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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

•

Wednesday, August 7, 13

Sinking particles provide food for deep water organisms

Processes aﬀecting particles
a

b
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1563

57 (2010) 1557–1571

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

Steinberg et al., Limnol. Oceanogr. 2008

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

Fig. 4. The results of a Monte Carlo experiment showing the frequency distribution of the POC/BCD ratio using data from the VERTIGO study (
and ranges for various parameters; thymidine conversion factor (t), cell carbon content (fc), and BGE. (a) t ¼ 1 " 1018-2 " 1018 mols cell # 1, fc ¼ 15 fgC
(b) t ¼ 0.67 " 1018–3.5 " 1018 mols cell # 1, fc ¼7–30 fgC cell # 1, BGE¼ 0.01–0.2; (c) t ¼0.67 " 1018–3.5 " 1018 mols cell # 1, fc ¼ 7–30 fgC cell
(d) t ¼ 0.67 " 1018–3.5 " 1018 mols cell # 1, fc ¼7–15 fgC cell # 1, BGE¼ 0.1–0.45. The probabilities of POC/BCD41 for the deployments ALOHA 1, AL
o 1%, o 1%, o 1%; b) 5%, 3%, o 1%; c) 26%, 20%, 2%; d) 45%, 37%, 5% respectively.

Suﬃcient Carbon

wledge, no other studies report microzooplankton C demand
he dark ocean, adding to our uncertainty of their role in deepTable 2
carbon budgets.
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uptake of carbon primarily through bottom waters formed in
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on their concentration, and on physical features including charge density (ζ -potential), hydrophobic/hydrophilic domain ratios, flexibility, topology (linear, branched, star, etc.), quaternary conformation (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

Nanoparticles
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Microgels
~3–6 µm

Annealing
K3
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K4
Fragmentation
δ[SAG]/δt = K3[NanoG]2 – K4[SAG]

Verdugo, Ann. Rev. Mar. Sci., 4:375–400,2012

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
neighboring nanogels, forming microgels. This two-step process is reversible and can be
Wednesday, Augustinterpenetrate
7, 13

Capturing Particles
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Stemmann et al., ICES J. Mar. Sci., 65:433–442, 2008
P video images of individuals from each of the macrozooplankton groups analysed; appendicularians (App.), Thalia
Fish, Haliscera spp. medusa (Hal.), S. bittentaculata (Sol.), Aglantha spp. (Agl.), Aeginura grimaldii (Gri.), and “ot
ognath (Chaet.), lobate ctenophore (Lob.), cydippid ctenophore (Cyd.), siphonophore (Siph.), crustaceans (Crust
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Particulate Flux
ARTICLE
IN PRESS
Particulate flux
= Concentration
× Settling Velocity
645

C.L. De La Rocha, U. Passow / Deep-Sea Research II 54 (2007) 639–658
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Particle size distributions for three locations along the WAP illustrate the relationship between the (A, D, G) particle flux, (

H) concentration, and (C,
I) average sinking velocity.
The calculated
W
values range
from , 20 m d to , 150 m d , wit
McDonnell
&F,Buesseler,
Limnol.
Oceanogr.,
55:2085–2096,2011
highest velocities for the particles with the smallest and largest ESD collected in the traps. Intermediate-sized particles had the lo
i,avg

21

velocities. Error bars display the standard deviations for each size bin. Open bars indicate that fewer than six particles were counted in
size bin, and therefore the associated errors are high and difficult to quantify, but we include these data for the additional information
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 tr
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.

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. Approximately 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
800

The fact that the highest sinking velocities were found in
the largest and smallest size classes was a surprising result,
1000
especially given that most models of sinking velocity (e.g.,
Stokes’ Law) predict increasing settling speeds as particle
Fig. 1. Examples of aggregate number per liter, mean equivalent spherical diameter
(ESD) for all
particles
40.15 mm
at each
depth,collected
and
size increases.
Closer
inspection
of the
material
in
volume of aggregates per liter (calculated from number and mean ESD) versusthe
depth
from video images.
The upper
one
polyacrylamide
gel traps
revealspanels
that depict
the majority
of

De La Rocha & Passow, Deep-Sea Res. II,
profile from the Southern Ocean at 48.91S, 72.11E (data from Gorsky and Picheral, 2004a). The middle panels show a profile from the
54:639–658,
2007
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
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13 for example, archived on Pangaea (http://www.pangaea.de/Info/).

