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ANNUAL CYCLE OF SEDIMENTATION 
IN RELATION TO PLANKTON ECOLOGY 

IN WESTERN KIEL BIGHT• 
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ABSTRACT 

The annual cycle of sedimcntarion in Kiel Bight is described from data collected over 3 years with 
mulnsamplc sediment rraps. Settling matter was collected from 2 depths (15 and 18 m) in a 20 m 
water column at 2-4 day intervals. The pattern of sedimentation was ahkc each year, although 
considerable differences in the quanury collected were present. Resuspended sediment and primary 
settling matter originating from the pelagic system (phytoplankton cells, detritus) were the main 
contributors to the particulate material collected by the traps. High sedimentation rates from 
November to March were due to resuspended sediment. The composition of this material differed 
from that of bulk surface sediment due to the selective effect of water movement during rcsuspen· 
sion. Peaks an sedimentation of primary material were observed in spring and autumn when the 
pelagic food web is poorly developed. From May to August sedimentation rates were low although 
this 1s the period of high primary production with large standing stocks of plankton. Apparently, 
organ ic substance produced here is consumed within the pelagic food web, as herbivore and cami· 
vo re populauons arc well developed and turnover nmc of particles 1s short. Sedimentation rates of 
primary material are estimated to be in the range of 50-65 g C · m- 2 

• yr- 1
, but m realiry yea r to 

year differences arc probably greater than indicated by this range. 

INTRODUCTION 

Sedimentation of organic particles is the main energy link from the pelagic to 
the benthic biota in the sea. The annual cycle of the particulate flux will depend 
on that of the pelagic system and will, in turn, profoundly influence the benthos. 
Monitoring this sedimentation cycle is, therefore, of primary importance for 
marine ecosystem studies. · 

This paper is a brief description of the annual sedimentation cycle at a fixed 
station in Kiel Bight, based on continuous sediment trap data from 3 consecu· 
tive years. This investigation is part of an interdisciplinary programme called 

• Contr. No. 257 of the Joint Research Programme 95 (SFB 95), Kiel Univcrs1ry. 
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'Sonderforschungsbereich 95' of Kiel University studying the interaction be
tween the sea and the bottom. Much of the biological work within this pro
gramme, including the present research, is or was carried out in the 'Hausgar
ten'. This is a demarcated area situated at the entrance of Eckernforde Bay and 
about a nautical mile from the coast at Boknis Eck. The sediment traps were 
anchored in 20 m water depth, which is about the average depth of Kiel Bight. 
In the 'Hausgarten' and adjacent areas, sediments are sand down to 17 m, fine 
sand between 17 and 23 m, and mud the deeper pans (Wefer et al. 1974). A 
relatively narrow channel with depths between 20-28 m runs in a N/S direction 
skirting the lower edge of the 'Hausgarten' from where it bends into Eckern
forde Bay in a NW/SE curve. This channel, which ends in the Eckernforde Bay, 
is part of a more extensive system interconnecting the deeper Kiel Bight basins 
with the Great Belt. Water below 20 m is intermittently anoxic during summer. 

Krug (1963), v. Bodungen (1975) and Lenz (1977a) have described the hy
drography of Kiel Bight. They have shown that the SW corner of the Bight- the 
location of the 'Hausgarten' - is situated well off the major path of water 
exchange between the Baltic and the North Seas. Hence the residence time of 
water is longer here than in most other parts of the Belt Sea, and this makes the 
site one of the most suitable for monitoring autochthonous pelagic processes. 

MATERIALS AND METHODS 

Two multisample sediment traps were suspended 15 m and 18 m below the 
surface at a water depth of 20 m. The trap consists of a PVC funnel (maximum 
diameter 40 cm, length 64 cm) covered by a PVC lid with an opening of 20 cm 
in diameter. The opening is fined with a baffle. This arrangement has been 
specifically designed to lessen turbulence at the opening and to counteract 
resuspension of sediment already collected in the trap. It is possible to collect up 
to 8 successive samples at predetermined time limits from this trap, which has 
been described in detail by Zeitzschel et al. (1978). During 1976 the intervals of 
exposure of the individual glasses were set at 2 days and increased to 4 there
after. Material collected in the glasses was preserved by adding a drop of 
chloroform to each glass beforehand. 

The material collected in each glass was strained through 300 µ.m gauze to 
remove larger zooplankton and then suspended in a known volume of filtered 
sea water. Subsamples for the analyses described below were pipetted from this 
suspension, kept homogeneous by agitation. 

Dry weight (DW) of particles < 300 µ.m was determined on precombusted 
glass fibre filters (Whatman GF/C) which were then treated with dilute HCI to 
remove carbonate and the particulate organic carbon (POC) and nitrogen (PON) 
content measured in a CHN analyzer (Hewlett Packard, 185 B). 
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Chlorophyll-a and pheopigment analyses were carried out as recommended 
by UNESCO (1966) on homogenized samples. Spectrophotometric equations 
given by Lorenzen (1967) were used for calculating chlorophyll and pheopig
ment. Both values were added together and are referred to as chlorophyll-a 
equivalents (Chl.-a equiv.) below. This step was necessary because chloroform 
degrades chlorophyll to pheopigment. 

I would like to thank the other members of the plankton team SFB 95 for their help, particularly 
~1argit Karl who painstakingly carried out the analyses and drew the figures and Louis Uhlmann 
·who constructed the traps and serviced them at sea. Captain Ohl and the crew of the RV 'Littorina' 
are also thanked. The research was funded by the Deutsche Forschungsgemeinschaft. 

RESULTS 

Fig. 1 a shows the seasonal variation of material, expressed as dry weight, 
collected by the two traps from November 1975 to December 1976. Highest 
values were recorded in winter, although there is considerable variation be
tween sampling periods. Lowest values were found during May-June. The or
ganic carbon (POC) and chlorophyll-a equivalent (chl.-a equiv.) content of the 
collected material as well as the ratios organic carbon percentage of dry weight 
(C % of DW), organic carbon to nitrogen (C: N) and C: Chl.-a equiv. are given 
in Figs 1 b, c and Fig. 2a-c, respectively. 

The lower trap generally collected more material than the trap 3 m higher up, 
although the composition of this material, as indicated from ratios in Fig. 2, 
was basically the same. Thus, in both traps the C % of DW was significantly 
lower in winter than in summer as was also the C: Chl.-a equiv. ratio. Much 
less variation was present in C: N ratios although here also, the highest values 
were present in the summer months. 

The following main events in the cycle of sedimentation can be ascertained 
from a comparison of Figs 1 and 2. Great variation in sedimentation rates 
occurred during winter, with relatively high values occurring particularly in 
February. This material contained less than 10 % organic C with C: N ratios 
below 10: 1 and C: Chl.-a equiv. ratios at around 100: 1. 

A decline in sedimentation during end-February is followed by a distinct 
peak in sedimentation rates during March. This material has a slightly higher C 
content than winter material, and C: N ratios remained basically the same. 
However, C: Chl.-a equiv. are lowest for the year, indicating the presence of 
relatively fresh plant material. 

The March peak in sedimentation is followed by a smaller peak in mid-April, 
the material being fairly similar in composition to the former. Thereafter, very 
little material sedimented during May and June and its C % of DW frequently 
increased to well above 10 %. The C: N and C: Chl.-a equiv. ratios increased 
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FIG. 1. Seasonal cycle of sedimenred maner collected by the traps at 15 m (above) and 18 m 
(below); a) dry weight b) organic carbon and c) chlorophyll-a equivalent (chlorophyll+ pheo

pigment-a). 
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FIG. 2. Seasonal cycle in ratios of some properties of sedimented matter from traps. a) Carbon 
content of dry weight in percent. b) Organic carbon to nitrogen ratio (C: N by weight). c) Organic 

carbon to chlorophyll-a equivalent (C: chl.-a equiv.). 
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significantly until mid-August. However, during July/August sedimentation 
rates increased somewhat and there was a distinct corresponding decline in the 
ratios C % of DW and C: Chl.-a equiv .. Variation in composition of the material 
as reflected in the 3 ratios was greatest from May-August. High sedimentation 
rates were recorded in early September, mid-October and late October-early 
November. This material was somewhat similar to that collected in spring, in as 
much as that although C % of DW was low, so were the ratios C: N and C: Chl.-a 
equiv .. The last peak was present during the second half of December as shown 
from the 15 m trap; no data were collected at 18 m during this period. 

Sedimentation patterns recorded during 1977 and 1978 were basically similar 
to the one described here. However, there were considerable differences in the 
quantities collected. This can be seen from Table 1. Data from the plankton 
growth season, which extends from March to mid-November, have been given 
separately from winter data. 

TABLE 1. Amounts collecred by traps during the plankton growth season (March to mid-No,.·em-
ber) and in winter {mid-November to February) for the years 1976-1978. Values in brackets are 
corrected for periods when trap at that depth was not in use. Correction was carried out by adding 

corresponding value from the trap in use, as at least one trap was always used. 

