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Growth and sedimentation of the phytoplankton spring bloom in the
Bornholm Sea (Baltic Sea)*

B. v. Bodungen, K. v. Brockel, V. Smetacek and B. Zeitzschel
Institut tir Meereskunde an der Universitat Kiel, Kiel, Germany

Abstract

Results obtained from short-term (8 h to 24 h intervals) measurements of physical,
chemical and biclogical properties of the 70 m water column from an anchor station in
the Bornholm Sea over a 10-day period are presented and discussed. Phytoplankton
biomass concentration and production rates indicated that the spring bloom was in
progress in this period. The onset of the spring bloom occurred prior to the advent of
thermal stratification. Peak growth rates, accompanied by nutrient depletion and
biomass accumulation in surface layers, were concomitant with calm weather and a
cloudless sky after which a part of the population was observed to sink out of the water
column unimpeded by the permanent halocline. Maximum sinking rates of the
dominant €pecies, Skeletonema costaturn, ranged between 30 to 50 m per day during
this event. The development of the spring bloom apparently takes place in a series of
events during which periods of low production alternate with periods of high
production and rapid sedimentation of parts of the population.

Introduction

\n boreal regions, the spring bloom of phytoplankton is an outstanding event in the
annual cycle of primary production. Increasing solar radiation in the spring is one of
the major factors initiating commencement of the spring bloom which is eventuatly
terminated by the exhaustion of available nutrients. The spring bloom thus represents
the transition from light-controlled to nutrient-controlled phytoplankton production in
the surface layers.

The development of the spring bloem is largely dependent on seasonal changes in
physical tactors of the environment, particularly lightintensity in the water column and
the depth of the mixed tayer (SVERDRUP 1952). These gradual seasonal trends can be
reversed for short periods by changing weather conditions (e.g. cloudiness, storms},
which considerably affect the development of the spring bloom.

In this paper, data obtained over a 10-day period from an anchor station during spring
bloom development is presented and discussed (Fig. 1). This investigation, carried out
inthe Bornholm Sea on board RV “"Meteor”, was part of the multidisciplinary exercise
BALTIC 75.

The Bornholm Sea is one of a series of basins in the southern Baltic Sea with an
average water depth of 80 m and sills of 45 m and 60 m depth to the west and east

* This program was supported by the German Research Council {Sonderforschungsbereich 95
der Deutschen Forschungsgemeinschaft). Publication No. 278



50 - B. v. Bodungen et al.: Phytoplankton growth and sedimentation

15° 16
7
. [} -
¢ sweren 56"
TRAP
=
® ANCHOR STATION
e z
TRAP N
- >
Ll
SJ 567 Y L5& .
55 gl e 455
BORNHOLM A
i 'F 27
15° 1%

Figure 1

Location of the anchor station in the Bornholm Sea and position of the sediment fraps of SME-
TACEK et al. (1978},

respectively. The water column is stratified by a permanent halocline at a depth ¢f
about 50 m {(GRASSHOFF 1975). A seasonal thermocline develops at about 30 m in
April/May.

Material and methods

Hydrographic profiles were obtained using a CTD-system (conductivity, temperature,
depth) by Howaldt (Bathysonde). The data were made available to us by W. Horn.

Nutrient concentrations were measured by K. Grasshoff, H. Johannsen and A
Wenck using an autoanalyzer and the procedures described by GRASSHOFF (1976).

Samples for primary production were taken from 100, 50, 253, 10 and 1% light depths.
Production was estimated by the C-method using the in situ simulated technique in
coliaboration with the International G Agency, Denmark. Sets of samples were
incubated from sunrise to noon, sunrise to sunset, noon to sunset. A fourth set was
exposed to 70 % of surface light from sunrise to sunset and will be referred to as
‘optimal production’ in the following.

Discrete samples from 12 depths {including the light depths} down to 70 m were taken
for chlorophylt a (Chl a}, particulate organic carbon and nitrogen (POC and PON
respectively) at 8 h intervals and for plankton counts at noon. Samples for Chl a were
homogenized and then treated as recommended by UNESCO (1966). POC and PON
were determined on precombusted Whatman GF/C filters using a CHN-Analyzer
(Hewlett-Packard, 185B). Phytoplankton carbon (PPC) was derived by multipiying cell
counts obtained with an inverted microscope with carbon conversion factors given by
SMETACEK (1975).

Zooplankton was sampled by vertical bottom-to-surface hauls with a 100 »m Apstein
net at noon each day.

Results

Hydrography

The water column was initially well mixed to the depth of the permanent halocline
between 50 and 55 m with temperatures ranging from 3.9 to 4.2°C in the mixed layer
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{Fig. 2) and satinity between 7.95 and 8.05%w. In the subhalocline layer temperature
and salinity ranged between 5.0 and 8.9 °C and 10.5 and 14.7 % respectively. Daily
average wind speeds (Fig. 2) varied from 6 to 14 kn, the range of actual values
extended from 0 to 30 kn. A violent storm on the 14 and 15 April delayed
commencement of the investigation and winds slackened with occasional interrup-
tions up to 20 April. The calmest period was from 21 to 23 April which coincided with a
cloudless sky, and a concomitant decrease in the depth of mixing was reflected in
increasing temperatures in the surface layer (Fig. 2). Wind speed increased on 24 April
and the depth of the mixed layer increased, as shown by the depression in the 4.5°C
isoline in Fig. 2. However, typical stable thermal stratification above the permanent
halocline was not established before mid-May (KIELMANN, pers. comm.). Further
aspects of the hydrography of the investigation area are given by SMETACEK et al.
(1978). The authors state that neither the subhalocline water nor the water column of
the mixed layer was exposed to sudden advection of water from distant areas
throughout the investigation period.
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Figure 2

Isotherms during the investigation period. Average daily wind speeds in knots are given at the
bottorn of the figure.

The 1% light depth, calculated from Secchi readings, was most commonly at 24 m and
rose for 2 days to 20 m following an increase in phytoplankion biomass after 22 April
(Fig. 4b).
Nutrients

Nutrient concentrations in the mixed layer during the first half of the investigation were
approximately 1.5 ugat NO;-N 17" 0.4 ugat PO,-P I (Fig. 3a, b) and 15 ».gat Si0,-Si I~
These values are considerably lower than normal winter concentrations for the study
area (GRASSHOFF 1975, SCHULZ et al. 1978), indicating that nutrient uptake due to
phytoplankton growth had occurred before 17 April. A substantial decline in nutrient
concentrations was cbserved after 20 April, and, by 21 April, nitrate values were below
0.1.9atl™". Lowest recorded values for phosphate and silicate were 0.2 and 8.5 ugat I
respectively, indicating that neither of these elements played a role in limiting
phytoplankton growth. Ammonia was not measured but, as this form of nitrogen is
taken up more rapidly than nitrate, it can be safely assumed that little, if any, ammonia
was avaiable and that nitrogen was indeed the limiting nutrient for phytoplankton
growth during the period of investigation.

After 22 April, nutrient profiles in the mixed layer indicate a distinct alternation of
nutrient depletion in the euphotic zone and upward mixing from the disphotic zone for
all nutrients (Fig. 3a, b). Nutrient depletion and upward mixing corresponded with
increasing phytoplankton growth and higher wind speeds respectively (Fig. 4a and 2).
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Figure 3
Nitrate {a} and phosphate {b) vertica! distribution at the anchor station.
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Figure 4

Chlorophyll distribution in the water column (a), Selected vertical profiles of density and
chlorophyll (b). The dashed tine indicates the 1 % light depth, the time of measurement is givenin
the profiles from 21 and 22 April.
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Chlorophyll a

Before the beginning of the spring btoom, chlorophyll concentrations of less than
1 mg-m™ are reported from the Bornholm Sea (KAISER and SCHULZ 1978). The
higher concentrations of 2 to 3 mg-m™ also indicated the commencement of
phytoplankton growth before 17 April. From 17 to 20 April, the chlorophyll content was
more or less evenly distributed throughout the mixed layer (Fig. 4a). A distinct
accumulation of chlorophyll in the euphotic zone took place from 20 to 21 April,
immediately tollowed by higher values in the disphotic and subhalocline layer on 21
and 22 Aprit. Thereafter chlorophyll again accumulated in the euphotic zone.

More details of the chlorophyll distribution are given in the selected vertical profiles
(Fig. 4b). For the first 4 days, the distribution in the mixed layer was homogeneous. By
the morning of 21 April, the chlorophyll content in the water column had doubled to
233 mg-m~. In the night of the same day 230 mg-m— was measured, and the maximum
recorded production of 2 gC m™? was recorded on that day. The depth distribution of
chlorophyil, however, changed markedly. Maximum levels were found within the
euphotic zone at 4.30 hrs., but around the depth of the halocline at 19.30 hrs, The next
day, 22 April, an even more distinct maximum was measured in the disphotic zone
concomitant with increased levels below the halocline. By night more chlorophyll had
sunk below the halocline and a general decrease in the entire water column was found.
From 23 April onward the chlorophyll content below the euphotic zone declined
sharply in the absence of any corresponding gradient in density,

Phytoplankton

Skeletonema costatum accounted for 40 % of the total phytoplankton carbon {PPC) in
the initial pericd and for 60 % in the last days (Fig. 5a, b: Table 1). Another important
contributor to PPC was the photoautotrophic ciliate Mesodinium rubrum {10 to 40 % of
PPC). Other centric diatoms such as Thalassiosira sp. and Chaeloceros danicus
accounted for most of the remainder. Initially PPC was 2 to 3 gC m™2, during the
maximum 7.8 gC m™, and in the last days 5 to 6 gC m™~2 The vertical PPC distribution
basically followed that of the chlorophyll. After doubling of PPC in the euphotic zone on
21 April, rapidly increasing levels were recorded in the disphotic and subhalocline
layer. Below the halecline 59 mg PPC m~ was found on 24 April.

Table 1

Percentage contribution to total phytoplankton carben by the dominant species
Skeletonema costatum and Mesodinium rubrum. Other diatoms are grouped under the
third column; flagellates, fargely nanoflagellates, constituted the remainder.

Date S.costatum M. rubrum other diatoms
17.4.75 49 27 12
18.4.75 33 39 17
19.475 43 28 19
20.4.75 47 39 10
214.75 64 13 g
22475 61 10 12
23.4.75 64 19 7
24475 A7 29 8
25.4.75 62 19 7
26.4.75 64 19 9
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Figure 5
Vertical distribution of the dominant phytoplankton species Skeletonema costatum (a) and total
phytoplankton biomass (b) in mgC m™>.

Primary production

Primary production leveis ranged between 0.65 and 0.99 gC m—d~" in the initial period.
Similar values were recorded in spring blooms from the Baltic Sea {SCHULZ et al. 1978.
RENK et al. 1975). Most of the production took place in the upper 6 m, as can be seen
from Fig. 6a. Maximum production was measured on 21 Aprit with 2.4 gC m—2d~". After
this, production dectined but remained at a fairly high level of about 1 gC m™d~". In the
last 2 days, production increased again tc 1.9 gC m2d~'gC m—?d~' as higher rates
were recorded throughout the euphotic zone and even at the 1 % light tevel, 60
mgC m~*d~' was measured. The total production over the 10 day period was 12.6
gCm™

The results obtained from different incubation times have been compared in Fig. 6b,
from which the following points of interest are evident: a. Production rates recorded
during forenoon and afternoon of the same day are very similar with only 2 exceptions
on 22 and 24 April; b. Some variation can be seen between results obtained from
sunrise to sunset incubation (column 3) and those representing the sum of sunrise to
noon and noon to sunset incubation (T-bars), although a consistent trend is absent;
c. Optimal production rates are higher than simulated in situ rates up to 21 April, the
discrepancy being much less or reversed thereafter.

Zooptankton

Zooplankton biomass was fairly constant throughout the investigation period and
ranged between 0.40 and 0.459C m—2. The main constituent was Pseudocalanus
efongatus together with its young stages.

Discussion

It is apparent from the results that different stages of the spring bloom were
encountered at the fixed station in this investigation. The observed changes in
biomass and depth distribution of the phytoplankton point to a temporal sequence of
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Figure 6

Vertical distribution of phytoplankton primary production (incubation from sunrise to sunset) from
simulated in situ measurements (a). Histograms of daily production (gC m™) for different
incubation times at simulated in situ and optimal light conditions (70 % of surface light) (b).
Column 1: sunrise-noon incubation, column 2: noon-sunset incubation, column 3: sunrise to
sunset incubation, column 4: optimal production from sunrise to sunset incubation. T-bars
indicate the sum of 1 and 2).

events in bloom development governed by weather conditions. Before integrating the
observations into a consistent picture of the growth and maturity of the bloom, it is
important to consider the role of horizontal advection and the possible extent of spatial
heterogeneity in determining the sequence of events.

The anchor station was situated in the middle of the Bornholm Sea which is a region of
eddy formation generated by the interaction of wind stress and bottom topography
(SMETACEK et al. 1978). SMETACEK et al. state that large scale addition of water
masses from distant areas to the Bornholm Sea is a slow process because of its
circulation patterns. Their arguments are based on data collected during BALTIC 75.
Thus, because of the long residence time of water in the Bornholm Sea, one can
assume that the water mass under observation during the 10 day period had
experienced much the same irradiation and weather conditions. As plankton growth is
most sensitive to the physical environment during this season, itis unlikely that spatial
variations within such a homogeneous environment could account for the rapid
changes in biomass and its depth distribution between 20 and 23 April. The fact that the
observed changes in biological parameters of the water column could be attributed to
the variations in local weather conditions proves that the results actually reflected a
temporal sequence in spring bloom development that probably occurred in a wider
area of the Bornholm Sea.

Growth of the spring bloom had commenced before 17 April, prior to the development
of stable thermal stratification in the mixed layer. Apparently, the critical depth had
receded below the halocline level as a result of the seasonal increase in irradiation.
The diatom population was fairly evenly distributed in the 50 m of the mixed layer. Up to
20 April, biomass build up was relatively slow and occurred in the entire mixed layer.
This is because significant production was restricted to the upper 10 m. The entire
population, however, was continuously dispersed in the 50 m water column down to
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the haloctine as the strong winds maintained the depth of mixing down to that depth,
The decrease in wind speed on 20 April led to the next stage of this spring blocom - a
period of high production and rapid sedimentation of the phytopiankton that lasted up
to 23 April.

Due to the caim weather the depth of mixing decreased. Hence, residence time of
phytoplankton cells in the upper 10 m was prolonged, which led to accumulation of the
newly produced biomass within this layer, as shown by the dramatic change in all
parameters during 21 April. Nutrient concentrations and much higher optimal
production in comparison to the in situ simulated values indicate clearly that
phytoplankton up to this date was light controlied. On 22 April, however, nitrate
concentrations in the euphotic zone were below 0.1 wgat1™" and jn situ and optimal
production levels were similar. Evidently, the nitrogen supply rather than light now
controlled phytoplankton growth, This resulted in nitrogen deficiency of the cells as
indicated by the sudden increase in POC/chlorophyll and POC/PON ratios inthe water
column (Table 2). The high forenoon/afterncon production ratio of thisday is due to the
much lower biomass levels in the afterncon as compared to the forenoon, This is also
indicated by comparatively low variation in assimilation numbers during this peried
(Table 2).