21

particles comprised two dominant particle sizes. M
individual diatoms and radiolarians were present
ESDs in the 70–120-mm size range. With their d
frustules and skeletons, these small particles were li
sinking quickly and therefore would have had
abundances in the gels relative to their measured con
trations in the water column. On the large end of the F
fecal strands from the Antarctic krill species E. sup
dominated the flux and led to high Wi,avg in these
classes. Thus, it is likely that these two distinct par
groups sink very rapidly and therefore lead to high Wi,a
their respective size bins. Previous direct measuremen
the sinking velocities of Euphausiid fecal pellets range f
16 to 862 m d21, while marine snow was observed to ha
more restricted upper limit, with sinking velocities of
368 m d21 (Turner 2002). Fecal pellets generated b
superba specimens from our January 2009 cruise
velocities of 200 m d21, as determined by labora
settling column measurements (D. Steinberg pers. com
Our calculated Wi,avg values are consistent with t
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Particle type: fluﬀy aggregates
Intact cylindrically formed faecal pellet, brown colour
Intact faecal pellet of oval from, dark brown/black

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

0.04–160
0.06–100

ticle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and
s (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 phyt
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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.
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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
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Alldredge & Gotschalk, Limnol. Oceanogr. 33:339–351,1988

snow in situ as a function of various particle
characteristics.
Mean settling rate was
74 + 39 m d-l. Sinking speed increased exponentially with particle diameter (Fig. 3A).
Settling velocities increased with the increasing ratio of volume to projected area,
as predicted by settling theory (Fig. 3B).
Settling rate in situ increased exponentially with aggregate dry weight (Fig. 3C).
We compared the size-specific settling rates
of marine snow determined in the laboratory 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, settling 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
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statistical correlation could be found between sinking rate and dry weight 0.f aggregates 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 density, as calculated by our methods, and sinking rate (Fig. 3D).
We measured or derived all of the dimensional 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.

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

6
1 + (Re)”

+ 0.4,

(7)

for solid spheres at higher Reynolds numbers (White 1974).
The drag coefficients of marine snow were
consistently higher than those of spheres of
elquivalent Reynolds number (Fig. 4A), indicating that marine snow sank more slowly
than equivalent spheres. Spheres sink more
rapidly than most other shapes (Simpson
1982). Moreover, for nonspherical particles, 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 calculated 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 derived by White (Eq. 7) for spheres outside
the Stokes range. Since excess density was
size-specific, we used the empirically
derived function of Fig. 2D to calculate the
excess density of sinking spheres as a function of sphere diameter. Substitution of these
parameters into the force balance Eq. 2 en-
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Particle type: fecal aggregates
Intact cylindrically formed faecal pellet, brown colour
Intact faecal pellet of oval from, dark brown/black

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

0.04–160
0.06–100

ticle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and
s (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 phyt
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Particle type: cylindrical pellet
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Ebersbach et al., Deep-Sea Res. II, 58:2260–2276, 2011
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ticle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and
s (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 phyt
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Particle type: ovoid pellet
Intact cylindrically formed faecal pellet, brown colour
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Ebersbach et al., Deep-Sea Res. II, 58:2260–2276, 2011
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ticle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and
s (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 phyt
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Alldredge, Deep-Sea Res. I, 45:529–541, 1998

Fig. 1. The relationship between aggregate size and POC content at 15 stations in the Santa Barbara Basin, Fig. 2. Content of all types of marine snow combined as a function of aggregate size. Statistics for these
California, grouped according to aggregate type. Each data point represents the mean of 10—12 individual relationships are shown in Table 1. (A) Dry mass. Dashed line is the size:mass relationship obtained by
aggregates photographed for size and 3 replicates of 10—30 aggregates each for chemical analysis. Error bars Alldredge and Gotschalk (1988). (B) POC, (C) PON, and (D) Chlorophyll a.
((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
aWednesday,
versus volume
among
August
7, 13 stations, indicating that size-specific Chl a content of aggreg-

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 occurred both among aggregates at the same station and between stations. Aggregates at

ellets
rical pellet (cyl)
pellet (ovo)

Particle type: phyto cells
Intact cylindrically formed faecal pellet, brown colour
Intact faecal pellet of oval from, dark brown/black

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

0.04–160
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ticle categories as defined from photo-microscopy of particles collected by the 24 h deployments of the free-drifting gel traps: Fluff-aggregates (c and
s (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 phyt
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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

140 m

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).

