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Comparison of sinking and sedimentation rate
measurements in a diatom winter/spring bloom

Ulf Riebesell*

Graduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island 02882-1197, USA

ABSTRACT: Sinking and sedimentation rates of a natural phytoplankton community were simultane-
ously measured during the course of a diatom winter/spring bloom in a 13 m?® experimental mesocosm.
Sinking rate was determined directly in settling columns and was calculated from sediment trap
catches. The 2 methods yielded significantly different results. Whole-community as well as species-
specific sinking rates varied over time. These variations were related to changes of the environmental
conditions. Over a 26 d study period, a total of 7.5g Cm™~? was collected in the sediment traps. Viable
phytoplankton cells were the primary component of the sedimented matter while zooplankton fecal
pellets contributed on average less than 10 %. Assuming the Redfield atomic ratio for the collected
material, the amount of carbon which sedimented during the winter/spring bloom could be predicted
from pre-bloom nutrient concentrations. The daily sedimentation rate varied considerably over time and
displayed a characteristic pattern. This pattern is evidently a function of both suspended phytoplankton
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biomass and the temporal variation in whole-community sinking rate.

INTRODUCTION

Results obtained with sediment traps indicate a
marked seasonal variation in the downward flux of
organic matter. It has been well documented that
sedimentation in the form of fresh phytoplankton
material is highest during periods of new production in
shelf seas (Hargrave & Taguchi 1978, Smetacek et al.
1978, Davies & Payne 1984, Smetacek 1984, Christen-
sen & Kanneworff 1985), as well as in the deep sea
(Deuser & Ross 1980, Honjo 1982, Billett et al. 1983). A
large proportion of the annual flux of biogenic material
has been observed to occur in the form of rapid mass
sedimentation over a very short period immediately
following phytoplankton blooms (Smetacek 1980, Jew-
son et al. 1981, Peinert et al. 1982, Reynolds et al.
1982a, Wassmann 1983, Rudnick 1984, Lampitt 1985).

Recent developments in phytoplankton research
have emphasized the importance of loss processes in
the explanation of algal species succession (Kalff &
Knoechel 1978, Smayda 1980, Reynolds et al. 1982b).
One of the most prominent loss processes is particle
sinking. Numerous laboratory studies on sinking of

* Present address: Alfred Wegener Institute for Polar and
Marine Research, Columbusstrasse, D-2850 Bremerhaven,
Federal Republic of Germany

© Inter-Research/Printed in F. R. Germany

cultured phytoplankton have shown that sinking rates
are determined by physical factors associated with cell
size and shape, as well as by the physiological proper-
ties of the cell (Steele & Yentsch 1960, Smayda &
Boleyn 1965, 1966a,b, Eppley et al. 1967a,b, Akinana
1969, Walsby 1969, 1970, Dinsdale & Walsby 1972,
Reynolds 1973, Andersen 1974, Titman & Kilham
1976).

The difficulties involved in extrapolating findings
obtained from unialgal laboratory studies to the
behavior of multispecies assemblages in nature led to
the development of techniques suitable for the analysis
of natural phytoplankton populations (Rothwell & Bien-
fang 1978, Bienfang 1979, Lannergren 1979). Recently,
a relatively simple technique called SETCOL was
developed to measure the sinking rate of particulate
matter in the field (Bienfang 1981a). This method has
been frequently applied in various geographical re-
gions with results revealing a dependency of sinking
rate on phytoplankton cell size (Smayda & Bienfang
1983, Bienfang 1984, Jacques & Hoepffner 1984},
ambient light intensity (Bienfang et al. 1983, Bienfang
1985, Johnson & Smith 1986}, and nutrient concen-
trations (Bienfang 1981b, Bienfang et al. 1982, Bien-
fang & Harrison 1984).

The trapping of sedimenting matter to obtain sedimen-
tation rates, and the measurement of phytoplankton
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sinking rates both address the same question, namely,
what is the downward flux of phytoplankton material.
Nevertheless, todatethe 2 variableshavebeentreated as
mutually independent and there have been no studies
which simultaneously employed both approaches. Con-
sequently, very little is known about the relationship
between sinking and sedimentation rates.