Table 2

Temporal changes in growth dynamics and composition of particulate material
expressed as ratios of different parameters (POC, PCN: particulate organic carbon
and nitrogen; PPC : phytoplankton carbon; Chil a : chlorophyll a; assimiiation
number : mg C/mg Chl a m-? h-'. Ratios are calculated from integrated values
for the euphotic zone}.

Daily Forenoon/

Assimiiation Production/ Afternoon

Date POC/PON PPC/Chl a number Optimal Production

Production

17.4.75 7.5 29 1.6 - -
18.4.75 6.5 25 1.3 0.6 0.85
19. 4. 75 7.4 32 0.8 04 0.91
20.4.75 6.4 25 1.1 0.6 1.00
21.4.75 6.9 23 1.6 0.6 0.88
22.4.75 8.5 46 1.5 1.1 2.30
23.4.75 6.4 38 1.5 0.8 -
24.4.75 6.8 33 1.0 0.7 0.62
25.4.75 6.9 41 1.9 1.4 0.93
26.4.75 7.7 53 1.8 16 1.03

The biomass that had accumulated in the upper layers during 21 April dispersed in the
water column and a new accumulation appeared at the halocline ievel on 22 April.
Nutrients declined concomitantly. We attribute this vertical movement to a sinking out
of a part of the population rather than to downward mixing for the following reasons:

a. The sea surface was very calm on 22 and 23 Arpil and a temperature gradient in the
near surface region appeared for the first time on these days.
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b. The population apparently continued its descent threcugh the halocline as a
considerable amount of phytoplankton cells suddenly appeared in this stagnating
tayer of water. There is no explanation other than sinking to account for the presence ot
such large numbers of cells below the halecline.

¢. Both decreasing turbulence levels and nutrient deficiency are known to greatly
increase sinking rates of diatom cells (TITMAN and KILHAM 1976, ANDERSON and
SWEENEY 1978, MARGALEF 1978). Such nutrient-deficient cells take up dissolved
nutrients from the environment even in the dark (YENTSCH et al. 1977), which would
explain why nutrients decreased in the entire water column above the halocline.

Apparently, the phytoplankton cells of the population that suffered most from
nutrient deficiency were the ones that settled out. Itis reasonable to assume that these
were mainly the cells that divided on 22 April, i.e. cells from the euphotic zone rather
than from deeper tayers. This would give sinking rates for Skelefonema costatum cells
in the order of 30 to 50 m per day which is well above the maximum sinking rates of 8 m
per day reported by SMAYDA and BOLEYN (1966). SMAYDA (1970) gives maximum
rates for living phytoplankton of 30 m per day but suggests that, under certain
circumstances, much higher sinking rates are possible. Our data show that these
higher sinking rates do indeed occur for short periods of time. If this is true, it will
necessitate a reassessment of the possible role of sedimentation in eliminating
phytoplankton cells from the euphotic zone. That cells did indeed settle through the
subhalocline layer atter rapid passage of the density barrier posed by the halocline
itseif was proven beyond doubt by the large quantity of ‘fresh’ phytoplankton cells
collected in traps deployed in the subhalocline water during BALTIC 75 (SMETACEK et
al. 1978).

A rough estimate of the quantity of phytoplankton that sedimented during this period
can be gained by subtracting the integrated biomass value recorded in the water
column between compensation depth and botiom (30 to 70 m) after the sedimentation
event i.e. 23 April, from the maximum recorded on 22 April. This gives a figureof 2 g
PPC m~?and 105 mg Chi am2input to the bottom. The PPC/Chl a ratio of this material
was 52 which is approximately double the average values of suspended cells betore
the event. Higher PPC/Chl a levels are a sign of increasing nutrient deficiency
(SMETACEK and HENDRIKSON 1979) and this observation would substantiate the
arguments on nutrient deficiency having precipitated the sedimentation event.
Another estimate of the quantity of organic carbon that settled out on 22 April can be
derived from a comparison of biomass and production rates of 21 and 22 April. This
figure of 1.6 gC m~7 is in reasonable agreement with the first estimate,

The chlorophyll values in the subhalocline water returned to their original low levels.
Although the weather remained calm on 23 April, no additional sinking was observed
and production was low on this day.

Increasing wind speeds on 24 April led to renewed homogenisation in the upper layers
evidenced by the downward transport of heat and the upward transport of nutrients,
Production levels increased and the nutrient input again was reflected in the higher
optimal production values in comparison to values from in situ simulated conditions.
Nitrate, after this, was again depleted in the upper 20 m and increasing biomass levels
were observed during the last 2 days of the investigation period. It is likely that
renewed nutrient depletion led to a new sedimentation event after 26 April, as the C/N
and PPC/Chl a ratios had risen to similar levels as observed on 22 April when the first
rapid sedimentation occurred. This assumption is also supported by sediment trap
results from the vicinity where large quantities of phytoplankton cells were collected in
subhalocline water as late as the second week of May (SMETACEK et al. 1978),
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The above interpretation of the results leads to some interesting implications
regarding the dynamics of spring phytoplankton growth that should be of some general
importance. For one thing, the decisive influence of weather in shaping day to day
events is clearly demonstrated. The depth of mixing apparently changes with wind
speed in the unstratified upper layer as indicated by the phytoplankton distribution in
the water column. RYTHER and HULBURT (1960} have shown that the vertical
distribution of phytoplankton can be independent of density and dissolved properties
in the same water column. Such vertical inhomogeneity can be the result of growth in
surface layers and downward mixing of the daily increment to a depth depending on
the daily variations of physical factors. Processes such as sinking and vertical
migration of motile organisms can also determine the position of plankton in the water
column within a certain range of vertical mixing intensity. The distribution of the ciliate,
Mesodinium rubrum, which is known to be a motile organism (LINDHOLM 1981} was
much more restricted to the upper 10 m than the diatoms. LANNERGREN (1979) has
shown that even diatoms can achieve positive buoyancy during spring bloom growth.
This would enable them to maintain a desired depth, again within a certain turbulence
range. One can conclude that phytoplankton cells, because of the great variation in
sinking rates of at least a factor of 4 (TITMAN and KILHAM 1976) exercise controf over
their position in the water column to an extent greater than widely appreciated at
present.

If phytoplankton cells are indeed constantly being mixed downward indefinitely in the
absence of stratification, which is a basic assumption of the Sverdrup model, some sort
of a stratitication will be necessary betore the spring bloom can start. If, however,
mixing only occurs to a certain depth such as the bottom in shallow areas or to a
shallow permanent halocline, the advent of the spring bloom will be determined by the
seasonal increase in irradiation independent of any thermal stabilisation of the mixed
layer. In the 20 m Kiel Bight for instance, the spring bloom occurs in March and stormy
weather can delay it up to early April, but not later (SMETACEK and HENDRIKSON
1979). In this shallow region, growth and sedimentation of the bloom takes place
rapidly, and as little as 10 days sometimes separate the advent and the disappearence
ol the bloom. Nutrients are totally stripped from the water column during this process

and sedimentation is one short intense event (SMETACEK 1980, PEINERT 1981,
POLLEHNE 1981).

Growth and sedimentation of the spring bloom becomes increasingly complex with
progressively greater depth of mixing. Thus, in the Bornholm Sea, which is inthe same
latitude as Kiel Bight, the spring bloom starts in mid-April and tasts well into May.
KAISER and SCHULZ (1978) state that thermal stratitication in the Bornholm Sea is
essential for the commencement of the spring bloom. Our results do not corroborate
their statement and show instead that the depth of the mixed layer varies with
atmospheric conditions even in unstratified water bodies. It can extend to the
pycnocline or to the bottom during convective mixing, but is more restricted when the
mixing is wind-induced. Thus, even in deeper areas, it would seem that increasing
solar radiation and the concomitant deepening of the critical depth combined with
increasing day length is a more decisive factor in initiating phytoplankton biomass
build up than a lessening of wind-induced vertical mixing.

Intermittent vertical mixing due to changes in wind speed apparently leads to
successive stages of biomass accumulation and dispersal with sedimentation events
following calm periods during the later stages. The upward transport of nutrients into
surface layers during this process leads to utilization of nutrients from a much greater
water column than merely the euphotic zone. The spring bicom is ultimately terminated



B. 3 Bodungen et al.: Phytoplankton growth and sedimentation 59

by the development of thermal stratification {(which occurred in the Bornholm Sea in
mid-May) and the resultant barrier to upward transport of dissolved nutrients. One can
presume that year to year variation in biomass production will depend not only on the
initial nutrient concentrations but also on the pattern of thermocline development, i.e.
the number and the intensity of mixing events between the start of biomass build up
and eventual establishment of the thermocline. Sedimentation rates and their
temporal sequence will aiso be determined by the same process and this inturn can be
expected to affect the benthes. During the investigation period, zooplankton biomass
was generally less than 10 % of phytoplankton biomass. The role of metazooplankton
ininfluencing the course of the spring bloom is apparentty a minor one inthe Bornho!m
Sea as biomass of this pelagic component was low and not influenced by
phytoplankton biomass build up.

Conclusions

1.Inthe Bornholm Sea the advent and development of the spring bloom is independent
of the presence of a thermocline.

2. Developmentof the spring bloom takes place in a series of events whereby periods
of low growth alternate with periods of enhanced growth and sedimentation.

3. Sedimentation of phytoplankton does not occur as a steady loss but rather as
distinct events where a part of the population rapidly sediments out en masse. An
appreciable portion of biomass produced by the spring bloom is eventually utilised by
the benthos or accumulates on the bottom in anaerobic areas such as the Bornholm
Basin.

4. The establishment of the thermocline eventually terminates the spring bloom by
cutting off nutrient input in the euphotic zone via vertical mixing.
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ABSTRACT
Phytoplankton biomass and composition, primary productivity (in-situ
simulated and in vitro incubations) and sedimentation rates {measured
with free-drifting sediment traps) were recorded in the Bransfield
Strait area of the Antarctic peninsula during November/Decembér 1980,
Three distinct and persistent zones were encountered: low biomass
comprising flagellates and diatoms in the Drake Passage and Scotia Sea
(Zone 1I); high to moderate biomass of Phaeocystis and diatoms in the
northern and central Bransfield Strait (Zone 1II); moderate biomass

(Thalassiosira spp. in the process of forming resting spores) in the

vertically homogeneous water on the northern Antarctic peninsula shelf

(Zone IIT), Nutrient concentrations were high throughout; zooplankton



grazing relative to phytoplankton biomass and production was heavy in

Zone I but negligible in the other 2 zones. Rates of primary production

-2 -1
in the Zones I, II, and III averaged 230, 1660 and 830 mg C m d

respectively,. Assimilation numbers were low  throughout
(<1 mg C(mg éhl.gjl.h_l) and growth physiology of the =zonal phyto-
plankton assemblages was basically similar.

Sedimentation rates recorded by 2 traps in Zone II were low (97 and 138
mg C m--2 d_l) and higher (546 mg C m_2 d-l) in a third trap which
collected mostly euphausiid faeces. Sedimentation was heaviest in Zone
ITIT (450 - 1400 mg C m--2 d_l) where collections of the 3 traps deployed

were dominated by intact diatom frustules(Thalassiosira spp.) in chains

and clumps. Spore formation and heavy sedimentation of diatoms thus
also occurs at the end of Antarctic blooms in spite of high ambient
nutrients. As approximately 2/3 of the diatoms in traps were resting
spores, we suggest that sinking out of cells represents a seeding
strategy which ensures regional persistence of neritic assemblages.
Species-specific differences in seeding strategies may well be impor-
tant in determining spatial and temporal patterns of Antarctic phyto-
plankton abundance. This aspect of phytoplankton biology is likely to
have far-reaching implications, not previously considered, for the

structure of Antarctic food webs,

INTRODUCTION
The growth period of Antarctic phytoplankton is gemerally restricted to
a few months; HART (1934; 1942) showed that, even in this short period,
seasonal changes in biomass and species composition occurred that were
characteristic of different regions. For the region of the Bransfield
Strait he reported a spring biomass maximum — comprising mainly neritic
species — followed by a biomass decline and a shift in species composi-

tion into the summer. HART (1934) considered water column stability to



be the controlling factor for phytoplankton biomass build-up and specu-
lated that =zooplankton grazing was the most likely reason for its
decline thereafter, Nutrients were not considered to play a decisive
role 1in shaping plankton annual cycles as they were always present in
excess of phyt%plankton demand.

The questions pertaining to seasonality posed and speculatively
answered by HART (1942) have rarely been addressed since then as most
Tecent work on Antarctic phytoplankton has been carried out, for tech-
nical reasons, along long transects during the summer months (FOGG,
1977; ©SAKSHAUG and HOLM-HANSEN 1984), Large phytoplankton stocks of
bloom dimensions have been encountered particularly in coastal waters
(see FOGG, 1977; EL-SAYED, 1984 for reviews); however, little is known
about the growth dynamics of Antarctic blooms and the fate of their
biomass has not been specifically investigated yet. Thus, the factors
controlling seasonal changes during the growth period in the Antarctic
are not wgll documented (SAKSHAUG and HOLM-HANSEN 1984).

The aim of the present investigation, carried out in the Antarctic
Peninsula region during austral spring, was to locate a phytoplankton
bloom and then to study its growth dynamics and the fate of its bio-
mass, both by grazing and sinking, over a period of several weeks. We
assumed that phytoplankton blooms were most likely to occur close to
the retreating ice-edge as indicated by HART's (1934) observations as
well as those of other authors (EL-SAYED, 1984), and also by studies
from the Arctic (SAKSHAUG and HOLM-HANSEN, 1984).

In this paper, data on phytoplankton production and sedimentation are
Presented and discussed. The light:photosynthesis relationship studied
during this cruise has been published elsewhere (TILZER, v. BODUNGEN
and SMETACEK, 1985) as also the role of zooplankton grazing (SCHNACK,
SMETACEK, v. BODUNGEN and STEGMANN, 1984) and distribution of bacterial

biomass and activity (BOLTER and DAWSON, 1982),



MATERIAL AND METHODS

The data presented here were obtained from 20 November - 14 December
during cruise no.56/2 of RV METEOR. The complicated cruise track has
not been inciuded in Fig, 1 but station numbers indicate temporal
sequence of sampling in the investigation area,

On our arrival in the investigaticn area, the pack-ice had retreated to
the southern Bransfield Strait and still covered large areas of the
shelf north of Joinville Island; the South Shetland Islands were free
of pack-ice but large ice fields were still adrift in the area between
Elephant and Joinville Islands. A pack-ice border per se was not
present and the fluctuating ice conditions encountered by us prevented
the ship from occupying a given position in the vicinity of ice for a
longer period. Sediment trap deployments were also not possible for the
same reason. Besides, phytoplankton abundance was independent of the
ice cover., We accordingly modified our plans and conducted investiga-
tions both in the central Bransfield Strait as well as at the "ice-
edge" on the southern shelf.