290 m

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

mean sinking

fecal pellets produced when fed Skeletonema 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 apparent 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 apparent differences in sinking rates: diet
residue and geometry. The Skdetonema
food provided to Euphausia differed from
the phytoplankton
diet present in Narragansett Bay2 when the pellets were col2 The surface phytoplankton
population
during
early November and December amounted to 3.8 x
106 and 4 x 10’ cells/liter,
respectively.
Microflagellates comprised about 85% of the total population 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.
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NOTES
lected. The compaction, size, and coloration of zooplankton fecal pellets vary with
diet (Marshall and Orr 1955). Different
foods also leave different waste residues
that might influence the fecal pellet density and, hence, sinking rate. The Euphausia 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 spherical 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 sediFECAL PELLET VOLUME x 107p3
mentary material might lead to their having a greater
than relationship
those producedbetween sinking rate and volume for natural
FIG.density
1. The
and laboratory-produced
by plankton.
Such pellets
would be
ex- pellets originated
euphausiid
fecal pellets.
Fecal
from Megunyctiphunes mruegica, natural food ( l ) ;
pected toEuphuusiu
have a greater
sinkingnatural
rate than
krohnii,
food ( A ) ; iVemutosceZ& megulops, natural food ( n ) ; M. norvegica, fed
similar-sized
or
more
elongate
pellets
conArtemia that had ingested flagellates
(0);
M. norvegicu and E. krohnii, fed Phaeodactylum tdcortaining nutum
the wastes
of
a
herbivorous
or
( A). Fecal pellets of unknown origin from the data of Smayda ( 1969) are plotted for comcarnivorous
animal.
parison
( X ).

Fowler & Small, Limnol. Oceanogr., 17:293–
296, 1972

ranean cruise performed within the framework of the SESAME
European project (www.sesame-ip.eu).

8 Gb of memory stora
mixed acquisition mo

Picheral et al., Limnol. Oceanogr. Methods, 8:462–473, 2010

Fig. 1. (A) UVP alone, (B) UVP mounted on a 24-place Niskin bottle rosette frame, (C) schematic dia

tem and illuminated volume of water (in pink). The recorded image is one portion of this zone (as draw
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Particle Size Spectra

Jackson et al., Deep-Sea Res. 1997
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Particle Size Spectra

Jackson et al., Deep-Sea Res. 1997
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Variations in spectral slope
Guidi et al.

Export of large aggregates

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

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).

plankton, nanoplankton, and picophyto
fnano, and fpico, respectively) to the total
biomass. Briefly, this method (detailed in
takes into consideration seven diagn
representative of the major phytoplan
fucoxanthin (Fuco), peridinin (Peri), 199
coxanthin (199-HF), 199-butanoyloxyfu
BF), alloxanthin (Allo), zeaxanthin (Z
chlorophyll b (TChl b), here defined
chlorophyll b and divinyl-chlorophyll b]
fractions of three pigment-based size c
following empirical equations (notation
Table 2):

–b
n(r) = ar

Ancillary data—During some UVP deployments, TS
profiles were recorded with a conductivity–temperature–
depth (CTD) profiler (SeaBird SBE911), and water samples
collected
withclusters.
Niskin bottles mounted on a rosette
Vertical profiles of the slopes of particle-size distributions,were
grouped
into six
and filtered onto glass-microfibre filters (grade GF/F,
e Wednesday,
lines: median
profiles.
August
7, 13

Guidi et al., Limnology & Oceanogr., 2009
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McDonnell & Buesseler, Limnol. Oceanogr., 55:2085–2096,2011

Peterson et al., Limnol. Oceanogr. Methods, 3:520–532, 2005
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Fig. 6. Mass flux (A), %OC (B), %TN (C), and OC:TN (atomic) ratio (D)
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Fig. 4. Settling velocity of aggregates during the course of the decomposition
experiments. (A) NCAL incubations and (B) CAL incubations. For box plot definition
see Fig. 3.