Dry weight O,g. C Org. N Chl.-a equiv. 
Period Trap depth g. m-2 g· m-2 g· m-2 g. m-2 

1 Mar.-15 Nov. 
1976 !5 m 524 (538) 43 (45) 5.3 (5.5) 0.53 (0.55) 
1976 18 m 791 (827) 53 (55) 6.7 (7.0) 0.55 (0.57) 
1977 15 m 303 (380) 25 (26) 3.0 (3.2) 0.37 (0.38) 
1977 18 m 264 (286) 22 (24) 2.4 (2.6) 0.41 (0.42) 
1978 15 m 369 (872) 25 (33) 3.0 (3.9) 0.26 (0.41) 
1978 18 m 664(1010) 30 (41) 3.4 (4.7) 0.26 (0.45) 

15 Nov.-28 Feb. 
1975/76 18 m 1014(1023) 51 (52) 6.0 (6.1) 0.36 (0.37) 
1976/77 15 m 340 (347) 14 (15) 2.0 (2.0) 0.18 (0.18) 
1976/77 18 m 347 (531) 14 (21) 1.8 (2.8) 0.11 (0.22) 
1977/78 15 m 1312(1312) 55 (55) 6.0 (6.0) 0.29 (0.29) 
1977/78 18 m 808(1669) 37 (68) 3.8 (7.2) 0.19 (0.35) 



ANNUAL CYCLE OF SEDIMENTATION 71 

DISCUSSION 

Results of experimental work have shown that the quantity of particles de
posited into a sediment trap is dependent on a variety of factors pertaining to 
shape and environment of the trap (Gardner 1977, Staresinic et al. 1977). The 
sampling efficiency of the traps used in the present study has been discussed in 
detail, on the basis of field data, by Smetacek et al. (1978). These authors 
conclude that variations in quantity and quality of material collected by the 
traps are primarily the results of temporal sequences in the vertical flux of 
particles, although these traps tend to underestimate actual sedimentation rates. 

The aim of the present study was to monitor the qualitive and quantitive flux 
of particles from the pelagic environment to the sediments over a period of 
several years. In shallow coastal ecosystems, such as Kiel Bight, a major difficul
ty for this type of investigation is posed by the widely different sources of the 
material collected by sediment traps. Thus, they can be of terrestrial or marine 
origin. In Kiel Bight, because of little land run-off (river discharge) and a humid 
climate (little dust), the former source can be disregarded (Lenz 1977b). This is 
also demonstrated by the consistently low C: N ratios recorded in trap material. 
Further, the organic content of the material (C % of DW) is much lower in areas 
,vhere terrestrial input is important. Data collected from such an environment 
showed a difference of an order of magnitude to data presented here (Platt 1979). 

Pafticles of marine origin can be split into two broad categories. One encom
passes those settling for the first time (=primary settling material), and the 
other includes those coming from resuspended material, and which here were 
collected by the traps while in the process of resettling on the sediment surface. 
The primary settling material can be of pelagic or benthic origin. Resettling 
material, largely detritus originating directly from macrophytes, can be im
portant in certain coastal localities (Webster et al. 1975). However, this mate
rial has high C/N ratios (well above 10) and as C/N ratios in the present study 
were consistently low, this source of settling material was presumably not of 
great importance. The contribution of resuspended material to the contents of 
sediment trap glasses can only be estimated indirectly, and this is attempted 
below. 

In winter, when primary production is at its lowest, the contribution of 
resuspended sediment to trap material can be expected to be highest. That 
winter sedimentation rates are the highest for the year must be due to a major 
difference in resuspension rates between the winter and the rest of the year. The 
generally uniform density of the water column and the frequency of storms 
during the winter months support this assumption. Further, C % of DW was 
significantly lower in winter material, which also is an indication of its sedimen
tary origin. The few very high sedimentation values during this period can be 
attributed to the effect of individual storms. Zeitzschel (1965) and Platt (1979) 
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have demonstrated a relationship between wind speed and sedimentation rate. 
The 'Hausgarten' is only sheltered to the West by the coast and is exposed to 
wind and wave action from all other directions; easterly storms (East is the pre
vailing wind direction in winter), can induce waves up to 2 m high. In summer, 
storms occur rarely and winds blow largely from the West. This possibly ex
plains the lesser importance of resuspended sediment in trap material during 
this season. 

Steele & Baird (1972) and Platt (1979) tried to estimate the contribution of 
resuspended sediment to matter collected in similar traps in several depths of 
the water column. These authors observed a marked increase in material in 
traps close to the bottom, and they therefore estimated primary sedimentation 
by extrapolating linearly from results obtained from upper traps. Gardner 
(1977) found an interrelationship between current speed and amount collected 
by a given trap; as current speeds generally decrease close to the bottom, it is 
likely that this effect will also influence primary sedimentation as demonstrated 
by Smetacek et al. (1978) for a diatom bloom. 

In the present investigation the upper trap collected, on an average, only 
slightly less material than the lower trap, and individual values were often 
higher in the upper trap. Almost throughout, the sedimentation pattern recorded 
was common to both traps. Thus, resuspended sediment collected by the traps 
was largely material whirled high up into the water column. Particle selection 
according to size and weight will take place during this process and the chemical 
composition of such resuspended material will differ from that of the bulk 
sediment surface. This has been discussed by Smetacek & Hendrikson (1979) 
who attributed the unusually low C: N ratio of winter suspended particulates to 
this effect. The possible influence of ammonia adsorbed on clay particles in 
depressing C: N ratios (Rosenfeld 1979) can be shown to be negligible here. 
Also the relatively low C: Chl.-a equiv. ratios of this material indicates its 
phytodetrital origin. It is possible that particles originating from the last plank
ton blooms of the year retain their identity for months because of retarded 
biological activity. These particles would be resuspended time and again till 
their eventual breakdown. Measurements of turnover times of suspended or· 
ganic particulates show these rates to differ widely between summer and winter 
(Hendrikson 1976), This difference in breakdown rates could explain the ap
parent discrepancy in composition of summer and winter material in the traps: 
Taking C % of DW as an indication of resuspended sediment contribution, data 
for 3 successive years show highest C: N and C: Chl.-a equiv. ratios during the 
period when the contribution of primary material relative to total amount is 
also highest, viz. during summer. This is surprising as one would expect primary 
sedimenting material to be less degraded and hence with lower C: N and C: 
Chl.-a equiv. ratios than resuspended sediment. Hargrave & Taguchi (1978) 
found this latter situation to apply for Bedford Basin, where lowest C: N ratios 
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in sedimented material were found during summer stratification. The para· 
doxical situation in Kiel Bight can only be explained by the presence of con
siderable seasonal variation in the composition of primary material settling out 
of the water column. To elaborate on this, it is necessary to briefly describe the 
seasonal cycle of plankton production in Kiel Bight. The following description 
is based on an intensive investigation of the seasonal cycles of plankton at the 
'Hausgarten' carried out from 1972-1974 (v. Bodungen 1975, Smetacek 1975, 
v. Bodungen et al. 1975, Martens 1976, Brockel 1978, Smetacek & Hendrikson 
1979). 

The plankton growth season, which normally extends from March-Novem
ber, is initiated by very rapid build-up of phytoplankton biomass by mixed 
diatom species during the spring bloom. Because the pelagic food web response 
is slow much of the produced material is rapidly diverted to the benthic biota as 
indicated by the distinct sedimentation peaks in the spring of each year with a 
duration of about a week. The C: Chl.-a equiv. ratios of this material are 
amongst the lowest for the year indicating a high percentage of primary phyto
plankton material. The lack of a significant increase in C % of DW can be 
attributed to an increased input of diatom frustules, as shown by microscopic 
inspection of the material. 

The increase in zooplankton in late spring is concomitant with a decline in 
sedimentation rates, and during the summer, which is characterised by high 
phytoplankton production and large zooplankton stocks, sedimentation rates 
are the lowest for the year. Particularly in May/June, when herbivore stocks 
reach their first maximum (Smetacek 1975) the amount of settling particles was 
at its annual minimum in 3 consecutive years. As mentioned above, the quality 
of this material (highest C: N and C: Chl.-a equiv. ratios were recorded in sum
mer) indicates that it has undergone a greater degree of degradation than either 
the primary matter settling during the spring bloom or even resuspended sedi
ment collected in winter. 

Microscopic examination of the material collected during May/June showed 
it to consist largely of amorphous detritus, although whole and broken faecal 
pellets of zooplankton were also present. Results based on counts of faecal 
pellets suspended in the water column indicate that zooplankton grazing and 
the accompanying production of faecal pellets does not necessarily enhance 
sedimentation rates as is widely believed, because the pellets apparently largely 
are broken down in the water column (Smetacek unpubl.). Sediment trap re
sults, though not as reliable as those from the water column, support this as
sumption. 

The occasional peaks in sedimentation rates, generally of material with lower 
C: Chl.-a equiv. ratios, are in all likelihood due to summer phytoplankton 
blooms that are initiated by irregular input of nutrient salts from the sediments 
(v. Bodungen et al. 1976). Such a rapid increase in phytoplankton biomass will 
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lead to an imbalance within the system and the 'excess' plant material eventually 
settles out in a similar fashion to the spring bloom. However, resuspended 
sediment can also be responsible for some of these increases in sedimentation 
rates. 

Zooplankton biomass declines in late summer and in October there is a 
bloom of large dinoflagellates (mostly Ceratium sp.) followed by diatoms. Phy
toplankton of this bloom also appears to sink out of the water column each 
year. This was reflected in increasing sedimentation and decreasing C: Chl.-a 
equiv. ratios in October and early November. The composition of autumnal 
sedimenting matter is quite similar to that collected in spring. Thereafter, No
vember storms break the stratification in the water column down and the input 
of resuspended sediment to trap material increases dramatically. 

In an earlier study, Zeitzschel (1965) studied the seasonal cycle of sedimenta
tion in the vicinity of the present station, but at a greater water depth (26 m, 
trap 1 m above the bottom). His results show the same pattern as observed in 
this study, i.e. phytoplankton maxima in spring and autumn, low sedimentation 
of largely degraded material in summer and considerable resuspension in win
ter. After rejecting values obviously due to resuspension, Zeitzschel (1965) 
calculated a yearly input of 40 g C · m- 2 

• yr- 1 to the sediments. This value is 
well within the range (22-61 g C · m-2 · yr- 1 ) found in this study. However, his 
trap - an inverted bottom-less bottle - was not only of a completely different 
shape, but it was also located in deeper water and closer to the bottom than in 
my study. A similarly shaped trap exposed at the site of this study during 1973 
collected much less material (v. Brockel 1975). Evidently, the multisample sedi
ment traps collect much more material under the same conditions than the 
inverted bottle type. Therefore, the good agreement between my data and those 
of Zeitzschel's is not necessarily an indication of their reliability. Resuspended 
sediment was at least part of the catch also during March-November, thus 
primary settlement into the traps was definitely lower than indicated by the 
present results. 