Temperature, salinity and in-vivo fluorescence of surface water was
monitored continuously and 82 vertical profiles of these parameters and
light attenuation were recorded down to 200 m depth with a combined
probe (HAARDT and MAASSEN, 1983). In addition, detailed measurements of
water column properties were carried out at 25 stations in the fol-
lowing order: the above-mentioned probe profiles, vertical light
gradient with a spectroradiometer (HAARDT and MAASSEN, 1983) followed
by discrete water bottle sampling from 12 depths and vertical zooplank-
ton net hauls, Furthermore, 22 horizontal midwater-trawl hauls of
various extent for sampling of krill and other macrozooplankton were
carried out during the night,

The discrete sampling depths were fixed after evaluation of probe

profiles. Five to eight samples were taken from the euphotic zone,
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i.e. down to the 0.1% light level as determined with the spectroradio-
meter, The remaining 4 - 7 bottles taken from below the euphotic =zone
were spaced according to fluorescence profiles and water depth. The
following paraéeters were measured: oxygen (Winkler titration), pH and
alkalinity (after acidification), the nutrients ammonia, nitrite,
nitrate, phosphate and silicate (according to GRASSHOFF, 1976).
Suspended particles were filtered onto Whatman GF/C glass fibre filters
and the following properties measured: dry weight (LENZ, 1971);
organic carbon (POC) and nitrogen (PON) with a Hewlett Packard CHN-
Analyser, Model 185B; total particulate phosphorous (TPP) according to
GRASSHOFF (1976); chlorophyll a (Chl. a) spectrophotometrically using
trichromatic equations (UNESCO, 1966); The chlorophyll data have not
been corrected for phaeopigments.

Phyto- and protozooplankton were analysed qualitatively and quantita-
tively in water samples preserved individuvally with buffered formalin
and Lugol's solution under an inverted microscope. Phytoplankton
biomass was calculated from cell counts using appropriate factors
(EDLER, 1979). Comparison with the chlorophyll and POC measurements
indicate underestimation of biomass by this method by a factor of
approximately 2.

Primary production was measured by the carbon-l4-technique applying in-
situ simulated incubation at ambient temperature; in-vitro incubation
was carried out on the same samples at 0.5 + 0.5 C andr photosynthetic
available irradiance of 40 W 11'1_2 . Incubation generally began at 13,30
hrs 4+ 1h and lasted for 6 and 4 hrs for the in-situ simulated and the
in-vitro incubations respectively. Samples were spiked with 10 pCi of
radioactive bicarbonate and, immediatély after iﬁcubation, filtered
onto 0.45 pm Membrane filters, which were rinsed with acidified
filtered seawater ( pH 3-4 ). Filters were dissolved in a Dioxan scin-

tillation fluid and radioactivity was counted in a Beckman LS 100C



counter. Daily production was calculated by multiplying the value for
the incubation time by the ratio of daily incident light to incident
light during incubation. Incident light was measured with a Pyrrhelio-
meter on ship deck. More details of the primary production measurements
are given by TILEER et al. (1985).

A free-drifting sediment trap was deployed on 6 successive occasions
for periods of 7 - 30 hrs. Individual deployments are referred to as
Trap 1 - 6. Trap locations are indicated in Fig. 1. The trap consisted
of two "Kiel-funnels" (ZEITZSCHEL, DIEKMANN and UHLMANN, 1978) each
with a single collection glass. No preservative was used. Traps were
suspended at 100m water depth and at 75 m at Sta. 116, After recovery,
material of each collection glass was gently removed, examined under a
microscope and photographed. Thereafter, the contents of each glass
@laSSes of traps 1 and 2 were not processed separately) were suspended
in filtered sea water after gently washing the material through a 300
pm gauze, Large firm particles such as zooplankton carcasses were
retained by the gauze and later discarded but Iloose aggregates and
fragile zooplankton faeces were dispersed by this treatment. Aliquots
of the suspension were filtered over Whatman GF/C filters and a portion
was preserved with formalin for later quantitative microscope evalua—
tion, Dry weight, POC, PON, TPP and Chl, a was measured on the filters
as described above,

Three polyethylene .tanks (1 m’) were filled with untreated surface
water and growth of the plankton population at ambient temperature
observed over 1 - 3 weeks on shipboard. One tank was filled at each of
stations 28, 33 and 97 (Fig. 1). Water in the tanks was stirred only
cnce a day prior to sampling. Light supply was aproximately 407 of
incident light. Nutrient uptake, dry weight, POC, PON, TPP, Chl. a and

Phytoplankton biomass and compositicn were monitored at 1 - 2 day

intervals,



RESULTS

The weather was unusually calm throughout the investigation period, by
Antarctic standards, although storm activity was reported from the area
prior to our arrival, Surface registrations and vertical probe profiles
revealed the presence of hydrographically distinct and persistent zones
in the investigation area that differed in terms of total plankton
biomass and species composition, as well as its vertical distribution.
Nutrient concentrations were high throughout. A detailed presentation
of phytoplankton distribution in relation to hydrography will be given
elsewhere. Here, we shall briefly describe the chief characteristics of

the zones outlined in Fig. 1., Water column properties are summarized in

Table 1 and Figs. 2, 3.

Zonation of phytoplankton biomass and composition

The ice-free waters of the Drake Passage and Scotia Sea comprised Zone
I, Phytoplankton biomass was low ( < 1 mg Chl é_mfs ) and homogeneously
mixed down to the pycnocline at 70 - 100 m depth., The dominant phyto-
plankters were flagellates (Distephanus and nanoflagellates) and
diatoms (Corethron and small pennates) were of lesser importance.
Zooplankton grazing pressure was high relative to biomass and
production rate of the phytoplankton (SCHNACK et al., 1984).

Zone II extended from the shelf of the South Shetland Islands, across
the Bransfield Strait to the edge of the shelf north of Joinville
Island. The =zone was sharply separated from Zone I to the North and
bounded to the south-east by drifting ice fields, This Zone was hydro-

graphically complex and will be distinguished for convenience into 2

sub-zones on the basis of density structure and also bicmass which was

dominated by Phaeocystis and the diatoms Thalassiosira and Corethron.

Zone Ila was characterized by 2 weak pycnoclines — one at 20 - 40 m

and the other at 60 - 120 m depth. Biomass in the surface layer was
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higher (5-10 mg Chl.a m ) than in the deeper layer (2 — 5 mg Chl.a m ).

The plankton-rich surface layer of Zone IIa was separated by a
prominent front in the central Bransfield Strait from a somewhat poorer
Zone IIb to the South. Phaeocystis was of lesser importance here, and
the degree of varlability was greatest in this sub-zone (Fig. 3). As a
rule, only one pycnocline, located at 50 -70 m depth was present. The
differences between the sub-zones were most evident in the fluorescence
profiles but less so in the discrete measurements (Fig., 2)., Vertical
fluorescence distribution was always correlated with that of tempera-
ture and/or salinity, dindicating that biomass distribution was pri-
marily related to that of the water masses and as such reflected their
respective past histories, Zooplankton biomass was lower than in Zone 1
and accordingly grazing pressure on the large phytoplankton stock was
negligible. A few krill were collected by trawling in Zone IIb.

To the South, Zone IIb merged into Zone III, located on the broad shelf
(< 200 m deep) off Joinville Island but separated from it by a narrow,

deep canyon. The phytoplankton of Zone III consisted almost entirely of

diatoms (chiefly Thalassiosira but also Biddulphia and Chaetoceros).
The depth of vertical homogeneity increased landwards and was most
prominent in the southernmost stations. Chlorophyll concentrations,
more or less homogeneously distributed to the bottom, ranged between 2
- 6 mg Chl,a m_ ; the easterly stations of Zone IIT tended to have the
lower biomass levels. At Sta, 96, situated over a canyon, vertical
homogeneity in all properties including phytoplankton biomass extended
dgwn to 300 m depth, Thus, biomass stocks in this Zone rivalled, on a
m basis, those of Zone Ila where much higher concentrations were
found, albeit restricted to the shallow surface layer, Water column
homogeneity was maintained throughout the study period, and was not a

result of continuous storm activity as, on occasion, we experienced

periods of flat calm in this Zone. The Thalassiosira population was

undergoing resting spore formation. Zooplankton biomass and grazing



pressure were also very low here and no krill was found.

Primary production

Primary productipn was more or less a function of light and biomass
(Figs. 2 and 3). Maximum values at stations in Zones I, IIa, IIb, and
III ranged between 0.19-0.53, 4,88-10,35, 1.54-4.05 and 1.24-4,63 mg
C m--3 h—1 respectively. Maximum production rates occurred at depths
with 30 to 10 %7 of incident light, corresponding to a photosyntheti-
cally available radiation between 100 and 20 W.m_z. Light inhibition
appeared to occur above the depth of maximum production as indicated by
the depressed photosynthetic rates at the surface, This effect is
pessibly an incubation artifact, since phytoplankton is exposed for
longer time periods to surface light intensities in the bottles than it
presumably would be in the well mixed euphotic layer (LEWIS, CULLEN and
PLATT, 1984). Thus, primary production rates on an areal basis were
probably underestimated by this method. Serious light stress of surface
phytoplankton was not evident from the photosynthetic rates obtained
from in-vitro measurements (Fig. 3).

The mean maximum photosynthetic rates derived from the in-situ
measurements were 0.49+0.25, 0.74+0.30, 0.8740.,39 and 0.71+0.26
mgC (mg Chl.g)_l h--1 and from the in-vitro measurements 0.81+0.25,
0.8040.15, 0,94+0.40 and 0.6440.14 mg C (mg Chl 2)_1 h_l for Zones 1,
IIa, IIb and III respectively. These numbers and a comparison of the
profiles in Fig., 3 indicate that there were no basic differences in
photosynthetic capacity between the plankton populations of the 3
zones, In a more detailed analysis of the light-photosynthesis rela-
tionship, TILZER et al.(1985) found that variability within each zore
and even within a given water column was often in the same range as
that between zones,

The similarity in growth characteristics of phytoplankton from

different assemblages was alsc reflected in specific growth rates



calculated from primary production and POC data from depths of maximum
production. Only stations with C:Chl a ratios below 100 were
considered, i.e. only from Zones II and IJI. Average rates and ranges,
as doublings pex day calculated from the expression given by FEPPLEY
(1972), were 0.32 (0,17 - 0.75) and 0.32 (0.13 - 0.81) for Zones II and
ITI respectively., These values are underestimates as the POC at all
Stations comprised some detrital material, The maximum values lie well
within the range calculated for low temperatures from thermodynamic
models (EPPLEY, 1972), and further indicate that, for the given
temperature regime, the phytoplankten in these zones was in reascnably
"good" physiological condition. This is also substantiated by the 1low
C:N and C:P ratios of the suspended material from surface layers of
all zones (Tables 1, 2).

Similar growth performance was recorded from the tank populations
(collected from Zone III), wmaintained at ambient temperatures, Primary
production rates in the tanks were not estimated by the carbon-14
method but from POC increments. In all tanks, the enclosed population
grew, until nitrate depletion, at rates within the same range as
maximum rates recorded in the water column, The maximum biomass
(measured as POC) attained was 3.29, 2.69 and 2.78 g C m-3 for tanks 1
- 3 respectively. Photosynthetic rates, averaged over five days of
exponential growth, were 1,28, 0.60 and 1,72 mg C (mg Chl.g)_1 hm1 and
specific growth rates during the same period were 0.70, 0.41 and 1.07
d_ for tanks 1, 2 and 3 respectively, The tank populations grew under

optimal 1light conditions (40 Z of surface light) and the above values

can well be regarded as maxima for the assemblage.

Trap collections

When interpreting trap data, it is important to bear in mind that the
collection efficiency of a trap depends on several independent factors

pertaining to its configuration, degree of turbulence at its mouth and

10



the sinking rates of particles entering the traps (SMETACEK, v.
BROCKEL, ZEITZSCHEL and ZENK, 1978; GARDNER, 1980). The traps employed
by us have been specially designed to reduce turbulence at the mouth
and their collecéion efficiency under field conditions has been shown
to compare favourably with that of cylinders with a height to diameter
ratio of »4:1 (SAURE, 1981), which are reported to provide the most
realistic estimates of vertical flux (BLOESCH and BURNS, 1980).
Further, the efficiency of sediment traps is improved if they are free-
drifting rather than moored, as this reduces turbulence around the
mouth of the trap (STARESINIC, ROWE, SHAUGHNESSY and WILLIAMS, 1978).

Variation in data from individual funnels within the same trap array
was always less than 10%, hence, only the mean value for the two
funnels are presented here. The composition of material collected in
the traps of Zone II (Traps 1 - 3) varied considerably whereas the
traps in Zone III (Traps 4 - 6) collected essentially similar material.
Zooplankton faeces dominated collections in Zone II but were scarce in
Zone III. Only krill faeces (long, thread-like, fragile and fluffy-
looking) and calanoid faecal pellets (sausage-shaped, compact, with one
tapering end) could be identified. The former dominated collections in
Traps 2 and particularly 3. Copepod faecal pellets were a minor consti-
tuent despite the fact that copepods vastly dominated =zooplankton
biomass ( Schnack et al, 1984). The foraminifer Globoguadrina pachy-

-2 -1
derma was present in large numbers in Trap 1 (26,000 individuals m d ,L

but was of lesser importance in Traps 2 and 3 and totally absent
in Traps 4 - 6 of Zone III, Intact and apparently viable diatom cells
dominated the sedimented material of Zone III but also contributed
significantly to Traps 1 and 2. The percentage contribution of biomass

of intact phytoplankton cells to trapped POC is given in Table 2. As
menticned in the method section, these figures are underestimates.

The large amounts of phytoplankton collected by the traps in Zone III

11



cannot be simply attributed to the high phytoplankton concentrations in
the vicinity of the traps. Studies from other 1localities (SMETACEK,
1980; PEINERT, SAURE, STEGMANN, STIENEN, HAARDT and SMETACEK, 1982)

have shown that when traps are suspended within the mixed layer, phyto-

i
plankton cells do not accumulate in them as long as the population 1is

growing. The increase in cell sinking rate that accompanies the
cessation of growth (SMETACEK, 198§ )}, however, results in mass collec-

tion of cells,

Thalassiosira spp. dominated the phytoplankton in all trap collections

and settled out in 3 forms: a) extraordinarily long chains of up to 150
cells, b) short chains and single cells and, <¢) compact gelationous
clumps tightly packed with 50-150 frustules, The latter are apparently
formed autonomously from open chains as reported by  SMETACEK,
v.BODUNGEN, NOTHIG and BATHMANN (in prep.). The majority of cells in
chains and clumps contained resting spores {(~ 65%Z). Long chains were
collected only in Zone IIT but c¢lumps were found in all traps, particu-
larly in Trap 2, where their relative contribution to total particles
was greatest, However, the largest numbers of clumps occurred in the
collections of Zone III,

The lowest sedimentation rates were recorded with Traps 1 and 2 and the
highest with Trap 6 (Table 2) which is also true when sediment trap
yield is expressed as percentage of standing stock and primary produc-
tion of the 100 m water column (Table 3). Elemental composition of the
material differed significantly between Traps 1 - 3 but was Dbasically
similar in Traps 4 - 6. The high inorganic contribution in Trap 1 can
be attributed to foram shells and in Traps 4 and 6 to 50-100 pm  sand
grains of various shape and colour. The fact that these traps, sus-
pended 50 - 100 m above the bottom, collected sand grains is an indi-
cation of the intensity of vertical mixing in the water column of Zone
ITI. Surprisingly, the POC:Chl a ratios in material of all traps were

essentially similar and significantly lower than in material suspended
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in the water column (Table 2). This is further proof that traps did not
merely accumulate material from their surroundings but rather collected
particles selectively, presumably on the basis of sinking rates, The
high chlorophyxl content of resting spores is also indicated by these
results. The iow POC:Chl a ratios from Trap 3, where krill faeces
dominated, is particularly surprising. It is most likely that chloro-
phyll was present as phaeopigments in the faeces which would mean that
the actual pigment content, including chlorophyll break-down products,
was even higher as the latter were underestimated by the method
employed by us. The fairly high C:N and C:P ratios indicate that some

of the material at least was indeed digested,

DISCUSSION

The factors controlling primary productivity and phytoplankton abun-
dance in Antarctic waters have been discussed frequently (HART, 1934,
1942; FOGG, 1977; TRANTER, 1982; EL-SAYED, 1984; SAKSHAUG and HOLM-
HANSEN, 1984). In this connection it is important to distinguish
between factors such as light, temperature and nutrients that control
cell growth rates and others such as water column stability, grazing
and sinking that control the accumulation rate of cells in the euphotic
zone and hence growth of the population (WHITAKER, 1982). In the fol-
lowing, we shall discuss the possible role of each of these factors in

shaping the distinct zonal distribution of phytoplankton encountered by

us.,

Factors influencing specific growth rates

Light: The zones were spatially too small and the biomass differences
too sharply delineated to have been affected by such a global factor.