Engel et al., Deep-Sea Res. II, 56:1396–1407, 2009
3.0

similar initial collision rates.
The majority
of macroscopic aggregates in CAL and all
0.0
0.90
20 after the initial
30
aggregates of 0NCAL formed10after 24 h, i.e.,
spin- 40
00.0
10
20
30
40
the tank were already
0
10
30
40 up time, when shear forces within day
day 20
negligible and when differential sedimentation was the dominant
day
Fig. 4. Settling velocity of aggregates during the course of the decomposition
Fig. 8. Box plots of the porosity of aggregates over the course of the experiment.
collision
mechanism
particles.
few
experiments.
(A) NCALbetween
incubations
and (B) CALHowever,
incubations.aFor
box aggreplot definition
(A) NCAL
incubations
and
(B)
CAL
incubations.
For
box
plot
definition
see
Fig.
3.
Fig. 3. Box plots of the feret diameter (df) of aggregates during the course of thegatessee
inFig.
CAL
3. appeared within the first hours of incubation when
decomposition experiments. (A) NCAL incubations and (B) CAL incubations. Each
coagulation by shear may have been dominating. The faster
box encloses 50% of the data with the median value of the variable displayed as a
formation by CAL cells during these first hours was
line. The bottom of the box marks the 25% limit, and the top the 75% limit, of theaggregate3.0
14
variable population. The lines extending from the top and bottom of each boxlikely due to differences in stickiness, i.e. differences in the
marks the minimum and maximum values within the data set. The white linechemical interactions of particle surfaces that affect the coagulaindicates the mean value.
2.5 In water samples with different types of particles it
tion efficiency.
12
has been shown that coagulation efficiency increases with the
fraction of
2.0transparent exopolymer particles (TEP) (Dam and
of magnitude higher than those AGGNCAL and showed much
Drapeau, 1995; Engel, 2000), which form from dissolved poly10
higher variability (Table 2). Over the course of the experiment the
saccharides (Alldredge et al., 1993; Passow, 2002; Engel et al.,
daily median DrAG for AGGNCAL decreased from an initial value
1.5
2004). However,
initial TEP concentration during NCAL and
"3
"3
"5
"3
of 5.84 ! 10 g cm on day 4 to 7.58 ! 10 g cm on day 12 and
CAL experiments were similar and even slightly higher for NCAL
8
varied
between these two median values thereafter, with no
(Engel et 1.0
al., 2009). Thus, TEP concentration was presumably not
significant correlation with time (Fig. 6A). For AGGCAL the daily
responsible for the earlier aggregation of CAL cells.
median DrAG varied between 2.98 ! 10"2 and 4.54 ! 10"3 g cm"3,
In an experiment where aggregates were produced on a roller
6
0.5
and were not significantly correlated with time throughout the
table from phytoplankton cells with and without the addition
experiment (Fig. 6B).
of terrestrial minerals, Hamm (2002) observed that aggregate
Because aggregates are fractal objects, i.e., their solid volume
formation0.0
rate was faster in all experiments where mineral
4
scales to length
with
an
exponent
D3o3,
we
would
expect
the
0.4has shown
0.6 that 0.8
1.0
1.2
0.2
0.4
0.6
0.8
1.0
1.2
particles were added. 0.2
Prior work
mineral colloids
excess density of an aggregate
decrease with increasing length
ESDreleased
(cm)
ESDto
(cm)
coagulate in the presence of biopolymers
by phytoplankD3–3
) (Engel and Schartau, 1999). During both CAL and
(DrAG#l
ton, especially polysaccharides (Wilkinson et al., 1997). PolysacFig. 5. Relationship between settling velocity and equivalent spherical diameter
Fig. 9.NCAL
Mass of
aggregates andD
relation
to the
equivalent spherical
diameter
rAG was
significantly
related
to the(ESD)
equivaexperiments,
charides
attach to
thecircles,
mineral
surface
couldCAL.
in turn enhance
(ESD)that
of aggregates.
Light
NCAL;
dark circles,
of aggregates.
Light circles,
NCAL; dark
circles,
CAL.
lent spherical
diameter
(ESD)
of aggregates
as a power function,
the stickiness of the whole particle by increasing the amount of
DrAG ¼ a(ESD)–b (Table 3). For AGGCAL, absolute values for DrAGsticky sites. An analogous mechanism might explain the faster
for AGGCAL than for AGGNCAL. The higher excess density of AGGCAL
were higher, and variability in Dr more pronounced than for
mechanism by which particles areAGbrought into contact,
aggregate formation
of CAL cells. Coccoliths of E. huxleyi are partly
,
mainly
because
of
the
smaller
size
of
AGG
(Fig.
7).
At
at
comparables
sizes of aggregates can be explained by the
AGG
NCAL motion, shear or differential settling of CAL
e.g. Brownian
particles.
covered by acidic polysaccharides at the time of their production
comparable
sizes the
excesson
densities
both types
of aggregates
presence of coccoliths within the aggregates. Biogenic calcium
Coagulation
efficiency
depends
both theofparticle
collision
rate
(de Jong et al., 1976; van Emburg et al., 1986). Coccolith
were more similar, with DrAG being on average 2.3 times greater
carbonate has a density of approximately 2.71 g cm"3 in air