Data obtained from sediment traps, though useful in giving an impresssion of 
the sedimentation regime, should be approached with caution when making 
budgetary calculations of the cycling of matter in shallow ecosystems. The 
unreliability of quantitative data obtained from sediment traps was pointed out 
by Parsons et al. (1977). We feel, as stated before, that our traps underestimate 
the actual particulate input to the sediments. Potential macrobenthos growth 
rates have been estimated at 100-200 g C · m- 2 · yr- 1 from the same locality 
(Arntz, pers. comm.). These growth rates appear extraordinarily high when 
compared to the phytoplankton primary production in Kiel Bight (= 158 g 
C · m-2 

• yr- 1 for 1973 given by v. Bodungen 1975). They are, however, actual 
measurements carried out on fauna growing on artificial substrates {Rumohr 
1978). Much of this 'excess' benthic biomass is presumably the result of active 
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particle concentration by filtering organisms rather than passive deposition of 
settling particles and their eventual utilization on the sediment surface. This 
would apply panicularly to situations where horizontal benthic biomass distribu
tion is highly patchy, as in the present case. Thus, potential benthic production 
rates do not give a reliable estimation of sedimentation rates. 

Parsons et al. (1977) compared data on sedimentation rates from widely 
differing coastal localities, and showed that seasonal patterns can vary to a 
great extent. For areas such as Kiel Bight they assume that 30 % to 40 % of the 
primary production settles every year, which would be in the range of 50-65 g 
C · m-2 

• yr-• for the study area. About one third of this material settles down 
in March and October and the rest is spread out fairly evenly during the inter
vening months. The above figures compare well with Brockel's (1978) indirect 
estimation of 65 g C · m-2 • yr-• for the study site and indicate that the traps 
used by us do indeed tend to underestimate sedimentation rates. 
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The annual cycle of rnetazooplankton biomass has been compared with that 
of particulate organic detritus in the 20 m water column of Kiel Bight. 
Zooplankton biomass was high from April through September and small 
neritic copepods were the dominant organisms. The particulate detritus 
levels fluctuated with greater frequency than zooplankton stocks during this 
period and no quantitative relationship between the two could be discerned. 

The contribution of whole calanoid copepod faecal pellets to the detritus 
pool in terms of carbon was below 10% on an average from April to 
September and well below 5% during the rest of the year. The ratio by 
numbers of copepod faecal pellets to copepods showed a marked seasonal 
variation with low values in spring and summer when copepods were most 
abundant and high values during autumn and winter. Calculated residence 
times of pellets in the water column were a few hours in summer and two 
orders of magnitude longer in winter. The latter residence times indicate 
that in situ sinking rates of pellets must be considerably lower than the high 
values given in the literature derived from in vitro studies. Zooplankton 
feeding and microbial breakdown in the water column rather than sedimenta
tion to the sea-bed appear to be the important mechanisms determining 
removal rate of faecal pellets from the water column in Kiel Bight, parti
cularly in swnmer. Results from sediment traps support this conclusion, as 
the annual minimmn in sedimentation occurs in late spring and summer and 
coincides with the season of largest zooplankton stocks. Grazing by small 
neritic zooplankton will thus tend to conserve essential nutrients in the 
surface layer. 

Introduction 

In shallow coastal ecosystems, a substantial portion of organic matter produced by phyto
plankton sediments out and is utilized by the benthic biota. The settling material consists 
either of phytoplankton cells or of material derived from ph}~oplankton in the form of 
detritus. Zooplankton feeding contributes to the organic detritus pool in the form of faeces, 
and it is important to know the fate of this material. Filter-feeding copepo<ls generally form 
the bulk of the herbivores and their faeces are compact pellets enclosed in a membrane. In 
vitro studies have shown them to have high sinking rates (Smayda, 1969; Turner, 1977; 
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Honjo & Roman, 1978) and copepod faecal pellets are thus expected to .represent a major 
fraction of the material sinking out of the water column. Field studies have shown this to be 
the case both in open ocean environments (Honjo, 1978), as well as in enclosed shallow bodies 
of water (Steele & Baird, 1972). However, few field data have been presented to date linking 
zooplankton populations quantitatively either with the suspended detrital pool or with 
sedimentation rates of detritus. This is a difficult task, particularly as the separation of 
particulate organic matter into phytoplankton and detritus fractions is a tedious undertaking 
(Banse, 19n). 

In this paper, data on particulate detritus levels and zooplankton stocks from the same 
,vater column have been compared with special reference to calanoid copepods and their 
faecal pellets. These data are part of a detailed investigation of the pelagic environment of 
Kiel Bight carried out from January 1972 to April 1974 at a routine station by the plankton 
group of the Special Research Project 95 (SFB 95) at Kiel University (von Bodungen, 1975; 
von Brockel, 1975; Martens, 1975; Smetacek, 1975). Kiel Bight is a mesohaline, semi
enclosed body of water situated between the North and Baltic Seas, and the routine station 
was located well away from the main pathway of water exchange between them. The average 
depth of Kiel Bight is about 20 m. The hydrography (Krug, 1963), nutrient regime and 
primary production (von Bodungen, 1975), phytoplankton annual succession (Lohmann, 
1908; Smetacek, 1975), 200plankton annual cycle (Hillebrandt, 1972; Martens, 1975), 
microbial ecology (Rbeinbeimer, 1977) in Kiel Bight is comparatively well known. The 
annual cycle of the quantity and composition of suspended organic matter has been presented 
and discussed by Smetacek & Hendrikson (1979). 

Materials and methods 

The routine station, situated in the S.W. comer of Kiel Bight (54°32'N, 10°03'£) at 21 m 
water depth was visited at intervals of a few days to 2-3 Y:eeks. Temperature distribution in 
the water column was measured immediately prior to sampling with a T/S probe (Electronic 
Switchgear, London). Discrete samples were taken from five to eight representative depths 
from a to 20 m with a 5 1 water bottle. A number of measurements were carried out on this 
water, including particulate organic carbon (POC) with a CHN Analyzer (Hewlett Packard 
185 B) as well as plankton counts with an inverted microscope. Plankton biomass in terms of 
of carbon (PC) was calculated from these counts and particulate detritus carbon (tripton 
carbon = TC) calculated from the difference between POC and PC (POC-PC = TC). 
The procedure has been described in greater detail by Smetacek & Hendrikson (1978). 

Faecal pellets were counted in the phytoplankton samples. Only pellets of calanoid 
copepods, which have a characteristic elongated sausage like shape, were counted. The 
common cyclopoid copepod Oithona simi/is produces much smaller (factor of IO) pellets 
which are difficult to distinguish from detrital clumps (Martens, 1972). Oith<rna pellets 
were therefore not ta.ken into account. Faeces of benthic organisms were easily distinguished 
as they tend to be larger and, as they also contain sediments, are much darker in colour than 
pellets produced in the pelagic environment. 

Intact calanoid copepod pellets and easily identifiable fragments, the latter combined 
according to length and recorded as whole pellets, were counted, Generally, well over 30 
pellets \\'ere counted per sample, even during periods of low pellet concentration (winter/ 
spring). An average volume, calculated from average sizes (30 x 130 J.Un) was used to estimate 
faecal pellet carbon. 'Ghost' pellets, i.e. empty membranes, though encountered, were not 
taken into account. The volume to carbon conversion factor for phytoplankton, o· I I 
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(Strathmann, 1967) was employed. This conversion factor will rather overestimate carbon in 
pellets as it assumes pellet contents to be tightly packed, which was, however, not always the 

case. 
Zooplankton numbers and biomass of individual organisms have been taken from Martens 

(1975, 1976). Samples analysed by him were obtained with vertical 20 m hauls using several 
Apstein nets (300, 100 and 56 µm mesh) and counted under a stereo-microscope. The CHN 
Analyzer was used to estimate biomass by measuring the carbon content of a number of 
individuals of each dominant species at a time. Zooplankton biomass data presented here do 
not include coelenterates. In the case of important organisms (meroplanktonic larvae, 
copepodites etc.) where biomass of individuals was not directly determined by Martens, 
factors estimated by Pollehne (1977) from Kiel Bight organisms have been used to calculate 
their standing stocks. The adult copepods were counted according to species but calanoid 
and cyclopoid copepodites were not differentiated and therefore it was possible to eliminate 
only adult Oitluma from the copepod data when these are compared with faecal pellet 
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Figure 1. Annual cycle of carbon in g C m- 1 present in copepod faecal pellets 
(FPC) and metazooplankton {ZC) integrated for the zo m water column. 

numbers. Thus, copepod numbers given below contain all calanoid copepods and copepodites 
as well as Oithona copepodites, but not adult Oitlwna. Sedimentation rates at 2-4 day periods 
were determined at the routine station by means of two multisample sedimentation traps 
(Zeitzschel et al., 1978) suspended, one at 2 m and the other at 5 m above the bottom, in a 
water depth of 20 m. These traps are equipped with a lid and grid specially designed to 
prevent resuspension of material already collected in the traps. Dry weight, particulate 
organic carbon (POC) and nitrogen (PON), chlorophyll a equivalent (i.e. chlorophyll+phaeo
pigments) determinations were carried out on material collected by the traps. Zooplankton 
corpses and other large particles were removed beforehand by 300 µm screen. Sedimentation 
rates were recorded continuously during 1976-1978. Zooplankton mortality is difficult to 
determine here as corpses present in the traps can originate both from natural mortality in 
the water column as well as from actively migrating individuals that are killed by the 
preservative-a drop of chloroform-in the collecting glasses of the traps (Smetacek et al., 

1978). 
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Results 

In Figure 1, carbon present in whole copepod faecal pellets and identifiable fragments 
(FPC) as integrated values (trapezoidal integration) for the 20 m water column has been 
compared with zooplankton biomass in terms of carbon determined from vertical net hauls. 
Whereas the first zooplankton peaks in April and May are accompanied by corresponding 
peaks in faecal pellet content of the water column, no further relationship is apparent for 
the rest of the year. 