Ice cover was also not of direct importance: Zone I, with the smallest

population had been ice-free longest and Zone III, the only zone still
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with some degree of ice-cover, had already developed a large standing
stock, Further, the photosynthesis:light relationship in phyteplankton
of the three zones was basically similar and varied as much within
zones as between them (TILZER, et al., 1985)., No evidence of specific
adaptation to low 1light levels in the assemblages encountered were
found,

Temperature: The distinct albeit slight temperature differences between
zones were not reflected in the basically similar growth characteris-

tics of the 3 phytoplankton assemblages, Assimilation numbers and
calculeted specific growth rates were in the same range in all zones

and also in the tank populations. HOLM-HANSEN, EL-SAYED, FRANCESCHINI
and CUHEL (1977) also reported values in the same range as ours from
Antarctic waters, NEORI and HOLM-HANSEN (1982) conclude that the 1low
rate of photosynthesis in Antarctic waters is a result of temperature
limitation. Surprisingly, the maximum rates were found at stations 23-
25 in Zone IIb where temperatures were amongst the lowest recorded,

Macronutrients: Production rates were not controlled by macronutrients

as they were at high concentrations throughout.

Micronutrients: The possible role of micronutrients in controlling

phytoplankton abundance in the Antarctic has been suggested for a long
time and most recently by CARLUCCI and CUHEL (1977) and JAQUES,
DESCOLAS-GROS, GRALL and SOURNIA (1979). However, HAYES, WHITAKER and
FOGG (1984) detected no significant effect of micronutrient enrich-
ment on Antarctic phytoplankton, We take the basic similarity in growth
physiology of surface phytoplankton populations in the widely differing
water masses comprising the 3 zones and from the tank populations as an
indication that they were not rate-limited by any micronutrient such as

vitamins or trace elements.

We conclude that the interzonal differences in phytoplankton abundance

were not due to corresponding differences in specific growth rates of
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the various assemblages, Thus, factors controlling the accumulation
rate of cells in the euphotic zone are most likely to have been respon-

sible for the zonal differences encountered by us.

Factors influencing accumulation rates

Water column stability: The zonal pattern of phytoplankton distribution

clearly reflected the hydrography of the investigation area as des-
cribed by CLOWES (1934), PATTERSON and SIEVERS (1980) and STEIN and
RAKUSA-SUSCZEWSKI (1984). On the basis of a large-scale survey of
surface phytoplankton distribution in the Antarctic, HAYES et al.
(1984) concluded that "phytoplankton distribution is strongly
influenced by features of hydrography and bottom topography". PATTERSON
and SIEVERS (1980) have commented on the complex relationship between
hydrography and topography of this area as a result of which small-
scale patchiness in phytoplankton distribution can be expected. We
shall consider the complicated situation encountered by us in greater
detail elsewhere; here we shall dwell shortly on the possible relation-
ships between past history and phytoplankton populations of the water
masseg comprising the various zones.

Zone I had the longest growth history as indicated by the well deve-
loped =zooplankton population and the high POC:Chl.a ratios brought
about by accumulation of organic detritus (probably the result of
zooplankton grazing) in the surface layer. The deep mixed layer preven—
ted optimal utilization of light, thus suppressing biomass build-up,
SAKSHAUG and HOLM-HANSEN (1984) speculate that 50 m is the maximum
depth of the mixed layer in which Antarctic blooms can develop; they
observed high chlorophyll concentrations (.»2 mg mn ) only at
stations vwhere the pycnocline was above 40 m depth. The large phyto-
plankton population in the shallow surface layer of Zone IIa confirms
their observations. In the deeper mixed layer of Zone IIb, phytoplank-

ton concentrations were accordingly lower. However, the large standing
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stocks in the well-mixed waters of Zone III would seem to contradict
the presence of such a relationship; this large standing stock could
Not possibly have been built-up under the conditions encountered by us.
Rather, we assume that in Zome III, deep mixing commenced after a

massive Thalassiosira bloom had accumulated in a previocusly stratified

water body. Such stratification could have been present under a more
extensive pack ice cover earlier in the year, The presence of resting
spores 1in this population also suggests that the bloom had passed its
peak, The fact that in-vitro photosynthesis rates and the C:Chl.a
ratios had not declined does not contradict this view: such behaviour
can be expected only if bloom development is terminated by nutrient
depletion which was evidently not the case here, Furthermore, as diatom
resting spores contain chlorophyll and are capable of photosynthesis
(FRENCH and HARGRAVES, 1980), their formation would not necessarily
result in significant change in short-term growth performance of the
population, The situation in Zone I] was more complicated and not the
result of deep vertical mixing; apparently, the complex vertical stra-
tification of density and biomass, most apparent in Zone ITa, reflected
recent overlayering of different water masses with differing past
histories,

Grazing: Copepods were the most important grazers in the 3 zones, Their
grazing pressure in Zone I was equivalent to approximately 50 % of
daily primary production, whereas it was less than 1 Z in zones II and
III (SCHNACK et al., 1984), The low biomass of Zone I can be partly but
not entirely attributed to heavy grazing pressure: the bulk of
zooplankton biomass here was contributed by copepoedids indicating that
grazing pressure had increased well after the start of the
Phytoplankton growth season. Protozooplankton biomass was negligible
throughout and krill was only coliected in noteworthy numbers by mid-
water trawling in Zone I, and occasionally in small numbers in Zone II.

However, the presence of scattered swarms in Zone II - presumably
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juvenile forms because of the relatively small faeces ( < 100 um
diameter) - was clearly indicated by trap collections. Organic carbon
loss from the water column above Trap 3 was equivalent to a day's
primary production and 8 % of the standing stock, Mid-water trawling in
the vicinity of the trap failed to collect krill which we take as an
indication that only a small swarm must have passed over the trap
during its deployment. Krill distribution is known to be highly patchy
(HAMNER, HAMNER, STRAND and GILMER, 1983). Our results suggest that
arrays of sediment traps located at a few hundred meters' depth may
well prove useful in monitoring krill distribution and feeding
activity, Thus, krill grazing pressure is likely to have been patchy
and locally intense but certainly not of importance in controlling
phytoplankton biomass build-up. HARDY and GUNTHER (1935), BIGGS (1982)
and WITEK, PASTUSZAK and GRELOWSKI (1984) also reported low grazing
Pressure in Antarctic blooms encountered by them.

Sinking: Antarctic diatoms tend to be larger and, because of the
abundance of silica, also have more robust frustules than those from
silicate-poorer waters, Accordingly, one would expect the former to
exhibit higher sinking rates than the latter. However, it is a well-
known fact that the sinking rate of live diatoms is a function of their
physiological condition as well as size and specific gravity: healthy,
growing cells have lower, and senescent cells and resting spores from
the same population have higher sinking rates (SMAYDA, 1970; SMETACEK,
1985 ). The trap collections clearly show that this rule also applies
in the Antarctic. Loss due to sinking out of vegetative cells from the
vigorously growing population of Zone IT was low and even in the light-
depleted population of Zone III, a far greater proportion of resting
spores as compared to vegetative cells was collected by the traps. The
fact that phytoplankton vertical distributions in all zones closely

matched those of density indicates that selective movement of cells due
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to sinking was not of importance prior to and during the investigation
pericd. Thus, sinking does not pose a greater problem to growing Ant-
arctic phytoplankton populations than it does to populations from other
regions. The important role of sinking in non-growing populations is,

however, another matter and will be discussed in the next section,

We conclude that the interaction between hydrography and topography is
the single most important factor influencing build-up of phytoplankton
blooms in the area and we join HART (1942), FOGG (1977), TRANTER (1982)
EL-SAYED - (1984) and SAKSHAUG and HOLM-HANSEN (1984) in suggesting that
this applies to Antarctic waters in general. The Bransfield Strait area
is known to be more productive than the adjoining waters of the Drake
Passage (FOGG, 1977). However, this distinction applies only to the
spring period as much lower biomass levels appear to be the rule in
later months (v, BROCKEL, 1981; EL-SAYED, 1984). This marked seasonal
difference in biomass and hence productivity was commented on by HART
(1934) and more recently by WITEK et al. (1983). Investigations carried
out by SCHNEIDER (1983) in the same area in the following summer
(Januvary/February 1981) during leg 4 of RV METECR cruise no. 56 also
revealed low levels of biomass (<1 mg Chl. a m_B). The question then
arising is: what is the eventual fate of the large spring bloom
biomass? WHITAKER (1982) also posed this question but could not provide
a definitive answer. SAKSHAUG and HOLM-HANSEN (1984) suggest that
stability erosion combined with heavy grazing are the most 1likely
reasons for termination of Antarctic blooms. However, observations
supporting this view are lacking. The data at our disposal do not
provide direct evidence but nevertheless permit the formulation of some
tentative conclusions. The disappearance of a large phytoplankton stock
can be brought about by any of 4 factors: 1) dispersal by horizontal
and/or deep vertical mixing, 2) zooplankton grazing, 3) natural morta-

lity and plasma breakdown within the surface layer, and 4) sinking of
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living or dead cells to deeper water layers or the bottom. The possible

role of each of these factors is discussed below.

Fate of bloom biomass

Dispersal by mixing and advection: In one year, but not in 2 others,

WHITAKER (1982) found a major rapid decline in production in inshore
water off Signy Island following mixing by a severe storm. Such storm
events can well serve to rapidly disperse a spatially restricted
inshore bloom; however, the extensive blooms found by us could hardly
be dispersed by mixing within a few weeks as a dilution factor of 1:10
would be necessary to reduce chlorophyll concentrations to the low
values found subsequently by SCHNEIDER (1983). The other possibility,
viz. large-scale horizontal advection, is also an unlikely explanation
for two reasons: a) The residence time of water in the investigation
area 1is prolonged by the presence of a series of cyclonic gyres that
retard the general eastward flow through the Bransfield Strait
(GRELOWSKI and PASTUSZAK, 1983). The situation encountered by us, for
instance, persisted for over 3 weeks. b) We found that large phyto-
plankton stocks extended at least to the southwestern opening of the
Bransfield Strait; this water would then have replaced that of the
northeastern opening in the event of strong horizontal advection., In
short, the large phytoplankton stocks of such an extensive area could
not possibly have been dispersed by vertical or horizontal water

movement within two months,

Zooplankton grazing: In the weeks following our observations, grazing
bPressure on the blooms might well have increased drastically, HART
(1942) speculated that grazing was the cause for the decline of the
spring maximum, However, he mentioned that neritic species such as

Thalassiosira vanished much more rapidly than oceanic ones such as

Corethron, SCHNEIDER (1983) also found that Thalassiosira spp. were

rare in the Bransfield Strait in summer. Selective grazing by zoo-
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plankton such as copepods might be responsible but we feel this to be a
tenuous explanation in the present context. Krill abundance in the
investigation area was much higher later on in the season (STEIN and
RAKUSA-SUSZCZEWSKI, 1984) but the swarms were too patchily distributed
to have made significant inroads into the large phytoplankton stocks.
WITEK et al, (1983) studied net-phytoplankton and zooplankton distribu-
tion and abundance in the Bransfield Strait area over several months.
They report that spring bloom biomass decreased before that of zoo-
plankton increased. Further, on the basis of rough calculations, they
showed that zooplankton including krill biomass build-up during the
entire season was much too low to account for the decline in spring
bloom biomass observed by them,

Natural mortality and breakdown within the surface layer: Although the

importance of this process cannot be dismissed, we have little evidence
that it can account for the phytoplakton biomass decline from spring to
summer. Plasmolysed cells were frequently observed by KARSTEN (1905)
and also by us. However, the significance of these observations is not
yet apparent, |

Sinking: Rapid, mass sedimentation of diatom cells is an important
Process in eliminating bloom biomass from surface layers of many
coastal and shelf localities (WALSH, 1983; SMETACEK, 1984, 1985);
although direct evidence is lacking, our observations and those of
other authors (KARSTEN, 1905; HARDY and GUNTHER, 1935; WHITAKER; 1982)
as well as considerable circumstantial evidence strongly suggest that
this can well be an important process in the Antarctic as well., Thus,
none of the factors dealt with above, singly or in combination, provide
a satisfactory explanation for the well—docuﬁented decline of Antarctic
spring blooms. ‘In the following, we shall present arguments supporting
our hypothesis that mass sinking of phytoplankton blooms is of major
importance in the Antarctic and then discuss some of the implications

of this process for the ecosystem.
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Role and significance of mass sinking

Factors triggering mass sedimentation: In other localities, mass sedi-

mentation of diatom blooms is triggered by nutrient depletion
(SMETACEK, 1984 ) which does not occur in the Antarctic. However, the
same applies to resting spore formation by diatoms which is reported to
be triggered only by nitrogen depletion (HARGRAVES and FRENCH, 1683);
if this were the only triggering mechanism, then resting spores would
be rare in Antarctic phytoplankton. Nevertheless, KARSTEN (1905), HART
(1934, 1942) and DOUCETTE and FRYXELL (1983), reported resting spore
formation in various Antarctic diatoms and our results confirm their
observations. Thus, factors other than nitrogen depletion must trigger
resting spore formation and it seems reasonable to assume that the same
will apply to the initiation of mass sedimentation as the two processes
tend to occur concomitantly (SMETACEK, 1985). DOUCETTE and FRYXELL
(1983) have argued that deterioration of the growth environment - other
than nutrient depletion - must trigger resting spore formation in
Antarctic phytoplankton. They suggest that reduction in light supply
might be such a triggering factor. Although not supported by culture
experiments (ELBRACHTER, pers. comm,) our observations support this
hypothesis: both the obviously light-depleted population of Zone III
and portions of the Zone II population - below the upper pycnocline -
were engaged in forming resting spores. Light reduction in this case
was not related to seasonal but to hydrographical factors. Further, in
Kiel Bight, spore formation and mass sedimentation of autumn diatom
blooms (in November) have been observed in the presence of high nitro-
gen concentrations (GRAF, SCHULZ, PEINERT and MEYER-REIL, 1983; CZYT-
RICH, EVERSBERG, NOJI and PASSOW, unpubl. data). The triggering factor
here appeared to be seasonally induced reduction in light supply in
conjunction with increased storm activity. The relationship between

spore formation and 1light deprival due to deep mixing will be more
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complex than in the case of nutrient depletion which is experienced by
the entire population simultaneously., More work on this important

aspect of phytoplankton ecology is called for.

