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๏ Why is remineralization in the oceans 
important?

๏ Processes affecting remineralization

• Particle type & properties, concentration, settling speed, 
biology

๏ Representing remineralization in models
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Why?

๏ Flux 
• Crucial role in biogeochemical cycles in the ocean.

๏ Climate
• Sinking particles can sequester carbon in the deep

๏ Trace Metals
• Particles provide surfaces for trace-metal sorption

๏ Deep Water Ecology
• Sinking particles provide food for deep water organisms
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Processes affecting particles
ANRV396-MA01-04 ARI 19 August 2008 17:13

Zooplankton grazing
Coagulation

Fragmentation

Zooplankton interactions

b
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Microbes

Figure 1
Particle aggregation processes and how they affect particles in the marine environment. Biological
aggregation (e.g., fecal pellet production) and physical aggregation by (a) shear and (b) differential
sedimentation form large, heterogeneous, rapidly settling particles in the surface waters. In deeper waters,
fragmentation and repackaging of this material by zooplankton are the dominant processes that affect
aggregate sizes and properties. Microbes decompose material throughout the water column.

Coagulation: the
physical processes that
bring particles
together

TEP: transparent
exopolymer particles

Physical processes that bring particles into contact with each other are studied under the label
of coagulation. Biological processes are also important in the formation and decomposition of
particulate material, but are more complex and involve the formation of constituent particles and
colonization (Simon et al. 2002, Kiørboe et al. 2003, Grossart et al. 2006).

We refer the reader to recent excellent reviews for more information on related topics such
as diatom aggregation (Thornton 2002), transparent exopolymer particles (TEP) (Passow 2002),
and the ecology of microbial communities on marine aggregates (Simon et al. 2002).

OBSERVATIONS OF AGGREGATION
Aggregates of detrital organic material have been observed in marine systems for many years (Riley
1963). This material was originally thought to consist of fecal matter and the remains of plankton
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Feeding the Deep Ocean?
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measurements, made with manned submersibles, exist from
mesopelagic depths in the Atlantic Ocean (Bailey et al., 1994),
from benthopelagic depths in the Pacific Ocean (Smith, 1982,
1985; Smith et al., 1986), and from the meso- and bathypelagic
zones for certain taxa such as copepods (Thuesen et al., 1998;
Ikeda et al., 2006) and medusae (Thuesen and Childress, 1994).
Measured in situ weight- and carbon specific respiration rates for
mesopelagic gelatinous animals were 2–5 times higher than
shipboard measurements of the same species (Bailey et al., 1994).
If such differences turn out to be common, then a recalibration
of metazoan respiration based on in situ measurements could
re-define the known levels of zooplankton carbon demand.

Measurements of metabolic activity under in-situ conditions
are technically difficult (Tamburini et al., 2009a, 2009b). Zoo-
plankton respiration is increasingly measured using either the ETS
method (e.g., Hernández-León and Gómez, 1996; Koppelmann
et al., 2000) or allometric relationships combined with measure-
ments of zooplankton biomass (e.g., Ikeda et al., 2007; Steinberg
et al., 2008), though oxygen consumption may depend on motion
and feeding mode as well as body weight and temperature
(Paffenhöfer, 2006). Zooplankton ETS measurements are subject
to similar uncertainties as those for bacteria. For example, R:ETS
for shallow-water copepods varies from 0.1670.02 to 2.3470.76
with typical uncertainties ranging from 10 to 50% (Hernández-
León and Gómez, 1996). Allometric estimates of zooplankton
respiration from biomass suffer from the same problem as
regressions of POC flux with depth; few published relationships
give uncertainties for regression coefficients, making an evalua-
tion of the uncertainties of predicted respiration rates impossible.
In addition, allometric relationships have largely been determined
only for epipelagic zooplankton (Ikeda, 1985) and for certain
taxa such as copepods (Ikeda et al., 2007), and may not be
appropriate for use with meso- and bathypelagic taxa. Conversion
of zooplankton respiration to carbon consumption (total zoo-
plankton carbon demand) requires assumptions about the
fraction of assimilated carbon respired and the assimilation
efficiency (Steinberg et al., 1997, 2008), each carrying their own
uncertainties.

The relative contribution of zooplankton to the decrease in
POC flux varies spatially and temporally. Steinberg et al. (2008)
estimated that mesopelagic zooplankton and bacteria in the
subarctic Pacific (at station K2) contributed approximately
equally to the carbon demand, whereas BCD exceeded that of
zooplankton in the subtropical Pacific (at the Hawaii Ocean Time-
series (HOT) station ALOHA). Sinking POC flux was inadequate to
meet the carbon demands of bacteria and zooplankton at both
sites (Fig. 3). Zooplankton C demand in the bathypelagic varies by
a factor of 2–20 depending on region and season, with the
greatest variability in the upper bathypelagic (1000–2500 m)
(Koppelmann and Frost, 2008). Mesozooplankton respiration has
been estimated to account for 7–66% of the loss of sinking POC
flux in the bathypelagic, again depending on region and season,
with the lowest values and variability occurring in the Arabian
Sea (Koppelmann and Weikert, 1999; Koppelmann et al., 2000,
2004). This spatial and temporal variability increases uncertainty
in regional and global budgets.

Estimates of microzooplankton carbon demand in the meso-
and bathypelagic ocean are rare and sorely needed. In the
northwest Mediterranean, the abundance of heterotrophic nano-
flagellates between 5 and 2000 m was observed to decrease
by three orders of magnitude and showed little seasonality
(Tanaka and Rassoulzadegan, 2002). The biomass of pico- and
microplankton in the North Pacific also decreases with depth
(Yamaguchi et al., 2002; Sohrin et al., 2010). Mesopelagic
microzooplankton respire, on average, 18–76% of the POC flux
remaining at 250 m in the Arabian Sea (Gowing et al 2003). To our

knowledge, no other studies report microzooplankton C demand
in the dark ocean, adding to our uncertainty of their role in deep-
sea carbon budgets.

The feeding strategies and behavior of many meso- and
bathypelagic zooplankton differ from their epipelagic counter-
parts, with some depending on sinking POC and others using
suspended POC or bacteria as food sources (e.g., Wishner et al.,
2000; Koppelmann et al., 2009). This selectivity directly affects
their metabolism and the ways in which we estimate their
contribution to remineralization. A significant fraction of the
mesopelagic zooplankton C demand could be met by spatially
uncoupled organic C consumption by vertically migrating zoo-
plankton in surface waters and metabolism at depth (Steinberg
et al., 2008); this is likely the case for vertically migrating
micronekton as well. This active transport was estimated to
support between 15 and 88% of the observed zooplankton
respiratory carbon demand between 150 and 1000 m at stations
ALOHA (221450N, 1581W) and K2 (471N, 1601E) in the Pacific, but
active transport of DOC (by excretion at depth) was only able to
support 1–7% of the estimated bacterial carbon demand. Likewise,
gelatinous grazers may also be short-circuiting the vertical flux
measured by sediment traps. Vertically migrating salps ingest
POC near the surface, releasing it as larger fecal pellets at their
daytime depths (Wiebe et al., 1979; Phillips et al., 2009). Because
the POC has been repackaged into larger, faster-sinking pellets
released at greater depth, it is less likely to be caught in traps or
remineralized in the water column. Ontogenetic (seasonal)
vertical migration is also important in some abundant subpolar
copepod species, representing a significant C export to depth
(Kobari et al. 2003; Robinson et al., 2010; Robison et al., 2010).

2.2.3. Metazooplankton, micronekton and top predators
As noted by del Giorgio and Duarte (2002), few estimates of

respiration exist for metazooplankton and (top predator) verte-
brates in the deep ocean. Those authors cite the metazooplankton
contribution to respiration as varying from o1% to 450%. To
estimate the contribution of vertebrates, the authors assumed a
minimum of three trophic levels between vertebrates and
primary producers, with an assumed transfer efficiency of 10%
between each level. These assumptions led to the conclusion that
vertebrate respiration is r1% of the total open ocean respiration.
Any uncertainty in such a small contribution is unlikely to affect
the overall dark ocean carbon budget.

Fig. 3. Metabolic carbon demand and loss of sinking POC at stations ALOHA and
K2 as measured during the VERTIGO program (figure from Steinberg et al, 2008).

A.B. Burd et al. / Deep-Sea Research II 57 (2010) 1557–1571 1563

Steinberg et al., Limnol. Oceanogr. 2008
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values (e.g., Boyd et al., 1999; Steinberg et al., 2008) or alternative
techniques (such as a Monte Carlo analysis). Our analysis used
uniform distributions to sample parameter values, but different
sampling distributions (e.g., normal, log-normal, Poisson) would allow
a priori information of the most likely range of parameter values to be
incorporated. It is also worth noting that estimates of BGE obtained
from O2 consumption, CO2 consumption or DOC utilization using
closed systems may give low estimates of BGE because the substrate
becomes more recalcitrant over the course of the experiment
(C. Carlson, pers. comm.). A comparison of the experiment duration
and the timescale for microbial organisms to find fresh substrate in
the environment should help determine if this is indeed a problem.

The use of regression-based relationships should be considered
carefully because, without uncertainties for the regression

parameters, it is difficult to quantify uncertainties in predicted
values. We strongly recommend that regression relationships
(such as those for allometric relationships and POC flux attenua-
tion vs. depth) be supplied with uncertainties for the regression
parameters. In addition, agreement must be reached on how
to standardize POC flux measurements and parameterizations
(e.g., by normalizing POC flux to the depth of the local euphotic
zone (Buesseler and Boyd, 2009), so that budget comparisons can
be made more precisely.

We need to determine the role of pressure in the measurement
of metabolic activities. Measurements of bacterial metabolic
activity in deep NW Mediterranean waters were greater at
in situ pressures compared with those made under decompressed
conditions and BGEs determined under decompressed conditions

Fig. 4. The results of a Monte Carlo experiment showing the frequency distribution of the POC/BCD ratio using data from the VERTIGO study (Steinberg et al., 2008)
and ranges for various parameters; thymidine conversion factor (t), cell carbon content (fc), and BGE. (a) t¼1"1018-2"1018 mols cell#1, fc¼15 fgC cell#1, BGE¼0.1–0.15;
(b) t¼0.67"1018–3.5"1018 mols cell#1, fc¼7–30 fgC cell#1, BGE¼0.01–0.2; (c) t¼0.67"1018–3.5"1018 mols cell#1, fc¼7–30 fgC cell#1, BGE¼0.01–0.45;
(d) t¼0.67"1018–3.5"1018 mols cell#1, fc¼7–15 fgC cell#1, BGE¼0.1–0.45. The probabilities of POC/BCD41 for the deployments ALOHA 1, ALOHA 2 and K2 are a)
o1%, o1%, o1%; b) 5%, 3%, o1%; c) 26%, 20%, 2%; d) 45%, 37%, 5% respectively.

Table 2
Table of recommendations for future research and techniques.

Category Recommendation Sections

Concepts &
Analysis

Better conceptual approaches and more accurate estimates of metabolic activity conversion factors/parameters and their
variability.

2.2.1; 3; 3.4; 4.1

Providing uncertainties for regression parameters. 2.1.1; 2.2.3
Examination of correlations between geochemical and ecological estimates of metabolic activities. 4.3
Consensus on depth domain boundaries. 4.3

Sampling Understand role of pressure in measurements of metabolic activity 2.2.3
Sampling of presently unquantified & under-sampled sources/sinks (e.g. lateral advection, suspended particles,
microzooplankton, viruses, migrants, stochastic events) and processes (coprophagy, vertical transport etc.).

2.1.1; 2.1.3; 2.2.3–4;
3.2; 4.2

Accounting for temporal & spatial scale mismatches in sources and sinks. 2.1.1; 2.1.2; 4.3
Processes Understanding role of food-web dynamics/community structure, linking diversity and function with environmental variability. 2.2.3; 2.2.4; 4.3

Investigate new processes & novel metabolic pathways (e.g. chemosynthesis as C source) 4.3
Models Process oriented models of particle flux attenuation 4.2-4.3

Meso and bathy-pelagic food web/community structure models 4.2-4.3

A.B. Burd et al. / Deep-Sea Research II 57 (2010) 1557–15711566

Burd et al., Deep-Sea Res. II, 2010

Insufficient Carbon

Sufficient Carbon
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Carbon sequestration
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Figure 2 | Sensitivities to changes in remineralization depth. a, The sensitivity of the volume-averaged concentrations of preformed and remineralized
PO4 (µmol kg�1) for the nutrient-restoring model (NR) and the constant-export model (CE). b, The sensitivity of the export production as particulate
organic carbon (POC) at the base of euphotic layer (Gt C yr�1). c, The sensitivity of atmospheric pCO2 (ppm) obtained using the rain ratio of CaCO3 to
POC, r = 0.08 (solid lines) and r = 0 (dashed lines). d, Same as c except that the x-axis is scaled with respect to the e-folding depth. ‘+’ marks each
model data point.

concentrations in the upper ocean and decreased concentrations in
the deeper ocean. This rearrangement causes the ocean to take up
CO2 due to the increase in surface alkalinity.

The mechanism mediated by the soft-tissue pump accounts for
⇠85% of the pCO2 drawdown in the constant-export model and
⇠50% in the nutrient-restoring model (Fig. 2c,d). With the CaCO3
cycle turned off, for example, an increase in the remineralization
e-folding depth from 204 to 228m leads to decreases of atmospheric
pCO2 by 23 ppm for the constant-export model and 5 ppm for
the nutrient-restoring model. The CO2 uptake mediated by the
soft-tissue pump is about five times greater in the constant-export
model, where new production decreases minimally in response to a
reduction in surface nutrients.

The global ocean increases its capacity for CO2 when the
remineralization depth increases. Figure 3 shows that increases in
1DICgasx are particularly pronounced in the water formed in the
high-latitude North Atlantic Ocean. The increased accumulation
of respired nutrients in old bottom waters is balanced by the
depletion of preformed nutrients in newly formed NADW, which
causes carbon accumulation taken in NADW. A net transfer of
carbonate ions from old bottom waters to NADW also contributes
to CO2 uptake in the NADW formation regions. As a result, NADW
provides a major pathway of atmospheric CO2 to the deep ocean
when the remineralization depth increases globally (Fig. 3b; see also
Supplementary Information).

The Southern Ocean has been recognized as a region within
which the efficiency of the biological pump controls atmospheric
pCO2. Owing to inefficient biological consumption of surface
nutrients, water masses ventilated from the Southern Ocean are
characterized by high concentrations of preformed nutrients (aver-
age 1.6 µmol kg�1 of PO4 compared to 0.9 µmol kg�1 in NADW)19.
Thus an increased biological use of surface nutrients leads to net

uptake of carbon primarily through bottom waters formed in
the Southern Ocean22. However, increasing remineralization depth
does not deplete surface nutrients in the Southern Ocean as much
as it does in the NADW formation regions. This is because Cir-
cumpolar Deep Water with increased respired carbon upwells and
mixes with the surface water, resulting in only a moderate change
in surface chemistry. Consequently, bottom waters ventilated from
the Southern Ocean are less efficient than NADW at storing
atmospheric CO2 when the remineralization depth increases.