To study the connection between these 2 variables,
an experiment was conducted to simultaneously meas-
ure the sinking and sedimentation rates of a natural
phytoplankton community in a non-advective environ-
ment. A mesocosm of the Marine Ecosystems Research
Laboratory (MERL), located at the Graduate School of
Oceanography, University of Rhode Island, USA, was
employed. The main objectives of the study were: (1) to
compare and correlate sinking and sedimentation rates
of a natural phytoplankton community to each other
and to the physical, chemical, and biological conditions
of the experimental environment, and (2) to seek evi-
dence for a phytoplankton sinking pattern which might
be responsible for the strong, short-term variability in
sedimentation documented to occur during the course
of phytoplankton blooms.

METHODS

A mesocosm (volume: 13 m?, water depth: 5m) of the
Marine Ecosystem Research Laboratory (MERL) was
filled with seawater from Narragansett Bay before the
onset of the winter/spring bloom 1d prior to the begin-
ning of the experiment. Over a 26 d period (7 February
to 4 March 1987), the course of the bloom was closely
monitored in the tank.

The water column was mixed with a horizontal mix-
ing device (configuration adapted from Donaghay &
Klos 1985), which was set up to fulfill 2 objectives: (1) to
ensure well-mixed conditions in the upper 4.0m of the
water column at all times, and (2) to prevent the resus-
pension of sedimented material. Based on results from
pre-experimental tests, the mixing rate and schedule
required to fulfill the 2 objectives were found to be 3.5
rotations min~! and a continuous cycle with 1.5min
each of clockwise rotation, rotation stop, and counter-
clockwise rotation.

A daily record of the water temperature in the meso-
cosm was obtained with a thermistor sensor placed at a
depth of 1m. Both temperature and salinity profiles
(measured in 0.5m depth intervals} were recorded
weekly using a Beckman Model RS5-3 induction
salinometer. Photosynthetically active radiation (400 to
700nm) at the surface was measured with a LI-COR,
1LI1-190S quantum sensor. Vertical profiles within the
tanks were taken with a cosine corrected LI-COR, LI-
192S quantum sensor.

Nutrient concentration, chlorophyll a, phaeopigment
content, and species composition and abundance were
determined daily from water samples taken at a depth
of 1m. Depth profiles of chlorophyll a were measured
weekly.

Dissolved inorganic nutrients (NHj; NO,™, NO;™,
PO, and SiO,; *) were analysed on a Technicon
Autoanalyser according to the methods described in
Kelly & Beach (1986). All nutrient samples were filtered
through 0.6 um Nucleopore filters prior to analysis.

To initiate bloom conditions in the experimental
mesocosm, a single nutrient addition (14 pmol NH,CI
171, 1.1 umol KH,PO, 17}, and 13.5 pmol NaSiO; -9 H,0
17! was supplied to the system at the start of the
experiment. This procedure doubled the concentration
of nutrients measured in the input water at the time of
the fill on 6 February 1987.

Chlorophyll a and phaeopigment were measured
fluorometrically (Strickland & Parsons 1972). Replicate
10ml aliquots of sample water were filtered onto What-
man 25 mm GF/F glass fiber filters (1 um particle reten-
tion), frozen, extracted with 90 % acetone, and read on
a Turner Design Model 10 Field Fluorometer. Variabil-
ity inherent in the analysis was reduced using the dual
standard method (Donaghay unpubl.).

Floristic analyses of live samples were performed
immediately after sampling, while cell counts on sam-
ples preserved in Lugol's iodine solution were made
using the inverted microscope method of Utermohl
(1958), as detailed in Hasle (1978). Cell volumes were
calculated according to Kovala & Larrance (1966) on
the basis of cell size determinations for all identified
species. Cell volume was converted to phytoplankton
cell carbon using the equations formulated by Eppley
et al. (1970). Total phytoplankton carbon was calcu-
lated by summing the products of the species cell
numbers and the carbon content per cell.

Six sediment traps were installed in the tank such
that the trap openings were positioned 50 cm above the
bottom of the tank and 70 cm below the lowest mixing
paddle. The traps, built of clear plexiglass with a 4.5cm
diameter opening and a height of 20cm, were evenly
spaced over half the tank diameter. The trapped
material was collected every 24 h by slowly lifting the
entire trap array to the water surface while mixing was
stopped. The collected material was always concen-
trated in the bottom 1 cm of the traps, indicating that it
remained indisturbed during trap removal. No preser-
vatives were applied in the traps.