In Figure 2, FPC data from Figure I have been compared on the same scale with carbon 
present in particulate detritus (TC) determined from the same samples. The latter curve 
has been taken from Smetacek & Hendrikson (1979). It can be seen from Figure 2 that 
carbon present in identifiable faecal pellets was an important component of the suspended 
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Figure 2. Annual cycle of carbon in g C m- 1 present in particulate organic detritus 
(TC) and copepod faecal pellets (FPC) integrated for the 20 m water column. 
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Figure 3. Seasonal variation in faecal pellet distribution in the 20 m water column 
(dashed line is o·s isopleth). 

detritus only in April and l\Iay; during the remainder of the year it formed only a minor 
portion of the particulate detritus. Even if an error factor of two or more is taken into account 
in the calculation of FPC, it can be seen that the above statement ,,.,ill not be contradicted. 
Rather, the actual FPC values are in all probability lo,vcr than estimated here as mentioned 
in the previous section. The average of 36 values of FPC integrated for the 20 m water 
column ,._,as 120±90 mg C m-2. The FPC contribution to TC ranged between 1·5 and 25cy0 

(x = 7·5±6%, n = 16) during the period April-September characterized by substantial 
zooplankton stocks and generally below 5<;~ between October and :!\larch when zooplankton 
stocks were low. The highest FPC value was recorded in April: 430 mg C m-2, equivalent 
to 25~<> of TC, 6% of POC and 90% of calanoid carbon present in the same water column. 
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The depth distribution by number of faecal pellets in the water column has been given 
in an isopleth diagram in Figure 3. lligh pellet concentrations wherever present, occur at 
intermediate depths rather than close to the bottom (except for August) and generally, faecal 
pellets are distributed fairly uniformly in the water column. However, a comparison with 
temperature distribution in the water column (Figure 4) indicates a relationship between 
temperature and faecal peJlet numbers between April and October. Thus, lower temperatures 
in April/1\!ay and September/October are concomitant with relatively higher pellet numbers 
which is also true for deeper cooler ,vater during August. From June to September, warm 
surface water also contained the lowest pellet numbers of the zooplankton growth season. 
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Figure 4. Annual cycle of temperature distribution in the 20 m \\·ater column . 
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Figure 5. Annual cycles of calanoid copepod+copepodite numbers m-• (0-0) 
and of the ratio faecal pcllet/calanoid copepods+copepodites by number ( + · · ·+) 
of the 20 m water colun1n. 

?\'o correlation \Vas found either bet\\·een TC and ZC or between ZC or FPC or calanoid 
copcpod C and FPC. Because the faecal pellets counted \~1ere solely of calanoid copepod 
origin, the ratio behrcen FPC and copepods by numbers (FP : cop) has been depicted 
together \\·ith calanoid copepod+copcpodite numbers in Figure 5. The ratio exhibits a 
distinct annual trend. Thus, ratios are lo\v ( <so) in early spring (l\.Iarch/April) and increase 
slightly(> 100) with the first copepod maximum (April/May). Increasing temperatures are 
accompanied by a decline to low values throughout the summer, a period of relatively high 
copcpod standing stocks. Thereafter, during September, a decline in zooplankton stock and 
temperature is accompanied by an increase in this ratio which remains high (>750) till 
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mid-December and then declines steadily during late winter/early spring without a cor
responding change in copepod numbers. The number of copepodites was very similar to 
those of adult copepods except for late August and early September where about twice as 
many copepodites were present as adult copepods. Because Oithona copepodites were not 
distinguished from calanoid copepodites, it is certain that FP : cop ratios during the 
copepodite maximum in late summer have been underestimated. Therefore, if copepodites 
are not included in the ratio FP : cop, the ratios will double except for the copepodite 
maximum where they are tripled. Thus, the distinct seasonal trend in this ratio is 
essentially unchanged whether or not all copepods and juveniles or only adults 
including Oithona are taken into account. The range in this ratio from nine (August) to 
I 597 (December) is so great and the trend so consistent that any sampling or counting error 
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Figure 6. Monthly averages of sedimentation rates in g C m - 1 day- 1 as determined 
by the 2 m trap during 1976. 
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Figure 7. Seasonal changes in composition of scdimenting material collected by 
the traps suspended 5 m (upper curves) and 2 m (lower curves) above the bottom. 
C : N = particulate organic carbon : nitrogen by weight; C : dry '\\'t, = particu
late organic carbon : dry weight of sedimcnted material in percent; C : Chi a = 
particulate organic carbon : chlorophyll a equivalents by v,eight. 
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is unlikely to have been of importance, particularly as all counting was carried out by the 
same person. 

Monthly averages of sedimentation rates in g C m-• day-• as determined by the 2 m 
trap during 1976 have been depicted as histograms in Figure 6. Although sedimentation rates 
from the 5 m trap were slightly lower, the pattern was essentially similar, i.e. lowest values 
in May/June and highest values during winter with intermediate rates during spring and 
autumn. The changing composition of this material during the annual cycle, as evidenced by 
the ratios Carbon : Dry weight (as percentage), C : N (by weight), C : Chlorophyll a 
equivalents as determined on material from the traps, has been shown in Figure 7. A striking 
similarity in composition of material collected by both traps is evident. Thus, low carbon 
content of sedimenting material in winter, concomitant with high sedimentation rates, 
indicates admixture of resuspended surface sediment to the particulate matter sinking out of 
the water column. The low C : Chi a equivalent ratios in March and automn are due to a 
greater percentage of primary phytoplankton material in the sedimenting matter. The period 
of increasing zooplankton stocks, from April onwards, is characterized by decreasing 
sedimentation rates and an increase in carbon percentage of dry weight, at the same time 
C : N and C : Chi a equivalent ratios increase, this sequence peaks in l\..fay in the 5 m trap 
and in June in the 2 m trap. Thereafter, the ratios start declining together with increasing 
sedimentation rates. Sedimentation patterns recorded during 1977 and 1978 are basically 
similar to that of 1976 which has been described here. However, there were considerable 
differences in the total quantities collected each year. The annual cycle in sedimentation has 
been described by Smetacek (in press). Microscopic examination of this material showed it to 
consist largely of amorphous detritos, although whole and fragmented faecal pellets were 
also present. 

Discussion 

During the plankton growth season (March-November), the phytoplankton biomass is 
generally higher than the stock of particulate detritus carbon in the water column of Kiel 
Bight (Smetacek, 1975). The latter fluctuated considerably during this period, and as 
phytoplankton C and detritus C correlated negatively(P<1%), it appeared that most of the 
particulate detritus present in the water column originated from ph)toplankton (Smetacek 
& Hendrikson, 1979). Cell mortality and production of faecal material by zooplankton 
grazing are the two major pathways of transformation of phytoplankton to detritus. A direct 
comparison of total metazooplankton biomass and particulate detrital carbon in the water 
column, however, does not indicate the presence of a quantitative relationship between the 
two. 

Zooplankton adds to the detritus pool in the form of faeces, exuviae and corpses. The 
former is obviously the major form of input as zooplankton egests about 15% of its body 
weight as faeces per day (Petipa et al., 1970). During the period of maximum zooplankton 
stocks (late spring and summer in Kiel Bight), production rates of faecal material will thus 
have ranged between 0·06 and 0·27 g C m-2 day- 1

1 which is about 2-10°/o of the average 
particulate detritus stock in Kiel Bight (Smetacek & Hendrikson, 1979). Fluctuations in the 
latter were much greater than in the zooplankton and therefore, on the few occasions when 
detritus levels were well below the average, input of faecal material can be expected to be the 
main source of detritus. The bulk of the detritus in Kiel Bight, excluding resuspended surface 
sediment, is presumably derived from phytoplankton cell mortality. As zooplankton has 
been reported to feed on detritus (Lenz, 1977; Chervin, 1978) and as faecal pellets of 
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dominant zooplankters, viz. copepods, are thought to have high sinking rates and thus low 
residence times in the water column, the actual interaction between the zooplankton and 
suspended particuJate detritus is bound to be highly complex. Thus, zooplankton faeces are 
liable to be degraded in the water column either by microbial activity or as a result of feeding 
by zooplankton, depending on their residence time in the water column. Steele & Daird 
(1972) found that degradation of faecal pellets could be followed in material collected by 
sediment traps suspended at different depths in a 30 m water column. The bottommost 
traps usually contained the largest percentage of fragmented pellets, indicating that break
down during the process of sinking was fairly rapid. 

The ratio FP : cop is a result of the relationship between production rate and residence 
time of the faecal pellets in the water column. Pellet production rate is largely dependent on 
food concentration and composition and possibly temperature. Residence time in the water 
column will be determined by breakdown rates and sinking rates which in turn will depend 
on various environmental factors. The consistent annual trend in the ratio FP : cop is 
evidently linked to seasonal changes in factors governing this ratio. The important possible 
factors are dealt with below. 

Food quantity mu! compositum 
Marshall & Orr (1972), Gaudy (1974), Honjo & Roman (1978), and Paffenhofer & Knowles 
(1979) have shown faecal pellet production rates to depend on food concentration and 
composition. Biomass and species succession of phytoplankton during the period of investiga
tion has been described by Smetacek (1975, 1978) and Smetacek & Hendrikson (1979). A 
brief summary of relevant details is given here. 

