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Abstract

We introduce a novel, simple method to measure sinking velocity of particles and aggregates in roller tanks.
Using this noninvasive method, it is possible to follow changes in sinking velocities on the same aggregates duzr-
ing time and to make paired measurements of aggregate sinking velocity and composition. Particles and aggre-
gates are video recorded in roller tanks, and their sinking velocity is derived from the orbital trajectories. This
new method is compared with three other methods (using roller tanks, a vertical flow system, and a sedimen-
tation column), which have not previously been inter-calibrated. Agar spheres and diatom aggregates were used
as model particles in all experimental systems. No method showed significantly different sinking velocities of
agar spheres compared with those calculated by theory. Paired measurements showed that sinking velocities
from 70 to 700 m d-! were linearly correlated between different methods. Highest sinking velocities were mea-
sured in a sedimentation column followed by those measured in roller tanks and in the vertical flow system,
respectively. The average difference of sinking velocity measured with the different methods ranged from 8% to
11% for agar spheres, and up to 20% for diatom aggregates.

The production of organic matter in the euphotic zone and
its export to the deep sea and sediments is a significant mech-
anism by which CO, from the atmosphere is sequestered by the
ocean (Volk and Hoffert 1985). Fast-sinking marine snow > 0.5
mm formed by coagulation of phytoplankton, transparent
exopolymer particles (TEP), detritus, and fecal pellets com-
prises a significant fraction of this vertical carbon flux in the
ocean (Alldredge and Silver 1988; Simon et al. 2002; Turner
2002). Sinking velocities of fecal pellets and marine snow varies
appreciably and cannot be predicted by Stoke’s law because
their Reynolds numbers are well above 0.5, their geometry is
non-spherical, and marine snow is porous (Alldredge and
Gotschalk 1988; Khelifa and Hill 2006; Ploug et al. 2008).

In situ sinking velocity of marine snow varies between 20
and 1000 m d! (Billet et al. 1983; Asper 1987; Alldredge and
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Gotschalk 1989; Berelson 2002). Although large variations
occur for similar-sized marine snow, sinking velocity tends to
increase with increasing aggregate size (Alldredge and
Gotschalk 1988). Sinking velocity of aggregates formed by
uniform sources of primary particles, e.g., a diatom culture,
increases significantly with increasing aggregate size (Li et al.
2003; Engel and Schartau 1999; Ziervogel and Forster 2005),
but sinking velocities measured across different particle types
depend on source, density, and age rather than on size (Ploug
et al 2008). Marine aggregates are fractal, hence, their porosity
increases with increasing aggregate size (Alldredge and
Gotschalk 1988; Logan and Wilkinson 1990). Sinking velocity
of similar-sized aggregates and fecal pellets is largely con-
trolled by their excess density, which depends on the solid
matter density, i.e., composition of primary particles, trans-
parent exopolymer particles (TEP), porosity, and fractal
dimension (Azetsu-Scott and Passow 2004; Engel and Schartau
1999; Johnson et al. 1996; Khelifa and Hill 2007). These
parameters vary significantly between different aggregate and
fecal pellet types. Hence, our understanding of aggregate sink-
ing velocity and its influence on vertical fluxes depends on
empirical measurements.

Quantification of sinking velocity has often been limited to
that measured in a sedimentation column, which is simple to
use but unfortunately often excludes replicate measurements
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and additional compositional analysis of the same aggregate,
because aggregates collapse or disaggregate after sedimenta-
tion and re-suspension. Here, we present a new noninvasive
and simple method to measure sinking velocity of marine
snow directly in roller tanks, where large particles are kept sus-
pended. Aggregates can easily be collected for compositional
analysis afterward. We compare results of our new methods
with three other methods, which have not been inter-cali-
brated previously.