It is noteworthy that the regions within which changes in
the remineralization depth control atmospheric pCO2 are globally
distributed. We performed experiments in which we restricted the
change in the remineralization depth to individual basins. We
found that 38% of the total reduction in atmospheric pCO2 can be
attributed to the increase in the remineralization depth in the Pacific
Ocean and that 22%, 21% and 19% can be attributed to those in
the Southern Ocean (south of 40� S) and the Atlantic and Indian
oceans respectively. The basin-to-basin differences in the sensitivity
of atmospheric pCO2 to a change in the remineralization depth
are due to differences in the amount of particulate organic carbon
export in each basin (see Supplementary Information).

Palaeoclimate records suggest that respired carbon and nu-
trients were shifted from intermediate waters towards deep wa-
ters in the glacial ocean23–25. The shift could have been due to
changes in circulation25 and/or changes in biological production
and remineralization23. If we ignore the possible differences in the
circulation and attribute the shift to a deepening of remineraliza-
tion, perhaps caused by a slowdown of bacterial consumption of
sinking organic matter at colder temperatures1 or increased ballast
minerals5 in a dustier climate26, the implied change in reminer-
alization depth corresponds to an increase in the e-folding depth
from 204 to 313m (see Supplementary Information). Figure 2

632 NATURE GEOSCIENCE | VOL 2 | SEPTEMBER 2009 | www.nature.com/naturegeoscience

Kwon et al., Nature Geosci., 2:630–635, 2009
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Nanoparticles

MA04CH09-Verdugo ARI 22 August 2011 9:32

of both tangles and weak, low-energy bonds (Verdugo 1990). These features make the assembly/
dispersion dynamics of tangled networks depend primarily on polymer length—in fact, on the sec-
ond power of the contour length of the assembled polymers (Edwards & Grant 1973). Assembly
and dispersion are diffusion-limited processes. Longer flexible polymers have a higher probabil-
ity of becoming entangled and forming networks. Conversely, dispersion of assembled networks
requires that polymers randomly reptate (axially diffuse) their way out of the network. Diffusion
times depend on the second power of the length of the random walk, which in this case is the length
of the polymers. Thus, the stability of tangled networks and thereby the equilibrium size of tangle
gels is critically limited by chain length (de Gennes & Léger 1982, Doi & Edwards 1998). Shorter
polymers not only can walk out of tangles faster, but are likely to have a much lower number of
low-energy cross-links. The resulting gels are smaller and short-lived. Axial reptational diffusion
is also at the center of a critical feature of tangled networks—namely, it makes annealing between
tangled gels possible. This is a paramount feature because it allows polymers from neighboring
gels to interpenetrate their respective networks to form larger gels (Figure 1).

In short, low-energy interactions are an important additional factor that contributes to the sta-
bility of tangled gels. Physical gels reach an assembly/dispersion equilibrium that is reversible and
depends not on specific chemical composition or complementary reactive residues but primarily
on their concentration, and on physical features including charge density (ζ -potential), hydropho-
bic/hydrophilic domain ratios, flexibility, topology (linear, branched, star, etc.), quaternary con-
formation (globular, beta sheet, random coil, etc.), and particularly the size (contour length) of the
polymer chains. Assembly also depends on the characteristics of the solvent—including dielectric

[DOC] [NanoG] + [NanoG] [SAG] 

Dispersion Fragmentation 

DOC polymers
~5–50 nm

Nanogels
~100–200 nm 

Microgels
~3–6 µm 

Assembly Annealing 
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Figure 1
Dissolved organic carbon (DOC) assembly and formation of self-assembled microgel (SAG). DOC polymers
assemble first, forming nanogels that are stabilized by entanglements and Ca bonds. One of the features of
entangled networks is that polymers can undergo axial diffusion (reptation), allowing polymers to
interpenetrate neighboring nanogels, forming microgels. This two-step process is reversible and can be
modeled by the assignment of four rate constants as shown in panel b.
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Capturing Particles
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cannot be identified below that size because of the low resolution
of the image. This configuration was chosen as an optimal com-
promise between obtaining a limited number of objects to
analyse (,2000) and the reliable detection of small and transpar-
ent organisms after many tests. About 5–10% of these images
contain interesting targets, which were visually reviewed to ident-
ify taxa. The complete analysis of a profile takes !2 h. Among the
329 available profiles, only 183 were included in the statistical
analysis. The remaining 146 were excluded because they only
reached 500 or 700-m depth (105 profiles), or the image treatment
could not follow the standard protocol because the number of
images extracted was too high (.50 000) with a size cut-off at
100 pixels.

Macrozooplankton groups included in the analyses
Macrozooplankton were lumped into 21 major groups, because
identification to lower taxonomic levels was not possible. This
procedure maximized the number of individuals per group and
allowed statistical comparisons of groups in each oceanic region.
The organisms identified were 1–10 cm long, except for the single-
celled sarcodines (,1 cm; Figure 3). Sarcodines were divided into
eight groups. The first group had a characteristic morphology with
a central disc (up to 0.5 cm) and several tentacles (mostly four);
sometimes their tentacles attached two individuals. These were
identified as radiolaria of suborder Phaeodaria (Haeckel, 1887;
hereafter Phaeo.). The second group had typical radial spines
(Spine.). The third group was similar to the Spine., but the indi-
viduals were attached in pairs (Spine2.). The fourth group had
more hair-like spines (Stars.), the fifth had groups of four attached
cells (RadioCS.), and the sixth showed a spherical kernel

surrounded by a halo (Sphere.). The two remaining groups were
colonial. The seventh group had flat, cylindrical colonies
(RadioC.), whereas the eighth also had flat, cylindrical colonies
but was ramified (RadioCD.). The ctenophores were divided
into two groups: cydippids (Cyd.) and lobates (Lob.). The sipho-
nophores (Siph.) were pooled into a single group because the res-
olution of the images did not always allow calycophorans to be
distinguished from physonects. Five groups of medusae were
formed: the trachymedusae Aglantha spp. (Agl.) and Haliscera
spp. (Hal.), the narcomedusae Aeginura grimaldii (Gri.) and
Solmundella bitentaculata (Sol.), and “other medusae” (Med.,
which included other hydromedusae as well as all scyphomedusae).

Crustaceans (Crust.) included amphipods, large decapods,
euphausiids, and other crustaceans that could not be categorized
because of poor image quality. Copepods were excluded from
analyses because they were usually too small for quantitative
assessments. All chaetognaths (Chaet.) were pooled. Tunicates
were subdivided into two groups: appendicularians (App.),
encompassing fritillarians and oikopleurids, and thaliaceans
(Thal.), which included doliolids and salps, salps being numeri-
cally dominant. The fish (Fish) were lumped into one group
although different families or genera could be identified (e.g.
Cyclothone).

Numerical analysis
The numerical analysis of the zooplankton data included five steps.
(i) Vertical binning of each profile, (ii) assessment of diel vertical
migration (DVM) to justify pooling day and night data, (iii) objec-
tive assessment of variability in the community structure, using
multidimensional-scaling (MDS; Clarke and Warwick, 2001)

Figure 3. UVP video images of individuals from each of the macrozooplankton groups analysed; appendicularians (App.), Thaliacae (Thal.; salp
and doliolid), Fish, Haliscera spp. medusa (Hal.), S. bittentaculata (Sol.), Aglantha spp. (Agl.), Aeginura grimaldii (Gri.), and “other medusae”
(Med.), chaetognath (Chaet.), lobate ctenophore (Lob.), cydippid ctenophore (Cyd.), siphonophore (Siph.), crustaceans (Crust.; decapod and
amphipod), single-cell sarcodine grouped by four (RadioCS.), colonial radiolarians (RadioC.), colonial radiolarians with double line (RadioCD.),
Phaedorian (Phaeo.), single-cell sarcodine with spines (Spine.), double-cell sarcodine with spines (Spine2.), spheres (Sphere.), and sarcodine
with hairs (Stars.). The scale bar represents approximately 1 cm. Additional images can be viewed at http://www.obs-vlfr.fr/LOV/ZooPart/
Gallery/.

436 L. Stemmann et al.

Stemmann et al., ICES J. Mar. Sci.,  65:433–442, 2008
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Particulate Flux
Particulate flux = Concentration × Settling Velocity

and average size of aggregates drop off appreciably
below the euphotic zone (Fig. 1), driving with them
a drop in the total volume of aggregates per liter.
This implies that degradation processes are strongly
active in the upper few hundred meters and that
processes in this zone bear considerable influence on
the flux reaching deeper waters (Bishop et al., 1978,
1980).

Although cameras are a powerful means of
investigating aggregates in the ocean, their instan-
taneous views of particle distributions may miss

episodic pulses of material that contribute dispro-
portionately to particle flux, such as events asso-
ciated with phytoplankton blooms (Billett et al.,
1983; Asper et al., 1992) or the breakdown of water-
column stratification by convective mixing (Kemp
et al., 2000). Such pulses of phytodetritus to the
seafloor have been seen in all ocean basins in both
coastal and open-ocean locations, and can, in the
course of a few days to a few weeks, deliver the
equivalent of the annual average carbon flux to the
benthos (Beaulieu, 2002). This rapidly sedimented

ARTICLE IN PRESS
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Fig. 1. Examples of aggregate number per liter, mean equivalent spherical diameter (ESD) for all particles 40.15mm at each depth, and
volume of aggregates per liter (calculated from number and mean ESD) versus depth from video images. The upper panels depict one
profile from the Southern Ocean at 48.91S, 72.11E (data from Gorsky and Picheral, 2004a). The middle panels show a profile from the
eastern Atlantic at 20.51N, 18.71W (data from Gorsky, 2004) and the area in gray is below the detection limit of the camera. The bottom
panels show a profile from the equatorial Pacific at 5.01N, 179.81W (data from Gorsky and Picheral, 2004b). A multitude of such data
exist, for example, archived on Pangaea (http://www.pangaea.de/Info/).
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with particles in the middle of the size range having the
slowest calculated average sinking velocities. Figure 5A
and E show portions of the gels from PS2 during both the
January and February occupations. In January, there was
an abundance of large krill fecal pellets and few small
particles collected in the polyacrylamide gel traps. Approx-
imately 1 month later at the same location, large krill fecal
pellets were not present in the gel traps, and there was an
increase in the flux of the smaller aggregates and
minipellets. The resulting ASVD values from these two
occupations are markedly different.

Discussion

The fact that the highest sinking velocities were found in
the largest and smallest size classes was a surprising result,
especially given that most models of sinking velocity (e.g.,
Stokes’ Law) predict increasing settling speeds as particle
size increases. Closer inspection of the material collected in
the polyacrylamide gel traps reveals that the majority of

particles comprised two dominant particle sizes. Many
individual diatoms and radiolarians were present with
ESDs in the 70–120-mm size range. With their dense
frustules and skeletons, these small particles were likely
sinking quickly and therefore would have had high
abundances in the gels relative to their measured concen-
trations in the water column. On the large end of the FSD,
fecal strands from the Antarctic krill species E. superba
dominated the flux and led to high Wi,avg in these size
classes. Thus, it is likely that these two distinct particle
groups sink very rapidly and therefore lead to high Wi,avg in
their respective size bins. Previous direct measurements of
the sinking velocities of Euphausiid fecal pellets range from
16 to 862 m d21, while marine snow was observed to have a
more restricted upper limit, with sinking velocities of 16–
368 m d21 (Turner 2002). Fecal pellets generated by E.
superba specimens from our January 2009 cruise had
velocities of 200 m d21, as determined by laboratory
settling column measurements (D. Steinberg pers. comm.).
Our calculated Wi,avg values are consistent with these

Fig. 3. Particle size distributions for three locations along the WAP illustrate the relationship between the (A, D, G) particle flux, (B, E,
H) concentration, and (C, F, I) average sinking velocity. The calculated Wi,avg values range from , 20 m d21 to , 150 m d21, with the
highest velocities for the particles with the smallest and largest ESD collected in the traps. Intermediate-sized particles had the lowest
velocities. Error bars display the standard deviations for each size bin. Open bars indicate that fewer than six particles were counted in that
size bin, and therefore the associated errors are high and difficult to quantify, but we include these data for the additional information they
may provide. Two vertical grid lines are used to aid the eye in the alignment of the different size classes. Flux data is from the 150-m trap at
PS1 and PS3 and from the 200-m trap at PS2. CSD are averages from the 50 m of the water column immediately above the trap.

2090 McDonnell and Buesseler
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Wednesday, August 7, 13



Particle type: fluffy aggregates

Trull et al. (2008). Sub-sampling introduces variability of 10–20%
from inhomogeneous filter coverage that well exceeds the analy-
tical uncertainties of these methods (Trull et al., 2008).

2.3.2. Particle properties from the polyacrylamide gels
Immediately after recovery, the gel cups were removed from

the tubes. Within a few hours of recovery the gels were photo-
graphed under low magnification (6.5–50) against an etched-
glass grid of 36 cells (12.5!14 mm each). Gels were stored at 2 1C
until further investigations in the laboratory onshore. The low
magnification images were processed using image analysis soft-
ware to obtain statistics of particle abundances and forms
(Ebersbach and Trull, 2008). We divided the particles into
5 classes of particles: fluff-aggregates, faecal-aggregates, phyto-
cells, cylindrical faecal pellets, and ovoid faecal pellets
(see Table 5, Fig. 3). Assuming that particles were more or less
evenly distributed over the gel surface, 10 grid cells per gel were

analysed (16.8 cm2, which corresponds to one fifth of the collec-
tion area) and projected to the gel area.

To allow size comparisons for particles of different shapes, we
calculated equivalent spherical diameters (esd) from the observed
areas (esd¼2(area/p)0.5). We set a minimum particle size for analysis
of 0.001 mm2 (36 mm esd), because few particles were smaller than
this, and because this ensured that gel thickness and refractive index
variations were not mis-interpreted as ‘particles’. For each particle
type, volumes were estimated from the imaged areas using the
geometric approximations given by Ebersbach and Trull (2008), i.e.
aggregates and phyto-cells were regarded as spheres, cylindrical
pellets as cylinders, and ovoid pellets as ellipsoids.

To convert volume flux into carbon flux, we adopted carbon
contents of 0.057 mg C mm#3 for faecal pellets (Gonzalez and
Smetacek, 1994), and applied the parameterisation for carbon
conversion factors used in our previous work (Ebersbach and
Trull, 2008). That formulation is based on the fractal decrease of
carbon contents with size observed for large coastal marine snow

Table 5
Particle categories based on microscopic observations of the polyacrylamide gels.