0.2

settling velocity (cm s-1)

mass (µg)

Calcifying

Engel et al., Deep-Sea Res. II, 56:1396–1407, 2009
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Zooplankton
Metabolism
Respiration

Egestion
Feces

Assimilation

Ingestion

Sloppy
Feeding
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Excretion
(DOM)

Growth

h their abundance at K2 was low) (Fig. 3). The
agic harpacticoid copepods at ALOHA were dominated
hus spp. As a group the harpacticoid copepods did not
a strong diel migration. Cyclopoid and harpacticoid
s made up 0–25% of the copepod abundance at both sites
However, for reasons noted for the poecilostomatoids, our
r samples the cyclopoid and harpacticoid copepods.

(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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her crustacea
copepods, ostracods were the next most abundant taxa
nd 8), constituting 0–47% of the epipelagic and 21–59% of
opelagic non-copepod taxa (Fig. 8). Ostracods exhibited
ced diel vertical migration with N:D ratios in the upper
2.5 (ALOHA) and 48.9 (K2), and DWMD of 77 m at ALOHA
and 38 m at K2 (Fig. 5, Table 3). Thus, K2 ostracods were
xclusively at mesopelagic depths during the day. The

0.05

0.1

Day

0

0.05

0.1

Night

Fig. 3. (Continued)

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

abundant in surface waters at ALOHA, but interestingly d
occur in the top 50 m at K2 (Fig. 6). At K2 a subsurface p
siphonophores occurred between 50 and 200 m, and
animals were found deeper in the mesopelagic as well (F
Most siphonophores sampled at ALOHA were calyco
(families Abylidae and Diphyidae). As a broad taxonomic
siphonophores did not exhibit diel vertical migration
Table 3). Hydrozoan medusae were most common at ALOHA
surface 0–50 m at night, and good evidence for their diel

Microbial Processes
Comparative genomics of Alteromonas macleodii
E Ivars-Martinez et al

COG FUNCTIONAL CATEGORIES

ALL GENES
A. macleodii ATCC 27126

12

A. macleodii AltDE

10

%

C: Energy production and conversion
D: Cell cycle control, cell division, chromosome
partitioning