Materials and procedures

Model particles—Differentially sized agar spheres were used
as model particles. Agar spheres were produced from a 1% agar
solution with a salinity of 0 or 32 PSU (produced from distilled
water with NaCl) briefly heated to boiling point and cooled
down to 40°C. At this temperature, the agar solution was trick-
led, by use of a pipette, into a thin layer of paraffin oil lying
on top of (salt) water (Cronenberg 1994; Ploug et al. 2002).
Small, almost perfect spheres were produced by one drop,
larger spheres by two drops on the same spot, etc. The small-
est spheres were 1.3 mm, and the largest were 4.8 mm in
diameter. These agar spheres are solid and the same spheres
could be used in all four experimental systems to measure
their sinking velocity. Their excess density (0.0011 g cm=) was
determined by the volume-specific weight difference of the
solidified agar and water at 15°C.

Diatom aggregates were formed using a Skeletonema costa-
tum culture, which had been grown in F/2 medium at 15°C
during 4 weeks at a 12 h:12 h light:dark cycle (Guillard and
Ryther 1962). Aggregates > 1 mm were produced in 4 L large
roller tanks rotating at 5 rpm in darkness during 6 d.

Size determination—Dimensions of agar spheres and aggre-
gates were determined directly under a dissection microscope
with a calibrated ocular, while they were in a vertical flow sys-
tem (see below). Agar spheres were perfect spheres. Diatom
aggregates, however, had ellipsoid geometry and were turned
during measurements that allowed for size-determination of
all three axes. The volume of aggregates was calculated assum-
ing an ellipsoid: V = 4/3xnmxaxbxc, where a, b, and ¢ are the
half axes. The equivalent spherical diameter (ESD) was calcu-
lated as ESD = 2 x (3V/4m)'/3.

Sinking velocity comparisons—Sinking velocities of agar
spheres and diatom aggregates were measured sequentially in
three experimental systems for comparison: 1) video recording
of aggregate trajectories in roller tanks; 2) a vertical flow sys-
tem in which aggregate sinking velocity is opposed and bal-
anced by an upward-directed flow velocity (Ploug and Jor-
gensen 1999); and 3) a sedimentation column in which the
sinking velocity is measured following the descent of single
particles per unit time. We also calculated theoretical sinking
velocities.

The sinking velocity of each agar sphere was first measured
in the vertical flow system, where the size was also deter-
mined, then in the sedimentation column and finally in the
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roller tanks. This procedure was followed to sort agar spheres
by size in different roller tanks. One agar sphere of each size
was added to each roller tank whereby their identity were
known also after solid body rotation of the water in tanks was
established (> 3 h rotation time) and video recording were per-
formed. Solid body rotation is a prerequisite for accurate mea-
surements and calculations of particle sinking velocity in
roller tanks.

Paired measurements of sinking velocity of six to eight
diatom aggregates were done (a) first in the vertical flow sys-
tem and then in the sedimentation column, or (b) first in
roller tanks and then in the sedimentation column. It was not
possible to measure sinking velocity of the very same aggre-
gate by all three methods due to disaggregation and aggrega-
tion during handling.

The agar spheres or diatom aggregates were transferred
from one system to the other by use of a wide bore pipette. All
measurements were conducted in a temperature constant
room (15°C). We used distilled or salt water at 32%o as a lig-
uid. A large volume (50 L) of salt water was produced initially,
mixed and used in all experimental systems.

Sinking velocity measurements in roller tanks

Theory—Particle trajectories in a roller tank are complicated
when the tank begins to spin (Jackson 1994). After a transient
time, T (s), of the order a?/v where a (cm) is the cylinder radius
and v (cm? s7) is the kinematic viscosity of water, the flow of
the water shows ‘solid body rotation’ around the cylinder axis,
ie,v =0, V, =0 XTIV, = 0 where 1, ¢, z are cylinder coordi-
nates, w = 2x/T (s1) is the rotation rate, and T (s) is the rota-
tion period. The theoretical time scale, t, is 2.4 h for a roller
tank with radius 10 cm and a kinematic viscosity v = 1.14x10-2
cm? s7! at 15°C and zero salinity. The kinematic viscosity, v,
decreases with increasing temperature and increases with
increasing salinity.