Category Appearance Size range (mm3)

Aggregates
Fluff-aggregate (flu) Amorphous shapes, fluffy, brownish in colour 1–5400
Faecal-aggregate (fae) Composed of distinctly shaped smaller particles, especially

faecal pellets. Brownish in colour
0.07–1000

Phytoplankton cells
phyto-cell (phy) Diatom chains or individual diatom cells 0.07–1

Faecal pellets
cylindrical pellet (cyl) Intact cylindrically formed faecal pellet, brown colour 0.04–1600
Ovoid pellet (ovo) Intact faecal pellet of oval from, dark brown/black 0.06–100

Fig. 3. Particle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and k), faecal-
aggregates (b, g, and m) cylindrical faecal pellets (a, f, and j), ovoid faecal pellets (e, h, and i), and phyto-cells (d and l). While the fluff-aggregates resemble phyto-detritus
(k) or feeding-structures (large particles in c), the faecal-aggregates appear to be composed of relatively compact material (b), and sometimes even have distinct shapes
similar to a pellet (upper left particle in g) or they can be made of somewhat more degraded faecal material (upper particle in m). The large cylindrical faecal pellets are
likely to originate from euphausiids (a and left pellet in j), whereas the smaller pellets presumably are of copepod origin (f, and upper and right pellet in j). The ovoid faecal
pellets show two size classes, the larger pellets (i and left pellet in e) versus the smaller ones (h and right pellet in e). Phyto-cells are in general the smallest particles found.

F. Ebersbach et al. / Deep-Sea Research II 58 (2011) 2260–22762266

Ebersbach et al., Deep-Sea Res. II, 58:2260–2276, 2011
Wednesday, August 7, 13



,g4L-4 4 TTm-r-,l T-IT1 1 r1 

10-l loo 10' lo2 

DIAMETER (mm) 

A 
10' 100 10' lo2 

DIAMETER (mm) 

DIAMETER (mm) 

IO0 10' 

DIAMETER (mm) 
IO2 

Fig. 2. Size characteristics of marine snow. A. Aggregate volume as a function of diameter (regression 
coefficient, rc, = 0.97; P < 0.00 1). B. Aggregate dry weight as a function of diameter (rc = 0.7 1; P < 0.00 1). C. 
Aggregate porosity as a function of diameter: O-diatom floes; O-all other marine snow regardless of origin 
(rc = 0.79; P < 0.001). D. Aggregate excess density as a function of diameter (rc = 0.79; P < O.OOl), symbols 
as in panel C. 

snow in situ as a function of various particle 
characteristics. Mean settling rate was 
74 + 39 m d-l. Sinking speed increased ex- 
ponentially with particle diameter (Fig. 3A). 
Settling velocities increased with the in- 
creasing ratio of volume to projected area, 
as predicted by settling theory (Fig. 3B). 

Settling rate in situ increased exponen- 
tially with aggregate dry weight (Fig. 3C). 
We compared the size-specific settling rates 
of marine snow determined in the labora- 
tory with rates for similarly sized and shaped 
aggregates determined in situ with dry weight 
as an accurate measure of aggregate size. 
Despite minimal handling of particles, set- 
tling velocities measured in the laboratory 
were consistently higher, by up to four times, 
than those of similarly sized aggregates 
measured in situ (Fig. 3C). No significant 

statistical correlation could be found be- 
tween sinking rate and dry weight 0.f aggre- 
gates studied in the laboratory. 

Although settling theory predicts that the 
sinking rate of an object settling in a fluid 
is a function of the excess density of the 
object, our data did not yield a significant 
relationship between excess aggregate den- 
sity, as calculated by our methods, and sink- 
ing rate (Fig. 3D). 

We measured or derived all of the di- 
mensional terms in the force balance Eq. 1 
for a settling object. Thus, we can directly 
calculate the drag coefficient, C,, for each 
sinking aggregate. Calculations of C, for our 
nonspherical aggregates can provide insight 
into the effects of shape and other variables 
that potentially alter the settling behavior 
of marine snow relative to sinking spheres. 
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Fig. 3. Sinking rates of marine snow in situ (0) as a function ofi A-aggregate diameter (regression coefficient, 
rc, = 0.6 1; P < 0.00 1); B-aggregate volume divided by projected area (rc = 0.42; P < 0.00 I); C-aggregate 
dry weight (rc = 0.60; P < 0.001) (O-sinking velocities determined in the laboratory); D-aggregate excess 
density. 

Figure 4A presents C,, as a function of 
Reynolds number. Also plotted on Fig. 4A 
are the predicted curves for spheres assum- 
ing Stokes settling (CI, = 24/Re) and an em- 
pirically determined relationship, 

6 + 0.4, 
1 + (Re)” (7) 

for solid spheres at higher Reynolds num- 
bers (White 1974). 

The drag coefficients of marine snow were 
consistently higher than those of spheres of 
elquivalent Reynolds number (Fig. 4A), in- 
dicating that marine snow sank more slowly 
than equivalent spheres. Spheres sink more 
rapidly than most other shapes (Simpson 
1982). Moreover, for nonspherical parti- 
cles, C, is a function of both Re and shape. 
Therefore, we investigated shape as a factor 
affecting settling velocity. 

We hypothesized that the coefficient of 
form resistance, k, would also increase with 
increasing nonsphericity for marine snow 
particles. We determined the Corey shape 
factor, CSF, assuming that the particles were 
symmetrical about their polar axis; thus the 
two smallest axial diameters, D, and Di, were 
equal for prolate aggregates while D, and D, 
were equal for oblate aggregates. We cal- 
culated U,, the settling velocity of a sphere 
of equivalent volume and density to each 
aggregate, with the force balance Eq. 2. In 
solving this equation for equivalent spheres, 
we used the equation for CD empirically de- 
rived by White (Eq. 7) for spheres outside 
the Stokes range. Since excess density was 
size-specific, we used the empirically de- 
rived function of Fig. 2D to calculate the 
excess density of sinking spheres as a func- 
tion of sphere diameter. Substitution of these 
parameters into the force balance Eq. 2 en- 

Alldredge & Gotschalk, Limnol. Oceanogr. 33:339–351,1988
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Particle type: fecal aggregates

Trull et al. (2008). Sub-sampling introduces variability of 10–20%
from inhomogeneous filter coverage that well exceeds the analy-
tical uncertainties of these methods (Trull et al., 2008).

2.3.2. Particle properties from the polyacrylamide gels
Immediately after recovery, the gel cups were removed from

the tubes. Within a few hours of recovery the gels were photo-
graphed under low magnification (6.5–50) against an etched-
glass grid of 36 cells (12.5!14 mm each). Gels were stored at 2 1C
until further investigations in the laboratory onshore. The low
magnification images were processed using image analysis soft-
ware to obtain statistics of particle abundances and forms
(Ebersbach and Trull, 2008). We divided the particles into
5 classes of particles: fluff-aggregates, faecal-aggregates, phyto-
cells, cylindrical faecal pellets, and ovoid faecal pellets
(see Table 5, Fig. 3). Assuming that particles were more or less
evenly distributed over the gel surface, 10 grid cells per gel were

analysed (16.8 cm2, which corresponds to one fifth of the collec-
tion area) and projected to the gel area.

To allow size comparisons for particles of different shapes, we
calculated equivalent spherical diameters (esd) from the observed
areas (esd¼2(area/p)0.5). We set a minimum particle size for analysis
of 0.001 mm2 (36 mm esd), because few particles were smaller than
this, and because this ensured that gel thickness and refractive index
variations were not mis-interpreted as ‘particles’. For each particle
type, volumes were estimated from the imaged areas using the
geometric approximations given by Ebersbach and Trull (2008), i.e.
aggregates and phyto-cells were regarded as spheres, cylindrical
pellets as cylinders, and ovoid pellets as ellipsoids.

To convert volume flux into carbon flux, we adopted carbon
contents of 0.057 mg C mm#3 for faecal pellets (Gonzalez and
Smetacek, 1994), and applied the parameterisation for carbon
conversion factors used in our previous work (Ebersbach and
Trull, 2008). That formulation is based on the fractal decrease of
carbon contents with size observed for large coastal marine snow

Table 5
Particle categories based on microscopic observations of the polyacrylamide gels.

Category Appearance Size range (mm3)

Aggregates
Fluff-aggregate (flu) Amorphous shapes, fluffy, brownish in colour 1–5400
Faecal-aggregate (fae) Composed of distinctly shaped smaller particles, especially

faecal pellets. Brownish in colour
0.07–1000

Phytoplankton cells
phyto-cell (phy) Diatom chains or individual diatom cells 0.07–1

Faecal pellets
cylindrical pellet (cyl) Intact cylindrically formed faecal pellet, brown colour 0.04–1600
Ovoid pellet (ovo) Intact faecal pellet of oval from, dark brown/black 0.06–100

Fig. 3. Particle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and k), faecal-
aggregates (b, g, and m) cylindrical faecal pellets (a, f, and j), ovoid faecal pellets (e, h, and i), and phyto-cells (d and l). While the fluff-aggregates resemble phyto-detritus
(k) or feeding-structures (large particles in c), the faecal-aggregates appear to be composed of relatively compact material (b), and sometimes even have distinct shapes
similar to a pellet (upper left particle in g) or they can be made of somewhat more degraded faecal material (upper particle in m). The large cylindrical faecal pellets are
likely to originate from euphausiids (a and left pellet in j), whereas the smaller pellets presumably are of copepod origin (f, and upper and right pellet in j). The ovoid faecal
pellets show two size classes, the larger pellets (i and left pellet in e) versus the smaller ones (h and right pellet in e). Phyto-cells are in general the smallest particles found.

F. Ebersbach et al. / Deep-Sea Research II 58 (2011) 2260–22762266

Ebersbach et al., Deep-Sea Res. II, 58:2260–2276, 2011
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Particle type: cylindrical pellet

Trull et al. (2008). Sub-sampling introduces variability of 10–20%
from inhomogeneous filter coverage that well exceeds the analy-
tical uncertainties of these methods (Trull et al., 2008).

2.3.2. Particle properties from the polyacrylamide gels
Immediately after recovery, the gel cups were removed from

the tubes. Within a few hours of recovery the gels were photo-
graphed under low magnification (6.5–50) against an etched-
glass grid of 36 cells (12.5!14 mm each). Gels were stored at 2 1C
until further investigations in the laboratory onshore. The low
magnification images were processed using image analysis soft-
ware to obtain statistics of particle abundances and forms
(Ebersbach and Trull, 2008). We divided the particles into
5 classes of particles: fluff-aggregates, faecal-aggregates, phyto-
cells, cylindrical faecal pellets, and ovoid faecal pellets
(see Table 5, Fig. 3). Assuming that particles were more or less
evenly distributed over the gel surface, 10 grid cells per gel were

analysed (16.8 cm2, which corresponds to one fifth of the collec-
tion area) and projected to the gel area.

To allow size comparisons for particles of different shapes, we
calculated equivalent spherical diameters (esd) from the observed
areas (esd¼2(area/p)0.5). We set a minimum particle size for analysis
of 0.001 mm2 (36 mm esd), because few particles were smaller than
this, and because this ensured that gel thickness and refractive index
variations were not mis-interpreted as ‘particles’. For each particle
type, volumes were estimated from the imaged areas using the
geometric approximations given by Ebersbach and Trull (2008), i.e.
aggregates and phyto-cells were regarded as spheres, cylindrical
pellets as cylinders, and ovoid pellets as ellipsoids.

To convert volume flux into carbon flux, we adopted carbon
contents of 0.057 mg C mm#3 for faecal pellets (Gonzalez and
Smetacek, 1994), and applied the parameterisation for carbon
conversion factors used in our previous work (Ebersbach and
Trull, 2008). That formulation is based on the fractal decrease of
carbon contents with size observed for large coastal marine snow

Table 5
Particle categories based on microscopic observations of the polyacrylamide gels.

Category Appearance Size range (mm3)

Aggregates
Fluff-aggregate (flu) Amorphous shapes, fluffy, brownish in colour 1–5400
Faecal-aggregate (fae) Composed of distinctly shaped smaller particles, especially

faecal pellets. Brownish in colour
0.07–1000

Phytoplankton cells
phyto-cell (phy) Diatom chains or individual diatom cells 0.07–1

Faecal pellets
cylindrical pellet (cyl) Intact cylindrically formed faecal pellet, brown colour 0.04–1600
Ovoid pellet (ovo) Intact faecal pellet of oval from, dark brown/black 0.06–100

Fig. 3. Particle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and k), faecal-
aggregates (b, g, and m) cylindrical faecal pellets (a, f, and j), ovoid faecal pellets (e, h, and i), and phyto-cells (d and l). While the fluff-aggregates resemble phyto-detritus
(k) or feeding-structures (large particles in c), the faecal-aggregates appear to be composed of relatively compact material (b), and sometimes even have distinct shapes
similar to a pellet (upper left particle in g) or they can be made of somewhat more degraded faecal material (upper particle in m). The large cylindrical faecal pellets are
likely to originate from euphausiids (a and left pellet in j), whereas the smaller pellets presumably are of copepod origin (f, and upper and right pellet in j). The ovoid faecal
pellets show two size classes, the larger pellets (i and left pellet in e) versus the smaller ones (h and right pellet in e). Phyto-cells are in general the smallest particles found.

F. Ebersbach et al. / Deep-Sea Research II 58 (2011) 2260–22762266

Ebersbach et al., Deep-Sea Res. II, 58:2260–2276, 2011
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Particle type: ovoid pellet

Trull et al. (2008). Sub-sampling introduces variability of 10–20%
from inhomogeneous filter coverage that well exceeds the analy-
tical uncertainties of these methods (Trull et al., 2008).

2.3.2. Particle properties from the polyacrylamide gels
Immediately after recovery, the gel cups were removed from

the tubes. Within a few hours of recovery the gels were photo-
graphed under low magnification (6.5–50) against an etched-
glass grid of 36 cells (12.5!14 mm each). Gels were stored at 2 1C
until further investigations in the laboratory onshore. The low
magnification images were processed using image analysis soft-
ware to obtain statistics of particle abundances and forms
(Ebersbach and Trull, 2008). We divided the particles into
5 classes of particles: fluff-aggregates, faecal-aggregates, phyto-
cells, cylindrical faecal pellets, and ovoid faecal pellets
(see Table 5, Fig. 3). Assuming that particles were more or less
evenly distributed over the gel surface, 10 grid cells per gel were

analysed (16.8 cm2, which corresponds to one fifth of the collec-
tion area) and projected to the gel area.

To allow size comparisons for particles of different shapes, we
calculated equivalent spherical diameters (esd) from the observed
areas (esd¼2(area/p)0.5). We set a minimum particle size for analysis
of 0.001 mm2 (36 mm esd), because few particles were smaller than
this, and because this ensured that gel thickness and refractive index
variations were not mis-interpreted as ‘particles’. For each particle
type, volumes were estimated from the imaged areas using the
geometric approximations given by Ebersbach and Trull (2008), i.e.
aggregates and phyto-cells were regarded as spheres, cylindrical
pellets as cylinders, and ovoid pellets as ellipsoids.