Phytoplankton biomass was always higher than zooplankton by a factor of 4-10 throughout 
the year with the exception of January/February where phytoplankton biomass reached its 
annual minimum and was in the same range as zooplankton biomass levels. During the 
growth season from l\1arch to November, biomass produced by the spring diatom bloom and 
the autumn bloom of Ceratium fusus largely sedimented, and zooplankton stocks were low 
during this period. The late spring and summer phytoplankton populations all appeared to 
have been heavily grazed, particularly those of Prorocentrum balticum in May, and P. micans 
in August, although, as phytoplankton production and biomass was always relatively high 
between spring and autumn (van Bodungen, 1975), decimation of phytoplankton due to 
zooplankton grazing was not evident. The last bloom of the year (various medium-sized 
diatoms) decreased steadily from November to December and, although growth rates were 
low, the cells appeared healthy and therefore their prolonged decline has been attributed to 
low but steady grazing by the small zooplankton stock present in this period (Smetacek, 
1975). Because phytoplankton biomass and growth rates sank to very low levels during 
January/February, detritus is assumed to be the major zooplankton food source here (Lenz, 
1977). In general, no quantitative relationship is apparent between phytoplankton species 
composition or biomass ,vith the ratio FP : cop and striking changes in the former were not 

reflected in the latter. 

Temperature 
Temperature has been shown to significantly influence both biodegradation as well as 
sinking rates of pellets (Honjo & Roman, 1978; Turner, 1979). The much shorter residence 
time of pellets in the water column in summer as compared to winter cannot be accounted for 
by reduction in their sinking rates caused by the higher water temperature. llonjo & Roman 
(1978) have shown that the protective pellet outer membrane is degraded by microbial 
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activity in 3 h at 20 'C and that the membrane remained intact at 5 'C for up to 20 days. 
Although disintegration of the pellets does not follow immediately after degradation of the 
outer membrane, the microbial growth initiated on the surface proceeds rapidly to the 
interior, eventually resulting in breakdown of the pellet into smaller amorphous aggregates. 
Turner (1979) also observed much higher degradation rates of pellets in 22 'C water as 
compared to rates at 5 °C. 

The much higher breakdown rates of pellets in warmer summer water will at least partly 
be responsible for the correspondingly lower FP : cop ratios. The increase in this ratio in 
September/October is accompanied by a decline in temperature from 16 °C to 10 °C. 
Similarly, the decline in these ratios in early sununer is concomitant with an increase in 
temperature. However, no significant rise or fall in temperature accompanied changes in this 
ratio during the period December-mid-May. Besides, a comparison of faecal pellet dis
tribution and temperature (Figures 3 and 4) in the water column shows no apparent relation· 
ship from station to station, apart from August where pellet numbers were higher in cooler 
water below the thennocline. 

Zooplankton fetding 
Removal of pellets from the water column can also be due to particle feeders in the water 
column (Paffenhofer & Strickland, 1970; Paffenhofer & Knowles, 1979). The annual cycle 
of zooplankton at the routine station in 1973 has been desetibed by Martens (1975). The 
species composition of zooplankton changes during the year, with Pseudocalanus elongatus 
the major species. Its peaks occurred in April/May and August. Centropages hamatus was of 
importance in July, Acartia sp. in late August. Meroplanktonic larvae of mussels exhibited 
to major peaks-in June and October-and Oikopleura dioica had one maximum in early 
September. The cyclopoid copepod Oithona simi!is is also a dominant species which reached 
high biomass values in April and eatly September. Aurelia aurita has not been included in 
the figures, but is an important member of the zooplankton in Kiel Bight; highest biomass 
levels are attained in July/August (Moller, 1979). Of these organisms, probably copepods and 
Aurelia will be mainly involved in removing faecal pellets by feeding in the water column. 
Calanoid copepod numbers and the ratio FP : cop were negatively correlated with one 
another (r = -0·47, n = 35, P<1%). This negative correlation points to feeding of 
copepods on their own pellets. The consumption rate being dependent on concentration, the 
larger the copepod stocks, the higher the percentage of pellets that will be consumed or 
destroyed during the feeding process. 

Turbulence and stratification 
These factors can be expected to influence the removal rate of pellets due to sinking out of the 
water column. In a shallow, comparatively landlocked area like Kiel Bight, turbulence is 
generated largely by wind stress. There is an increase in wind speed during autumn and the 
greater turbulence in winter is demonstrated by the more homogeneous water column (see 
thermoclines in Figure 4) characteristic of the winter months. Ilov.·evcr, October 1973-the 
period with highest FP: cop ratios-was a relatively calm month and the 1 autumn storms' 
typical for this geographical latitude started after 5 November. The following period of 
stormy weather (approximately two weeks) had no apparent effect on this ratio, as the values 
before and after this storm (638 on 5 November and 907 on 26 November) were quite similar. 
Besides, storms that broke do\\·n water stratification in summer occurred in the year of 
investigation (1973), but FP: cop ratios remained consistently low throughout this period. 
Seasonal changes in turbulence, if present at aU, do not appear to have influenced this ratio. 
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Sedimentation 
l\fartens (1975), and Kraneis & Martens (1975) estimated the sedimentation of faecal pellets 
during 1972 and 1973 by means of a simple sediment trap. Sedimentation rates per day 
reported by them are only a small percentage of the faecal pellets present in the water column. 
The low values are at least partly due to underestimation of the actual sedimentation rate by 
the sediment traps employed; in flume experiments, von Brockel (1975) has shown that 
collected material is scoured out of these traps at current speeds not uncommon in the loca
tion of the traps. The performance of the improved multisample sediment traps used con
tinuously during 1970--1978 has been discussed by Smetacek et al. (1978), who feel that these 
traps tend to underestimate actual sedimentation rates, although they collected much more 
material throughout the three years than the simple traps in 1973. However, as pointed out 
by Gardner ( 1977), trap efficiency is influenced by several environmental variables and hence 
is difficult to assess. 

In spite of year to year variations in amounts collected by the traps, seasonal changes in 
sedimentation rates and composition of the material followed a distinct annual cycle. 
Similarly, the annual cycle of biomass and species composition of the zooplankton folloy,•s 
a recurring pattern each year, although the second maximum in August/September is 
generally smaller than that of May, unlike the situation in 1973 (Hillebrandt, 1972; Schnack, 
1978; Moller, 1979). Thus, the first zooplankton maximum in late spring coincides with the 
lowest sedimentation rates; the high C : N and C : Chi a equiv. ratios of the material 
sedimenting out of the water column during this period indicate it to be further degraded 
than material from other times of the year, particularly from early spring and late autumn, 
when zooplankton stocks are low. Breakdown in the water column rather than sedimentation 
appears to be the fate of organic particles originating from phytoplankton when zooplankton 
stocks are high. It is therefore unlikely, that sedimentation is a major mechanism in the 
removal of faecal pellets from the water column. This is also shown by the depth distribution 
of faecal pellets and the ratio faecal pellets : copepods, which indicate long residence times of 
faecal pellets in the water column during autumn and winter. 

The residence time of pellets in the water column is a function of production and removal 
rate. Pellet production rates reported for adult copepods are in the range 12--96 pellets day-1 

for Ca/anus (Marshall & Orr, 1972). Paffenhofer & Knowles (1979) found maximum pellet 
production rates for adult females of Eucalanus to be in the order of 125 day-• and for 
juvenile stages of copepods, rates ranging between 79-169 pellets day-1 were found. For 
their calculations, the latter authors assumed a range of 80--120 pellets day-1 for smaller 
copepods at 20 °C. Taking 100 as an average value, residence times of pellets as obtained 
from the ratios pellets : copepods in Kiel Bight, will range between a few hours in spring 
and summer up to 15 days in ,vinter. These residence times are definitely underestimates as 
they are based on the ratios pellets : copepods. Further, pellet production rates are a function 
of food concentration (Parsons et al., 1977) and the latter-phytoplankton stocks-was 
higher by a factor of 10 throughout the sumn1er compared to winter, thus pellet production 
rates in this season will be lov,er and hence residence times longer than indicated by the 
above rough calculation. 

It is remarkable that residence times of faecal pellets in the 20 m ,vater column can be so 
long, particularly in the winter months, considering the high sinking rates-generally \\·ell 
above 20 m day-1 recorded in in vitro experiments (Smayda, 1969, 1971; Turner, 1977; 
Honjo & Roman, 1978). However, the results obtained by these authors indicate that size 
and sinking rate are related, with larger pellets sinking faster. The smallest pellets examined 
were those of Acartia, a small neritic copepod ,vith an average pellet size of 40 µm v..·idth and 



Zoop[ankton faeces and detritus 

200 µm length. Sinking rates of these pellets determined in TJitro ranged between 74-210 µm 
day-1 (Smayda, 1971) and 80-150 m day-1 (Honjo & Roman, 1978). The latter authors also 
found that sinking rates were temperature dependent and reported a 35°/o decrease in sinking 
rates at 5 °C as compared to the above figures which were measured at I 5 °C. As these 
sinking rates are two orders of magnitude higher than those indicated from residence times 
of pellets in the water column in Kiel Bight, the influence of temperature on sinking rates 
will by no means explain the discrepancy evident from in TJitro and field results. 

Turner (1977) has shown the great degree of variability in sinking rates, not only of 
different pellets but also of the same pellet in the course of individual descents. He states: 
'A possible explanation for this behaviour is that copepod faecal pellets are of such small 
volumes and densities that they are subject to microstructural variations in water density in 
the most carefully controlled water columns.' The pellets studied by him are an order of 
magnitude larger than those of Acartia, but had sinking rates ranging from 15-153 m day-1, 
and Turner therefore presumes that the high variation in sinking rates determined in 'Vitro 
could explain the high sinking rates observed by Smayda (1971). If such variations are 
present under controlled conditions, in situ sinking rates can be expected to vary to an even 
greater extent. Given the great density inhomogeneity and turbulence in natural water 
columns, in situ sinking rates of the smaller copepod pellets can be considerably lower than 
indicated by in vitro rates recorded so far. 