At steady state, the particles follow circular trajectories in z
= constant planes (Tooby et al. 1977):

X(t) = x, — R sin(ot - 6))

y(t) = R cos (wt - 6,) (1)

where R is the radius of the circle and 6, is the initial angle.
The tank rotates counter-clockwise. The center of the circle
(x,, 0) is located at a distance x, (cm) to the right of the cylin-
der axis (in the half cylinder where the fluid flow is upward)
on the horizontal axis that crosses the cylinder axis. The dis-
tance x, is given by (Tooby et al. 1977; Jackson 1994)

2

The sinking velocity of the particle w, (cm s™) can be deter-
mined from Tand x,. The distance x, will be derived from sev-
eral observations of particle positions combined with a least-
squares estimation of the center of the particle orbit (see
below).

The distance x, was estimated as follows from a number (10
to 20) of particle positions (x, y, ), n =1, 2,..., N read from

x, =Y o w xT/Q2m)
w
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photographs of the roller tank (Fig. 1). We first derive a rough
estimate (x,, y,.) of the position of the circle center (x,, y,) by
averaging over all particle positions (assuming that positions
are nearly isotropically distributed around the center). For a
given center position (X, y,), we calculate the circle radius

R” = \/(x" - xb)z + (yn - yb)z (3)

for all particle positions (x , y, ), n =1, 2,... N. From these radii
R, we calculate the mean R and the variance.

Now we vary the center position (x,, y,) in a range around
our rough estimate. Assuming a maximal error of + 80% of the
mean radius R . in our rough estimate of the center position,
we vary x, between x ,-0.8xR__ and x, +0.8xR__ and y,
betweeny ,0.8xR__ andy,, +0.8xR . with resolution Ax =
Ay. The spatial resolution Ax for this search is determined by
the chosen accuracy in w, Aw,, and the given rotation period,
T, using Eq. 2

Ax=Aw_ xT/(2m) 4)

y (cm)

10
X (cm)

Fig. 1. Example of orbit analysis to derive sinking velocity of particles in
roller tanks. The distances between the observed aggregate positions
along its orbit (red dots) and a chosen orbit center (at x =3.8 cm,y=0
cm; linked to observations by broken lines) are squared and summed up.
The position of the orbit center is varied on a grid with fine (0.1 mm) res-
olution and the corresponding sum of the squared distances is calculated.
The point where this sum is minimal is used as the optimal orbit center
position (at x =5 cm, y = 0 cm; linked to observations by solid lines). The
mean distance between the optimal center and the observations is the
optimal radius (4 cm) used to plot the circle (blue solid line) around the
orbit center. The distance between the axis of the roller tank at (0.0) and
the aggregate’s center position is 5 cm. With a rotation rate of 0.083 s
(5 rpm), the aggregate’s sinking velocity is 5 cm x 0.083 s7' = 0.41 cm s~
or 180 m d-.
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which gives Ax = 0.18 mm for Aw_= 1 m d™ and a typical rota-
tion period of 100 s. To be on the safe side, we set Ax = 0.1 mm.

Now we calculate the variance of the radii for each center
position. Finally, we search for the minimal variance of the
radii with respect to the center position and use the corre-
sponding center position as our best estimate. The optimal
value for x, is inserted into Eq. 2 to calculate w_. Program code:
“sinkorbit.m” written in MATLAB for the whole procedure is
available from the Web site of Dieter Wolf-Gladrow
(www.awi.de/fileadmin/user_upload/Research/Research_Divis
ions/Biosciences/Biogeosciences/code/sinkorbit.m). We will
call this calculation method the orbit analysis.

Alternatively, we also used the method of Engel and Schar-
tau (1999) to calculate sinking velocities of aggregates in roller
tanks. Principally, it is based on the same theory as our
method, but only two points of the particle trajectories are
used, and these must be nearly vertical to the center line in
the upstream region of the roller tank and close to the front of
the roller tank when projected distances are not calibrated
with regard to depth of the roller tank, i.e., projected distances
appear smaller close to the back side of the roller tanks as com-
pared with those in the front close to the camera. This method
of calculating sinking velocity from trajectories in roller tanks
will be termed the two-point method.