To convert volume flux into carbon flux, we adopted carbon
contents of 0.057 mg C mm#3 for faecal pellets (Gonzalez and
Smetacek, 1994), and applied the parameterisation for carbon
conversion factors used in our previous work (Ebersbach and
Trull, 2008). That formulation is based on the fractal decrease of
carbon contents with size observed for large coastal marine snow

Table 5
Particle categories based on microscopic observations of the polyacrylamide gels.

Category Appearance Size range (mm3)

Aggregates
Fluff-aggregate (flu) Amorphous shapes, fluffy, brownish in colour 1–5400
Faecal-aggregate (fae) Composed of distinctly shaped smaller particles, especially

faecal pellets. Brownish in colour
0.07–1000

Phytoplankton cells
phyto-cell (phy) Diatom chains or individual diatom cells 0.07–1

Faecal pellets
cylindrical pellet (cyl) Intact cylindrically formed faecal pellet, brown colour 0.04–1600
Ovoid pellet (ovo) Intact faecal pellet of oval from, dark brown/black 0.06–100

Fig. 3. Particle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and k), faecal-
aggregates (b, g, and m) cylindrical faecal pellets (a, f, and j), ovoid faecal pellets (e, h, and i), and phyto-cells (d and l). While the fluff-aggregates resemble phyto-detritus
(k) or feeding-structures (large particles in c), the faecal-aggregates appear to be composed of relatively compact material (b), and sometimes even have distinct shapes
similar to a pellet (upper left particle in g) or they can be made of somewhat more degraded faecal material (upper particle in m). The large cylindrical faecal pellets are
likely to originate from euphausiids (a and left pellet in j), whereas the smaller pellets presumably are of copepod origin (f, and upper and right pellet in j). The ovoid faecal
pellets show two size classes, the larger pellets (i and left pellet in e) versus the smaller ones (h and right pellet in e). Phyto-cells are in general the smallest particles found.

F. Ebersbach et al. / Deep-Sea Research II 58 (2011) 2260–22762266

Ebersbach et al., Deep-Sea Res. II, 58:2260–2276, 2011
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Fig. 1. The relationship between aggregate size and POC content at 15 stations in the Santa Barbara Basin,
California, grouped according to aggregate type. Each data point represents the mean of 10—12 individual
aggregates photographed for size and 3 replicates of 10—30 aggregates each for chemical analysis. Error bars
((1 Standard Error) are shown for one station in each group to illustrate variability. (A) Diatom aggregates.
(B) Larvacean aggregates (houses of the genus Oikopleura). (C) Fecal aggregates. (D) Miscellaneous
aggregates.

types (Table 1). Chl a content was not significantly correlated with aggregate size for
any of the individual snow types investigated.

Even though the density, composition and porosity of different types of marine
snow are likely to be variable, no statistically significant difference in slope and
elevation was found when regressions of different types of aggregates were compared.
Thus, mean values from all 15 stations were combined producing a highly significant
relationship (P(0.001) between aggregate size and POC, PON, or dry mass
(Fig. 2A—C, Table 1) independent of aggregate type. The log—log plots tend to mask
variability. Ninety-five percent confidence limits on each parameter demonstrate that
the matter content at any particular aggregate volume could vary from the mean
regression value by up to a factor of about 2.

Although extremely variable, Chl a also yielded a significant regression with
aggregate size when all aggregate types were pooled (Fig. 2D). However, analysis of
covariance yielded many significant differences (P(0.05 used) in the regression of Chl
a versus volume among stations, indicating that size-specific Chl a content of aggreg-
ates was dependent upon station. The chlorophyll data are presented here to illustrate
the large range of variability for this parameter.

A. Alldredge / Deep-Sea Research I 45 (1998) 529—541 533

Fig. 2. Content of all types of marine snow combined as a function of aggregate size. Statistics for these
relationships are shown in Table 1. (A) Dry mass. Dashed line is the size:mass relationship obtained by
Alldredge and Gotschalk (1988). (B) POC, (C) PON, and (D) Chlorophyll a.

type. Differences in % POC, % PON and C :N ratios of different aggregate types were
actually small ((20%) relative to variation resulting from aggregate size.

4. Discussion

The POC, PON and mass of marine snow increased with increasing aggregate size.
However, contrary to that expected for solid objects of uniform density, mass did not
increase 1 : 1 with increasing volume. Larger aggregates had less mass per unit volume
than smaller aggregates. This is because marine aggregates are fractal, rather than
Euclidean, in their geometry, with fractal dimensions of around 1.4 to 1.5 (Logan and
Wilkinson, 1990). As is typical of fractal aggregates, the porosity of marine aggregates
increases with increasing aggregate size, resulting in reduced mass per unit volume as
the aggregates get larger (Tambo and Watanabe, 1979; Alldredge and Gotschalk,
1988; Logan and Wilkinson, 1990).

Variability in the size-specific matter content of the aggregates investigated occur-
red both among aggregates at the same station and between stations. Aggregates at
the same station were of the same origin and composed of the same types of
component particles, suggesting that their size-specific matter content should be

A. Alldredge / Deep-Sea Research I 45 (1998) 529—541 535

Alldredge, Deep-Sea Res. I, 45:529–541, 1998
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Particle type: phyto cells

Trull et al. (2008). Sub-sampling introduces variability of 10–20%
from inhomogeneous filter coverage that well exceeds the analy-
tical uncertainties of these methods (Trull et al., 2008).

2.3.2. Particle properties from the polyacrylamide gels
Immediately after recovery, the gel cups were removed from

the tubes. Within a few hours of recovery the gels were photo-
graphed under low magnification (6.5–50) against an etched-
glass grid of 36 cells (12.5!14 mm each). Gels were stored at 2 1C
until further investigations in the laboratory onshore. The low
magnification images were processed using image analysis soft-
ware to obtain statistics of particle abundances and forms
(Ebersbach and Trull, 2008). We divided the particles into
5 classes of particles: fluff-aggregates, faecal-aggregates, phyto-
cells, cylindrical faecal pellets, and ovoid faecal pellets
(see Table 5, Fig. 3). Assuming that particles were more or less
evenly distributed over the gel surface, 10 grid cells per gel were

analysed (16.8 cm2, which corresponds to one fifth of the collec-
tion area) and projected to the gel area.

To allow size comparisons for particles of different shapes, we
calculated equivalent spherical diameters (esd) from the observed
areas (esd¼2(area/p)0.5). We set a minimum particle size for analysis
of 0.001 mm2 (36 mm esd), because few particles were smaller than
this, and because this ensured that gel thickness and refractive index
variations were not mis-interpreted as ‘particles’. For each particle
type, volumes were estimated from the imaged areas using the
geometric approximations given by Ebersbach and Trull (2008), i.e.
aggregates and phyto-cells were regarded as spheres, cylindrical
pellets as cylinders, and ovoid pellets as ellipsoids.

To convert volume flux into carbon flux, we adopted carbon
contents of 0.057 mg C mm#3 for faecal pellets (Gonzalez and
Smetacek, 1994), and applied the parameterisation for carbon
conversion factors used in our previous work (Ebersbach and
Trull, 2008). That formulation is based on the fractal decrease of
carbon contents with size observed for large coastal marine snow

Table 5
Particle categories based on microscopic observations of the polyacrylamide gels.

Category Appearance Size range (mm3)

Aggregates
Fluff-aggregate (flu) Amorphous shapes, fluffy, brownish in colour 1–5400
Faecal-aggregate (fae) Composed of distinctly shaped smaller particles, especially

faecal pellets. Brownish in colour
0.07–1000

Phytoplankton cells
phyto-cell (phy) Diatom chains or individual diatom cells 0.07–1

Faecal pellets
cylindrical pellet (cyl) Intact cylindrically formed faecal pellet, brown colour 0.04–1600
Ovoid pellet (ovo) Intact faecal pellet of oval from, dark brown/black 0.06–100

Fig. 3. Particle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and k), faecal-
aggregates (b, g, and m) cylindrical faecal pellets (a, f, and j), ovoid faecal pellets (e, h, and i), and phyto-cells (d and l). While the fluff-aggregates resemble phyto-detritus
(k) or feeding-structures (large particles in c), the faecal-aggregates appear to be composed of relatively compact material (b), and sometimes even have distinct shapes
similar to a pellet (upper left particle in g) or they can be made of somewhat more degraded faecal material (upper particle in m). The large cylindrical faecal pellets are
likely to originate from euphausiids (a and left pellet in j), whereas the smaller pellets presumably are of copepod origin (f, and upper and right pellet in j). The ovoid faecal
pellets show two size classes, the larger pellets (i and left pellet in e) versus the smaller ones (h and right pellet in e). Phyto-cells are in general the smallest particles found.

F. Ebersbach et al. / Deep-Sea Research II 58 (2011) 2260–22762266

Ebersbach et al., Deep-Sea Res. II, 58:2260–2276, 2011
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aggregates (Alldredge, 1998), but scaled to match up with solid
geometry estimates for phytoplankton at lower sizes, where extra-
polation of the large aggregate results would yield unrealistically
high carbon contents. This scaled coastal aggregate relationship
yields values ranging from 0.014 mg C mm!3 for small aggrega-
tes (0.004 mm3) to 0.0015 mg C mm!3 for very large aggregates
(10 mm3). Because the phyto-cells were mostly provided by diatoms
we used a power-law relation compiled for extant diatoms:
log10 C¼ log10 aþb log10 V (with C¼carbon content in mg per cell
and V¼cell volume in mm3, estimated from images (see above)),
with log10 a¼!0.541 and b¼0.881 (Menden-Deuer and Lessard,
2000). This results in carbon contents that range from 0.035 to
0.016 mg C mm!3 for our smallest (36 mm esd) to largest (300 mm
esd) diatoms. For comparison we also calculated POC fluxes using a
new algorithm based on correlating suspended particle size
distributions with deep ocean sediment trap fluxes (Guidi et al.,
2008). The correlation reflects the combined influence of particle
size on POC content and on sinking rate, and separating out the
sinking rate dependence leads to a POC content as a function of size
that can be applied to our gel trap particles (POC¼0.38 esd2.55 with

POC in mg m!3 for esd in mm). This yields slightly lower POC fluxes
at P1 and P2, and slightly higher estimates at P3 than our algorithm,
but does not change the relative values of the fluxes among the
three process stations.

3. Results

3.1. Geochemical fluxes from the PPS3/3 and IRS traps

3.1.1. Flux magnitudes
POC fluxes at 150 m depth collected by the PPS3/3 trap were approximately

3000, 2000, and 1000 mmol m!2 d!1 at process stations P1, P2, and P3, respec-
tively (Table 3). At each station, the POC flux varied by a factor of 3 across the
individual 12-h samples. This variability was not correlated with the time of
collection (day versus night), or with the presence or absence of poison in the trap
cups. All the flux samples had POC/PON ratios close to the canonical Redfield ratio
for phytoplankton of 6.6, with the exception of sample 12 from process station P1
with a POC/PON of 2.6 despite displaying no conspicuous difference in its
macroscopic character. PIC fluxes were about one magnitude lower than POC
fluxes and decreased more strongly from P1 to P3 whereby the POC/PIC ratio at P3
was twice as high as at P1 and P2 (Table 3).

Fig. 4. Images of the gels (grid cells: 12.5$14 mm) from the gel traps showing the difference among the sites. The SAZ stations are shown at top (images A and B from
station P1; images C and D from station P3) and the PFZ station at bottom (images E and F from station P2). The dominance of larger particles in the SAZ (A–D) in contrast
to small particles in the PFZ (E, F) is clear. Particle variations with depth were complex (see text), but abundance generally decreased from the shallowest to the deepest
trap at each station, as shown here from left to right (images A, C, E from 140 m; images B, D, F from 290 m).

F. Ebersbach et al. / Deep-Sea Research II 58 (2011) 2260–2276 2267

140 m 290 m

Ebersbach et al., Deep-Sea 
Res. II, 58:2260–2276, 2011
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FECAL PELLET VOLUME x10sp3 

FIG. 1. The relationship between mean sinking rate of fecal pellets and their volume. 

fecal pellets produced when fed Skele- 
tonema costatum and ranging in size from 
100 X 1,000 p to 500 X 3,000 p was 43 m/ 
day. This is twofold to ninefold lower than 
the mean rates found for the various pellet 
sizes used in my experiments (Table 2); it 
is comparable with the lowest observed 
absolute rate of 36 m/day. From the ap- 
parent influence of size on pellet sinking 
rate, the euphausid fecal pellets might 
be expected to sink faster than even the 
largest pellets studied here. However, 
these pellets appear to differ in at least two 
respects, which may account for the ap- 
parent differences in sinking rates: diet 
residue and geometry. The Skdetonema 
food provided to Euphausia differed from 
the phytoplankton diet present in Narra- 
gansett Bay2 when the pellets were col- 

2 The surface phytoplankton population during 
early November and December amounted to 3.8 x 
106 and 4 x 10’ cells/liter, respectively. Micro- 
flagellates comprised about 85% of the total pop- 
ulation as numbers in both instances. AsterioneZZu 
japanica ( 380,000 cells/liter ) dominated a mixed 
diatom and dinoflagellate community in which 
Skeletonema costatum and Rhizosoleniu delicatula 
were important during both months, together with 
Chaetoceros curukwtus, Nitzschia seriata, and 
Thulussionema nitzschioides in November, and 
Thalassiosira decipiens in December. 

lected. The compaction, size, and colora- 
tion of zooplankton fecal pellets vary with 
diet (Marshall and Orr 1955). Different 
foods also leave different waste residues 
that might influence the fecal pellet den- 
sity and, hence, sinking rate. The Eu- 
phausia pellets had a length: width ratio 
of from 6 : 1 to 10 : 1, while those from 
Narragansett Bay ranged from 1.5 : 1 to 
2 : 1 (Table 2). The elongate euphausid 
pellets would be expected to offer greater 
resistance to sinking than the more spher- 
ical pellets used in my experiments. Some 
planktonic copepods also produce elongate 
pellets (Moore 1931b; Marshall and Orr 
1955), whereas the pellets collected from 
Narragansett Bay were similar in shape to 
those produced by at least some benthic 
animals ( Moore 1931b). The source of the 
pellets in my studies is unknown; if they 
were produced in the benthos, especially 
by a deposit feeder, the ingestion of sedi- 
mentary material might lead to their hav- 
ing a greater density than those produced 
by plankton. Such pellets would be ex- 
pected to have a greater sinking rate than 
similar-sized or more elongate pellets con- 
taining the wastes of a herbivorous or 
carnivorous animal. 

Smayda, Limnol. Oceanogr. 14:621–625, 1969

NOTES 

FECAL PELLET VOLUME x 107p3 

FIG. 1. The relationship between sinking rate and volume for natural and laboratory-produced 
euphausiid fecal pellets. Fecal pellets originated from Megunyctiphunes mruegica, natural food ( l ) ; 
Euphuusiu krohnii, natural food ( A ) ; iVemutosceZ& megulops, natural food ( n ) ; M. norvegica, fed 
Artemia that had ingested flagellates (0); M. norvegicu and E. krohnii, fed Phaeodactylum tdcor- 
nutum ( A). Fecal pellets of unknown origin from the data of Smayda ( 1969) are plotted for com- 
parison ( X ). 

timed by a stop watch. In all experiments 
the cylindrical pellets sank at a uniform 
rate in a horizontal position, Several re- 
peated experiments with the same fecal 
pellet ( retrieved with a submerged net) 
showed that variation between times of 
descent was negligible; therefore, the sink- 
ing rates of most fecal pellets were deter- 
mined only once. 