Turner (1977) fed copepods exclusively on selected algal species (diatoms, dinoflagellates, 
green algae) and could ascertain no significant difference in sinking rates of pellets based on 
these diets. In Kiel Bight as well, no apparent effect of food quality on pellet residence time 
in the water column was observed. HoVi•ever, dinoflagellates dominated Kiel Bight plankton 
during 1973 (Smetacek, 1975), and as these organisms lack mineral skeletal constituents, it 
is likely that grazing on them will result in lighter pellets than in the case of strongly silicified 
diatom species or coccolithophorids. Honjo ( 1978) found faecal pellets, presumably produced 
in surface layers, to be a major component of sediment trap material collected in the Sargasso 
Sea at 5367 m depth. Organic matter in these pellets was only r 5% and much lower than 
values measured in Kiel Bight copepod faecal pellets (Martens, personal communication). 
It is possible that under natural conditions, pellets containing larger amounts of inorganic 
material will indeed sink faster than pellets composed largely of organic matter. 

Hargrave & Taguchi ( 1978) and Taguchi & Hargrave ( 1978) compared sedimentation rates 
of organic substance with concentrations of suspended particles and with zooplankton stocks 
over an annual cycle in Bedford Basin. They reported maximum loss rates (ratio between 
sedimentation rates and concentration of particulate matter in the water column) during 
summer and autumn '\\'hen both primary production rates and zooplankton stocks \\·ere at 
their highest. Zooplankton faecal pellets contributed significantly to the sedimented material 
during certain months, although the relationship between quantities of faecal pellets present 
in the \\·ater column and in sedimented material diverged widely from month to month. This 
is indicative of seasonal variation in the ratio pellets sedimented : pellets produced. It is 
possible that factors such as coprophagy or seasonal changes in sinking rates of the pellets 
were responsible for seasonal variation in this ratio. Thus, although faecal pellet contribution 
to sedimented material was occasionally of greater importance in Bedford Basin than in 
Kiel Bight, it is obvious that here also sedimentation was only one of the processes deter
mining residence time of zooplankton faecal pellets in the water column. 

The negative correlation between copepod numbers and the ratio FP : cop suggests 
coprophagy by these filter-feeding organisms to be a major factor in removal of pellets from 
the water column. Paffenhofer & Strickland (1970) have found that copepods do indeed feed 
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on faecal pellets, and Paffenhofer & Knowles (1979), using experimental data, have demon· 
strated the ecological importance of this mechanism. Disintegration of the pellets caused by 
the feeding activity of the zooplankton without actual ingestion of the faecal material is 
another factor enhancing degradation of pellets. Copepods are reported to be superfluous 
feeders when food is abundant (Beklemishev, 1962; l\!arshall & Orr, 1972; Turner, 1977) 
and the faecal pellets found in the present study were occasionally full of partly digested and 
undigested cells, particularly in the case of sma!Ier dinoflagellates. Reutilization of such 
pellets will be advantageous not only to the feeding organism but, as it ,viii conserve material 
,vithin the euphotic zone, also to the other organisms of the pelagic system. 

Conclusions 

The results of the present investigation suggest that in neritic environments, faecal pelJets 
of the smaller copepods have low in situ sinking rates and due to the resulting disintegration 
in the water column, contribute to the suspended detritus pool. Their breakdo,vn rate in the 
water column appears to be rapid when temperatures are high and zooplankton stocks large. 
During winter, when temperature and zooplankton stocks are low, their residence time in the 
water column can be well over a week. The absence of an apparent relationship between the 
quantity of suspended detritus and zooplankton stocks is a further indication of the complex 
interactions governing the size of the pelagic detritus pool. 

The smaller copepods are typical of enclosed coastal areas, and the other zooplankters also 
characteristic of neritic environments-meroplanktonic larvae-appear to be similar to the 
small copepods in their grazing behaviour. Their faeces appear to disintegrate rapidly into 
amorphous material within the water column. Grazing of phytoplankton by neritic zoo
plankton ,vill thus not necessarily result in the rapid depletion of material, particularly 
essential nutrients, from the euphotic zone as one would expect from the sinking rates 
reported in the literature. Instead it seems that when zooplankton biomass relative to that 
of phytoplankton is high, organic substance in the water column is more effectively utilized 
and pelagic residues are in a greater state of degradation than when zooplankton biomass is 
low relative to that of phytoplankton. It is therefore possible that the high plankton standing 
stocks in coastal areas can at least partly be explained by the more effective conservation of 
material ,vithin the euphotic zone brought about by grazing of the smaller neritic zooplankton. 

If sinking rates of pellets of the smaller copepods are indeed so low in situ, one would 
expect phytoplankton to sink out of the water column even more slowly. However, this is 
not the case, as even small-celled species such as Skeletonema costatum have been observed 
to sediment out in bulk concomitant with deteriorating physiological state (S1nctacek, 1975 ~ 
Smetacek et al., 1978). This apparent discrepancy is difficult to explain. Evidently, more 
work is called for on sedimentation rates of marine particles in nature. 
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Growth dynamics of a common Baltic protozooplankter: 
the ciliate genus Lohmannie/la 

With 3 Figures and one Table 

Abstract 
Some aspcc;ts of the distribution and gro'A1h dynamics 
of the comnlon pelagic ciliate genu.; Lohmanni('/la and 
its potential impact on the pelagic system are discussed 
on the basis of field observations and data collected 
from enclosed natural plankton populations. This genus 
is widely distributed and apparently not restricted to · 
certain seasons. It is apparently capable of feeding on 
cells of the !ize range 3-50 µm and in tank experiments 
with natural plankton, it was observed to outstrip a 
sizeable (150 mg C · m- 1 ) phytoplankton population of 
nagellates within a few days. decimating its food supply 
in !he process. Division rates of 3 per day and efficiencies 
of 25-50 °-~ depending on whether the calculations were 
based on total carbon or phytoplankton carbon re
spectively - were recorded. The crash of the ciliate and 
recovery of the phytoplankton population were just 
as rapid although a distinct shift in the species compo
sition of the phytoplankton occurred. The algal succes
sion was possibly linked to the selective effect of nitro
genous excretory products of the ciliates - insoluble 
purines - on the algae. as they are not taken up equally 
well by all phytoplankton species. The "classical'' 
nitrogenous nutrients - ammonia, nitrate and nitrite -
showed little change during the ciliate growth episcxie. 
The results indicate that these ciliates are capable of 
phases of intense growth that cease as rapidly after 
decimation of the food supply. 

I. Introduction 

The protozooplankton, including all heterotrophic pe· 
lagic protozoans, as defined by SIEB(.;RTH et al. (1978) 
is an important but little known component of pelagic 
ecosystems. Protozooplankters possess a variety of 
nutritional modes ranging from osmotrophy to phago
trophy involving food organisms as large as or even 
larger than the predator. Protozooplankton can thus 
compete with bacteria and mctazooplankton for the 
respective food sources but by feeding on bacteria and 
other small protists and in turn being fed on by meta
zooplankton they form atrophic link between the small
er and larger heterotrophs of the system. 

At present. little is known about the feeding habits and 
growth dynamics of protozooplankters. NanozooOagel
lates feed on bacteria (SIEBl'RTU et al. 1978) and GOLD 

(1970) cultivated tintinnids and some heterotrophic 
nagellates successfully on diets of bacteria and small 
algae. HA\ULT0'.'1 & PRF.SLAN (1969) reared the pelagic 
ciliate Uronema on bacteria. SPITTLER (1973) studied 
the size of particles ingested by tintinnids in relation to 
the diameter of the lorica opening. SMETACEK (1981) 
has shown that non-loricate ciliates under natural con
ditions can ingest phytoplankton cells even larger 1h:1n 

themselves. Recently. considerable progress has been 
made in the techniques for culturing pelagic protozoans 
and a wealth of information on their biology will. it 
is hoped. be shortly forthcoming. 

In this paper, some aspects of distribution and 
growth dynamics of a common pelagic ciliate 
genus Lohmanniella are described from the 
Baltic. This genus is widely distributed and 
has been recorded from both the Pacific and 
Atlantic Ocealls. It has a characteristically 
rounded shape of approximately 50-60 µm 
diameter with a conspicuous ring of strong 
cirri surrounding the peristome. Occasionally. 
individuals of less than 40 µmare encountered. 
these smaller cells being presumably the result 
of unequal cell division. Identification down 
to the species level was not attempted here, and 
because of the morphological similarity of the 
organisms it is possible that they all belonged 
to a single species. B<JCK (196 7) mentions only 
one species. L. spiralis, LEEGAARD 1915 in 
a short list of oligotrichid ciliates. 