Set-up and calibration procedure of roller tanks—The center of
the roller tanks was marked both on the front side as well as
on the back side to align the camera exactly along this center
line, which is important for calibration of projected distances
with depth in roller tanks. The exact depth of the roller tanks
was measured. The apparent diameters of the periphery of the
front and back side of the water-filled roller tank on the video
file were calibrated linearly with depth. The back sides of the
roller tanks were covered with black paper to increase the con-
trast between agar spheres and the surrounding water. Cold
light sources with an infra red cut-off filter (Schott KL 2500)
were used to illuminate the tanks. During preliminary experi-
ments, we observed that warm light induced circulation
instantaneously and caused a large variability on calculated
sinking velocities.

The rotation speed of tanks (rpm) has to be set carefully to
be able to measure sinking velocity of particles suspended in
tanks correctly. If it is too high, particles will go around in cir-
cles with the fluid, and measurements are inaccurate. If the
rotation speed is too low, particles will sink and collide with
the container walls. Only if the rotation speed and sinking
velocities are matched so that particles move in small orbits
rather than following the large circular motion of the fluid,
reliable sinking velocity measurements can be made. The
tanks must be completely filled with fluid (no air-bubbles).
Air-bubbles induce strong shear within roller tanks, and the
trajectories of particles deviate significantly from that of a cir-
cle. Our sinking velocity measurements were done 16 h after
the rotation speed of the tanks had been set to ensure steady-
state and solid body rotation. Solid body rotation must be
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established in roller tanks before sinking velocity mea-
surements can be made. We experimentally tested the time
needed for solid body rotation to be established in our roller
tanks to evaluate the accuracy of the theoretically calculated
spin-up time of 2.4 h. We filled several tanks with a solution
of sodium hydroxide, and after different time intervals, added
a few drops of phenolphthalein without modifying rotation
speed of the roller tank via a syringe and a needle thrust
through the rubber stopper. In a basic solution the colorless
phenolphthalein turns pink. Thus, a small pink stain appeared
in the roller tank as soon as phenolphthalein was added. This
stain remained stable and turned with the water after solid
body rotation was established. In the absence of solid body
rotation, pink streaks and swirls became visible as turbulence
mixed the phenolphthalein into the tank volume. Our tests
confirmed that solid body rotation was established already
after 2.5 to 3 h.

All recordings of calibrations and aggregates were made
using a video camera (Canon Power Shot A70). At least one
full orbit of each aggregate was video recorded. Single pictures
(JPG files) were extracted using the program xn-View, and
imported into Adobe Photoshop. In this program, the pictures
were arranged in layers whereby the x,y coordinates of the
aggregate at different time points can be directly read using
the tools of Photoshop (Fig. 1). A circle, which encompasses
all positions of the aggregate through time, was drawn in Pho-
toshop, and its x-coordinate of the center was calculated from
the coordinates of its vertical tangents read in Photoshop.
Alternatively, the x,y coordinates of the aggregate’s position
during time (which can be read in Photoshop) calibrated with
respect to depth (z-plane) within the roller tank, and the rota-
tion period can be entered in the function “sinkorbit.m”
which calculates the sinking velocity.

Sinking velocity measurements in the vertical flow system—This
experimental set-up was described by Ploug and Jeorgensen
(1999). In this system, aggregate’s sinking velocity is opposed
and balanced by an upward-directed flow velocity.

The aggregate is suspended above a horizontally oriented
nylon net by a distance equal to that of the particle diameter,
i.e., the center of the aggregate is positioned 3 radii away from
the net. Its exact position and size is measured under a dissec-
tion microscope with a calibrated ocular using a 150 W halo-
gen lamp with an infrared cut off filter (Schott KL 1500). Under
these conditions, the gradients of fluid velocity and solutes at
the particle-water interface are similar to those predicted by
mass transfer theory for a solid sphere sinking through a stag-
nant water column (Kigrboe et al. 2002). The flow velocity is
calculated as the volume of water passing per unit time divided
by the cross-sectional area of the flow chamber.

