that
can be done to test the importance of the
difference processes.

5.2. Model properties

The model developed in this paper can be used
to predict vertical and temporal changes in particle
size spectra in a one-dimensional system, given
surface forcing and a prescribed zooplankton
community and microbial activity. Physically, the
model is suitable for regions where horizontal
gradients of particles are small or where the 3D
circulation is minimal. The model can be easily
extended to three dimensions by adding the
standard terms to describe the effects of advection
and eddy mixing. However, this expansion re-
quires more parameters and would introduce
additional sources of uncertainty in a system
where considerable information is lacking.

This analysis emphasizes particle interactions
over a large size range (nominally 1 mm to 1 cm).
However, most data sets of subsurface particle
distribution cover only a narrow size range (Table
1) often skewed toward the larger size of the
spectra. We hypothesize that small particles in
much of the ocean have a small impact on the mass
spectra as a whole. This hypothesis can be tested
with the model by calculating those concentrations
of small particles necessary to significantly alter
the rates of change calculated using only the larger
particles. We do this by separating the terms in our
equations into two parts separated by a critical
mass, mc: The small particles have unknown
concentrations. For example,

@nðmÞ
@t

¼
Z mc

0

Jðm;m0Þ dm0 þ
Z

N

mc

Jðm;m0Þ dm0;

ð30Þ

where Jðm;m0Þ is one function of the model
mechanism. We considered mechanisms that
transfer mass from the lower end to the larger
end (i.e., zooplankton feeding and coagulation).
We can calculate the mass of particles smaller than
mc needed to equal the change in the known part
occurring in isolation from other processes such
that

Rmc

0 Jðm;m0Þ dm0 ¼
R
N

mc
Jðm;m0Þ dm0: This cri-

tical concentration of particles can be compared to



ARTICLE IN PRESS

Fig. 3. Critical particle (o200mm) mass concentration needed to modify the model output for coagulation (dotted line) and (solid line)

observed number spectra by Jackson et al. (1997). Each dotted line corresponds to a critical spectrum for one known section in the

observed spectrum.
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other field observation such as total POC or can be
compared to complete size spectra in order to
evaluate the validity of the hypothesis.

As an example, we have applied (Eq. (30)) with
the process of coagulation to the size spectrum
obtained in Monterey Bay by Jackson et al. (1997)
(Fig. 1). Particle mass was estimated from particle
length using the values for D3; d1 given in Jackson
et al. (1997) and we have assumed typical
values of surface water for a ¼ 0:4 and
e=1.7� 10�2 cm2 s�3. The sectional size spectrum
was calculated as in Jackson (1995a). We assume
that unknown sections contain particles of appar-
ent diameter less than 200 mm. We choose this
length as a limit because it corresponds to the
minimal diameter of particles observed by the
UVP in the sole inter-annual study of marine size
spectra over the 100–1000m depth range available
(Stemmann et al., 2002).

Results indicate that the number concentrations
of particles smaller than 200 mm required to impact
the model output are many orders of magnitude
higher than those observed, confirming our
hypothesis (Fig. 3). Only the particles having a
length close to 200 mm may affect the model
output. This result is not surprising given the
sharp transition in particle mass spectra occurring
at 100–800 mm (Fig. 1b). We speculate that in the
midwater layers away from a source of small
particles, such as phytoplankton growth, the
particle dynamics inferred from the model should
not be affected by the lack of data on small
particles. This should be tested with more com-
plete data sets.
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