In a separate set of experiments some of 
the same euphausiids that contributed the 
natural fecal pellets were continuously fed 
either juvenile Artemia (previously fed 
flagellates) or the alga Phaeodactylum tri- 
cornutum for 2 days; after microscopic ex- 
amination assured us that the material in 
the feces reflected the artificial diet, fresh 
pellets were collected, measured, and timed 
in the same manner as the natural pellets. 

RESULTS AND DISCUSSION 

Sinking rates of natural fecal pellets 
ranged from 126462 m/day, In general, 
the fastest sinking rates were associated 
with the largest pellets and the slowest 
rates with the smallest pellets (Fig. 1) . This 
effect was most likely related to pellet 
surface area, since the shape and density 
of the pellets were similar. 

Pellets produced by the euphausiids after 
feeding on algae and Artemia in the labora- 
tory were the same shape and size as the 
natural feces, but in some cases appeared 
slightly less compact. Sinking rates of 
laboratory-produced feces were in general 
two to three times slower (ranging from 
53411 m/day) than the rates for natural 
fecal pellets. No significant difference in 
sinking rate could be found between labora- 
tory-produced fecal pellets containing only 
algal remains and those containing the re- 
mains of Artemia plus algae. In our 
experiments, different compaction was un- 
doubtedly a major factor causing the dif- 
ference in sinking rates between natural 
and laboratory-produced pellets. However, 
the Artemia and Phueodactylum diet also 
might have yielded waste residues less 
dense than the wastes left from natural 
foods. Euphausiids are known to eat almost 
anything from detritus to other euphausiids 
( Mauchline and Fisher 1969)) and incorpo- 
ration of silica frustules, mineral grains, 
or other heavy ash in the feces would cer- 
tainly add to the density, and hence the 
sinking rate, of the pellets. 

Average sinking rates of natural fecal 
pellets in our study were several times 

Fowler & Small, Limnol. Oceanogr., 17:293–
296, 1972 
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Picheral et al. Underwater vision profiler
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(5) Flowcam (Sieracki et al. 1998), (6) Cytobuoy (Dubelaar and
Gerritzen 2000), and (7) VPR (Dennett et al. 2002). The VPR
has proven its efficacy (Dennett et al. 2002), but the large
numbers of unfocused objects required intensive processing.
These instruments still require specific cable or underwater
interfacing and support for their deployment preventing their
broad use. The FlowCam and the Cytobuoy pump water
through the imaging cell and disturb the in situ size distribu-
tion of imaged objects (Karp-Boss et al. 2007).

The Underwater Video Profiler (UVP) was designed and
constructed to quantify large (>100 µm) aggregates and zoo-
plankton at the same time in a known volume of water. A
principal feature of the instrument is the collection of data at
a speed comparable to CTD-based physical, chemical, and
optical sensors (i.e., 24Hz). The original UVP and its successor
instruments, versions 2 through 4, were large stand-alone
packages of nearly 1 m3 and incorporated a CTD fluorometer
and nephelometer (Gorsky et al. 1992; Gorsky et al. 2000).
UVP2 and 4 have both been used extensively and have been
intercalibrated (Guidi et al. 2007, 2009). UVP4 continues to be
used for the assessment of a global distribution of mesopelagic
macrozooplankton (Stemmann et al. 2008c). The latest ver-
sion, UVP5, the instrument described herein, is a miniaturized
instrument that can be mounted on a standard rosette frame
and interfaced with the CTD. The distributions of particles are
displayed together with the CTD data in real time to permit
the sampling of particles using Niskin bottles.

Herein, we describe the UVP5 design and calibrations and
present experimental results from the BOUM trans-Mediter-
ranean cruise performed within the framework of the SESAME
European project (www.sesame-ip.eu).

Materials and procedures

The previous versions of UVP (2 to 4) have produced a data-
base of more than 1300 inter-calibrated profiles since 1991
when they started to be deployed routinely. These instruments
required dedicated winch time and their maximum operating
depth was 1000 m. The total weight of the UVP4 was 250 kg
in air. Battery life was set by the high power consumption of
both the lighting systems and the integrated electronics.
Image acquisition was not possible at near surface depths dur-
ing daytime due to light saturation. Furthermore, the overall
complexity of the UVP required an onboard technician which
further limited widespread use by the oceanographic commu-
nity. The UVP5 was designed to address these past limitations.
Currently, UVP5 can be used for short- or long-term deploy-
ments as either an autonomous system (Fig. 1A) or as a spe-
cialized CTD sensor (Fig. 1B). The UVP5 can also be incorpo-
rated into an autonomous underwater vehicle (AUV), a
remotely operated vehicle (ROV), or a drifting or geostation-
ary mooring.

Technical description—The UVP5 weighs less than 30 kg in
air and is pressure rated to 3000 m depth. The instrument
package contains an intelligent camera, lens, pressure and
angle sensors, acquisition and piloting board, internet switch,
hard drive, and dedicated electronic power boards. The colli-
mated illumination is delivered by red light-emitting diodes
(LEDs) of 625 nm wavelength (Fig. 1C).

The camera (Sony XCI SX1 CCD B&W) has a resolution of
1.3 Megapixel. It has a theoretical 15 Hz acquisition rate and
8 Gb of memory storage, enough for more than 100 profiles in
mixed acquisition mode (see below). The camera housing con-

Fig. 1. (A) UVP alone, (B) UVP mounted on a 24-place Niskin bottle rosette frame, (C) schematic diagram of the Underwater Vision Profiler light sys-
tem and illuminated volume of water (in pink). The recorded image is one portion of this zone (as drawn in 1B). 

Picheral et al., Limnol. Oceanogr. Methods, 8:462–473, 2010
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Variations in spectral slope

particles, whereas an increase in b with depth (e.g., from25
to 24) means a downward decrease in the proportion of
large particles.

The clusters differed in their values of b in the
mesopelagic layer (Fig. 2). Vertical profiles from clusters
1 and 2 (25% of total) had b , 24 and were located
predominantly in waters with low productivity at the
season the profiles were recorded. These included the
Mediterranean Sea and the Atlantic Ocean in late summer
and autumn, the Indian Ocean off the western coast of
Australia, and the South Pacific Gyre (Fig. 3).

Vertical profiles from cluster 6 (15% of total) had b .
24 and as large as 22 , and were mostly located in waters
that were very productive at the time the profiles were
recorded. Profiles from cluster 6 were located in upwelling
zones along the Pacific coast of Chile and along the
Atlantic coast of northwest Africa, in the Mediterranean
Sea and the center of the North Atlantic in spring, and
around Kerguelen Island in the Indian Sector of the
Southern Ocean (Figs. 2, 3).

Most vertical profiles from cluster 3, cluster 4, and
cluster 5 (which include 60% of the 410 profiles) were

located in the North Atlantic Ocean. The other profiles
from these three clusters were located around the highly
productive Kerguelen Plateau, around the Marquesas
Islands in the tropical South Pacific, in the minimum-
oxygen zone off Chile in the Pacific Ocean, in the
Mediterranean Sea, and off the western Australian coast
(Fig. 3).

Table 3 gives the phytoplankton characteristics and
calculated mass flux of particles for the six clusters.
Clusters 1 to 4 had very low fractions of microphytoplank-
ton ( fmicro 5 10–20%), and were co-dominated by
nanoplankton and picophytoplankton ( fnano + fpico 5
43%). The lowest integrated TChl a value (Ba) and mass
flux at 400 m (F400) were observed for cluster 1 (i.e., Ba 5
6.9 mg m22 and F400 5 3.3 mg m22 d21). Cluster 4 was
dominated by nanophytoplankton, with fnano 5 52%, fpico
5 32%, and fmicro 5 16%; its TChl a was high (Ba 5 28 mg
m22), whereas its mass flux was low (F400 5 11.7 mg
m22 d21). The values of Ba were low, and the values of F400

were high for cluster 5 (i.e., 19.3 mg m22 and 56.2 mg
m22 d21, respectively), which was dominated by nanophy-
toplankton ( fnano 5 49%, fmicro 5 27%, fpico 5 24%).

Fig. 2. Vertical profiles of the slopes of particle-size distributions, grouped into six clusters.
Bold white lines: median profiles.

1956 Guidi et al.

Guidi et al.,  Limnology & Oceanogr., 2009

which probably indicated lateral transport in intermediate
nepheloid layers or high shear rate generated by strong
currents. Profiles with abnormally high concentrations of
particles near the surface, which was indicative of
contamination by light, were also removed. Each of the
410 selected profiles had a vertical resolution of 5 m, from
20 m to 1000 m (Table 1).

Ancillary data—During some UVP deployments, TS
profiles were recorded with a conductivity–temperature–
depth (CTD) profiler (SeaBird SBE911), and water samples
were collected with Niskin bottles mounted on a rosette
and filtered onto glass-microfibre filters (grade GF/F,
Whatman) for phytoplankton pigment determination. We
used the TS profiles to calculate the mixed-layer depth
(MLD) as the depth at which density was 0.01 kg m23

larger than at 1 m. We assumed that the UVP and water-
property data had been sampled at the same location when
they had been collected, within 0.1u latitude and 0.1u
longitude in space and within 1 d in time of each other.
Some 193 of the 410 profiles provided UVP, TS, and
pigment data (Fig. 1).

Pigment determination was performed using high-
performance liquid chromatography (HPLC) techniques
described in Vidussi et al. (1996) for all cruises, except for
ALMOFRONT1, BIOSOPE, and KEOPS, where pigments
were analyzed according to Mantoura and Llewellyn (1983)
and Ras et al. (2008).

We used the method proposed by Claustre (1994) and
further improved by Uitz et al. (2006) to estimate the
contribution of three pigment-based size classes (micro-

plankton, nanoplankton, and picophytoplankton; fmicro,
fnano, and fpico, respectively) to the total phytoplankton
biomass. Briefly, this method (detailed in Uitz et al. 2006)
takes into consideration seven diagnostic pigments
representative of the major phytoplankton taxa [i.e.,
fucoxanthin (Fuco), peridinin (Peri), 199-hexanoyloxyfu-
coxanthin (199-HF), 199-butanoyloxyfucoxanthin (199-
BF), alloxanthin (Allo), zeaxanthin (Zea), and total
chlorophyll b (TChl b), here defined as the sum of
chlorophyll b and divinyl-chlorophyll b] to compute the
fractions of three pigment-based size classes with the
following empirical equations (notation summarized in
Table 2):

fmicro~ 1:41Fucoz1:41Perið Þ=wDP ð1aÞ

fnano~ 0:60Alloz0:35190BFz1:27190HFð Þ=wDP ð1bÞ

fpico~ 0:86Zeaz1:01TChl bð Þ=wDP ð1cÞ

where wDP is the weighted sum of these concentrations:

wDP~1:41Fucoz1:41Periz0:60Alloz0:35190BF

z1:27190HFz0:86Zeaz1:01Tchl b ð2Þ

Total chlorophyll a (TChl a) is the sum of chlorophyll a
+ divinyl-chlorophyll a concentrations. Total chlorophyll
concentration (Ba) was calculated by integrating TChl a
over the euphotic zone. The biomass associated with each
phytoplankton group was computed as

Fig. 1. Locations of the vertical profiles of UVP (black circles), CTD (red dots), and
pigments (green squares) in the world ocean.

Export of large aggregates 1953

n(r) = ar–b
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that much of the mass not represented by organic matter is
composed of mineral ballast, the %OC results suggest that the
OC:ballast ratio is slightly higher for more slowly settling mate-
rial. During the second deployment, the %OC and %TN data
displayed a fair amount of scatter (see analysis above), but the
OC:TN ratios had a distinct step toward lower OC:TN values
at SVs less than ~10 m d–1, again suggesting enrichment in
carbohydrate-like material at slow settling velocities.

NetTrap and elutriator—The free-drifting NetTrap was
deployed several times at the DYFAMED site in May 2003 for
time periods ranging between 19 and 72 h and, because of
the short deployment durations, with no poisons or preserv-
atives in the cod end. Although the NetTrap was designed to
collect large amounts of material rather than to quantita-
tively measure flux, the particle “flux” collected by this trap
at 200 m (170 mg m–2 d–1) was similar to fluxes measured by
the moored 200-m arrays just before (153 mg m–2 d–1) and
after (165 mg m–2 d–1) the NetTrap deployment. The NetTrap
does not appear to collect suspended particles other than
those in the trap at the time that it is closed. No particles
were visible on the net walls after recovery, and the net was
recovered in the closed position, so no particles would have
been collected during ascent.

The large amount of material collected by the NetTrap
allowed elutriation of the particles by SV into discrete classes. In
these initial trials, the elutriator was operated with a water flow
that separated particles into five fractions of >230, 230-115,
115-58, 58-29, and <29 m d–1. Particles with settling rates of
<29 m d–1 were removed from the flow stream using a flow-
through centrifuge. The elutriated mass was distributed into
the 5 fractions as 57.2%, 13.4%, 1.54%, 4.74%, and 23.1%,
respectively, of the total (Fig. 7). Hence, 80% of the elutriated
mass had SV >115 m d–1, consistent with the sinking veloc-
ity/mass flux profiles of the SV traps (62% of total mass flux
sank at >98 m d–1; Figs. 2 and 6A, tubes 2-5).

The %OC in the elutriated fractions followed the inverse
pattern as mass (Table 2; Fig. 7). The OC composition (20%) in
the NetTrap samples was more similar to the higher values
found in the later trap period between mid-May and July.
Results showing differences in radionuclide and lipid compo-
sition and lability with respect to decomposition between elu-
triator stages are available on the MedFlux web site (see above)
and will be published elsewhere.

We compared mass flux densities of elutriated particles
with those separated by SV-IRS traps. Because the settling-
velocity intervals of the elutriator and SV-IRS were not the
same, a comparison requires that mass fluxes be normalized
for the different settling velocities. We accomplished this by
dividing mass fluxes in each settling-velocity interval by
log10(SVmax) – log10(SVmin) for that interval (Fig. 8). In this way,
the area of each column represents mass flux, and the height
of the column is the flux density, dflux/dlog10 (SV). As shown
in Fig. 8, the May elutriator results fell between the March-
May and May-June SV-IRS results.

Peterson et al. Sinking particle collection techniques

529

Fig. 6. Mass flux (A), %OC (B), %TN (C), and OC:TN (atomic) ratio (D)
for 11 settling velocity ranges (see text).