Single traps were removed from the trap holders and
placed on an inverted microscope for immediate
examination of the undisturbed samples. After this first
examination, aliquots were taken for the analysis of
chlorophyll a and phaeopigment. The remaining sam-
ple was preserved with Lugol's iodine solution for later
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determination of phytoplankton cell numbers and fecal
pellet abundances. Fecal pellet carbon content was
calculated according to the method described in Bath-
mann et al. (1987).

Sinking rate was estimated in 2 different ways: (1)
The SETCOL homogeneous sample method (Bienfang
1981a) was used to directly assess the sinking rate
(termed WggrcoL) in settling columns. Community-
mean sinking rates, as well as species-specific rates,
were determined from the change in the vertical dis-
tribution of biomass after a given period of time.
Chlorophyll a was used as the biomass index to calcu-
late total-community sinking rates, and cell numbers
were obtained to calculate species-specific sinking
rates. During the 4 h settling period (12:00 to 16:00h),
the SETCOL apparatus was exposed to natural light.
The columns were covered with neutral density screen-
ing to simulate light conditions at a 1m depth in the
experimental tank. (2) Sediment trap catches were
used to calculate sinking rate (termed Wy gap). For the
parameters chlorophyll a and phaeopigment and for 5

different phytoplankters, the following formula
(adapted from Reynolds 1976) was used:
Wrrar = Sp/Bp (inmd™}

where Sp = daily sedimentation rate (mg m™2 d™' or
cells m~2 d7Y); and Bp = phytoplankton biomass (mg

m 3 or cells m™3).

RESULTS
General conditions in the mesocosm

The water temperature in the mesocosm varied ir-
regularly over time between 0.8 and 3.0°C. Salinity
remained constant at about 32 %.. Weekly salinity and
temperature profiles indicated constant salinity values
with depth while the temperature decreased slightly by
about 0.2 to 0.3°C below 4 m depth.

The nutrient concentrations and phytoplankton
standing stock (Fig. la and b) followed the classic
pattern observed in many coastal temperate regions
during a phytoplankton winter/spring bloom (Parsons
et al. 1984). A rapid uptake of dissolved inorganic
nutrients greatly decreased the concentrations of
ammonium, nitrate, phosphate, and silica during the
first 10d of the experiment. While nitrate dropped
below the detection limit on Day 11, the other 3
nutrients remained approximately constant at a level
below 0.3 uM. Silica concentration fell below the detec-
tion limit on Day 19.

Concurrent with the decrease in nutrients, phyto-
plankton Dbiomass increased exponentially until
nutrients became limiting (Fig. 1b). A short period of
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Fig. 1. (a) Concentrations of dissolved inorganic nutrients; (b)

phytoplankton biomass in the experimental tank over the

course of the study. Error bars in (b) represent 1 standard
deviation (n=2)

steady state biomass was followed by a rapid decrease
of phytoplankton biomass between Days 12 and 23.
From Day 24 on, biomass equilibrated at about 1.6 ug
chl a 17'. Weekly depth profiles of chlorophyll a indi-
cated that the phytoplankton biomass was evenly dis-
tributed in the mixed, upper 4.0m of the water
column.

During the entire bloom period (Days 1 to 20), the
phytoplankton community was dominated by the
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Fig.2. Phytoplankton biomass (mg Cm™%) of 5 different

groups. Phytoplankton carbon was estimated by multiplying

the number of cells counted for each group with the cell

carbon content, which was calculated from cell volume
according to Eppley et al. (1970}
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diatoms Skeletonema costatum and Thalassiosira spp.
(Fig.2). The genus Thalassiosira alone contributed
more than 55 % to the total community biomass during
this period. The disappearance of most of the diatoms
and a slight increase in the number of flagellates by
Day 20 resulted in a shift from a diatom- to a flagellate-
dominated community. Between Day 24 and the end of
the experiment, more than 90 % of the phytoplankton
community consisted of flagellates.

Throughout the experiment the zooplankton popu-
lation was dominated by the copepod Acartia hud-
sonica and by larvae of the barnacle Semibalanus
balanoides.

Phytoplankton sedimentation

The material collected in the sediment traps con-
sisted largely of long chains of viable (i.e. chlorophyll a-
containing) phytoplankton cells. White, fluffy
aggregates with entangled diatom chains first occurred
in the sediment traps shortly after the peak of the
bloom (Days 10 to 11), and increased in abundance
during the decline of the bloom. The contribution of
fecal pellets to the sedimented material was consis-
tently low, ranging between 5 and 15% of the total
sedimented carbon.