Evidence from sediment traps: We have argued above that trap collec-
tions provide a measure of the potential sinking behaviour of a given
population. Thus, the large collections of phytoplankton cells and
particularly resting spores in the traps of Zone III indicate that at
least a portion of the population had high sinking rates. The many
small sand grains collected by the traps suspended 50 to 100 m above
the bottom indicate that turbulence at the sea bed was high; it was
thus unlikely that material equivalent to that collected in the traps
was also accumulating on the sea bed at the time. However, the intense
mixing in progress during the investigation period must have been a
transient phenomenon as it was apparently not present during the pre-
ceding growth phase of the bloom. Presumably, slight horizontal advec-
tion of the water mass or a change in mesoscale hydrography following
further retreat of the ice cover could well have resulted in decreasing
turbulence. Under such conditions, rapid mass sinking of a significant
portion of the phytoplankton population can be expected, all the more
so, since, by then, an even greater proportion of the population would
have formed resting spores and clumps, A similar fate can be construed
for the Zone II population as the shallow mixed layer here can also be
regarded as having been a transient phenomenon. Summer mixed layer
depths in the area are, as a rule, much deeper than those recorded by
us (PATTERSON and SIEVERS, 1980; SCHNEIDER, 1983).

Evidence from the sediments: The sediments of the area are extremely

rich in organic matter even at great depths indicating this to be a
region of heavy pelagic sedimentation. Vertical particle flux in the
sea is generally thought to be dominated by zooplankton faeces (ANGEL,
1984) which implies that sedimentation rates will be a function of

grazing. As indicated above, zooplarkton grazing can only account for a
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portion of the phytoplankton biomass produced in the area. Further, our
trap collections and those of SCHNACK (subm,) indicate that only krill
faeces (and possibly those of other macrozooplankters such as salps)
but not those of copepods can be of importance to vertical flux. SMETA-
CEK (19835 ) has argued that this is a general phenomenon. On the basis
of results from sediment traps mcored at depths of 300, 500, 1000 and
1400 m, GERSONDE and WEFER (1984) conclude that krill faeces tend to
disintegrate within the upper 1000 m water column during descent. The
contents of krill faeces are finely shredded (FOWLER and SMALL, 1972:
our observations) and subsequent sinking of this fine material fol-
lowing faeces disintegration will be significantly retarded. GERSONDE
and WEFER argue that the large amounts of intact frustules in the
sediments indicate that direct sedimentation of frustules rather than
their prior incorporation into krill faeces is the process dominating
vertical flux to the deep sediments. Their conclusions are substan~
tiated by the detailed observations of surface sediments in the Ant-
arctic peninsula region by NEAVERSON (1934) who found that intact
frustules of phytoplanktonic diatoms, often in loose aggregates and
sometimes still containing plasma, were prominent in surface sediments
of many stations along various transects in the Bransfield Strait.
Water depths where large quantities of intact diatom frustules were
found ranged between 100 and 4000 m depth.

Evidence from phytoplankton species succession: The role of sinking in

Planktonic diatom life history cycles has been discussed at length by
SMETACEK (1985) who suggests that the mass sinking characteristic of
bloom diatoms represents the transition from an active surface-growing
stage to a resting stage positioned in deep water or on the sediment
surface. The resting stages have higher sinking rates than vegetative
cells, These refuge populations then provide seed cells for the next

growth season. Different species are likely to differ with regard to
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seeding and hence sinking behaviour and the significance of such
seeding strategies in determining spatial and temporal patterns of
occurrence of different species, first suggested by KARSTEN (1905), has
been discussed by SMETACEK (1985). Their role is likely to be even more
important in the Antarctic than elsewhere for reasons discussed below.

Antarctic phytoplankton must withstand a prolonged period of highly
unfavourable growth conditions. Thus, overwintering stages will have to
be dormant and positioning of these stages will be of considerable
survival value for the species concerned (KARSTEN, 1905). HART (1934,
1942) classified Antarctic diatoms according to patterns of spatial and
seasonal distribution., He distinguished the diatom genera contributing
most to the spring biomass maximum into two groups: those that do not
decline rapidly after attainment of the peak (e.g. Corethron) and those

that do (e.g. Thalassiosira). The former tend to be oceanic and the

latter neritic or associated with pack-ice in their distributional
characteristics, Phaeocystis is also considered to be neritic (KARSTEN,
1905) and JONES and HAQ (1963) suggested that it has a benthic resting
stage, HART (1942) pointed out that species that formed resting spores
belonged to the latter group which he termed "meroplanktonic". Thus,
HART (1942) clearly implied that sinking of the resting spores to the
sea bottom following the spring maximum would be an important féature
in the 1life histories of these species, WITEK et al, (1983) also
commented on the marked paucity of net-phytoplankton on the shelves
following the spring maximum in contrast to the more oceanic areas. The
conclusion here 1is that loss rates of coastal and shelf plankton are
greater than in the case of their open ocean counterparts and that this
difference 1is related to species-specific differences in behavioural
response to the advent of unfavourable growth conditions., Thus, genera

such as Thalassiosira will have mechanisms for increasing sinking rates

concomitant with deterioration of the growth environment. Other genera

such as Corethron will tend to retain seed cells within the water
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column (KARSTEN, 1905). The latter strategy will enable wide dispersion
within the extensive circumpolar current system whereas transient
appearance in the water column will permit regional persistence in
shallower areas. Some species with pelagic resting stages might even
exploit deep counter-currents to maintain regional persistence as
suggested by KARSTEN (1905) and HARDY and GUNTHER (1935).

Environmental selection of seeding strategies will be manifested in the
mechanisms by which seeding stages are retained in the region during
the winter and returned to surface layers at the onset of the growth
season. Although the mechanisms are not yet quite clesr, turbulent
mixing and upward entrainment of seeding cells is likely to be impor-

tant in shallow areas, WHITAKER (1982) observed massive Thalassiosira

blooms in the (~20 m) shallow Borges Bay of Signy Island in 3 succes-
sive years. The convoluted coast-line and broad shelf of the Antarctic
peninsula region provides many similarly suitable locations for deposi-
tion of seed beds. The interaction between topography and hydrography
thus not only determines biomass build-up but can also influence the
Species composition of the phytoplankton. Conversely, as more informa-
tion on details of phytoplankton biology accumulates, their species
composition might well provide useful information on the past history
of Antarctic water masses, One interesting aspect is the role of sea
ice as a seed bed and transport medium for "meroplanktonic” species
that was .also éuggested by HART (1934), However, the mechanisms by
which seeding cells are incorporated into the ice, which forms at a
time when such species are rare in the water column, have not been
Studied. HEMPEL (pers. comm.) suggests that ice which forms on the
shelf sea bed and then rises with its sediment load to the surface,

might represent such a mechanism. Other possible mechanisms have been

discussed by TRANTER (1982).

Ecological implications of phytoplankton seeding strategies
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Phytoplankton seeding strategies can have considerable effect on the
ecosystem, not only in terms of transfer of biomass from pelagic to
benthic subsystems but also with regard to the absolute amount of
biomass available to pelagic and benthic heterotrophs. Thus, macro-
nutrients do not control the size of the bloom biomass peak as they
tend to do in most oceans where nutrient depletion limits further
growth of phytoplankton blooms, This is because stratification is
either deep or transient in the Antarctic. Assuming that there are
indeed no fundamental differences in growth rates amongst Antarctic
diatoms, then the size attained by a given bloom population will be
determined by its history of light supply and the size of the initial
seed population. The larger the latter, the larger the eventual size of
the bloom prior to outbreak of unfavourable conditions.

It is obvious that phytoplankton seeding strategies will be accompanied
by high mortality as only a small portion of the resting cells sinking
out of the water column will succeed in colonizing a suitable area and
benthic grazers will still further reduce the number of potential seed
cells. The large benthic stocks of the Antarctic shelves (DELL, 1972)
can be partly explained by the presence of this rich food supply. If
sedimentation of phytoplankton is indeed an important process in shelf
environments, it follows that the sea bed here will be a richer source
of food over a Ilonger period of the year than the water column.
Interestingly, krill, which is generally considered to live and feed
entirely in the water column (KILS, 1978) has recently been observed
on the sea bed (HUNTLEY, pers. comm.) and has also been found in the
stomachs of demersal fish (PERMITIN, 1970). HAMNER et al. (1983)
observed krill feeding on the under-surface of ice in a mode which
differed strikingly from that employed in collection of suspended
Particles in the water column. Possibly, this feeding mode could also

be effective on the sediment surface which would provide an additional
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explanation for the apparent lack of dormancy in krill, viz. that they
feed on the sediment surface when food supplies in the water column or
ice are scarce. Thus more knowledge on the biology of Antarctic
organisms 1is likely to yield interesting information on seasonal

changes in the structure of Antarctic food webs,
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Table 1, Euphotic zone (down to 0.1% of surface 1ight depth) properties from

Zones [, Ila, Ilb and 11l as averages with standard deviations. Depth is 0.1%

light depth; temp. range is temperature range; Prim, prod. is primary production

rate; POC and Chl. a 1is standing stock of organic carbon and chlorophyll a

integrated for euphotic zone respectively; C:N and C:P are averages of carbon

to nitrogen and phosphorous ratios (by atoms) respectively from the euphotic

zone; n is the number of stations occupied in each zone.

Zone n depth temp. range Prim. prod,

m o mg m-2 g-1
I 4 94ty 0.66 — -0,30 233 t 10]
Ila 4 22t 3 -0.31 = -1.29 1653 t 514

Ilb 7 47 t 6 -0.80 - -1.52 803 t 339
IIT 10 55 t 7 -1.40 = -1.79 834 ¥ 421

Table 1

POC

g m2

12,7 £5.0
13,5t 0.5
3.5t20
12,2t 1.3

Chl. a
mg m-2

49 T 10
209 t 20
128 + 18
217 t 30

C:N

8.6 1.2
6.4 0.7
7.7t 0.9
8.1t05

c:p

130 + 24
102 12
138 t 47
116 t 21



Table 2. Amounts and composition of material collected by sediment traps. Values in
parentheses represent averages of suspended material from the 100 m water column.
Exp.t. is exposure time in hours; Stn, nr. is number of the corresponding station;
POC is pérticu]ate organic carbon collected by traps calculated for m2 and day;
C%/DW is carbon percentage of dry weight (seston}; C/Chla is carbon to chlorophyll
ratio (not corrected for phaeopigmants); PPC%Z/POC is phytoplankton carbon {calcul-

ated from cell counts) percentage of POC; C:N and C:P is carbon to nitrogen and

phosphorous ratios (by atoms) respectively,

Trap Exp.t. Stn, POC C%/DW  C/Chla PPC%/POC C:N C:P
nr.  (hrs) nr. (mg m™2 d_l)
] g 73 97 8(14)  -(73) 18 9.6(8.6) - (107)
2 3 92 138 15(27) 34(54) 23 8.4(6.4) 191(103)
3 17 123 546 22(19)  36(87) 4 11.1(7.5) 296(133)
4 24 102 569 7(18) 28(54) 47 7.4(7.8)  97( 93)
5 7 107 459 15(20) 32(54) 60 8.9(7.7) 120( 95)
6 10 116 1404  10(17) 48(38) 48 8.0(7.7) 106( 96)



Table 3. Trap collections expressed as percentage losses of suspended particulate
material from the respective 100 m water columns per m2 and day. Legends as in

Tables 1 and 2.

Trap nr. Stn. nr. Prim, prod. DW POC PON TPP Chla

1 73 19 1.2 0.7 0.6 - -

2 92 15 0.7 0.4 0.3 0.2 0.6
3 123 94 2.9 3.2 2.2 1.5 7.8
4 102 77 8.0 3.0 3.1 2.9 5.8
5 107 122 2.8 2,1 1.8 1.6 3.6
6 116 189 12,4 6.8 6.5 6.1 5.2



FIGURE CAPTIONS

Fig. 1. Map of the investigation area showing location (inset)

and posiiton of zones, some selected stations (dots and small numbers)
and free-drifting sediment traps (dinverted triangles and large
numbers), Trap positions are identical with those of respective

ad jacent stations.

Fig., 2. Water column properties at stations from trap positions, Zone
II (upper panel) and Zone III (lower panel). Stations 73, 92 and 123
correspond to traps 1, 2 and 3 respectively and stations 102, 107, 116
to traps 4, 5 and 6. ¢+ density; NO : nitrate concentrations;
Chl. a: chlorophyll a; PRIM. PROD.: primary production; C:Chl,,

C:N and C:P ratios of particulate organic carbon to chlorophyll a,
particulate nitrogen (by atoms) and phosphorous (by atoms)
respectively,

B
Fig. 3. Photosynthetic rates (P ) estimated by in-situ simulated (upper

panel) and in-vitro (middle panel) methods and chlorophyll
concentrations (lower panel) from Zones I, IIa, ITb and III; horizontal
bars represent standard deviations. For comparative purposes, depths
are given as percentage of surface light ("light depths"): for true

depths see text and Table 1,
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Bight*
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ABSTRACT: Particulate matter settling out of the water column was collected continuously over a two-year period by means of
multisample sediment traps in the coastal waters of the Western Baltic Sea. The content of PCBs and organochlorine pesticides of
this matter was determined and compared with its dry weight, and with its organic carbon, nitrogen, and plant pigment content.
The pesticide content of this material was highly variable and a marked decline in absolute concentrations was present from
1975-1977; in most samples from 1977, pesticide content was below detection limit. For PCBs, a distinct annual cycle was
observed which was inversely related to the rates of sedimentation of seston; highest absolute values for PCBs in each year were
recorded during the summer. The input rates of PCBs to the sediments ranged between 112.10% and 24.10° ng m 2y,

INTRODUCTION

Chlorinated hydrocarbons enter the surface layers of
the sea through atmosphere, land drainage and ship-
ping. Sources and fate of these pollutants in the sea
have been discussed by several authors (Holden, 1970;
Walsh, 1972; Harvey et al., 1973; Dawson and Riley,
1977). The removal of these compounds from the sur-
face layer and introduction to deeper layers and/or
sediments is effected by various agencies such as mig-
rating organisms, vertical mixing processes and
adsorption onto sedimenting particulate matter, The
latter process is a major transport pathway in the sea,
and life below the euphotic zone is dependent for its
energy requirements on material derived in this way.
The sedimenting particles may be living organisms
{plankton), dead organic matter (organic detritus) as
well as inorganic particles (inorganic seston). As a
result of adsorption, it is possible for any of these
categories of particulate matter to contain chlorinated
hydrocarbons (Weil et al., 1973; Derenbach et al.,
1978). Thus, sedimentation is bound to be an important
mechanism by which pollutants introduced into the
surface layer will be dissipated throughout the marine
ecosystem,

* Publication No. 248 of the "Joint Research Program’ at Kiel
University (Sonderforschungsbereich 95 der Deutschen For-
schungsgemetnschaft).

© by Inter-Research

Quantity and composition of the particulate matter
depends on both hydrographic regime and seasonal
cycle of plankton {Smetacek et al., 1978). Therefore, it
can be assumed that the quantity of chlorinated hydro-
carbons transported vertically will vary seasonally,
depending not only on input rate to the sea surface, but
also on quantity and composition of the material sink-
ing out of this layer,

The aim of the present investigation was to assess
the amount of chlorinated hydrocarbons reaching the
sediments in sinking organic matter during the course
of two years, and to ascertain the presence of seasonal
trends, possibly linked to factors controlling the
sedimentation process. This investigation was carried
out within the framework of the Special Research Pro-
ject 95 (SFB 95) at Kiel University, investigating the
interaction between sea and sediments in the South-
Woestern Baltic Sea, and DFG project Eh 39/17. Sedi-
ment traps were employed to collect the material
analyzed in the investigation. The investigation site ~
the ‘Hausgarten' of the SFB 95 project — was situated at
the entrance of a shallow fjord, about a nautical mile
from the coast. Land run-off into Kiel Bight is minimal
as the watershed in Schleswig-Holstein lies close to
the eastern coast. Much of the land area surrounding
Kiel Bight is under cultivation and no major industrial
centers are present in the region.