8

E: Amino acid transport and metabolism

6

F: Nucleotide transport and metabolism
G: Carbohydrate transport and metabolism

4

H: Coenzyme transport and metabolism
I: Lipid transport and metabolism

2
0

J: Translation, ribosomal structure and biogenesis
C

D

E

F

G

H

I

J

K

L

M

N

O

P

Q

R

S

T

U

V

L: Replication, recombination and repair

DIFFERENTIAL GENES
16

M: Cell wall/membrane/envelope biogenesis

A. macleodii ATCC 27126

N: Cell motility

A. macleodii AltDE

O: Posttranslational modification, protein
turnover, chaperones

14

P: Inorganic ion transport and metabolism

12

Q: Secondary metabolites biosynthesis, transport
and catabolism

10

%

K: Transcription

R: General function prediction only

8

S: Function unknown

6

T: Signal transduction mechanisms

4

U: Intracellular trafficking, secretion, and vesicular
transport

2

V: Defense mechanisms
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COGs categories

Figure 1 Distribution of COG functional classes. Percentage of COGs predicted in AltDE and ATCC 27126 genomes. All genes (a) and
Ivars-Martinez
et al.,
ISME
Journal, variation
2:1194–1212,
2008
genes found only in one of the genomes (b) are indicated. Asterisks
indicate categories
where
a significant
was found
comparing
the two genomes. AltDE, Alteromonas macleodii ‘deep ecotype’; COG, clusters of orthologous groups.
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15 C
4 C

0.035 ± 0.008
0.036 ± 0.005

1.15 ± 0.02
1.14 ± 0.02

0.25 ± 0.02
0.25 ± 0.01

Degradation Rates

5.28 ± 0.
5.02 ± 0.

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

(Xanthan equivalents) in 1-m
Iversen
& Ploug,
TEP (Xanthan equivalents) i
Biogeosciences,
average TEP content to dry
10:4073–4085,2013
was low and constant through

nificant differences were obs
gregate dry weight ratio over
ments or between the two t
p > 0.2, Fig. 4c and Table 1)
4

C specific
degradation
rate = 0.12 ±
0.03

There were no significant cha
gregates transitioned to 4 C c
at 15 C (Fig. 1). This indica
did not influence the physic
which was also evident from
specific dry weight, excess d
tween the two temperature tr
(Fig. 2). This shows that tem
influence aggregation and dis
Our measurements of res
respiration on aggregates; i.e
atoms and associated bacter
carbon-specific respiration ra
15 C were similar to previou
snow, phytoplankton aggreg
at surface water conditions (P

C specific
degradation
rate = 0.03 ±
0.01

Page 7, column 1, figure 4: The y-axis on subplot B says POC:PON ratios while the figure legend just
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Discussion

Fig.
3. Aggregate particulate organic carbon (POC) content is plotsays  C:N  ratios,  please  correct  this  to  POC:PON  ratios  in  the  figure  legend  so  it  reads:  “…to  

Empirical Models
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V E R T E X : c a r b o n cycling in the n o r t h e a s t Pacific

molC
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⇣ z ⌘b
F(z) = F100
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015 1'.0 1'.5 .00 .~5 .5'0 .÷55-.00

Martin
d e r i v e d C flux d a t a fitted with
the net
o r al.,
m a lDeep-Sea
i z e d p o w e rRes.,1987
function, F = Ft~(z/100) t',
e m e a s u r e m e n t s from Stas 1 ( r a = 0.96; n = 13), 2 ( r 2 = 0.94; n = 14),
4 (r 2 = 0.97; n = 13) a n d 5 ( r ~ = 0.95; n = 9).
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2 size classes,
no aggregation,
prescribed
settling

2 size classes,
prescribed
settling.
2 size classes,
prescribed
settling,
high grazing

Simple Spectral
Model

Ballast Model

Gehlen et al., Biogeosciences, 2006
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errors in the sediment-trap flux measurements
before attributing the variability of bb or the
covariance of bb with Jb0 to any systematic differences
in the processes happening in the water column at

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

b-value Uncertainties

Downward
POC Flux

Fig. 1. Plot of the parameter estimates bb and Jb0 together with their 95% confidence intervals separated by region. The units of Jb0 are in
mmol C m$2 day$1 . Each
point wasDeep-Sea
estimated separately
for each station by
the ordinary least squares formula. The POC flux data set
Primeau,
Res. I, 53:1335-1343,
2006
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).
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ARTICLE IN PRESS
890

L. Stemmann et al. / Deep-Sea Research I 51 (2004) 885–908

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

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
individuals m between 100 and 200 m is within
particles that they encounter.
In the case of
–3
Mesozooplankton
factor
= 250
the range of 100–300
individuals m between 0scaling
mining,
we assume
thatm
the fraction of mass

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 0.307 m!3 (filter feeders), 0.14 m!3 (particle breakers), 0.063 m!3 (passive flux feeders), and 250 m!3 (mesozooplankton).