Over the 26 d study period, a total of 747 g Cm™2 or
622 mmol Cm™? sedimented out of the water column.
Assuming the Redfield (1958) atomic ratio of C:N:P =
106:16:1 for the sedimented material, the carbon flux
measured would imply a sedimentation of 93.9 mmol
Nm~™? and 5.9mmol Pm~2 At the beginning of the
experiment (7 Feb), the amounts of dissolved inorganic
nitrogen and phosphorus integrated over the water
column were 86.7mmol Nm~% and 7.5mmol Pm™2,
respectively. Based on the estimated sedimentation for
nitrogen and phosphorus over the course of the winter/
spring bloom, 108 % of the inorganic nitrogen and 79 %
of the inorganic phosphorus present before the initia-
tion of the bloom sedimented out of the water column.
A value of more than 100% for sedimented nitrogen
can be accounted for by a C to N ratio greater than the
assumed value, by sources of dissolved organic nitro-
gen ending up as particulate nitrogen, or, less likely, by
molecular nitrogen fixation. The close agreement
between the concentrations of dissolved inorganic ni-
trogen and phosphorus and their respective flux to the
bottom, suggests that the total flux of material over the
course of the winter/spring bloom can be predicted
from pre-bloom nutrient concentrations.

Daily chlorophyll a and phytoplankton cell carbon
sedimentation (Fig. 3) displayed a pattern very similar
to the standing stock curve. A continuous increase
during the first 11d was followed by a rapid decrease
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Fig.3. Amount of chlorophyll a and phytoplankton carbon
collected in the sediment traps. Error bars indicate 1 standard
deviation (n=6)
over the subsequent 13d. A plot of suspended versus
sedimented phytoplankton carbon revealed a strong
positive relationship (f-test: p<0.01) with a correlation
coefficient of 0.90 (Fig.4). However, a simple, direct
correlation between total suspended and sedimented
biomass is distorted by the fact that data points deviate
from the estimated regression line in a non-random
fashion. As indicated by the day numbers next to the
data points, values obtained during the development of
the bloom generally fall beneath the regression line
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Fig.4. Phytoplankton sedimented versus suspended biomass.

Regression equation and correlation coefficient are indicated.

Numbers beside data points indicate dates (e.g. 4 = 4th day of
the experiment)
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Table 1. Cumulative sinking loss (cells cm™? in sediment trap) over the 26 d study period compared to the maximum standing

stock (cells cm

-2)

Species/genus

(Se)®
Skeletonema costatum 2.2x10°
Thalassiosira spp. 11.2%x10°
Chaetoceros spp. 3.2x104
Leptocylindrus minimus 7.8 x 107
Rhizosolenia delicatula 14.0 x 10°
Rhizosolenia setigera 9.9x10°

Cumulative sinking loss

¢ Data inter- and extrapolated for days without sediment trap employment

Maximum standing stock S¢/Bmax
(Bn‘ax) (“'”]
2.8x10° 79
5.0x10° 224
37.0 x 10* 9
27.7x10% 28
16.7 x 10° 84
95%x10° 104

(Days 4, 8, 10, 11) signifying lower sedimentation in
relation to suspended biomass. On the other hand,
values recorded during the decline of the bloom are
located above the line (Days 13, 14, 17, 18, 19, 20)
indicating relatively higher sedimentation. After the
decline of the bloom, values again fall beneath the line
(Days 22, 23, 24, 26). This characteristic scheme sug-
gests that a simple correlation between suspended and
sedimented biomass is modulated by temporal changes
in whole-community as well as species-specific sinking
rates. The direct relationship between suspended and
sedimented biomass is also contorted at the lower end
of the regression line (dashed line, Fig.4). As the
suspended biomass approaches 100mg Cm™3, the
sedimented biomass approaches zero. This minimum
suspended biomass, which is comprised of small and
mainly flagellated phytoplankters, may be considered
a threshold biomass. It is not subject to sedimentation
and forms the basis for a regenerating community
which develops after the decline of the diatom bloom.