Sinking velocity measurements in a sedimentation column—A 2-
L large cylindrical glass tube (8 cm wide) was used as sedimen-
tation column. It was filled with water and allowed to stabilize
in a temperature-constant room before each measurement.
Agar spheres or diatom aggregates were gently introduced into
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the column by letting one sphere/aggregate sink through the
water inside an inverted Pasteur pipette, which was inserted 0.5
cm under the air-water interface of the sedimentation column.
Its time-dependent descent was followed using a stop-watch
over a distance of 20.5 cm from 6 cm below the surface until 6
cm above the bottom of the column.

Calculations of theoretical sinking velocity—For comparison,
theoretical sinking velocities of agar spheres and diatom
aggregates were calculated from:

U =(2gApV / p,C,A)" ®)

where U is the sinking velocity, g is the acceleration due to
gravity, Ap is the excess density of the agar spheres or aggre-
gates, V is the particle volume, and p, the density of the bulk
water. C,, is the drag coefficient and A is the cross-sectional
area of the agar sphere or aggregate.

The Reynolds number was calculated as (White 1974):

_au

Re (6)

%
where d is the diameter of the particle or aggregate and v is
the kinematic viscosity of (sea) water.
The drag coefficient for Re > 0.5 was calculated as (White
1974):
24 6

=—+——+04
Re 1+Re®

Cp @)

Assessment

Comparison of methods—Measured size-specific sinking
velocities of agar spheres and theoretical sinking velocities are
shown on Fig. 2. The largest spheres were a few days older
than the others. Hence, they were not made of the same stock
solution of agar as the others, and they may also have been
colonized by bacteria. These factors may have influenced their
excess density and consequently their sinking velocity. Theo-
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Fig. 2. Sinking velocity of agar spheres as a function of sphere diameter.
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Fig. 3. (A) Comparison of sinking velocity determination in roller tanks using the orbit analysis with those measured in a sedimentation column. (B)
Comparison of sinking velocity measurements in the flow system with those measured in roller tanks using the orbit analysis. (C) Comparison of sinking
velocity measured in the flow system with those in the sedimentation column.

retical sinking velocity was described by U = 46xd!48:0.94 (R? =
1.00), where U is measured in m d-' and the diameter, d, is
measured in mm. No method yielded significantly different
sinking velocity compared with those predicted by theory
(Student t test; P < 0.01), when the oldest spheres were
excluded from the analysis.

Paired measurements of sinking velocity of single agar
spheres derived from the orbit analysis in roller tanks, in the
sedimentation column, and in the flow system are shown on
Fig. 3. The correlations of sinking velocities were linear from
100 m d! up to 700 m d-! for all three methods. Sinking veloc-
ity of agar spheres derived from the orbit analysis showed a
good agreement with sinking velocities measured in the sedi-
mentation column as well as in the flow system (Fig. 3a, b).
However, sinking velocities measured in the sedimentation
column were slightly, but significantly, higher than those
measured by the orbit analysis and in the flow system. Sink-
ing velocities measured by the orbit analysis were not signifi-
cantly different to those measured in the flow system. The
average differences of all measurements were < 11% (Table 1).

Diatom aggregates—The comparison between sinking veloc-
ities of diatom aggregates determined in roller tanks with
those measured in the sedimentation column are shown in
Table 2, the ratios of paired measurements are given in Table 3.
Sinking velocities derived from the orbit analysis of roller
tanks were similar to those measured in the sedimentation
column. By comparison, the method using only two points of
the aggregate’s trajectories observed in the roller tank showed
much higher standard deviations of the mean values obtained
(Table 2), and sinking velocities were significantly lower than
those measured in the sedimentation column (Table 3). The
average ratio between sinking velocity measured in the flow
system relative to that measured in the sedimentation column
was 0.82 + 0.17 (Table 3). This difference was also statistically
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significant, and was presumably partly explained by non-
spherical shape of aggregates as no such large difference was
observed for the agar spheres. In the flow system, nonspheri-
cal aggregates are oriented with their longest axis perpendicu-
lar to the axes of propagation which maximizes the drag of the
aggregate. This was not always the case in the sedimentation
column.