Peterson et al., Limnol. Oceanogr. Methods, 3:520–532, 2005
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of magnitude higher than those AGGNCAL and showed much
higher variability (Table 2). Over the course of the experiment the
daily median DrAG for AGGNCAL decreased from an initial value
of 5.84!10"3 g cm"3 on day 4 to 7.58!10"5 g cm"3 on day 12 and
varied between these two median values thereafter, with no
significant correlation with time (Fig. 6A). For AGGCAL the daily
median DrAG varied between 2.98!10"2 and 4.54!10"3 g cm"3,
and were not significantly correlated with time throughout the
experiment (Fig. 6B).

Because aggregates are fractal objects, i.e., their solid volume
scales to length with an exponent D3o3, we would expect the
excess density of an aggregate to decrease with increasing length
(DrAG#lD3–3) (Engel and Schartau, 1999). During both CAL and
NCAL experiments, DrAG was significantly related to the equiva-
lent spherical diameter (ESD) of aggregates as a power function,
DrAG ¼ a(ESD)–b (Table 3). For AGGCAL, absolute values for DrAG

were higher, and variability in DrAG more pronounced than for
AGGNCAL, mainly because of the smaller size of AGGCAL (Fig. 7). At
comparable sizes the excess densities of both types of aggregates
were more similar, with DrAG being on average 2.3 times greater

for AGGCAL than for AGGNCAL. The higher excess density of AGGCAL

at comparables sizes of aggregates can be explained by the
presence of coccoliths within the aggregates. Biogenic calcium
carbonate has a density of approximately 2.71 g cm"3 in air
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of magnitude higher than those AGGNCAL and showed much
higher variability (Table 2). Over the course of the experiment the
daily median DrAG for AGGNCAL decreased from an initial value
of 5.84!10"3 g cm"3 on day 4 to 7.58!10"5 g cm"3 on day 12 and
varied between these two median values thereafter, with no
significant correlation with time (Fig. 6A). For AGGCAL the daily
median DrAG varied between 2.98!10"2 and 4.54!10"3 g cm"3,
and were not significantly correlated with time throughout the
experiment (Fig. 6B).

Because aggregates are fractal objects, i.e., their solid volume
scales to length with an exponent D3o3, we would expect the
excess density of an aggregate to decrease with increasing length
(DrAG#lD3–3) (Engel and Schartau, 1999). During both CAL and
NCAL experiments, DrAG was significantly related to the equiva-
lent spherical diameter (ESD) of aggregates as a power function,
DrAG ¼ a(ESD)–b (Table 3). For AGGCAL, absolute values for DrAG

were higher, and variability in DrAG more pronounced than for
AGGNCAL, mainly because of the smaller size of AGGCAL (Fig. 7). At
comparable sizes the excess densities of both types of aggregates
were more similar, with DrAG being on average 2.3 times greater

for AGGCAL than for AGGNCAL. The higher excess density of AGGCAL

at comparables sizes of aggregates can be explained by the
presence of coccoliths within the aggregates. Biogenic calcium
carbonate has a density of approximately 2.71 g cm"3 in air
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mechanism by which particles are brought into contact,
e.g. Brownian motion, shear or differential settling of particles.
Coagulation efficiency depends on both the particle collision rate

and on physical–chemical properties of the particle surface.
We can safely assume that the physical environment affecting
the initial phase of aggregation, e.g., temperature and shear, was
the same during both experiments, as both experiment were
conducted under the same experimental conditions.

During the initial spin-up of the roller tank, shear rates within
the tank are high and diminish until solid body rotation is
reached; i.e. after about 12 h for this experiment. During this time
coagulation is dominated by collision of phytoplankton cells
brought into contact through shear (Tooby et al., 1977; Jackson,
1994). Coagulation of particles by shear is a function of the
volume concentration of particles (Kiørboe et al., 1990), and of the
shape of particles. For example, elongated particles have a higher
relative surface area and may experience higher collision rates
than spherical particles of the same volume. During this study, the
initial volume concentration of particles and the shape of cells
were quite similar during both experiments, likely leading to
similar initial collision rates.

The majority of macroscopic aggregates in CAL and all
aggregates of NCAL formed after 24 h, i.e., after the initial spin-
up time, when shear forces within the tank were already
negligible and when differential sedimentation was the dominant
collision mechanism between particles. However, a few aggre-
gates in CAL appeared within the first hours of incubation when
coagulation by shear may have been dominating. The faster
aggregate formation by CAL cells during these first hours was
likely due to differences in stickiness, i.e. differences in the
chemical interactions of particle surfaces that affect the coagula-
tion efficiency. In water samples with different types of particles it
has been shown that coagulation efficiency increases with the
fraction of transparent exopolymer particles (TEP) (Dam and
Drapeau, 1995; Engel, 2000), which form from dissolved poly-
saccharides (Alldredge et al., 1993; Passow, 2002; Engel et al.,
2004). However, initial TEP concentration during NCAL and
CAL experiments were similar and even slightly higher for NCAL
(Engel et al., 2009). Thus, TEP concentration was presumably not
responsible for the earlier aggregation of CAL cells.

In an experiment where aggregates were produced on a roller
table from phytoplankton cells with and without the addition
of terrestrial minerals, Hamm (2002) observed that aggregate
formation rate was faster in all experiments where mineral
particles were added. Prior work has shown that mineral colloids
coagulate in the presence of biopolymers released by phytoplank-
ton, especially polysaccharides (Wilkinson et al., 1997). Polysac-
charides that attach to the mineral surface could in turn enhance
the stickiness of the whole particle by increasing the amount of
sticky sites. An analogous mechanism might explain the faster
aggregate formation of CAL cells. Coccoliths of E. huxleyi are partly
covered by acidic polysaccharides at the time of their production
(de Jong et al., 1976; van Emburg et al., 1986). Coccolith
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Table 4
Ratios (g:g) between organic components and mass of particulate matter within
aggregates obtained by chemical analysis of the bulk aggregate fraction on several
days during the decomposition experiment with non-calcifying (NCAL) and
calcifying cells (CAL) of E. huxleyi.

Day POC:mass PON:mass TEP:mass

NCAL CAL NCAL CAL NCAL CAL

1 – 0.14 – 1.8!10"2 – 5.1!10"2

3 – 0.11 – 1.1!10"2 – 4.2!10"2

6 0.44 0.15 4.2!10"2 1.4!10"2 2.4!10"2 1.0!10"2

10 0.44 0.15 3.8!10"2 No data 1.6!10"2 1.9!10"2

16 0.56 0.17 4.4!10"2 1.3!10"2 1.5!10"2 1.4!10"2

23 0.52 0.20 4.3!10"2 1.8!10"2 3.9!10"2 1.4!10"2

30 0.42 0.15 3.5!10"2 1.7!10"2 2.4!10"2 1.6!10"3

A. Engel et al. / Deep-Sea Research II 56 (2009) 1396–1407 1403
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Vertical Migration

o0.01–3.1 m!3), and Oncaeidae at K2 (0–0.4 m!3 in epipelagic,
and 0.2–4.0 m!3 in mesopelagic). Smaller numbers of the genera
Copilla and Sapphirina (o2.5 m!3) also occurred within the surface
200 m at ALOHA. As a major group, the poecilostomatoids did not
exhibit pronounced diel vertical migration, with 0–150 m N:D
ratios of 1.0 at ALOHA, but higher (1.4) at K2 (Fig. 3, Table 3).

The cyclopoid copepods were almost exclusively from the
family Oithonidae at both sites. Harpacticoid copepod abundance
peaked both in the surface 50 m and in the mesopelagic below
200 m at ALOHA, and in the mesopelagic 400–500 m at K2
(although their abundance at K2 was low) (Fig. 3). The
mesopelagic harpacticoid copepods at ALOHA were dominated
by Aegisthus spp. As a group the harpacticoid copepods did not
exhibit a strong diel migration. Cyclopoid and harpacticoid
copepods made up 0–25% of the copepod abundance at both sites
(Fig. 4). However, for reasons noted for the poecilostomatoids, our
net under samples the cyclopoid and harpacticoid copepods.

3.2.2. Other crustacea
After copepods, ostracods were the next most abundant taxa

(Figs. 5 and 8), constituting 0–47% of the epipelagic and 21–59% of
the mesopelagic non-copepod taxa (Fig. 8). Ostracods exhibited
pronounced diel vertical migration with N:D ratios in the upper
150 m of 2.5 (ALOHA) and 48.9 (K2), and DWMD of 77 m at ALOHA
(po0.05) and 38 m at K2 (Fig. 5, Table 3). Thus, K2 ostracods were
almost exclusively at mesopelagic depths during the day. The

diverse genus Metaconchoecia constituted 51% (ALOHA) and 22%
(K2) of the mesopelagic ostracod population. Strong diel vertical
migrators such as Mikroconchoecia spp. were relatively abundant
in surface waters at ALOHA at night (up to 2.7 m!3 in top 50 m).

Euphausiids were the next most abundant crustacean and also
exhibited diel migration, with N:D ratios in the upper 150 m of 1.4
(ALOHA) and 16.9 (K2), and similar DWMD of 73 m at ALOHA
(po0.05) and 77 m at K2 (Fig. 5, Table 3).

Hyperiid and gammarid amphipods were also strong diel
migrators, with hyperiid N:D ratios in the upper 150 m of 2.4
(ALOHA) and 3.6 (K2) (Table 3). Migrating hyperiid amphipods at
ALOHA included members of the family Scinidae and Phronima
spp. Hyperiids in the genera Phrosina and Primno were almost
exclusively found only in the mesopelagic (496%) at both sites.
Gammarids were mostly found in low abundance in the surface
waters during day and night at ALOHA, but were relatively
abundant at K2, where they resided solely in the mesopelagic
between 200 and 400 m during the day and moved up into surface
waters at night (Fig. 5). These gammarids at K2 were almost
exclusively Cyphocaris cf. challengeri; this species underwent a
pronounced diel vertical migration with a DWMD of 199 m.

The larger decapods and mysids were rarer than the other
crustacean groups (Figs. 5 and 8) but were significant contributors
to biomass peaks, as seen in the large size classes (Figs. 1 and 2).
At both sites, the abundance of decapods was highest in the
surface waters. At ALOHA this was dominated by decapod larvae
and by Lucifer sp., and at K2 by decapod larvae and sergestids. The
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large, red, caridean shrimp Hymenodora cf. frontalis also occurred
solely in the mesopelagic at K2. Mysids occurred in surface waters
with lower abundances deeper at ALOHA, and almost exclusively
in the mesopelagic between 400 and 1000 m at K2. While we did
catch reasonable numbers of mysids and decapods, our nets likely
undersampled adult stages of these micronekton.

3.2.3. Gelatinous zooplankton
Chaetognaths were the third most abundant taxon overall, and

the most abundant of the gelatinous taxa (Figs. 6–8). The vertical
distribution of chaetognaths was different at the two sites, with
highest abundances in the surface waters at ALOHA (up to
11.2 m!3) (Fig. 6A), and a bimodal distribution at K2 (up to
28.5 m!3 in epipelagic, and 34.1 m!3 in mesopelagic) (Fig. 6B).
This distinct mesopelagic peak in chaetognaths at K2 occurred
between 150 and 500 m. Diel vertical migration in chaetognaths
as a broad group was evident at K2 but not at ALOHA (Fig. 6, Table
3). Several individual species of chaetognaths at ALOHA, however,
showed diel vertical migration, such as Pseudosagitta lyra, which
was only found in the surface 150 m at night and had a day and
night WMD of 359 and 223 m, respectively. Strong chaetognath
migrators at K2 included Flaccisagitta enflata, with a day and night
WMD of 127 and 74 m, respectively.

Cnidarians such as siphonophores and hydrozoan medusae
were relatively common in the tows. Siphonophores were most

abundant in surface waters at ALOHA, but interestingly did not
occur in the top 50 m at K2 (Fig. 6). At K2 a subsurface peak in
siphonophores occurred between 50 and 200 m, and some
animals were found deeper in the mesopelagic as well (Fig. 6B).
Most siphonophores sampled at ALOHA were calycophoran
(families Abylidae and Diphyidae). As a broad taxonomic group
siphonophores did not exhibit diel vertical migration (Fig. 6,
Table 3). Hydrozoan medusae were most common at ALOHA in the
surface 0–50 m at night, and good evidence for their diel vertical
migration includes a N:D ratio of 3, and a day to night change in
WMD of 177 m (Fig. 6A, Table 3). A bimodal distribution of
hydrozoan medusae occurred at K2, with a population within the
upper 150 m, and between 200 and 500 m (Fig. 6B). Diel migration
of hydrozoan medusae was not as evident at K2 (Table 3).

Pelagic tunicates (salps, doliolids, and larvaceans) were an
important component of the zooplankton community at both
sites. While abundances of salps were comparable between the
two sites (on the order of o1 up to 3 m!3), vertical distribution of
salps was distinct. At ALOHA salps occurred largely in the upper
150 m, while at K2 a mesopelagic peak in salps occurred between
200 and 500 m (Fig. 6). There is possible evidence for diel vertical
migration of lower mesopelagic or bathypelagic salps into the
upper mesopelagic (200–300 m) layer at night at K2, although the
standard deviation is high (Fig. 6B). Distribution of doliolids
paralleled that of the salps, with peaks in the epipelagic at ALOHA,
and in the mesopelagic at K2. Larvacean (appendicularian)

ARTICLE IN PRESS

D
ep

th
 (m

)

50
0

100
150
200

300

400

500

750

1000

D
ep

th
 (m

)

50
0

100
150
200

300

400

500

750

1000

D
ep

th
 (m

)

50
0

100
150
200

300

400

500

750

1000

D
ep

th
 (m

)

50
0

100
150
200

300

400

500

750

1000

800 400 0 400 800 4 2 0 2 4

2 1 0 1 2 0

Calanoids (ind.m-3)
K2 Poecilostomatoids (ind.m-3)

Cyclopoids (ind.m-3)
0.1 0.05 0.05 0.1

Harpacticoids (ind.m-3)

Day Night Day Night

Day Night Day Night

Fig. 3. (Continued)

D.K. Steinberg et al. / Deep-Sea Research II 55 (2008) 1615–1635 1621

Steinberg et al., Deep-Sea Res. II, 55:1615–1635, 2008

Wednesday, August 7, 13



Microbial Processes

low similarity to any other transporters in the
database, it was difficult to predict the substrate
specificity in many cases.