2. Material and methods 

Data on the seasonal occurrence of Lolmumnit'lla ~pp. 
in Kiel Bight were obtained within the framework 0f 
an intensive study of the plankton and its ecology car-
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rlcd out in the ··Hausgarten .. of the Sonderforschungs
hereich 95: the station is located in the SW corner of 
the Bight and hence off the pathway of major water 
exchange between the Baltic and the North Seas. Water 
samples, taken from 5-7 depths of the :?O m water 
column at weekly to fortnightly intervals, were preserved 
with Lugol's iodine and plankton organisms counted 
under an inverted microscope equipped with phase 
contrast. Organi.5ms > 50 µm. including all Lohmanniel/a 
cells, were counted throughout in 50 ml of water. The 
organisms were differentiated into size groups of 10 µm 
intervals. Biomass was calculated by multiplying cell 
numhers within the various size fractions with appro
priate factors obtained according to the rccommenda· 
tions of Working Group 9 of the Baltic Marine Biolo· 
gists (EDLER 1979. for further details see SMETAC'EK 
1981). 
Da1a on growth dynamics of individual populations 
were obtained during a shipboard experiment carried 
out in the central Baltic within the framework of 
BOSEX 77. Details of the experimental set.up have 
been described by SMETAC'EK et al. (1980). Six poly· 
ethylene tanks of I m3 volume were filled with water 
from different layers: surface mixed layer (I), ther
modine ·- halodine (11) and subhalocline (III). Tanks 
J -6 contained the following mixtures: I = l; 2 and 
3 =I+ II (l:Il: 4.5 and 6 =I+ II+ Ill (1:1:1) 
and. except for Tanks 1. 3 and 4, metazooplankters were 
removed beforehand by passing the water through 
200 µm netting. The development of the natural popu· 
[at1ons using standard methods was studied for 17 days, 
initially twice a day and later on daily, with one excep· 
tion. LoJ11na11niella cells were enumerated and numbers 
converted to biomass as described' above. The experi· 
mcnt was carried out between 8- 23 September 1977. 

3. Results 

During the investigation period in Kiel Bight, 
low num hers of Lohn1anniella cells y.•ere oh· 
served in March 1973 but a much larger po
pulation was present during February/March 
1974. The biomass peak (130 mg 'C · m- 2 for 
the 20 m water column) was observed in Au· 
gustrSeptember with a maximum value of 16 mg 
C · m- 3 (l,700cells · l- 1

). The depth distri· 
but ion of its biomass in relation to that of total 
phytoplankton (note different scales) during 
the August/September peak has been shov,:n in 
Fig. I. Whereas the Lohn,anniella maximum 
on August 30 was in the bottom layers together 
y.·ith its food organism Proroce111run1 nzicans, 
the situation on September 6 was reversed. 
A change in the level of the pycnocline was 
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Fig. I. Vertical distribution of phytoplankton and Loh
mannit•lla biomass in tcnns of carbon from the "Haus
garten .. in Kiel Bight 

On 30. 8. Lohmanniella predominated in bottom layers but 
moved upward on 6. 9. presumably as a result of the change 
in phytoplankton vcnical distribution. (Note d1tfcren1 scales 
for phytoplankton and Lohmannielfa) 

. observed to have occurred between these 2 days 
but there was no evidence of influx of new 
water as salinity in surface and bottom layers 
did not change appreciably. The Lohmonniella 
population declined more slowly than it arose, 
the decrease in biomass followed that of P. 
micans, although an exclusive relationship be· 
tween the 2 organisms is apparently not other
wise present. 
A comprehensive account of the results obtained 
from the shipboard experiment conducted 
during BOSEX 77 has been published by 
SMETACEK et al. (1980) and only details per
taining to Lohmanniella have been presented 
here". The experiment was conducted from 
7-23 Sept. 1977 and temperature in all tanks 
was similar and ranged between 10-14 'C; 
flagellates under 20 µm dominated the phyto
plankton in all tanks. 
In Fig. 2, the biomass of Lohmanniel!a has been 
compared with that of phytoplankton in all 
tanks. With the exception of Tank 3. where 
Loh,nanniel/a was rare, this ciliate attained 
biomass values in all the other tanks that 
Y.'ere higher than those found during its maxi
mum in Kiel Bight. In Tanks I, 4 and 6. its 
biomass even exceeded that of the phytoplank· 
ton although detailed information is only 
available from Tanks 4 and 5. In both these 
tanks, ciliate biomass was initially low and 
significant growth occurred only during the 
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Fig. 2. Growth of phytoplankton (straight line) and 
Loh111anniel/a sp. (dashed line) biomass in a shipboard 
experiment with natural plankton populations contained 
in I m3 polyethylene tanks (T 1-6) 

(Note different scales for Tanks 4 and 5) 

latter half of the experiment. This also appeared 
to be the case in Tanks I, 2 and 6 although 
some important details might have been missed 
here due to the lower data frequency. It should 
be pointed out here that metazooplankton 
(Bosrnina, Paracalanus and copepodites) present 
in Tanks I, 3 and 4 declined fairly rapidly as 
conditions in the tanks \\·ere apparently not 
favourable for their growth. Other protozoo
plankters were also of negligible importance. 
Large phytoplankton populations of mixed 
flagellates developed in Tanks 4 and 5, and 
during the second week Lohmannie//a attained 
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peak biomass values of 157 and 31 mg C · m- 3 

in Tanks 4 and 5 respectively. In both these 
tanks, more than 75 "; of phytoplankton bio
mass was contributed by mixed flagellates in 
the size range 6-15 µm and euglenoids (12 to 
18 µm) in larger numbers were present initially 
only in Tank 5. Data on cell numbers of this 
ciliate and the flagellate size groups recorded 
during the Lohmanniella growth episode in 
Tank 4 have been given in Table I. Lohman
niella grazing resulted in the decimation of 
the 3-15 µm flagellates and the flagellates 
< 3 µm and bacterial populations were appar-

. ently not affected. Bacterial numbers and bio
mass recorded on the 17. Sept. were I x 1()6 cells 
x m1- 1 (16.1 mg c. m- 3 ) and 1.5 x ,er cells 
xm1- 1 (22.5mg C·m- 3 ) on the 21.Sept. at 
the height of the Lohmannie//a bloom. After 
the decline of the ciliate, euglenoids (Eutreptia 
spp.) in the size range 12-18 µm, similar to 
those present in Tank 5, became the dominant 
contributors to phytoplankton biomass. Divi
sion rates between sampling days calculated 
from data on total ciliate numbers during 48 h 
of the growth phase (17.-19. Sept.) was 3.0 
div. 24 h- 1 for both days. Cell division resulted 
in daughter oells of unequal size. The larger 
cells were of 50-60 µm 0 and the smaller 
oells of only I0-20 µm 0. 
Biomass values and parameters pertaining to 
phytoplankton and seston recorded during 
the experiment are given in Fig. 3. Higher POC 
values (by about 20-30 ~;) were obtained 

Ta hie I. Cell numbers per litre of the different size groups of Lohnianiel/a sp. and flagellates 
-·-----· ·---·-------
Date and time Lohmanniella (nr.tl) Flagellates (nr. x 10',I) Euglenoids 

------------- (nr. x tO', I) 
10-30µm 30-SOµm 50-60µm <3µm 3-9µm 9-l5µm 12-18 µm 

--------------· 
17.Sept. 
6.30 2,210 20 400 317 202 127 
18. Sept. 
20.00 9.282 800 2.100 381 402 265 
19. Sept. 
17.no 23.868 3.440 4,260 604 276 115 
21. Sept. 
8.\1() 8.840 7,720 10,920 486 7 2 36 
22. Sept. 
8.oo 4.641 2.120 5.080 536 5 5 58 
23. Sept. 
9.oo 2.431 100 200 796 13 7 90 

--------------- --·---------- - ---- ------ ---· 
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Fig. 3. Lnhmannit'lla (PZC) and phytoplankton (PPC) 
biomass. chlorophyll-a concentrations (chi. a), parti
culate organic carbon (POC) and C ·N ratio. inorganic 
dissolved phosphate (P04 ) and the total or nitrate, 
nitrite and ammonia (TIN) as well as primary production 
(Prim. Prod.) for the ciliate growth episode from 
Tank 4 

after additional vigorous stirring of the con
tents of the tank. The difference to the preceding 
value was due to matter that had settled out 
on the tank bottom. The latter material lacked 
chlorophyll and contained little PON and 
was largely detrita1. as the tank contents were 
constantly stirred by a motor-driven propeller 
that sufficed to keep plankton in suspension. 
Metazooplankton biomass declined during this 
experiment and was only 10 mg C · m- 3 at 
the end. 
During the main growth phase from 18. Sept. 
to 21. Sept., ciliate biomass increased by 130 mg 
C · m- 3 • and suspended particulate organic 
carbon (POC) declined concomitantly by 272 mg 
C · m- 3

. Total primary production (14C-me
thod) was 187 mg C · m- 3 for the 4days. 
l1owever, as some oft he POC escaped detection 
hy settling out. not all of the discrepancy 
(459 mg C · m- 3 ) can be attributed to ciliate 
respiration. More dependable values for POC 
are those obtained following resuspension of 
sedimented POC (not included in the figure). 
Thus, from 18. Sept. (2200 h) to 19. Sept. 
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(22°0 h) ciliate biomass increased by 49 mg 
C · m- 3 and total POC and PON (part. organic 
nitrogen) declined by 137 mg C · m- 3 and 
18 mg N · m - 3 respectively. If the value for 
primary production is added to the stock of 
POC, total POC loss was 200 mg C · m- 3 and 
PON (at CiN = 5) 31 mg N · m- 3 • This par
ticulate matter was not all remineralized by 
ciliate respiration and excretion as only 0.21 mg 
at N (= 2.9 mg N) · m- 3 and 0.15 mg at P04 
x m- 3 were released during the entire ciliate 
phase. Thus, much of the PON "lost" during 
this phase was presumably excreted as dissolved 
organic nitrogen. the only react iv~ nitrogen pool 
not measured. If only conversion of particulate 
matter is regarded. then ciliate growth effi· 
ciency between the two sampling days would 
be 25 ·~ for POC and 32 '.~ (at C/N = 5) and 
26~!, (at C/N = 6) for PON conversion to 
ciliate biomass respectively. These are minimum 
values as phytoplankton and bacterial respira
tion is not included. 
Ciliate growth efficiency estimated from data 
on phytoplankton biomass obtained from cell 
counts and primary production gives results of 
50% forthe period 18. Sept.-19. Sept. and 45 '.; 
for the period 19.-21. Sept. However, as 
phytoplankton biomass derived from cell counts 
was underestimated in this study (SMETA,EK 
et al. 1980) and cannibalism within the ciliate 
population was not taken into account. the 
above values are only rough estimates. That 
cannibalism was indeed important in the ab
sence of other phagotrophs. can be seen from 
Table I, as only approximately 20°;, of the 
small ciliates (20-30 µm) attained full size 
(50-60 µm). Whether the smaller cells were 
the result of vegetative groY.:th or not is unde
cided. 
The decline phase from 21.-23. Sept. following 
depletion of the food was presumably largely 
due to mass mortality hastened by cannibalism. 
although some of the loss can also have been 
due to sedimentation. As nutrient concentra· 
tions remained low during the decline phase. but 
phytoplankton growth was rapid, as shown 
particularly by increasing chlorophyll values, 
nutrient uptake rates either matched the re· 
mineralisation rates. or dissolved organic nitro. 
gen and phosphorus released by excretion or 
from cell lysis of the ciliates were taken up di
rectly in this form by the phytoplankton. 