A comparison of cumulative sinking (Sc¢) with max-
imum standing stock (Bnax) provides an indication of
the relative importance of phytoplankton sedimenta-
tion as a loss mechanism for suspended biomass (Table
1). Values of Sc/Bpax close to 100 % suggest that the
disappearance of these species from the plankton is
largely due to sedimentation. While sedimentation
does not appear to be a significant loss factor for Lep-
tocylindrus minimus and Chaetoceros spp., the
cumulative sinking loss of the other groups is of
approximately the same magnitude as their maximum
standing stock (except Thalassiosira spp.; see Discus-
sion’).

Total-community and species-specific sinking rates

Daily whole-community sinking rates as calculated
from sediment trap catches (Wrrap, Fig.5) varied over
time and ranged from 0.29 to 1.53m d~!. Three well-
defined phases can be distinguished and related to the

life cycle of the phytoplankton community (see 'Discus-
sion’). The variation of species-specific sinking rates
over time for Skeletonema costatum, Thalassiosira
spp., and Leptocylindrus minimus revealed a charac-
teristic sinking pattern for each of these species (Fig. 6).
Due to its uniformly low sinking rate throughout the
study period, L. minimus remained in suspension and
was able to grow to its maximum abundance after most
other diatoms had disappeared from the water column.
Thalassiosira spp., on the other hand, were subject to a
constantly high sinking rate which further increased
between Day 10, the time of their peak biomass, and
Day 20, when most of the long chains had vanished
from the water column and mainly short chains or
single cells remained suspended. This high sinking
rate acted as a drain of biomass during the entire study
period and resulted in a rapid decline of the population
after growth conditions became unfavorable. Two
phases can be distinguished in the sinking behavior of
S. costatum: an intermediate, relatively stable sinking
rate from Day 1 to Day 17, followed by a period of
rapidly increasing sinking rate {Days 18 to 23).
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Fig. 5. Whole-community sinking rate (md™?') as calculated

from sediment trap catches. Data are derived from 2 different

biomass parameters: chlorophyll a (A) and phytoplankton cell
carbon (OJ)
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Fig. 6. Skeletonema costatum, Thalassiosira spp., and Lep-
tocylindrus minimus. Species-specific sinking rates (md™!)
calculated from sediment trap catches

A very different pattern of daily whole-community
sinking rate emerges with SETCOL-derived sinking
rates (Fig.7a). Intermediate to high sinking rates mea-
sured during the first 10d of the experiment were
followed by a continuous decrease thereafter. Peaks in
the sinking rate which fell outside the general trend
were recorded on Days 3 and 17. High sinking rates on
these 2 days coincided with low values of irradiance
which were recorded during cloudy conditions on Days
3, 17, 23, and 24. Low light levels on these days were
measured both during the 24 h measurement (upper
curve in Fig.7b), and the measurement over the 4h
period during which phytoplankton were settling in the
SETCOL apparatus (lower curve in Fig. 7b). As discus-
sed below, low light levels are suggested to be signifi-
cant to the interpretation of phytoplankton sinking
rates.

A comparison of sinking rates measured using the
SETCOL method (WsgrcoL), with sinking rates deter-

Mar. Ecol. Prog. Ser 54: 109-119, 1989
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Fig.7. (a) Whole community sinking rate (md~!) as measured

by the SETCOL method using chlorophyll a as biomass par-

ameter Error bars indicate 1 standard deviation (n=3). (b)

Incident light in langleys d™' (upper curve) and langleys

(4 h)~! (lower curve) over the course of the study. The 4h light

measurement corresponds to the time period that phytoplank-
ton was settling in the SETCOL apparatus

mined from trap catches (Wrrap), is shown in Table 2.
The 2 methods yielded significantly different results
(p<0.01) for chlorophyll a, phaeopigment, and the 2
most abundant phytoplankton species, Skeletonema
costatum and Thalassiosira spp. Significant differences
were not found for those groups which were sinking at
consistently low rates (Chaetoceros spp., Leptocylin-
drus minimus, and flagellates).