Size-specific sinking velocities of diatom aggregates as cal-
culated by Eq. 2, and measured using the flow system, the
orbit analysis, and the sedimentation column are shown
(Fig. 4). The average excess density, which could explain
observed sinking velocities, was 0.0014 g cm™ (Eq. 2). Theo-
retical sinking velocity was described by U = 170xd%82:095 (R? =
1.00), where U is measured in m d-! and the diameter, d, is
measured in mm.

Discussion

The methods determining sinking velocity directly in roller
tanks are noninvasive methods, and after sinking velocity
measurements, incubations can be continued without distur-
bance due to handling, or the same aggregates can be collected
for further analysis. Hence, these methods are superior, e.g.,
when studying long-term changes in sinking velocity and
aggregate composition, or when working with very fragile
aggregates. However, only two dimensions of the aggregate
size can be determined from the video recordings of aggre-
gates in roller tanks (Engel and Schartau 1999). It is thus not
possible to measure volumes and equivalent spherical diame-
ter with high accuracy when using video recordings of aggre-
gates in roller tanks.

Quantification of sinking velocity by the two point method
appeared to be sensitive to the fraction of the orbital trajecto-
ries chosen. Sinking velocities derived from two-point method
tested here showed a larger deviation from those measured
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Table 1. Paired measurements of sinking velocity on single agar spheres using the orbit analysis, the sedimentation column, and the
flow system. The average ratio of paired measurements and the standard deviation of the mean value are shown as well as t calculated
from Student t test of paired observations.

Methods Ratio T

Orbit analysis versus sed. column 0.93+£0.10 (n= 34) 4.34; +,; P<0.95
Flow system versus orbit analysis 0.96 £ 0.14 (n=27) 0.63; — P<0.95
Flow system versus sed. column 0.89 £ 0.15 (n = 35) 3.15; +; P<0.95

+, significantly different; —, not significantly different.

Table 2. Average sinking velocity and standard deviation (m d-') of 6 to 8 diatom aggregates measured in four roller tanks and cal-
culated using the orbit analysis and the two-point method by Engel and Schartau (1999).

Roller tank # Sedimentation column Orbit analysis Two-point method
1 288 + 46 260 £ 63 217 £135

2 346 + 46 360+ 73 Nd

3 454 + 54 427 £ 21 395 + 87

4 286 £ 23 251 £ 39 215 £ 51

Table 3. Ratio between paired measurements of sinking velocity (m d-') of diatom aggregates comparing determinations in roller tanks
or the flow system with those from the sedimentation column. Roller tank determinations were calculated using the orbit analysis and
the two-point method by Engel and Schartau (1999). The average ratio of paired measurements and the standard deviation of the mean
value are shown as well as t calculated from Student ¢ test of paired observations.

Methods Ratio t

Orbit analysis versus sed. column 0.94 £ 0.07 (n=4) 1.71 (-; P< 0.95)
Two-point method versus sed. column 0.79 £ 0.07 (n=3) 2.44(+; P<0.95)
Flow system versus sed. column 0.82+0.17 (n=19)t 4.71 (+; P<0.95)

n, number of observations.

"Each observation equaled the average of 6-8 aggregates (Table 2).
feach observation represents one single aggregate.

Sinking velocities varied between 100 m d-' and 500 m d-'.

-, not significantly different.

+, significantly different.

with a sedimentation column than those derived from analy- ably if aggregates so small that the magnification needed for
sis of the whole orbit. Furthermore, sinking velocity measured observation is too high to include the whole orbit of the cir-
by the two-point method is very sensitive to the horizontal cling aggregate.