Genome recruitment in the GOS database
We have analyzed the presence of both genomes in
the large marine metagenomic databases of GOS
(Venter et al., 2004; Rusch et al., 2007) (Figure 2d).
A BLASTN comparison was performed between a
local database constructed with the two A. macleodii

genomes and the complete GOS database (cutoff:
70% of the length of the GOS sequence with a
similarity larger than 50%, see Materials and meth-
ods). This allowed us to distinguish the preferential
recruitment of each environmental marine sequence
for either AltDE or ATCC 27126 genome (Figure 3).
Although the number of hits was not as large as those
of extremely prevalent marine microbes like Candi-
datus Pelagibacter or Prochlorococcus sp., the num-
ber of sequences with high similarities to either of the
genomes were sufficient to indicate that A. macleodii
is indeed an abundant marine bacterium of global
distribution. One thing of particular interest was that
using similar parameters, other marine bacteria of
assumed prevalence such as Roseobacter or Rhodo-
pyrellula recruited significantly less (data not shown).
In fact, considering that A. macleodii has relatively
large cells (Baumann et al., 1972) that are frequently
associated to aggregates, its representation in most
GOS samples (that represent only the 0.8mm–0.1mm
size range) is remarkable. One single sample, GS025
(from a fringing reef in Costa Rica), that corresponded
to the 3mm–0.8mm fraction, produced many more hits
than the rest (25% of the sequences for ATCC 27126)
confirming that the standard filtration protocols
for marine bacteria selectively leave out A. macleodii
as described previously (Acinas et al., 1999;
Garcia-Martinez et al., 2002). BLASTN analysis
showed that of a total of 15 029 hits retrieved using
both genomes, 11 520 were more similar to ATCC
27126, while only 3509 had higher similarity to

C: Energy production and conversion 

D: Cell cycle control, cell division, chromosome
partitioning 

E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism 

H: Coenzyme transport and metabolism 

I: Lipid transport and metabolism 

J: Translation, ribosomal structure and biogenesis

K: Transcription 

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis  

N: Cell motility  

O: Posttranslational modification, protein
turnover, chaperones  

P: Inorganic ion transport and metabolism 

Q: Secondary metabolites biosynthesis, transport
and catabolism  

R: General function prediction only
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Table 2 Gene categories found in different frequencies in the two
A. macleodii strains

Genes categories ATCC 27126 AltDE

Phage integrase 12 (9) 32 (23)
Transposase and IS elements 3 (1) 65 (63)
Chaperones 9 (1) 13 (5)
Sigma factors 10 (0) 8 (0)
Histidine kinases 53 (18) 40 (5)
Dioxygenases 8 (0) 11 (3)
Heavy metals resistance 24 (1) 36 (18)
TonB receptors 82 (31) 52 (7)
Toxin–antoxin 7 (1) 12 (5)
Acr sytems 50 (11) 45 (11)
ABC transporters 79 (19) 82 (22)

Abbreviations: A. macleodii, Alteromonas macleodii; AltDE,
A. macleodii ‘deep ecotype’.
Brackets show the number of genes found only in one of the strains,
that is, without ortholog in the other (see Materials and methods).

Comparative genomics of Alteromonas macleodii
E Ivars-Martinez et al

1199

The ISME Journal

Ivars-Martinez et al., ISME Journal, 2:1194–1212, 2008
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Degradation Rates

4078 M. H. Iversen and H. Ploug: Temperature effects on respiration and sinking velocity of diatom aggregates

Table 1. Average (Av.) measurements for Xanthan equivalent (µgXequv) TEP content to dry weight (DW) ratio, solid hydrated density of
the composite particles within the aggregates, POC content to DW ratio, POC content to PON content ratio, and carbon-specific respiration
rate (C-spec. deg.) for the 15 and 4 �C treatment over the whole incubation period. Standard deviations are presented together with average
values. There were only significant differences in the average values for carbon-specific respiration rate between the two treatments.

Treatment Av. TEP :DW Av. solid hydr. density Av. POC :DW Av. POC : PON Av. C-spec. deg.
(µgXequvTEPµgAgg�1) (g cm�3

) (µg POCµgAgg�1) (µg POCµgPON�1
) (d�1)

15 �C 0.035± 0.008 1.15± 0.02 0.25± 0.02 5.28± 0.47 0.12± 0.03⇤
4 �C 0.036± 0.005 1.14± 0.02 0.25± 0.01 5.02± 0.21 0.03± 0.01⇤

⇤ Significant difference between the 15 and 4 �C treatment (Student’s t test; p = 0.01).

 

Page 7, column 1, figure 4: The y-axis on subplot B says POC:PON ratios while the figure legend just 
says  C:N  ratios,  please  correct  this  to  POC:PON  ratios  in  the  figure  legend  so  it  reads:  “…to  
particulate  organic  nitrogen  ratio  (POC:PON  ratios)…” 

Page 7, column 2, line 24: is the comma after PON degradation correct, or should it rather read: 
“…POC  and  POC  degradation  and  C:N  ratios  were  measured…” 

Fig. 3. Aggregate particulate organic carbon (POC) content is plot-
ted against aggregate equivalent spherical diameter (ESD) (A, D),
the respiration rate (Resp. rate) of the microbial community at-
tached to each aggregate is plotted against the POC content of the
aggregates (B, E), and the carbon-specific respiration rate within
each aggregate is plotted against the ESD of the aggregates (C, F).
The symbols for the day of the different measurements are given in
the legends. The legend for the 15 �C treatment (A, B, C) is given
in graph (B) and the legend for the 4 �C treatment (D, E, F) is given
in graph (E).

3.6 Aggregate TEP content

The content of transparent exopolymer particles (TEP)
within the aggregates in both treatments was low but in-
creased with increasing aggregate size from ⇠ 0.3 µg TEP

(Xanthan equivalents) in 1-mm-large aggregates and ⇠ 8 µg
TEP (Xanthan equivalents) in 5-mm-large aggregates. The
average TEP content to dry weight ratio of the aggregates
was low and constant throughout the study (Fig. 4c). No sig-
nificant differences were observed in the TEP content to ag-
gregate dry weight ratio over time within the 15 or 4 �C treat-
ments or between the two treatments (One-way ANOVA;
p > 0.2, Fig. 4c and Table 1).

4 Discussion

There were no significant changes in size distribution of ag-
gregates transitioned to 4 �C compared to the aggregates kept
at 15 �C (Fig. 1). This indicated that the temperature change
did not influence the physical structure of the aggregates,
which was also evident from the lack of changes in size-
specific dry weight, excess density, and sinking velocity be-
tween the two temperature treatments between day 4 and 9
(Fig. 2). This shows that temperature changes alone do not
influence aggregation and disaggregation processes.
Our measurements of respiration represent community

respiration on aggregates; i.e., it includes respiration by di-
atoms and associated bacteria and protozoa. The average
carbon-specific respiration rates measured in aggregates at
15 �C were similar to previous rates measured within marine
snow, phytoplankton aggregates, and copepod fecal pellets
at surface water conditions (Ploug et al., 1999; Iversen et al.,
2010; Iversen and Ploug, 2010). The potential fluxes of O2
due to advection and diffusion to sinking aggregates has ear-
lier been shown to be similar at 4 and 20 �C because the lower
diffusivity and higher kinematic viscosity is compensated by
higher O2 solubility at lower temperatures as compared to
higher temperatures (Ploug, 2001). The carbon-specific com-
munity respiration rates in diatom aggregates measured at
4 �C as compared to those measured at 15 �C were similar
to those expected for aQ10 of 3.3, which has been measured
previously with respect to aquatic bacterial growth rates in
pelagic habitats (White et al., 1991). Hence, the measured
decrease in community respiration rate was presumably due
to lower cell-specific activities within the aggregates. De-
creased ambient temperatures, therefore, significantly reduce
the organic carbon remineralisation by microbiota adapted to

Biogeosciences, 10, 4073–4085, 2013 www.biogeosciences.net/10/4073/2013/

Iversen & Ploug, 
Biogeosciences, 

10:4073–4085,2013

C specific 
degradation 
rate = 0.03 ± 
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C specific 
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rate = 0.12 ± 

0.03
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Fig. 2. T r a p - d e r i v e d  C flux da ta  fi t ted wi th  the n o r m a l i z e d  power  funct ion ,  F = Ft~(z/100) t', 
using rep l ica te  m e a s u r e m e n t s  f rom Stas 1 ( r  a = 0.96; n = 13), 2 ( r  2 = 0.94; n = 14), 

4 (r  2 = 0.97; n = 13) and  5 ( r  ~ = 0.95; n = 9). 

Carbon fluxes 
The carbon fluxes for the 8 northeast Pacific stations are shown together in Fig. 3. As 

expected, the highest C fluxes were measured off Point Sur, California (Sta. 1), under 
intensive upwelling conditions, while the lowest were measured in the Central Pacific 
Gyre (Sta. 5) under summer maximum stratification conditions. It is interesting that the 
range between these two extremes is not large. For example, the 100 m flux at Sta. 1 
(7.1 moi C m -2 y-t) was only 6 times higher than that measured at Sta. 5 (100 m 
flux = 1.2 mol C m -2 y-t), while at 2000 m, the fluxes at Sta. 1 were only 9 times as high 
(0.58 and 0.063 mol C m -2 y-l) as those at Sta. 5. General onshore-offshore variability is 
also shown in a C flux section (Fig. 4) based on data from Stas 1, 2, 4, and 5. 

It is also noteworthy that fluxes for the six offshore stations (2, 4, 5, II, III and NPEC) 
varied by a factor of only 2.4. For example, C fluxes at 100 m were: 2.37 for the western 
edge of the California Current (Sta. 2); 2.05 for the transition region between the 
California Current and Subtropical Gyre (Sta. 4); 1.17 for the Subtropical Gyre (Sta. 5); 
1.26 and 1.12 for Stas II and III 400 km off Mexico and 2.74 for the North Pacific 
Equatorial Current (NPEC) all in units of mol C m -2 y-1. Perhaps this is to be expected 
since all of these locations share common features: nearly complete nutrient depletion in 
the mixed layer and subsurface chlorophyll maxima located in or above the nutricline. 

In recognition of the need for generalized estimates for the open ocean environment 
(e.g. carbon distributions and fluxes, see SUNDOtJIST, 1985), and in view of the limited 
offshore spatial variability noted above, we combined the data from the six offshore 

Martin et al., Deep-Sea Res.,1987
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distributed with variance s2. The least squares
solution of Eq. (3) is

bb ¼ ðXTX Þ$1XTðyþ eÞ, (5)

and the expected variance–covariance matrix of the
parameter estimates is s2ðXTX Þ$1 (e.g. Faraway,
2005). Explicitly, the variance–covariance matrix
for the parameter estimates is

Var½ dlog J0' Cov½bb dlog J0'

Cov½bb dlog J0' Var½bb'

2

4

3

5

¼
s2

D

Pn
i¼1ðlog zi=z0Þ2

Pn
i¼1 log zi=z0

Pn
i¼1 log zi=z0 n

2

4

3

5, ð6Þ

where

D ¼ n
Xn

i¼1
ðlog zi=z0Þ2 $

Xn

i¼1
log zi=z0

 !2

. (7)

When parameter estimates obtained from different
locations are combined, (e.g. Berelson, 2001; Martin
et al., 1987) it is important to take into account the
within-station sampling variability due to random
errors in the sediment-trap flux measurements
before attributing the variability of bb or the
covariance of bb with bJ0 to any systematic differences
in the processes happening in the water column at

different geographical locations. The variance–cov-
ariance one computes by combining estimates bbj

and bJ0j obtained from different station is the sum of
the across-station variance–covariance plus the
within-station variance–covariance of the estimates.
Only the across-station variance–covariance repre-
sents true geographical differences in b and J0. The
within-station variance–covariance, given by the
average across all stations of the matrix expression
in (6), represents a bias due to within-station
estimation errors.

From the off-diagonal terms in (6) we see that the
sign of the bias in the covariance depends only on
the depths of sediment traps in relation to the
reference depth z0. Because the fluxes are referenced
to the export flux at 100m near the top of the water
column, the depths zi are generally much greater
than z0, and as a result, the expected covariance is
positive for all sites. Importantly, the bias does not
decrease as the number of stations in the ensemble
increases. It decreases only as the number of flux
measurements within each station increases. Be-
cause the number of flux measurements at any given
site in the Berelson (2001) data set is small (n ranges
from 3 to 12), the bias is potentially significant.

In Fig. 1, I show plots of the parameter estimates
for the data set compiled by Berelson (2001)
separated by region, but estimated separately for

ARTICLE IN PRESS

Fig. 1. Plot of the parameter estimates bb and bJ0 together with their 95% confidence intervals separated by region. The units of bJ0 are in
mmolCm$2 day$1. Each point was estimated separately for each station by the ordinary least squares formula. The POC flux data set
compiled by Berelson (2001) was used for the estimation. The data set includes sediment-trap fluxes from the Southern Ocean (SO),
Equatorial Pacific (EqPac), North Atlantic Bloom Experiment (NABE), and Arabian Sea (AS).

F. Primeau / Deep-Sea Research I 53 (2006) 1335–1343 1337

b-value Uncertainties

Primeau, Deep-Sea Res. I, 53:1335-1343, 2006

Downward 
POC Flux
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individuals m!3 between 100 and 200m is within
the range of 100–300 individuals m!3 between 0
and 200m estimated at the DYFAMED station
during DYNAPROC cruise using a WP2 net
(Andersen et al., 2001a).

We assume that zooplankton encounter rates
are proportional to particle concentration or flux,
as appropriate. For filtration feeders we use
clearance rates of c ¼ 25# 10!6 and
25# 10!5m3 d!1 ind!1 for mesozooplankton and
25# 10!4 and 25# 10!3m3 d!1md!1 for macro-
zooplankton (Huntley and Boyd, 1984). For
passive flux feeders, we calculate the cross-
sectional area of particle capture by an individual,
s; using diameters of 1 and 5 cm, about half and
twice the value given for pteropods (Jackson,
1993). For the active flux feeders (copepods), we
calculate the cross-sectional area using radii of
200 mm and 2.5mm.

We assume that the large macrozooplankton
ingest totally any particles they encounter and that
the smaller mesozooplankton either engulf or mine

particles that they encounter. In the case of
mining, we assume that the fraction of mass
uptake, dm; cannot be larger than the gut capacity
of the animal. The gut capacity is set to a
copepod’s gut volume, 10!6 and 10!5 cm3 (Harris,
1994).

A fraction, p=(1!assimilation efficiency), of
the ingested particulate matter is discharged as
fecal material. We use p ¼ 0:5; within the reported
range of 0.1–0.6 reported for midwater detritivores
(Steinberg et al., 1997). The diameter of the
smallest fecal pellets is set to 40 mm, one-fifth of
the body size of a typical mesozooplankter.

For particle breakup by macrozooplankton, we
use the encounter rate between euphausiids and
particles of B10!1m3 d!1 individual!1, calculated
for a swimming speed of 1.1 cm s!1 and an
effective impact diameter of 1 cm (Dilling and
Alldredge, 2000). Because of the lack of measure-
ments of particle breakup in the midwater column,
we assume that disaggregation rates are constant
with particle size.

ARTICLE IN PRESS

Fig. 1. Relative abundances of the different zooplankton groups. The relative abundances have been calculated by dividing the
measured abundances throughout the water column by the highest concentration in each group. The scaling of abundances for each
group are 0.307m!3 (filter feeders), 0.14m!3 (particle breakers), 0.063m!3 (passive flux feeders), and 250m!3 (mesozooplankton).