Table 2. Comparison of average sinking rate as measured from the SETCOL method (Ysprcor; m d™!) with sinking rate as
calculated from trap catches (Wrpap; m d™'); comparison of means by a 2-tailed t-test. X: average sinking rate; o: 1 standard
deviation; n: number of measurements (Prpap for Skeletonema based on Days 1 to 17 only)

wSETCOL
Parameter X o
Chlorophyll a 0.32 0.17
Phaeophytin 0.19 0.17
Species/Genus/Group
Thalassiosira spp. 0.55 0.36
Skeletonema costatum 0.07 0.11
Chaetoceros spp. 0.12 0.14
Leptocylindrus minimus 0.06 0.14
Flagellates > 5 um 0.11 0.08

17
15

15
15
14
14
17

Vrpap Means sig. diff.
. o n (p<0.01)
0.89 0.21 16 Yes
0.92 0.46 16 Yes
1.20 0.30 16 Yes
0.36 0.10 9 Yes
0.12 0.09 12 No
0.12 0.08 16 No
0.11 0.07 16 No
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DISCUSSION

The total sedimented organic matter (7.47g Cm™%) in
the experimental tank over the winter/spring bloom
period falls within the range of values for sedimenta-
tion in other marine environments. Smetacek et al.
(1978) collected a total of 6.2g Cm™2 in sediment traps
over a 34 d period during and following a spring bloom
in the Bornholm Basin, Baltic Sea. Peinert et al. (1982),
working in Kiel Bight, reported the carbon flux result-
ing from the spring bloom to be 11.5g Cm *overa 25d
period. On the continental shelf off the coast of Long
Island, Falkowski et al. (1988) estimated a daily flux of
680mg Cm ™2 over a 12d period of enhanced primary
production resulting in a total flux of 8.2g Cm™2 In an
earlier study conducted in a MERL mesocosm, Rudnick
(1984) estimated the sedimentation from the change of
organic carbon in the top 0.5 cm of the sediment. Based
on the total loss of organic carbon in this layer during a
period of 10wk after bloom deposition, he calculated
the minimum sedimentation resulting from the winter/
spring bloom to be 17.2g Cm™2 Rudnick’'s value is 2.3
times greater than the flux measured with sediment
traps during this experiment. The significantly higher
estimate could be due to the fact that in the experiment
conducted by Rudnick, 4801 of tankwater were
replaced daily with Narragansett Bay water, whereas
in this study there was no exchange of tank water. The
water exchange could have led to a continuous replen-
ishment of the nutrients in the tank, in particular if the
bloom in the mesocosm preceded the bloom in Nar-
ragansett Bay.

The fact that the cumulative sinking loss is of the
same order of magnitude or higher than the corres-
ponding maximum standing stock for Skeletonema
costatum, Thalassiosira spp., and the 2 species of
Rhizosolenia (Table 1), indicates that the removal of
these species from the plankton is largely attributable
to sedimentation. Similar results have been found for
several freshwater diatoms by Livingstone & Reynolds
(1981), Reynolds et al. (1982a, b), and Reynolds & Wise-
man (1982). In the case of Chaetoceros spp., the
cumulative sinking loss is a small percentage of the
maximum standing stock. Therefore, removal must be
attributed to other causes such as preferential grazing.
The low S¢/Bax ratio of Leptocylindrus minimusis due
to its very low sinking rates throughout the study. As a
result, this species attained its maximum abundance
towards the end of the experiment when most other
diatoms were already lost from the plankton. Cumula-
tive sinking losses greater than the maximum standing
stock are possible since the latter variable is not equi-
valent to the total production, but may be thought of as
the minimum total production (Trimbee & Harris 1984).
This was the case for Thalassiosira spp. Due to a con-

tinuously high sinking rate throughout the study
(Fig. 6}, which resulted in a daily loss of 25 to 35 % of
the population, the maximum standing stock amounted
to less than half of the total production. The dominance
of Thalassiosira spp. in spite of high loss rates indicates
that the loss was successfully compensated by high
growth rates. The close agreement between cumula-
tive sinking loss and maximum standing stock for S.
costatum (Table 1), as well as its distinct sinking pat-
tern (Fig.6), suggest a different strategy for this
species. Due to low sinking rates during favorable
conditions (daily loss <10 %), S. costatum was able to
quickly build up its standing stock without losing much
of the produced biomass. A drastically increased sink-
ing rate caused the species to disappear from the water
column just as rapidly when conditions became
unfavorable. A general evaluation of the importance of
phytoplankton sedimentation and other loss processes
for phytoplankton carbon dynamics during this experi-
ment is presented in Keller & Riebesell (unpubl.).