The hydrography of Kiel Bight is fairly well-known
{e. g. Bodungen, 1975; Lenz, 1977). It is characterized

0171-8630/80/0002/0027/% 02.00



28 Mar. Ecol. Prog. Ser. 2: 27-34, 1980

by influxes of low salinity water from the Baltic Sea
proper and of higher salinity water from the Kattegat.
The SW corner of Kiel Bight, where the ‘Hausgarten' is
situated, is well away from the major pathway of water
exchange and the residence time of water here is
longer than elsewhere in the region. The water column
is generally homogeneous during winter and strongly
stratified during summer, with a halocline at a depth of
8-14 m. Plankton ecology in relation to seasonal cycles
of suspended particulates and sedimentation rates at
the investigation site and elsewhere in Kiel Bight has
been the subject of many papers (e.g. Krey, 1961;
Zeitzschel, 1965; Lenz, 1974; Bodungen et al.,, 1975;
Smetacek and Hendrikson, 1979},

MATERIAL AND METHODS

Sedimenting material was collected at the ‘Hausgar-
ten’ by means of multisample sediment traps that
enable a short-term resolution of sedimentation rates
to be made (Zeitzschel et al., 1978). Two traps were
suspended, one at 2 m and the other at 5 m above the
bottom at water depth of 20 m. The 2-m trap was de-
ployed from November 1975 to December 1977; the
5-m trap from March 1976 to December 1977. Until
December 1976, collections of sedimenting material
were made at 2-d intervals; 4-d intervals were used
thereafter.

The material collected in each of the glasses of the
traps was strained through a 300 ym gauze to remove
larger zooplankton and then suspended in a known
volume of filtered sea water. Subsamples for analysis
were pipetted from this suspension, kept homogeneous
by agitation.

The dry weight (DW) of particles < 300 gm was
determined on precombusted Whatman GF/C filters as
described by Lenz (1977).

Particulate organic carbon (POC} and nitrogen
(PON) on the filters were measured with a CHN-
Analyzer (Hewlett Packard, 185 B) after pre-treatment
in the sample boats with diluted HC] to remove carbo-
nate.

Chlorophyll a and phaeopigment analyses were car-
ried out as recommended by UNESCO (1966), using a
cell mill to homogenize the samples (Derenbach,
1869). Spectrophotometric equations given by Loren-
zen (1967) were used for evaluating chlorophylls and
phaeopigments, As chlorophyll degradation to phaeo-
pigment occurred in the collecting glasses, both values
were added together and are referred to as
chlorophyll-a-equivalents (chl.-a-equiv.) below. Total
carotenoids were estimated from the absorption at
480 nm as suggested by Strickland and Parsons (1972).

Chlerinated hydrocarbon levels present in 2-d sam-
ples were below detection limit; therefore, a number of
samples (the number depending on the dry weight
content] had to be pooled for each analysis. Five
pooled samples were analyzed for each year. The fil-
ters were extracted with a mixture of acetone-water
(3 :2 by volume) in a Soxhlet apparatus for 6 h. The
extracts were concentrated in a rotary evaporator until
most of the acetone had been evaporated, and the
remaining aqueous solution was extracted three times
with small amounts of hexane. The combined hexane
phases were successively shaken with distilled water,
concentrated sulfuric acid, distilled water again,
reduced to a small volume (200-300 ul) and fraction-
ated by liquid-liquid chromatography. The latter was
performed on a column of 3.5 % deactivated silicagel
(0.04-0.63 mm grain size) by elution with hexane fol-
lowed by hexane-ether (9 + 1) to give two fractions:
the first containing the PCBs and pp'-DDE, and the
second the rest of the organochlorine pesticides. Both
fractions were evaporated to '/u of their volume to give
an appropriate concentration for the linear range of the
EC-detector, when injecting a 10 ul aliquot into the
GC. For details see Osterroht (1977).

Surface sediments from the vicinity of sediment traps
were sampled with a bottom corer, After freezing, the
upper 1cm sediment layer was sliced off and desic-
cated in a drying chamber at 80 °C for 3 h. After weigh-
ing, the dried sediments were extracted by the same
procedure described above.

Gas chromatographic conditions: Chromosorb W
AW-DMCS was deactivated with 6% Carbowax
according to the method of Aue (Aue et al, 1973, 1974)
and coated separately with both 2% OV 101 and 2 %
QF-1 as stationary phases. The two packings were
mixed in equal portions and packed into micropack-
columns {i. d. 0.8 mm, 1.50 m length}. The 5730A Hew-
lett-Packard GC was equipped with a pulsed ECD and
connected to a 3380 A integrator. Quantitative evalua-
tion was achieved with the aid of an external standard
(Clophen A60). Five of the major peaks arising from
the PCBs were measured.

All data were calculated on the basis of results from
aliquots for the whole sediment traps per day, corres-
ponding to the fallout from one square meter of surface
per day to make them comparable to the other parame-
ters.

RESULTS

Data for sedimentation rates of organochlorine com-
pounds from the two traps are given in Table 1. There
is a striking decline in the amounts of pesticides sett-
ling out of the water column during the course of the
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Table 1. Input rates of PCBs and organochlorine pesticides into sediment traps in ng m~2d~". Values at 2 m and 5 m are from
traps suspended 2 m or 5 m above the bottom. — no data

Period PCBs Lindane Dieldrin DDE DDD DDT
2m
5. XI.—16. XIL. 75 844.6 1986.7 546.3 - - -
9.[,—-29.11. 76 4593 571.8 100.0 - - -
1.11.-29, IV, 76 - 150.7 8.0 - 1.8 -
29.IV.-10. VIIL. 76 318.2 859 216.7 65.0 154.7 1121
10. VIII.-22, IX. 76 758.3 - - 2431.3 - -
5 X.—23. XL 76 457.8 146.7 101.2 - 96.1 101
28.¥11.76—28.11. 77 - - - - — -
28.11.—30. IV. 77 67.5 - - - - -
8.V.-29 VI 77 124.3 - - - - -
30.VIIL=-17. X. 77 168.4 - - — - -
17.X.-22. XII. 77 - - - - - -
5m

1.[0.-22.IV. 76 550.8 137.7 7.3 - 18 -
29.IV.—10. VIIL. 76 1754 - - 17.8 - -
10. VIIL. -22. IX. 76 363.6 - - B6.2 - -
22.IX.—23. X1. 76 196.4 - 10.1 - 101 -
23.X1.-28 XII. 76 - - - - - —
28, XII. 76 —28. 1. 77 - - - - - -
28.11.—4. V. 77 68.5 - 9.1 - 9.1 -
9. V.—1. VIIL 77 1372.7 - - - - -
2. VIIL. -23. IX. 77 254.4 - - - - -
23. IX. —10. XII. 77 78.3 - - - - -

Table 2. Sedimentation rates of seston (dry weight), particulate organic carbon (POC) and nitrogen (PON), chlorophyll a
equivalents (chl.-a-equiv.) and total carotenoids (carot.) in mgm~2d~! Values at 2 m and 5 m are from traps suspended 2 m or
5 m above the bottom

Period Seston POC PON Chl.-a equiv. Carot.
Zm
5 XI.-16. X11. 75 5584 362 41 2.4 1.0
9.1.—-29.11. 76 16476 707 93 54 2.8
1.1M.—-29. 1V, 76 4050 257 32 44 1.5
29.1V.—10. VIII. 76 797 92 10 0.6 0.3
10. VIII. —22, IX. 76 3960 311 41 2.7 1.8
5. X.—23.X1.76 6188 411 41 2.4 2.0
28. X11.76~28.11. 77 5436 223 28 1.5 0.9
28.1L.-30.1V, 77 2051 147 15 2.8 1.1
8.V.-29 VI 77 376 41 5 0.4 0.2
30. VIIL. — 17, X. 77 1658 154 16 3.8 1.5
17. X.—22. X11. 77 8419 371 39 22 1.2
5m
1LIIL.-29.1V. 76 3083 226 27 31 1.0
29.1V.-10. VIII. 76 495 65 7 0.7 0.2
10. VIIL. -22. IX. 76 2787 282 33 3.9 2.3
22.1X.—23. X1.76 3413 190 27 21 1.3
23. XI1.—28. XIL. 76 4974 178 25 29 1.5
28. XIL. 76—-128. 1L 77 2830 118 15 0.8 0.4
2B.11.—4. V. 77 2648 159 18 3.5 1.4
8. V.—1. VI 77 556 71 9 0.9 04
2. VIIL-23.1X. 77 375 49 6 0.8 0.2
23. IX.~10. X11. 77 1848 177 22 1.6 0.9
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Fig. 1. Histograms: sedimentation rates of seston dry weight
(g m? d7!) averaged for periods when samples were pooled
for analysis of PCBs. Curves: ratios of PCBs per dry weight

(ng: mg). 2m and 5 m: results from traps 2 m or 5 m above
the bottom
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Fig. 3. Sedimentation rates of particulate organic nitrogen
(PON mg m-2d?) and ratios PCB : PON (ng:mg) in histo-
grams and curves, respectively. Further details as in Figure 1
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Fig. 2. Sedimentation rates of particulate organic carbon
{POC mg m=2d") and ratios PCB . POC {ng: mg) in histo-
grams and curves, respectively. Further details as in Figure 1
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Fig. 4. Sedimentation rates of chlorophyll a equivalents
{mg m™? d"!) and ratios PCB : chl.-a-equiv. in histegrams and
curves, respectively, Further details as in Figure 1
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investigation period, with practically zero values
recorded during 1977 from both traps. The position is
different for the PCBs where substantial amounts were
recorded in 1977 although these values are generally
lower than those of 1976.

Sedimentation rates of the particulate matter and its
varjous components recorded by the two traps for the
period investigated are given in Table 2 and shown in
histogram form in Figures 1-4. Highest and lowest
annual rates were found for both traps during winter
and summer, respectively, with intermediate values in
spring and autumn, No relationship between sedimen-
tation rates of pesticides and particulate matter is pre-
sent, but for PCBs an inverse relationship between
particulate matter and its content of PCBs is apparent.
This has been shown in the curves depicting the ratios
of the dry weight of particulate matter as well as its
various components to the content of PCBs also given
in Figures 1-4. A very striking cycle is present in these
curves which is comon to traps from both depths,
apart from a slight phase shift in the summer of 1977,

This cycle appears to be seasonal and, in general, it

can be stated that maxima are present in summer and
minima in winter. However, there are temporal shifts
in this pattern from one year to the next: the first
minimum is in February/March, the other two in mid-
winter; the 1976 and 1977 peaks are in June/July and
July/September, respectively. From Table 1 it can be
seen that the absolute amounts of PCBs in summer
were higher, concomitant with lower rates of sedimen-
tation of particulate matter (Table 2), than during the
rest of the year. The presence of this distinct seasonal
cycle may be related either to the rates of input of PCBs
into the system or to ecological factors associated with
the seasonal cycle of sedimentation in Kiel Bight.

PCBs entering Kiel Bight may originate from several
sources, all of which are difficult to quantify, as Kiel
Bight receives water from the Baltic Sea as well as the
North Sea,

The seasonal cycle in the quantity and composition
of the particulate matter and its relationship to the
plankton ecology and hydrography of Kiel Bight is
described in greater detail elsewhere (Smetacek, in
press); only a brief description is given here, Data on
piankton ecclogy have been taken from Bodungen
{1975), Smetacek (1975) and Smetacek and Hendrik-
son (1979),

During the winter months primary production is at
its lowest although the sedimentation rates are the
highest of the year. These high sedimentation rates are
evidently the result of resuspension of surface sedi-
ment as the hydrographical conditions (homogeneous
water column) and meteorological (prolonged stormy
weather) factors combine to produce higher turbulence
levels in the water column in winter than at other times

of the year. This resuspension is also reflected in the
greater amounts collected by the lower trap during
winter. When resuspension is not of importance,
amounts collected by the two traps are much more
similar.

Much of the biomass produced by the spring phyto-
plankton bloom in March/April sediments out of the
water column and is clearly recognizable in sediment
trap material by increases in the proportions of carbon,
nitrogen and pigments relative to the dry weight,
Sedimentation rates in summer are generally low,
although production rates and plankton biomass levels
are comparatively high throughout this period.
Organic matter in the water column is apparently
turned over more rapidly than it can sediment, the
former process being aided not only by higher temper-
atures but also by the large zooplankton stocks present
in the summer months. In autumn, Kiel Bight plankton
is characterized by a large population of dinoflagel-
lates {various Ceratium spp.) to which zooplankton do
not appear to be partial. Organic carbon present in this
population sediments out in a fashion similar to the
spring bloom. Thereafter, the winter situation prevails.
Because of lumping of data, this pattern is not so
evident from the histograms given in Figures 1-4, but
the trend can be discerned.

The annual cycle described above was found both in
1976 and 1977, although the absolute amourits of
sedimented matter differed considerably from year to

Table 3. Amounts of PCBs and organochlorine pesticides in
two surface sediment samples from April 1978, expressed as
ng g~! dry weight of sediment

PCBs B84 10.8
Lindane 24 3.2
Dieldrin 0.9 1.3
DDE 13 0.47
DDD - -
DDT 11 15

year, Thus, during 1976, a total of 61 g Cm™? was
collected by the lower trap during the growth season of
plankton (March-October), whereas in 1977 only
22 g C m™? was recorded for the same period.

Concentrations of chlorinated hydrocarbon in sur-
face sediments are shown in Table 3. The PCB content
of the sediment on a dry weight basis is much lower
than that of the particulate material collected by the
traps from the water column during summer, but simi-
lar to values recorded during winter. This is further
proof that winter sedimenting matter is indeed resus-
pended sediment.
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DISCUSSION

Material collected by sediment traps is equivalent to
information integrated over time; hence the time scale
of each measurement carried out on such material is
much larger than when discrete samples are collected
from the water column (Soutar et al., 1977). Thus,
although the number of data presented here is only §
per annum, these values can be regarded as rep-
resentative of the whole year, which would certainly
not be the case if the water column itself had been
monitored the same number of times. However, since
the results determined with traps depend on trap shape
and current speed around the orifice, they do not
necessarily give a correct picture of the actual
sedimentation flux {Gardner, 1977). The performance
of the traps used in this study has been discussed by
Smetacek et al. {1978) who have shown that they tend
to underestimate the actual sedimentation rate, and
that the greater amounts collected by lower traps is not
only due to resuspension but is also related to trap
efficiency. The lower trap (2 m above bottom) gener-
ally collected more material, even during periods
when resuspension was low; it is believed, therefore,
that these results are more representative of the actual
flux than those from the upper trap. Suprisingly, lesser
amounts of chlorinated hydrocarbons were collected
by the upper traps during 1976, but in 1977 the situa-
tion was reversed although discrepancies in the
amounts collected by the two traps were less in 1977
than in 1976.