L. Stemmann et al. / Deep-Sea Research I 51 (2004) 885–908890

Filter feeder scaling factor = 0.307 m–3

Particle breaker scaling factor = 0.14 m–3

Passive flux feeder scaling factor = 0.063 m–3

Mesozooplankton scaling factor = 250 m–3

Stemmann et al., 
Deep-Sea Res. I, 

51:885–908
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the daily variations smaller than the values
measured with the sediment traps at 1000m
(Fig. 9A). The observed flux at 1000m is
approximately 10% of the flux at 200m. The
calculated flux of particles is almost 100 times
higher than the observed flux of fecal pellets
measured in the traps at both depths, suggesting
that most of the collected particles are not pellets
(Fig. 9B).

4. Discussion

4.1. Environmental conditions at DYFAMED

The study site is located at 43!250 N, 07!520 E in
the Ligurian Sea, 52 km off Nice, France in water
2350m deep. The continental shelf is narrow and

the slope is steep there, with the 1000m isobath
only 9 km from Nice. There is a permanent
geostrophic front separating the sampling site
from coastal water (Sournia et al., 1990). During
only one of the 46 cruises did the coastal water
associated nepheloid layer extend to the DY-
FAMED station (Stemmann, 1998). Stemmann
et al. (2002) argued that the observed particle
variability at DYFAMED site results predomi-
nantly from local forcing rather than from
advective inputs. They suggested that temporal
evolution of particle concentration and size
distribution results from seasonal climatic forcing
and is driven by the phytoplankton production
near the surface. High phytoplankton biomass, in
the form of diatoms and prymnesiophytes, en-
hances particle accumulation and sedimentation
during winter and spring while stratification and

ARTICLE IN PRESS

Fig. 7. (A–H) Spring–fall 1994: Ratio of predicted and observed particle number spectra R0
i; j as a function of apparent particle

diameter. Details as in Fig. 6.

L. Stemmann et al. / Deep-Sea Research I 51 (2004) 885–908898

Stemmann et al., Deep-Sea Res. I, 51:885–908

Wednesday, August 7, 13
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Fig. 1. (a) Particle model. Small particles (Ps, g m-3) are produced at a rate Pr (g m-3 y-t) 
(corresponding to primary production) and exchange with a reservoir of large particles (PI, g m -3 ) 
by aggregation (rl, y-l) and disaggregation (r_ t, Y-1). Large particles are removed from the water 
column by sinking (S, m y-l). Remineralization (y, y-l) returns particulate material to the 
dissolved state. (b) Scavenging model. Dissolved trace metal (Co, dpm m -a) is introduced at a rate 
P (dpm m -3 y-i), and exchanges with the small particulate reservoir (Cs, dpm m -3) by adsorption 
(ki, y-l) and desorption (k'--l, y-l). Trace metal is exchanged with a large particulate fraction (C I , 
dpm m -3) by aggregation and disaggregation as in (a) above, and removed from the water column 

by sinking. 

where F (g m -2 y - l )  is the particle flux, z (m) is depth,  S (m y-X) is the large particle sinking 
rate and Kv (m 2 y - l )  a vertical eddy diffusion coefficient. In surface waters, gross primary 
production (Pr, g m-3 y - l )  supports the reservoir of small, non-sinking particles (Ps, g 
m-3).  These then undergo either remineralization (rate constant y, y - l )  to the dissolved 
state, or are aggregated (rate constant rl,  y - l )  to produce large particles (Pi, g m-3) that 
either sink, are remineralized, or broken up (rate constant r - l ,  y - l )  and the material 
returned to the small particle reservoir.  

2.1.2. Trace metal  cycling. Small particles (less than about 10-20/~m in diameter)  are 
thought to constitute the bulk of total particulate mass, and more  importantly surface area, 
in the water column. Therefore  trace metals are assumed to be adsorbed onto this size 
fraction only. The  equations governing their distribution are given below: 

aCd/Ot = 0 = P - CdQ. + k~) + C s ( k ' l  + ~,) + Cl~ + rv(O2Cd/OZ 2) (4) 

OCs/Ot = 0 = Cdk'l + Clr-1 - Cs(;~ + k ' l  + Y + rl) + Kv(O2Cs/Oz 2) (5) 

Thorium scavenging 103 

the water column. Model-calculated profiles and fluxes are shown in Fig. 6. The dissolved 
profile (Fig. 6a) is characteristic of a surface input, strongly scavenged metal: a surface 
peak followed by rapid decline in the upper water column and almost constant concen- 
tration in deep water (where unaffected by lateral mixing or a sediment source). 

The relatively small difference between surface and deep-water concentrations 
(approximately a factor of two) is maintained by eddy-diffusive transport and high 
remineralization close to the surface (Fig. 6b). In the model we assumed a dissolved 232Th 
input of 10 dpm m -2 y-l ,  close to that estimated by HuH and BACON (1985) from profiles 
obtained in the Caribbean. However, the concentrations they observed were much lower 
than those of other workers, notably NOZAKI and HOmBE (1985) and NOZAKX et al. (1987) in 
the western North Pacific. Mid-water column concentrations obtained by NOZAKI and 
HORmE (1985) are comparable with our own, though they found evidence of a bottom 
source of 232Th. Water column concentrations measured by NOZAKI et al. (1987) are about 
five times higher than those generated by the model, suggesting a source stronger by a 
similar factor. 

The concentration of 232Th o n  particulate matter (dpm per kg of particles) is roughly 
constant at the open sites studied by NOZAKZ et al . ,  consistent with model calculations (Fig. 
6c), but increases close to the bottom, indicating a particulate source of 232Th. If input is 
chiefly in the dissolved form then the particulate concentration should increase rapidly 
below the surface to about 1 km. In the future, combined measurements of dissolved and 
p a r t i c u l a t e  232"rh and particle concentration should be made. These will enable the source 
function of 23~1"h, and by analogy that of other trace metals with terrigenous sources, to be 
better determined. 
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Fig. 5. 2a~Fh. (a) Dissolved (Ca) and particulate (Cs + G) metal, note that scale factor of x 10 is 
applied to the particulate profile. (b) Rates of removal of 23°Th from the particulate fraction by 
remineralization (Remin.), deso~tion (Deso~.)  and radioactive decay. (c) Full line: metal 
concentration per kg of particles CpT; dashed line: ratio of large particulate to small particulate 

metal concentration (C~lIC~,s). 
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Clegg & Whitfield, Deep-Sea Res. I, 37:91–120, 1991
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A set of inversions illustrates more comprehensively the
effect of varying data errors on the accuracy and precision
of the recovered rate parameters (Figs. 8 and 9). All these
inversions assume that the data are available at all depths

and that model errors are very small (p ¼ 10"5). The accu-
racy of a rate constant is measured by the normalized differ-
ence ðx̂" xÞ=x, where x̂ is the value of the rate constant
estimated by inversion (here the mean) and x is its actual
value (x 2 fk1; k1;w; b"1; b2; b"2gÞ. The precision is mea-
sured by the ratio rx̂=x̂, where rx̂ is the standard deviation
of rate constant x estimated by inversion (Eq. (8)). As ex-
pected, both the accuracy and the precision of the recovered
rate parameters deteriorate as the Th and particle data con-
tain larger errors (Figs. 8 and 9). Nonetheless, parameter
recovery with jx̂" xj=x < 1 and rx̂=x̂ < 1 remains generally
possible even in the presence of significant data errors
(maximum of 20%). As already illustrated, not all parame-
ters can be recovered with the same accuracy and precision:
in general, the rate of Th adsorption onto small particles
(k1) and the rate of Th desorption from small particles
(k"1) are the parameters that are the easiest to infer from
Th and particle data.

Note that, so far, the relative errors listed in Table 3
have been assigned to some but not all Th and particle data.
Specifically, 228Th and 230Th measurements on large parti-
cles have been assumed to have a relative error of less than
50%. The case where the relative error in these measure-
ments is equal to this value is examined in Section 3.4.

3.2. Effect of model errors

As suggested above, the assumption of vanishing model
errors when inferring rate constants from field data should
generally be discouraged. In order to isolate the effect of
model errors, inversions are considered where the Th and

Fig. 9. Effect of maximum data error on the precision of the rate
constants of Th and particle cycling estimated by inversion. The
precision is measured by the ratio between the standard deviation
of the estimated value and the estimated value.

Fig. 10. Rate constants of Th and particle cycling estimated with varying model errors. The vertical solid lines indicate the values used to
generate Th and particle data. The vertical dashed lines indicate the prior estimates assumed in the inversions. The solid circles with horizontal
bars show the means with their errors estimated in an inversion where p = 0.1. The open circles with horizontal bars (crosses) show the means
(medians) with their errors estimated in an inversion where p = 1. In both inversions, the data have no error and are available at all depths.
The rate constants estimated by inversion are shown at six of the pumping depths at GEOTRACES NA deep stations.

O. Marchal, P.J. Lam / Geochimica et Cosmochimica Acta 90 (2012) 126–148 137

Marchal & Lam, Geochim. Cosmochim. Acta, 90:126–148, 2012
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Coagulation Equation
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differences between the two methods arise not from the
assumption of steady state but rather from the ancilliary
assumptions made in the dimensional analysis. This indicates
that caution should be exercised when estimating aggregate
properties using eqs 2 and 3.
The shape of the particle size spectrum results from an

in terp lay between several competing mechan isms; particle
creation , coagulation , sinking, and disaggregation . In natural
systems, these mechanisms all operate over a range ofparticle
sizes. For example, large particles that coagulate predom i-
nan tly via differen tial sedimen tation also sink, some of them
quite rapidly. Predicting the steady-state shape of a particle
size spectrum or in ferring properties of the particles from
the slope of the spectrum requires balancing all these
processes for each particle size class.
The simulations presen ted here were made using recti-

linear coagulation kernels. These are the simplest formula-
tions to use, but they neglect the effects of flu id in teractions
between the particles as well as electrostatic and other forces
on the particles (41). These in teractions can be incorporated
in to curvilinear kernel formulations (32). A large particle
falling through the water column has to push water from out
in fron t of it as it moves. Smaller particles in the fall line of
the larger one follow the fluid stream lines and can get carried
far enough away from the larger particle to avoid collision .
This in teraction affects collisions arising from shear and
differen tial sedimen tation and reduces the collision rate of
the particles. The result of th is is that particles have a greater
probability of settling out of the system before aggregating
to larger sizes; there are less large particles if curvilinear
kernels are used. Consequen tly, the particle size spectrum
using a curvilinear coagulation kernel would be steepened
for particle size greater than about 1 µm.
In the absence of disaggregation , there are two mecha-

n ism s by which particles can leave the size domain of the
model. First, since they can sink, they can settle out of the
m ixed layer. Alternatively, if the m ixed layer is sufficien tly
deep and the particle sinking rate sufficiently low, the particles
can aggregate form ing particles larger than the size range
being considered. If one stops one of these mechan isms, for
example, by assum ing that on ly particles larger than those
being considered can settle, then one will increase the
number of large particles in the system (Figure 1b,c).
In general, the coagulation eq 4 adm its no analytical

solutions (12). Consequently, developing approximate solu-
tions and behaviors is an invaluable exercise. For particles
with r < 1 µm, the assumptions used in the dimensional
analysis arguments hold to a good degree of approximation
(Figure 1); however, in marine systems, particle size spectra

below 1 µm are seldom measured. Particles in th is size range
are aggregated out of the size range most rapidly byBrownian
motion . Natural, colloidal sized particles settle very slowly,
far slower than the rates of aggregation of these particles (3).
Some of these particles will in teract with larger particles via
differen tial sedimen tation , but these latter particles are
sufficien tly rare that they do not cause a sign ifican t reduction
in the concen tration of colloids.
For particles larger than about 1 µm, some of the

assumptions listed in the In troduction do not hold. Consider,
for example, those particles that aggregate predom inan tly
via differen tial sedimen tation . In order for steady-state
conditions to hold, the rates at which particles of a given size
are created must balance those removing particles of that
size, either through form ing larger particles or by removing
the particles from the system altogether (17). Balancing
settling losses and differen tial sedimen tation in troduces the
th ickness of the water column Z in to the analysis. For large
values of Z and small settling velocities of large particles,
particles can have the opportun ity to aggregate further. In
such cases, the assumptions underlying the dimensional
analysis may hold. But for rapidly settling particles, such as
fecal pellets, th is may not be the case.
Incorporating the assumption that on ly one aggregation

mechan ism operates in each size range in troduces sharp
transitions in the particle size spectrum (Figure 1c) because
the rates of aggregation either side of the division are not
equal. The result is either an accumulation or relative deficit
of particles at the transition size.
Disaggregation is an additionalmechanism that can affect

the shape of steady-state particle spectra. Aggregation works
in one direction , always moving material in to larger size
classes un til the particles are large enough to settle out of the
system . Disaggregation works in the opposite direction ,
creating smaller particles and thereby keeping material in
the system for a longer time.
Incorporating disaggregation in to the numerical simula-

tion results in a profound change in the particle size spectrum
since it affects not on ly the size spectrum for the larger
particles but also smaller particles that would normally on ly
be affected byBrownian coagulation . Fragmentation of larger
particles increases the number concen tration of particles
between about 1 and 10 µm. Because these smaller particles
sink slowly, they are removed at a slower rate. The increased
numbers of these particles leads to a decrease in the
subm icron sized particles through coagulation . The move-
men t of mass to particles in the 1-10 µm range creates a
maximum in the particle size spectrum there and a local
m in imum in the size spectrum in the subm icron range. This
has the effect of steepen ing the particle size spectrum for
large and small particles.
Including disaggregation impedes the continual formation

of larger particles, effectively form ing a “wall” in the particle
size spectrum . In th is sense, disaggregation acts rather like
a snow fence, forcing material to accumulate in a certain
particle size range and preven ting the cascade of particles
from smaller to ever increasing sizes. Larger particles have
a high probability of getting broken up before they are able
to settle out of the system , and the accumulation of material
in a particular size range increases the rate of aggregation
from smaller particles. The size range where material
accumulates will depend on a balance between rates of
aggregation and disaggregation ; in th is simulation , the
balance is achieved for particles with r ∼ 1 µm.
The shape of the particle size spectrum now arises from

a balance between coagulation , settling, and disaggregation .
Disaggregation allows for material lost from one particle size
class to be in troduced in to a wide range of smaller size classes.
In other words, it allows for the immediate redistribution of
material between widely separated size classes without

FIGURE2. Comparisonof the calculatedsteady-state particle size
spectrum including disaggregation (dashed line) and without
disaggregation (solid line).

326 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 36, NO. 3, 2002

Disaggregation

Burd & Jackson, Env. Sci. Technol., 36:323–327, 2002
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Future Work

๏ Size resolved aggregation and flux models

• Underway

๏ Better understanding of settling velocities

๏ Better understanding of biological processes

• Particle repackaging, microbial processes
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Questions

๏ What determines particle sinking velocities?

๏ Details matter!

๏ Are there simple relationships between 
degradation and physical parameters?

๏ How best to incorporate remineralization into 
models? 
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