!3

!3

and 7,200
Wednesday, August
13 m

estimated at the DYFAMED station

uptake, dm ; cannot be larger than the gut capacity

ARTICLE IN PRESS
898

L. Stemmann et al. / Deep-Sea Research I 51 (2004) 885–908

Fig. 7. (A–H) Spring–fall 1994: Ratio of predicted and observed particle number spectra R0i; j as a function of apparent particle
diameter. Details as in Fig. 6.

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

Wednesday, August 7,
13
the

daily variations smaller than the values

the slope is steep there, with the 1000 m isobath

better determined.
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1. (a) Particle model. Small particles (Ps, g m-3) are produced at a rate Pr (g m-3Fig.
y-t)5. 2a~Fh. (a) Dissolved (Ca) and particulate (Cs + G) metal, note that scale factor of x 10 is
espondingto primary production) and exchangewith a reservoir of large particles (PI, gapplied
m-3 ) to the particulate profile. (b) Rates of removal of 23°Th from the particulate fraction by
gregation(rl, y-l) and disaggregation(r_ t, Y-1). Large particles are removed from the water
remineralization (Remin.), deso~tion (Deso~.) and radioactive decay. (c) Full line: metal
mn by sinking (S, m y-l). Remineralization (y, y-l) returns particulate material to the
per kg of particles CpT; dashed line: ratio of large particulate to small particulate
vedstate. (b) Scavengingmodel. Dissolvedtrace metal (Co, dpm m-a) is introduced atconcentration
a rate
metal concentration (C~lIC~,s).
m m-3 y-i), and exchangeswith the small particulate reservoir (Cs, dpm m-3) by adsorption
-l) and desorption (k'--l,y-l). Trace metal is exchanged with a large particulate fraction (CI,
m-3) by aggregationand disaggregationas in (a) above, and removed from the water column
by sinking.

Clegg & Whitfield, Deep-Sea Res. I, 37:91–120, 1991

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

Trace metal cycling. Small particles (less than about 10-20/~m in diameter) are
constitute the bulk of total particulate mass, and more importantly surface area,
er column. T h e r e f o r e trace metals are assumed to be adsorbed onto this size
nly. T h e equations governing their distribution are given below:
aCd/Ot = 0 =
P - 7,
CdQ.
Wednesday,
August
13 + k~) + C s ( k ' l + ~,) + Cl~ + rv(O2Cd/OZ 2)

(4)

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
indicate Cosmochim.
the prior estimates
assumed
in the inversions.
Marchal
Lam,lines
Geochim.
Acta,
90:126–148,
2012 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.
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Two Size-Classes
Small Particles
(e.g. < 53 µm)
Sinking

First Order
Kinetics

Large Particles
(e.g. > 53 µm)
Sinking

dPS
v
S
˜
= µPS - PS - PS
dt
z
dPL
v
L
˜
= PS - P L
dt
z
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Coagulation Equation
dn(m, t)
=
dt
2

⇥m

⇥(mj , m ⌅ mj )n(m ⌅ mj , t)n(mj , t) dmj
0
⇥
⌅ n(m, t)
⇥(m, mj )n(mj , t) dmj
0

ws (m)
+ I(m, t)
⌅ n(m, t)
z
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Disaggregation

Burdof
& the
Jackson,
Env. Sci. Technol.,
36:323–327,
2002 size
FIGURE2. Comparison
calculated
steady-state
particle
spectrum including disaggregation (dashed line) and without
disaggregation (solid line).
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Future Work
๏ Size resolved aggregation and flux models

•

Underway

๏ Better understanding of settling velocities
๏ Better understanding of biological processes

•
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Particle repackaging, microbial processes

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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