For all pesticides, the decline in input to the sedi-
ments from 1976 through 1977 is noteworthy. During
1977, less sedimenting material was collected by the
traps than in 1976, and, although this could serve as a
possible explanation for the accompanying decline in
PCBs, the almost total absence of other organochlorine
compounds from the 1977 material is in all probability
due to other factors. The ban on the use of DDT and the
restrictions on the use of other chlorinated hydrocar-
bon pesticides imposed by the states bordering the
Baltic Sea during the past few years could possibly
explain the decline in these compounds. The sporadic
appearance of pesticides in particulate matter during
1976 is more likely related to input rates into the sea
than to the autochthonous processes of particle forma-
tion and sedimentation within the water column. High
concentrations of pesticides were recorded both during
sumrmer and winter when sedimentation regimes differ
drastically.

Surface sediments contained measurable amounts of
all the organochlorine compounds sought except DDD,
and the ratios of these compounds to each other dif-
fered widely from those found in matter settling down
the water column. Whether the fact that the PCBs

content of sediments is relatively lower than that of the
pesticides is due to differences in breakdown rates, or
whether pesticide inputs in the past were higher than
those during the period of investigation, is a matter of
conjecture. The former effect seems more probable as
the input of PCBs to the sediments was on average
0.19 ng PCBs mg~! of sedimenting matter during the
two years of the investigation, and even if the upper
1 cm of sediment were mixed, the average content of
PCBs in this 1 cm layer should be higher than the
measured 0.0096 ng PCBs mg! sediment (dry weight).
Thus, in winter when sediment trap material consists
largely of resuspended sediment, its content of PCBs is
low to not detectable.

Not much information is present on the content of
PCBs in the water column of Kiel Bight. The only data
available were recorded in October in both 1974 and
1975 (Stadler and Ziebarth, 1976; Stadler, 1977). The
content of PCBs averaged for both years was
3.1 + 2.7 ng dm™ (n = 12) equivalent to 62 X 10° ng
m? for the 20-m water column, which is the mean
depth of the Bight. The PCBs present in the water
column can be in various states ranging from dissolved
to particulate (Dawson and Riley, 1977} and without
knowledge of input rates, one can only speculate on
residence times of the pollutants in the water column.
However, annual rates of input of PCBs to the sedi-
ments as recorded by the 2-m and 5-m traps were
112 X 10 and 79 X 10°ng m~? y!, respectively, in
1976; corresponding fiqures in 1977 were 24 X 10%and
23 X 10° ng m~? y!, Thus, approximately twice to only
a third of the content of PCBs in the water column
settles out each year.

The seasonality of the rate of input to PCBs to the
sediments is remarkable and is presumably due to the
seasonality in input to the sea surface as well as to the
annual cycle of sedimentation. There are-several path-
ways by which PCBs are introduced into the sea, of
these the paint of ships {(Jensen et al., 1972} is likely to
be of importance in the Kiel Bight as it is situated on a
major international shipping route. During the sum-
mer, the number of vessels increases considerably, as
the Bight is a popular water sport resort. Although this
source is difficult to quantify, it is possible that this
seascnality in the recreation industry is one of the
factors influencing the input of PCBs to the sediments.

It is well known that organisms concentrate chlori-
nated hydrocarbons and progressively accumulate
them in their body tissue up the food chain (Olsson et
al., 1973; Sédergren, 1973; Parsons et al,, 1977}. The
marked seasonality of PCB input to sediments can thus
be attributed to the much higher activity of organisms
during the summer. Most of the organic matter pro-
duced by phytoplankton spring and autumn blooms
{(March/April and October, respectively) enters the
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benthic food web as a result of mass sedimentation of
cells. PCB input rates to sediments were low during
these periods in bath years. The pelagic food web
develops during late spring and reaches its greatest
complexity in late summer, The combination of high
production and low rates of sedimentation in the inter-
mediate period indicates that the organic matter is
utilized mainly within the water column. The large
number of filter feeders and the frequency with which
organic matter is recycled within the pelagic food web
(Smetacek, in preparation) would lead to the concen-
tration of persistent chlorinated hydrocarbons in par-
ticulate residues of the food web. This is a further
possible explanation for the seasonality of the
PCBs : dry weight ratios of the sedimenting material.

This seasonality in PCB input to the sediments of
Kiel Bight, whether related to the recreation industry,
or to cumulatory effects of the pelagic web in summer,
is likely to have an impact on the benthos because its
biomass reaches its maximum in summer (Arntz, 1971).
Thus, during the period of greatest food demand, the
concentration of PCBs per unit food is the highest for
the year.
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ABSTRACT

Copepod biomass, species composition and feeding have been compared
with the standing stock and production of phytoplankton in the upper
100 m from 3 stations in the region of the Antarctic Peninsula, The
3 stations, representative for the 3 ecological zones encountered in
this region in November/Qecember 1980, differed considerably in
biomass and composition of phytoplankton and zooplankton. In the
open waters of the Drake Passage, phytoplankton biomass was low
(v1-2 g € m-2) and that of the copepods high {0.77 ¢ C m- 2). Copepod
ingesticon was apgroxmmately 50% of daily primary production

(0.14 g C m-2 . In the region of the ice edge adjoining
Joinville Is1and phytoplankton biomass (~10 g € m=2) and production
{1.1 g C m-2 g-1 ) was high and biomass of zooplankton {(0.02 g C m-2)
low. Daily ingestion was only 0.6% of primary production. Feeding
activity of individual copepods at this station was much higher than
in the Drake Passage and small copepods dominated community
ingestion in contrast to large copepods in the open water region.
Diatoms dominated phytoplankton in both these regions, In the
Bransfield Strait Phaeocystis dominated phytoplankton and its
biomass and production Tevels were similar to those of the ice

edge. The copepod biomass (0.07 g £ m-2) and feeding activity were
low, possibly due to the unsuitability of Phaeocystis as copepod
food. In the regions of high phytoplankton biomass, sinking of cells
accounted for greater loss from the surface zone than grazing by
copepods, which is similar to findings reported from spring blooms
in shelf areas of the northern hemisphere,

INTRODUCTION

Phytoplankton in the sea are often grazed down by zooplankton
{Cushing, 1958; Menzel and Ryther, 1961; Hargrave and Geen, 1970;
Frost et al., 1983) but, particularly during diatom blooms in
shallower regions, sedimentation can cause a greater loss of
phytoplankton cells from the surface than grazing by zooplankton

65
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(Smetacek et al., 1978; Dagg et al., 1982; Walsh, 1983; Conover and
Mayzaud, in press; Smetacek, in press; Fransz and Gieskes, in
press). This has not yet been reported from the Southern Q(cean
although Biggs {1982) has suggested that utilization of phyto-
plankton by zaoplankton can be negligible during blooms in Antarctic
waters.

In this paper we present data on the phytoplankton/copepod
relationships from the upper 100 m obtained during the cruise of RV
“Meteor” to the Antarctic Peninsula in November/December 1980.
Phytoplankton biomass, composition and production, copepod standing
stock and feeding behaviour were studied on board at three stations.

MATERIALS AND METHODS

The three stations chasen for this study were fairly typical of the
three ecological zones found during the cruise (Fig. 1}. Details of

%ﬁmm ) & mm’:m % ?Tah';:yasra sop )
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Fig. 1. The Antarctic Peninsula region with the area
covered by RV "Meteor*, The locations, water depths and
sampling dates of the three stations are as follows:
St. 77: 62930'S, 57903'W, 910w, 1.12.1980.

97: 63004'S, 54053'W, 355 m, 6.12.1980.

143: 60044'S, 62916'W, 3774 m, 14.12.1980.
lones with similar phytoplankton composition and biomass
are indicated. Sediment trap deployments are marked with
triangles. The approximate border of the ice edge is
denoted by the dashed line.
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the cruise together with a preliminary report of the results have
been summarized by Zeitzschel and Zenk (1981).

Water samples were collected with Niskin bottles from 6 light
depths within the euphotic zone down to 0.1% of incident light
determined with an in situ radiometer (Haardt and Maassen, 1981) and
from 6 further depths below. Chlorophyll a and particulate organic
carbon {POC) were measured on GF/C filters spectrophotometrically
and with a CHN Analyzer {Hewlett Packard 185B) respectively, In
addition, vertical profiles of chlorophyll fluorescence were
recorded with an in situ fluoremeter (Haardt and Maassen, 1981).
Simulated in situ incubation (4 h, under natural light conditions)
was employed for primary production measurements {14C-method).
Phytopltankton species composition was quantitatively analysed under
an inverted microscope. Free-drifting sediment traps (Kiel funnel
{Zeitzschel et al., 1978)) were deployed at 100 m depth on 6
occasions within the Bransfield Strait (Fig. 1} to assess vertical
fiux of settling particles,

Zooplankton was sampled by vertical hauls with a Nansen closing
net {mesh size 200 pm) and preserved with buffered formalin (end
concentration 4%), Copepods for feeding experiments were collected
only from the upper 100 m and the animals sorted into species, sexes
and stages immediately. Experiments were carried out with the
following categories: adult females and copepodite stage ¥V of the
large copepods according to species; copepodite stages I-IV of large
species combined; adults and copepodite stages IV-V of small
copepods .,

For the feeding experiments, seawater was collected in the upper
100 m with Niskin bottles, screened through 200 pm to remove
mesozooplankton and thoroughly mixed in a 50 1 polyethylene carboy.
The natural phytoplankton suspension was transferred from the carboy
into experimental 5 1 bottles to which copepods were added,
Densities ranged between 33 and 150 copepods per bottle depending on
their size. One bottle per experiment served as control (i.e.
without copepods). A1l bottles were stoppered with a silicon plug
and the water within the bottles was circulated with a peristaltic
pump at 200 m1 hr-l, Pump inlets and outlets were protected with a
200 pm mesh sieve, The experiments were run at 00C in dim light for
8 to 9.5 hours,

For phytoplankton identification and counts, initial and final
subsamples of 200 ml1 were taken and preserved with Lugol's
solution. The phytoplankton, including the nanoflagellates, was
counted under an inverted microscope (Utermohl, 1958). Cell size and
volume were measured and converted to carbon according to Strathmann
(1967). Mean cell concentration, filtration and ingestion rates were
calculated after Frost (1972). After the experiments, the contents
of the experimental bottles were concentrated with a 55 pm sieve.
Copepods and faecal pellets were picked out by pipette. The faecal
pellets and half the copepods were immediately deep-frozen for
determination of dry weight and carbon. The remaining half was
preserved with formalin for later species verification. Assimilation
efficiency was estimated from the ratio of dry weight to ash-free
dry weight in food and faecal pellets {Conover, 1966).

Copepod respiration was measured by the Winkler method in 100 ml
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bottles, Five to ten large copepods or 10 to 20 small copepods were
pipetted into 2 1 1 bottle containing filtered (0.2 pm) and oxygen
saturated seawater, One bottle without copepods served as control.
All bottles were kept at 00C for 3-4 hours. The respiration rates
were calculated from the difference between dissolved oxygen in the
control and in the experimental bottles measured at the beginning
and at the end of each experiment, For converting oxygen consumption
to carbon utilization, a respiratory quotient of 0.9 was assumed
(Dagg et al., 1982).

Growth can be expressed as
G=AR -T,

where A is the assimilation efficiency of food, R the food consumed
and T the food used for metabolism, i.e, growth is assumed to be the
difference between carbon assimilated and the amount of carbon
respired. Estimations of copepod community feeding are based on the
results obtained for each copepod species or group studied,
multiplied by their observed density.

RESULTS

Three distinct ecological zones, characterized by biomass and
species composition of the phytoplankton, were encountered during
this cruise. In the open waters of the Drake Passage, biomass and
production were low and the diatom genera Corethron and Chaetoceros
dominated the crop although nanoflagellates were also of import-
ance. Station 148 is fairly typical for this zone, Phytoplankton
biomass was much higher within the Bransfield Strait,and in the
central region, large gelatinous colonies of Phaeocystis dominated,
particularly in the upper 20 m, Individual swarmers of Phaeocystis
were also important. Mixed diatoms, chiefly represented by the genus
Thalassiosira, also contributed substantially to biomass. It was not
possible to quantitatively collect zooplankton in the middle of this
zone because of Phaeocystis clogging the net. Further, the copepods
separated from such net collections could not be used for feeding
experiments because of Phaeocystis fragments adhering to their
appendages. Station 77, situated on the southern border of this
zone, was therefore selected, as the Phaeocystis concentration here
was less than in the middle of the Bransfield Strait. The third
zone, represented by station 97 located at the ice edge in the
region of Joinville Island, also had high phytoptankton
concentrations and high production. Severeal species of the diatom
genus Thalassiosira contributed the bulk of the phytoplankton crop
there,

Chlorophy1i a concentration and primary production differed
greatly between station 148 and the other two stations (Fig. 2). The
much higher POC/chlorophyll a ratio at station 148 than at the other
two, suggested that a proportionally greater percentage of POC
consisted of detritus at this station. This was confirmed by
microscopic examination. The depth distribution of POC and
chlorophyll at the 3 stations is fairly_homogeneous. At all
stations, assimilation numbers (mg C m-3.mg Chl am3d h-1) were
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Fig. 2. Vertical distribution of particulate organic
carbon (POC), chlorophyll a (chl. a) and primary
production in the upper 100 m on the 3 stations. (Dashed
line represents euphotic zone).

fairly low (<1). Nutrient concentrations were very high at al
stations,

At stations 77 and 97, standing stocks of copepods in the upper
100 m were very low in contrast to station 148 (Table 1). With a few
minor exceptions, the biomass of adults and copepodids was highest
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TABLE 1. Standing stock of the major copepods

at the 3 stations in the upper 100 m {mg C m=2)
listed under 3 groups: small copepods, copepodite
stages I-I¥ and large adult females plus copepodite
stage V.

Stat. 77 Stat. 97 Stat, 148

1 Small copepods

Microcalanus D.15 - 16.41
Ctenocalanus 0.10 1.47 21.75
Stephus 0.1¢ 0.86 -
Subtotal I 0.35 2.33 38.16
I1 Copepodite stages I-1IV
M. gerlachei 7.8% 4.69 -
E acutus - 1.77 313.44
R. gigas - - 27.26
Subtotal ]I 7.89 6.46 340.70
I11 Large adult females and copepodite stage V
C. acutus 1.37 0.75 175.10
M. gerTachei 36.71 6.57 6.20
T. propinquus 0.92 2.97 7.04
R. gigas 14.29 0.92 199.75
Subtotal III 53.29 11.21 388.09
Grand total I+II+III 61.53 20,00 766.95

at station 148, with Calancides acutus adults and copepodids as well
as adult Rhincalanus gigas contributing the bulk of biomass,
Metridia gerlachei was the dominant species at station 77 and 97 in
contrast to station 148 where its biomass was insignificant compared
to the other copepods. Qf interest is the larger contribution of
copepodids to total biomass at statijon 148 (44%) in comparison to
stations 77 and 97 (13% and 32% respectively). In the following,
small copepods and their copepodids have not been further
differentiated.