distance between the two measuring points. It should always The advantage of the flow system is that it can be used for
be as small as possible as pointed out by Engel and Schartau combined measurements of size (in three dimensions), sink-
(1999). The two-point method is limited to those aggregates ing velocity, and either activity parameters like respiration
that occur close to the front side of the cylinder because the and bacterial production, or composition of the very same
method was not calibrated with depth of the roller tank (Engel aggregate (Ploug and Grossart 2000; Ploug et al. 2008). Thus
and Schartau 1999). The calibration of depth in roller tanks the flow system is superior, when measurements are linked to
using the orbit method is very important, except when only studies of small-scale fluxes of gases and solutes, e.g., O,-res-

aggregates at the very front are video recorded. Measured sink- piration, for which it was developed. The local flow velocity
ing velocity was underestimated by up to 30% in 12 cm deep in the chamber, however, can vary by 20% compared with
roller tanks that were not calibrated with depth. In summary, the average flow velocity through the chamber (Ploug and

the full orbit analysis is mathematically more robust than the Jorgensen 1999), and the present study shows that sinking
two-point method because it uses more observations and is velocity of (non-spherical) diatom aggregates is, on average,

easy to use (given the freely available function ‘orbitsink’), underestimated by 20% compared with that measured in a
especially if aggregates are not too small (> 0.5 mm), and gave sedimentation column. Small-scale fluxes of gases and nutri-
highly reproducible results. The two-point method is prefer- ents, however, do not increase proportional to sinking veloc-
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Fig. 4. Sinking velocity of diatom aggregates as a function of equivalent
spherical diameter.

ity. We estimated the potential error in small-scale fluxes of
O, to and from sinking aggregates due to the underestimation
of sinking velocity by calculating the Sherwood number for
size-specific sinking velocities measured in the present study
and for a 20% smaller size-specific sinking velocity. The Sher-
wood number, Sh, is a measure of the potential increase in
small-scale fluxes at the aggregate-water interface of sinking
aggregates compared with that to or from a similar-sized stag-
nant aggregate. The Sherwood number is described by Kigr-

boe et al. (2001):
0421 13
v
I )

where 7, is the aggregate radius (cm), and D, is the free molecu-
lar diffusion coefficient of the solute and Re < 20. The Sherwood
number of oxygen mass transfer to sinking diatom aggregates
with a size-specific sinking velocity as a function of Re is shown
(Fig. 5). Sh is lowered by 3% to 7% and by 8% to 23% when
sinking velocity is underestimated by 20% and 50%, respec-
tively. Hence, small deviations in sinking velocity are not cru-
cial for mass transfer at intermediate Re < 20, and sinking veloc-
ity determinations using the flow velocity chamber are accurate
enough in the context of small-scale flux measurements.

A sedimentation column is simple to use, but has the dis-
advantage that replicate measurements of aggregate sinking
velocity are impossible because the aggregates are fragile and
easily disaggregate when collected at the bottom of the cylin-
der. Convective currents due to evaporation at the air-water
interface can lead to overestimation of sinking velocity,
which may also have occurred during our measurements.
This problem can be solved by closing the cylinder in the top
except for a small inlet Johnson et al. 1996; Li et al. 2003;
Ploug et al. 2008).

Ur,

v

Sh=1+0.619><( ®)
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12

Re

Fig. 5. Sherwood number (Sh) as a function of Reynolds number (Re). Re
was calculated on basis of U*, which here refers to true sinking velocity.

Comments and recommendations

In all methods used in this study, it is important to use a
cold light source with a cut-off infrared filter. Replicate mea-
surements of sinking velocities calculated from their orbit in
roller tanks varied significantly when video recordings were
performed without an infra red cut-off filter in front of the
light source.

Very small differences in salinity and temperature between
aggregate pore water and the bulk water are crucial factors
determining excess density and thus sinking velocity. We
observed that agar spheres and aggregates needed to equili-
brate for app. 15 to 20 min in the flow system before sinking
velocity was constant. This equilibration time compares well
with the theoretical diffusion time of salt ions in 3 mm large
aggregates. This problem can easily arise when aggregates are
introduced from one system to another, e.g., from a roller tank
to a sedimentation column or a flow system. This problem
does not arise when using orbit analysis in roller tanks to mea-
sure sinking velocity from video recordings because these
methods are truly non-invasive, and aggregate sinking veloc-
ity is measured (at solid body rotation) directly within the
same medium of which the aggregates are formed.
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