Species-specific differences in sinking rates within a
diatom community can be accounted for by 2 underly-
ing principles: (1} The overall sinking rate is largely a
function of cell size and chain length (Smayda & Boleyn
1965, 1966a,b, Smayda & Bienfang 1983). Small
diatoms such as Leptocylindrus minimus and the small
species of Chaetoceros showed average sinking rates
of about 0.1 m d~ . The large cells of Thalassiosira spp.
on the other hand, sank at average rates several times
this value. Depending on the degree of vertical mixing
within the water column, these differences in sinking
rate lead to differential loss rates which, in addition to
other factors, can influence the composition of the
phytoplankton community. (2) The prevailing sinking
rate of a diatom species can quickly be altered in
response to changing environmental conditions. Such a
rapid-response sinking behavior on the one hand can
be temporary, as was the case for the immediate
increase in the sinking rate of several species in coinci-
dence with very low ambient light on Day 17. On the
other hand, such rapid changes can be long-lasting as
was observed for Skeletonema costatum (Fig. 6), whose
sinking rate drastically increased as of Day 18 and
ultimately led to its removal from the water column by
Day 22.

While a temporary alteration in sinking rate is likely
to be caused by buoyancy-regulating mechanisms
within the cell, a protracted increase in sinking rate
may be related to the formation of cell aggregates. The
mean maximum sinking rate of 4.1 m d~! calculated for
Skeletonema costatum in this study is several times
higher than the mean maximum sinking rate of 1.35m
d™! measured in the laboratory (Smayda & Boleyn
1966a). This could indicate that the high sinking rates
resulted from the formation of aggregates. In fact, S.
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costatum chains were frequently observed to be
entangled in mucous aggregations which increased in
abundance during the decline of the bloom. In contrast,
Leptocylindrus minimus did not show a significant
change in its sinking behavior (Fig.6) and was rarely
found in trap-collected aggregates. Malone et al. (1983)
similarly observed high sedimentation rates of S. cos-
tatum on the NW Atlantic shelf at times when other
species remained in suspension in the surface layer.
High sinking rates of S. costatum during a bloom in the
Baltic Sea were also attributed to aggregate formation
by von Bodungen et al. (1981). In studies on natural
phytoplankton assemblages, Harrison & Davis (1979)
and Bienfang & Harrison (1984) found S. costatum to be
very sensitive to low ambient silica concentrations
while small species of Chaetoceros continued to grow.
In this study, silica sank below the detection limit on
Day 19. Consequently, it could be hypothesized that
the increase in sinking rate of S. costatum after Day 18
is a response to silica depletion and could be mediated
by aggregate formation.

The influence of light on phytoplankton sinking is
indicated by the increasing sinking rates observed for
some of the diatom species (Skeletonema costatum,
Thalassiosira spp., and Leptocylindrus minimus) on
overcast days (Days 3 and 17; Fig. 7). Similar observa-
tions were reported by Bienfang (1981b). The relatively
greater increase in sinking rate on Day 17 compared to
Day 3 could be interpreted as a synergistic response to
both low light level and nutrient depletion. The ab-
sence of an increase in sinking rate coincident with low
light levels on Days 23 and 24 can be related to the shift
in the community structure from diatom- to flagellate-
dominated. A negative effect of light on diatom sinking
suggests that buoyancy regulation in this group is an
energy-requiring process.

The distinct pattern of the whole-community sinking
rate (Fig.5), as calculated from sediment trap catches
(Wrrap), can be described in relation to the life cycle of
the dominating phytoplankton. A diatom community
vigorously growing during the first 10d of the experi-
ment is reflected in a decreasing sinking rate {Phase I).
A minimum on Day 10 coincides with the peak of the
bloom and the exhaustion of dissolved inorganic
nutrients. Unfavorable conditions for the diatom com-
munity, such as increasing nutrient depletion and con-
sequent slow growth, led to enhanced sinking rates
during the following 10d (Phase II). A maximum in
sinking rate (Day 20) marks the time when the
dominating diatom species disappear from the plank-
ton. As the community structure then shifts from
diatom- to flagellate-dominated, the sinking rate
rapidly decreases (Phase III).