Copepaods greatly dominated zooplankton biomass in the net hauls,
while various other zooplankton groups were also present (Table 2).
Meroplanktonic larvae were most common at station 97, closest to the
coast. Adult Euphausia superba {sampled with a Rectangular Midwater
Trawl net) were only recorded in small numbers in the vicinity of
station 77 although naupliar stages were found at station 77 and 97
and calyptopis stages of Thysanpessa at station 148, Large numbers
of euphausiid faeces were occasionally collected in the sediment
traps deployed in the Bransfield Strait indicating the presence of
small scattered swarms there,
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TABLE 2. Relative occurrence of other zooplankters
{xxx common, xx uncpmmon, x seldom, - absent),

Stat. 77 Stat. 97 Stat, 148

echinoderm larvae - XX

barnacle larvae x XXX

polychaete larvae XX XXX %X
ascidian larvae - AX -
juvenile euphausiids XX %X XXX
adult Euphausia superba X - -
pteropods X X %X
ostracods XXX X X
amphipods X - %
appendicularians X X -
small salps X X -
small medusae X x -
small siphonophores xX - XXX
chaetognaths XXX X XXX
fish larvae - X -
isopods X - -

The similarity between stations in terms of dry weight, carbon
content, C/N ratio and cephalothorax length of the copepods used in
the experiments is striking (Table 3).

The results of the feeding and respiration experiments have been
summarized in Table 4. At station 77, Phaeocystis colonies were
removed by pipette from the culture veSsels and the proffered food
consisted of centric diatoms Thalassiosira spp. (50%),
p-flagellates, mainly Phaeocystis swarmers (36%) and the diatoms
Biddulphia and Corethron {5% and 4% respectively) in terms of cell
tarbon. Correlations between filtration rates and mean concen-
trations of individual food items {Frost, 1972) were positively
significant at the 1% level in (. acutus, copepodids and small
copepods, at the 5% level in M, gerTachei and R, gigas, but not
significant in Calanus preopinquus {Spearman rank correlation,

Table 5).

At station 97, Thalassiosira spp. with cell diameters ranging
between 20 and 60 pm with a mean at 40 pm constituted 80% of the
proffered food., The remainder consisted of nanoflagellates {11%) and
pennate diatoms {type Nitzschia) {7%}. A positive significant
correlation between filtration rates and food concentration was
found at the 0Q.1% level in R. gigas, at the 1% level for the other
copepod species and groups excluding small copepods, where the
relationship was not significant (Table 5).

At station 148, the diatoms Corethron (42%) and Chaetoceros (26%)
constituted the bulk of the food supply. Small flagelTates and
pennate diatoms (type Nitzschia) followed with 15% and 9%
respectively, The relationship between food concentration and
filtration rates was significant in all cases at the 1% level except
;n M. gerlachei and R, gigas, where a 0.1% significance level was

ound.
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TABLE 3. Mean dry weight (DW), carbon content ((C),
carbon/nitrogen ratio (by weight) and the cephalothorax
length (mm} and standard deviation of the copepods at the
3 stations.
oW {ug) C (ug) C/N Cephalo-
thorax
length {mm)
Stat, 77
Small copepods 15% 2.5 7 1.6 4.1£0.5 0.7%0.07
Copepodids 160%25.8 82¢19.01 31.7%0.5 2.310.4
C. acutus 288110.6 133f 6.1 4.9%0,19 3.5%0.12
M. gerTachei l62t12.1 162£11.0 4,0%0.1 2.5%0.18
C. propinquus 457124.1 230422.7 4,310.23 4.50.27
E. g1gas 1097%27.0 503t]12.6 4.110.35 6.0%0.15
Stat. 97
Small copepods 13t 2.1 6t 1.2 4.3%0.4 0.6%0.13
Copepodids 204t 9.4 99t 9.0 4.710.2 2.4%0.16
%. acutus 304112.6 141t 3.2 4.9%0.31 3.410.15
M. gerlachei 341+15.7 161213.0 4.010.08 2.5%0.19
€. propinguus 4441241 209+14.9 4.330.17 4.610.12
R. gigas 1112165.3 511%14.0 4.0%0.39 6.1%0.14
Stat. 148
$mall copepods 17+ 1.4 8t 1.0 4.4%0,2 0.9+0.1
Copepodids 148 8.2 69t 5.0 4.,910.13 2.2%0.09
C. acutus 293t11.6 135t 6.0 5.0£0.14 3.640.1
M. gerlachei 340%34.2 159+20.3 4.1%0.18 2.6%0.19
T. propinquus 439414.6 220%19.2 4,510,156 4.6%0.14
R. gigas 1084115.2 492+£13.3 4.2+0.22 6.010.3

The copepod population at station 97 was much more active than at
the other stations {Table 4), as they had the highest filtration,
ingestion, assimilation, respiration as well as growth rates. This
applied to all species and groups. At all stations, highest
respiration rates were found in the largest species, R. gigas,
although feeding and assimilation rates were in the same range as
for the other copepods. The exceptionally high growth efficiencies

in small copepods are difficult to explain.

The total amounts ingested by the copepod population (for 100 m

depth) at stations 77 and 97 (5.45 and 6.44 mg C m-24~!
by an order of magnitude than at station 148 (77.2 mg C

) @%ge lower

m-2d=1)

(Table 6). At station 77, M. gerlachei accounted for 72% of
community ingestion, whereas small copepods were the main feeders in



Results of the feeding and respiration experiments per copepod and day.

TABLE 4.
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TABLE 5. Rank-Correlation coefficient (r*s) hetween filtration rates and food concentrations.

Small Cops Copepedids  C. acutus M. gerlachei C. propinguus R. gigas
Station 77 0.752** 0.785%* 0.733** D.576™ 0.382 0.564*
Station 97 0.657 0.886** 0.943** 0.886%* 0.886** 0.990G***
Station 148 0.738* 0.833** 0.883** 0.967%** 0.833** 0.9 wx=

PL

*, *x*x_ w4x  cignificance levels 5%, 1% and 0.1% respectively.
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TABLE 6. Amounts ingested (mng'zd'1) by the various species and groups in the 100 m water
column and their percentage contribution to total ingestion and contribution of species or
group to total copepod biomass in percent.

Stat. 77 Stat. 97 Stat. 148

TS5 E g I35 E g Rl ERl S
Qo O o Qo [F= 7=y wv o Q0o G o W O oo
Yo = M =k =) OO0 C [ =3 -n M T [ = -

Y 1 wn o 2w 3 W o I wn D w Y
i adind [n i d vt o+t I+ ot o+ " et Icr ot or o+ v o
(% 4] -0 [T - [aS1y] — [T -] [N ] - 0 wvi O
[« =W O [nd [~ A= O -t [=EgaW (= s T+
L 3 ja L s e s A =5 2
Small copepods 0.30 5.5 0.6 3.85 59.8 11.6 21.47 27.8 5.0
Copepodids 0.75 13.7 12.8 0.97 15.1 32.3 37.04 48.0 44 .4
C. acutus 0.07 1.3 2.2 0.12 1.9 3.7 12.32 16.0 22.8
M, gerlachei 3.92 71.8 59.7 1.06 16.4 32.9 0.40 0.5 0.8
C. propinquus 0,07 1.3 1.5 0.39 6.1 14.8 0.37 0.5 0,9
R. gigas 0.35 6.4 23.2 0.05 0.8 4.6 5.60 7.2 26.0
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TABLE 7. Potential feod concentration {chlorophyll a =
Chl a), particulate organic carbon {POC), primary —
preduction (Pr.Pr.}, copepod biomass {CB), ingestion rate
{IR) and copepod production (CP) integrated for the 100 m
water column,

Station Chl a POC Pr.pr. CB IR cp
mg m-2  gm-2 mgl m-2d-1 mgC m-2 mgC m-2d-1

77 284 18.5 550 62 5.5 3.1

97 355 19.8 1120 20 6.4 4.0

148 44 21.1 140 7167 717.2 15.3

station 97 (60%); the latter figure is surprising, as small copepods
contributed only 12% to total biomass. At station 148, copepodids
accounted for 48% of community ingestion, At all stations, R. gigas
contributed substantially less to community ingestion than to
community biomass.

In Tables 7 and 8 copepod biomass, ingestion, production, and
P/B ratios have been lumped together in order to demonstrate the
relationship between potential food (detritus has not been con-
sidered) and copepod grazing pressure. AS no direct estimates of
phytoplankton biomass are available, these have been roughly
calculated from chlorophyll concentrations., A phytoplankton carbon/
chlorophyll ratio of 30 - obtained from diatom populations growing
under nutrient-rich but light-poor conditions (Smetacek and
Hendrikson, 1979) - has been employed to gain a rough estimate of
biomass., The differences between phytoplankton/copepod biomass
ratios, percentage ingestion of primary production and daily copepod
production/biomass ratios from stations 77 and 97 as compared to
station 148 are striking (Table 8). Their percentage of primary
production lost by sinking from the 100 m water column has been
calculated from the mean of 6 sediment trap deployments and 13
measurements of primary production in the region of stations 77 and
97. A mean of 0.54 g C m-2c¢-1 {range 0.01-1.4 g € m-2d-1) was
collected by the trags and mean primary production for the region
was 0.83%0.43 g C m~2d-l (n=13). The material collected by the traps

TABLE 8, Ratios of phytoplankton/copepod biomass {PP/CB},
percentage ingestion of primary production (% IR of
Pr.Pr.), daily copepod productien/biomass (Cop. P/B)
ratios and percentage sedimentation of primary production
(£ sed. of Pr.Pr.} of the 100 m water column,

Station PP/CB % IR of Pr.Pr. Cop. P/B % sed. of Pr.Pr,
77 137:1 1.1% 0.05 64%

97 533:1 0.6% 0.20 64%
148 1.7:1 55.0% 0.02 -
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consisted either of Thalassiosira chains with resting spores or
euphausiid faecal pelTets. Amorphous detritus and large unidentified
pellets were also significant but whole copepod pellets were rare,
This average value for the Bransfield Strait and ice edge indicates
that sinking out of organic carbon from the upper 100 m is several
orders of magnitude higher than copepod ingestion, Unfortunately, no
comparable sedimentation data are available from the region of
station 148.

DISCUSSION

Large, comparatively ungrazed spring blooms have been described from
many inshore and coastal areas in the northern hemisphere (Taguchi
and Fukushi, 1975; Conover and Mayzaud, in press; Fransz and
Gieskes, in press). Sediment trap deployments in the Baltic Sea have
shown that a significant portion of the ungrazed phytoplankton sinks
out of the surface layer (Smetacek et al., 1978; Smetacek, 1980)

and Fransz and Gieskes (in press) provide evidence to show that the
same also occurs in the North Sea. Dagg et al. {1982} found that a
large portion of the spring bloom sank out in the coastal and mid
shelf region of the Bering Sea.

&lexander and Niebauer (1981) reported a similar fate for the
spring phytoplankton bloom in the Bering Sea ice edge. Walsh (1983)
has postulated that sedimentation is the usual fate of diatom blooms
on the continental shelves, whether related to upwelling or spring
blooms. Qur observations suggest that this also applies to the
phytoplankton of the Antarctic continental shelf. However, more
information will be required before this suggestion can be
confirmed.

In the deeper waters of the puter shelf region of the Bering Sea
and in the open North Pacific, however, zooplankton grazing has been
reported te be the primary factor regulating phytoplankton biomass
(Dagg et al., 1982; Frost et al., 1983). Copepod grazing at station
148 in the open, deep water of the Drake Passage accounted for 55%
of daily primary production, Unfortunately, sedimentation was not
recorded here and further, it is not known whether this is the usual
situation in this region.

There appears to be a relationship between water depth and
zooplankton grazing pressure on the spring bloom, presumably a
function of the size of the gverwintering copepod population that
commences feeding during bloom development. Thus, the persistently
low phytoplankton biomass and high nutrient content of the open
temperate and sub-arctic North Pacific has been attributed to heavy
grazing by the large overwintering populations of the large copepods
Neocalanus cristatus and N. plumchrus, which prevents the rapid
build-up of diatom biomass characteristic of the spring blooms of
all shallow temperate and sub-arctic regions and the North Atlantic
in general (Parsons et al., 1967; Frost et al,, 1983).

The poor utilization of the North AtYantic spring bloom by
zooplankton (Colebrook, 1982) in contrast to that of the North
Pacific, is possibly due ta the fundamentally differing circulation
patterns of the two oceans, The North Pacific overwintering
populations are retained in the same region and are hence more
likely to be in balance with their potential food supply in contrast

/(; ( hfir* ‘\\\
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to their North Atlantic counterparts. Circulation in the Antarctic
is dominated by circumpolar currents; the productive regions
{Antarctic Peninsula, Ross Sea area) constitute patches within this
generally oligotrophic environment. The overwintering strategies of
Antarctic copepods relative to regional hydrography and their patchy
food supply are not well known,

At station 77 a large population (2.5 g C m-2) of Metridia

erlachei was present below 100 m with its maximum between 150-500
m. These copepods were actively feeding as evident by presence of
food - mostly diatoems - in their guts. Further, most males had
developed spermatophores. We do not know whether the animals had
left the surface to avoid the gelatinous Phaeocystis colonies and
were feeding at depth on sinking diatem cells, or whether they were
actively migrating between surface and deeper layers. The genus
Metridia is known to be an active vertical migrator {Hardy and
Gunther, 1935). However, at station 97 there was no similar maximum
at depth and the sparce copepod population down to 300 m., The deeper
living copepods, in striking contrast to those in the upper 100 m,
were lethargic in their movements and might well have represented an
overwintering population. In contrast, the copepod maximum at
station 148 was located in the upper layer with a very small
population between 150-400 m.

The larger Antarctic copepods have low feeding rates similar to
those of the large copepods (N. cristatus, N. plumchrus) of the
North Pacific {Ikeda, 1971; Taguchi and [shii, 157Z2). Thus,
Rhincalanus gigas (0.5 mg C/ind.} ingested 2-6% of body carbon per
day and N. cristatus (0.7 mg (/ind.) was found to ingest 5-8.4%; the
range for intermediate Antarctic species {Calanus acutus, M.
gerlachei, C. propinquus: 0.1-0.2 mg C/ind.) was between 5 and 16%
whereas N. plumchrus (0.1 mg C/ind.) of the North Pacific ingested
6-7% of body carbon., However, the North Atlantic C. finmarchicus
(0.1 mg C/ind.} has been found to have much higher ingestion rates
(35-40%, Gamble, 1978). To what extent these differences in feeding
behaviour reflect differences in developmental stages in the animals
is undecided. The much higher feeding activity of all copepods at
station 97 in comparison to the other stations demonstrates the
variability in activity, although the similarity in size and weight
of the copepods at all stations is indeed striking and differences
in behaviour difficult to explain in this light.

Food quality might be another explanation for regional
differences in feeding activity. Thus, the large spiny Corethron and
Chaetoceros characteristic of station 148 are reported not to be
relished by copepods (Parsons et al., 1967; Hargrave and Geen, 1970)
although Marshall and Orr {1955) and Schnack (1979) reported heavy
feeding on Chaetoceros. Similarly, Dagg et al. (1982) and Schnack
(1983) reported poor feeding of capepods on Phaeocystis in the
Bering Sea and the Antarctic respectively, whereas Weisse (1933)
found reasgnable feeding on this alga by small copepods in the North
Sea. We feel that the heavy feeding at station 97 was related to the
high concentration and suitability of Thalassiosira as copepod
food, The ten times higher P/B ratio at this stafion indicates that
an initial phase of heavy feeding was in progress here, The large
Phaegcystis population at station 77 probably inhibited feeding by
the copepods there. At station 148, feeding rate of the copepods was
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possibly geared ta the low food concentration ensuring optimum
utilization of the available crop. The comparatively high detritus
leveis at this station together with the large copepodid population
indicate that growth had progressed for several weeks prior to the
sampling date and that balance between phytoplankton growth and
copepod feeding had been achieved here in contrast to the staticns
closer to the ice edge.
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