A direct comparison of sinking rate estimates
obtained from the SETCOL method (Wsgrcodr), with

those obtained from sediment trap catches (Wygrap).
yielded significant differences (Table 2) which could be
attributed to a number of factors: (1) Although both
WeercoL and Wrgap are expressed in md ™!, only Worgap
was calculated on the basis of a 24 h measurement.
WsetcoL was estimated from a 4 h settling interval and
rates measured during this period were extrapolated to
24 h to yield a per-day sinking rate. This is valid only if
one assumes a constant sinking rate over a 24 h daily
cycle. Since diurnal differences in sinking rate were not
measured in this study, a direct comparison of these 2
rates might be questionable. (2) The use of discrete
sampling in the SETCOL method carries a bias against
the collection of large, rapidly sinking particles
(McCave 1975). This can lead to an underestimation of
the real sinking rate. (3) The efficiency of sediment
traps has received considerable attention in the litera-
ture (e.g. Blomgqgvist & Hakanson 1981). Traps
employed in this study were of cylindrical shape with
an aspect ratio (height/diameter) of 4.5 which, accord-
ing to Gardener (1977, 1980) and Blomqvist & Kofoed
(1981), yield high trapping efficiencies. In addition,
traps were located below the mixed portion of the
water column which further improved the accuracy of
the traps. (4) An overestimate of sedimentation rate and
consequently of Wrrap may have been caused by the
growth of phytoplankton material collected in the
traps. Based on an average residence time of 12h for a
phytoplankton cell (trap material was collected every
24 h), and an incident light level at the depth of the
traps commonly below 0.1 % of the surface radiation,
the maximum increase in biomass due to growth in the
traps could be no more than 20 to 30 %. (5) An impor-
tant precondition of the SETCOL or homogenous-sam-
ple method is the homogenisation of the water sample.
This procedure, combined with the collecting and
handling of the sample, is likely to cause the break-up
of aggregates possibly existing in the undisturbed
water. Since aggregates are reported to sink at consid-
erably higher rates than single particles (Shanks &
Trent 1980, Fowler & Knauer 1986, Asper 1987), the
disruption of aggregated particles inherent in the
SETCOL method would lead to an underestimate of the
true sinking rate.

The algebraic difference (O0W) between daily
estimates of Wrrap and Wsercop plotted against time
(Fig. 8) shows small values of 0¥ during the build-up of
the bloom. This demonstrates that for an actively grow-
ing phytoplankton community, the 2 methods yield
comparable results. A growing discrepancy between
Wirap and Weprcor, and hence an increasing oW,
occurred during the decline of the bloom. This may have
been caused by the formation of the diatom aggrega-
tions observed in the sediment traps during this period.
While an aggregate-mediated increase in sinking rate
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Fig. 8. Arithmetic difference (0W=Wrrap — WseTcoL) between
sinking rate as calculated from trap catches (W1gap) and sink-
ing rate as measured with the SETCOL method (Wsgrcor)

was recorded by the Wrrsp estimate, the SETCOL
method, due to the unavoidable destruction of such
aggregates, did not detect an increasing sinking rate. It
is possible, therefore, that the shortcomings mentioned
under points (2) and (5) (i.e. the bias of discrete sampling
and the disruption of aggregates) could have caused the
SETCOL method to increasingly underestimate the true
sinking rate during the decline of the bloom.

In summary, a high loss rate due to the sedimentation
of viable, ungrazed phytoplankton cells during the
course of the winter/spring bloom led to a rapid disap-
pearance of the diatom population following nutrient
depletion. Zooplankton fecal pellets contributed only a
minor portion to the total sedimented matter. Assuming
the Redfield atomic ratio for the sedimented material,
the total carbon sedimentation over the 26d experi-
ment was a function of the pre-bloom nutrient concen-
trations. The strong, short-term variability in sedimen-
tation, which has been documented during the course
of phytoplankton blooms in many temperate regions,
was found in this study to be caused by a combination
of at least 2 mechanisms: while the rate of sedimenta-
tion was strongly dependent on the quantity of sus-
pended phytoplankton biomass, this direct relationship
was modulated by a characteristic total-community
sinking behavior. Species-specific sinking rates
showed considerable differences between species and
varied over time. The formation of phytoplankton
aggregates which was observed during the decline of
the bloom had a significant effect on the sinking of
certain diatom species. The 2 methods applied to esti-
mate sinking rate yielded comparable results as long as
the phytoplankton was present as solitary cells or cell
chains. Significant differences were found to occur
during the decline of the bloom when phytoplankton
aggregates were formed. The bias of discrete sampling
and the destruction of aggregates, both inherent in the

use of the SETCOL method, are suggested to have
caused an underestimation of the in situ sinking rate
during this period.
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