Ciro>wth dynamics of a common Baltic protozooplankter 

4. Discussion 

The genus Lohmanniel/a appears to be a widely 
distributed and important member of the 
protozooplankton as scattered reports in the 
literature suggest. It has been found at practi
cally all seasons in Kiel Bight and in June 
(SPERLING and SrtENEN, Institut fiir Meeres
kunde, pers. comm.) and in September in the 
Baltic proper. In all probability, it also occurs 
throughout much of the year in at least the 
southern Baltic. It feeds voraciously on orga
nisms of its own size (P. micans, 50 µm) and 
many individuals containing P. micans cells 
were observed. In the experiment, flagellates 
in the size range above 3 µm were grazed down 
by 2 orders of magnitude but the smaller cells 
declined by only about 20~~- Similarly, growth 
of the ciliates did not seem to affect the bacterial 
biomass in any of the tanks. not even when 
its biomass exceeded that of the phytoplankton 
(SMETAC£K et al. 1980). 
The apparent lack of an impact of Lohmaniel/a 
grazing on the bacteria and small flagellates 
cannot be explained by higher reproduction 
rates of the latter as compared to the > 3 µm 
flagellates because the difference in depletion 
rate was more drastic than any possible differ
ence in reproductive rate. This we take as 
evidence that Lohn1anniella. rather than feeding 
on bacteria and the smallest flagellates, actually 
feeds effectively on organisms in approximately 
the size range 3-50 µm. 
The ciliate biomass in almost all the BOSEX 77 
tanks attained higher levels, albeit briefly, 
than ever observed in Kiel Bight but the episode 
is a good illustration of ciliate growth dynamics 
and the potential impact of protozooplankton 
grazing within the pelagic system. ZAIKA (1973) 
has presented a list on maximal reproduction 
rates of ciliates gleaned from the literature. 
At temperature ranges of 20-30 °C. 66~·~ 
of the ciliates studied had division rates of 
less than 3 in 24 hand 24°~ had higher rates: 
Lohn,annie/la thus belongs to the more ex
clusive category in spite of the lower tempera
ture (12 "C) at which growth was recorded 
here. The efficiency of ciliate growth is high: 
ZAIKA (1973) gives a range of 30-50";. and 
Hu,;noKEL (1978) found 50°·; efficency in 
the case of tintinnids studied in culture. 
Lolunanniclla efficiency calculated here is thus 
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not unrealistic. ZAIKA (1973) points out that 
because of their high efficiency. ciliate biomass 
would tend to outstrip that of their autotrophic 
food organisms and concludes that food will 
be the main factor. rather than predation. 
limiting the numbers of ciliates in the s.ca. The 
Lohmanniel/a example clearly shows that the 
impact of an exponentially growing ciliate 
population is essentially short-term as nu
trients bound in ciliate biomass were rapidly 
returned to the phytoplankton following the 
collapse of the starving ciliate population. 
JOHANNES (1965) reported that protozoan feed
ing released large amounts of nutrients by 
greatly enhancing the recycling rate within 
the bacterial populations being grazed by the 
protozoans. Considering the high efficiency 
of ciliate growth. a similar situation would not 
be expected if phytoplankton were being 
grazed, unless ciliate mortality were high. If 
mortality rather than excretion was the major 
nutrient release mechanism, one.would expect 
temporal oscillations between the ciliate and 
phytoplankton as observed in the case of 
Lohmanniella in the tank experiment. 
ANTtA et al. (1980) have discussed the possible 
interrelationship between phytoplankton 
growth and ciliate remineralization. After point
ing out that ciliates have been reported to 
excrete the purines hypoxanthine and guanine 
(SOLDO et al. 1978, cited by At<TIA et al. 1980) 
they go on to show that the majority, but not 
all, phytoplankters are capable of utilizing 
these purines directly as a nitrogen source. 
However, response to this source varied from 
algal species to species to an e."<tent that would 
certainly affect succession in a mixed popu
lation exposed to these purines in the ab~nce 
of nitrate, nitrite or ammonia. Rhodonzanas 
lens was one of the algal species tested hy 
ANTIA et al. (1980) that appeared incapable 
of utilizing hypoxanthine. Rhodon1011as y..·as an 
important member of the 9-15 µm size frac
tion in Tank 4 prior to the ciliate explosion. 
This group of flagellates was replaced by euglc
noids, previously unimportant. after the crash 
of the ciliate population. One might surmise 
that the euglenoids were highly specialized 
in purine uptake y..·hich would explain their 
competitive edge over the other algae. The indi
rect evidence from the results of this tank experi
ment would support the proposal of A'.'ITIA 
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et al. ( 1980) that an abridged nitrogen turnover 
cycle between phytoplankton and ciliates, with
out the agency of bacteria. is indeed present 
in the sea. This would amount to a special 
relationship between the ciliates and certain 
phytoplankters and one can assume that it 
will be one of the many mechanisms driving 
phytoplankton species succession, in opera
tion when ciliates are an important component 
of the pelagic grazer population. In Kiel 
Bight, this appears to be the rule in spring 
(STEGMANN & PEINERT 1983, this volume) and 
autumn (SMETACEK 1981). Both these authors 
found protozooplankton and metazooplankton 
biomass to be negatively correlated which 
indicates that grazing of the latter controls 
biomass levels of the former. The presence 
of such a control mechanism in nature is 
supported also by the results of the present 
study as it would explain why ciliate population 
explosions of the kind found in the ·tank 
experiments do not appear to be common 
features of pelagic systems. 
It is hoped that future investigations of the 
pelagic community will pay more attention to 
the protozooplankton than has been the case 
in the past. SMETACEK (198I)presented evidence 
demonstrating that only a very small fraction 
of the protozooplankton, apart from tintinnids 
is retained even in nets of 20 µm mesh size. 
Unfortunately, protozooplankton is often col
lected and observed by zooplanktologists in 
nets and ignored by phytoplanktologists in the 
inverted microscope settling chambers. The 
latter method is the most reliable one for esti
mating the size of protozooplankton stockS 
in the field and it is strongly recommended that 
nets no longer be used for future studies of 
protozooplankton. 

Acknowledgements 

The data presented here were collected by the plankton 
team of the SFB 95 and I would like to mention the 
names of the other members here: 
B. VON BonUNGES. B. KNOPPERS. M. MEMPEL, 1-1. NEu
Bl:RT. F. Po!.1.EHNE, L. UttLMA:,,iS and B. 2EIT7..SC'HEL. 

I would like to thank E. HASSEN and U. FRANK for 
help with the counting. I am also grateful to the captain 
and crew of the FS ''Littorina" for their considerable 
help and cooperation in carrying out the shipboard 
experiment. The research was funded by the Deutsche 

V. S. SMETACEK 

Forschungsgemeinschaft and this contribution bears 
Publication Nr. 430 of the Sonderforschungsbereich 95 
of Kiel University. 

References 

A:-.TIA, N. J .• 8. R. BERLAND & D. J. BoNl:,,i. 1980: 
Proposal for an abridged nitrogen turnover cycle 
in certain marine planktonic systems involving 
hypoxanthine-guanine excretion by ciliates and their 
reutilization by phytoplankton. - Mar. Ecol. Prog. 
Ser. 2. 97-103. 

BocK. K. J .• 1967: Protozoa. Zooplankton. - Cons. 
int. explor. Mer. 110. 1-4. 

GoLo. K .• 1970: Cultivation of marine ciliates (Tintin
nids) and heterotrophic flagellates. - Helgolii.nder 
wiss. Meeresunters. 20. 264-·271. 

HAMILTON. R. D .. & l E. PRESLAN. 1969: Cultural 
characteristics of a pelagic marine hymenostome 
ciliate. Vronema sp. - J. exp. mar. Biol. Ecol. 4. 
90-99. 

HEINBOKEL, J. F .. 1978: Studies on the functional role 
of tintinnids in the Southern California Bight 
I. Grazing and growth rates in laboratory cultures. -
Mar. Biol. 47. 177-189. 

JouAl'-NES. R. E .• 1965: Influence of marine protozoa 
in nutrient regeneration. - Limnol. & Oceanogr. 10. 
434-442. 

SIEBURTH. J.M .. v. SMETACEK & J. LE!'.Z, 1978: Pelagic 
ecosystem structure: Heterotrophic compartments 
of the plankton and their relationship to plankton 
size fractions. - Limnol. & Oceanogr. 23, 1256-
1263. 

SMETACEK. V .• 1981: The annual cycle of protozoo
plankton in the Kiel Bight. - Mar. Biol. 63, 1-11. 

SMETACEK, v .. B. v. Boot:NGEN. B. KNOPPERS. H. NEU
BERT, F. PoLLEHNE & 8. ZE1TZSCHEL. 1980: Ship
board experiments on the eITect of vertical mixmg 
on natural plankton populations in the Central 
Baltic Sea. -- Ophelia. Suppl. 1. 77-98. 

SPITILER, P., 1973: Feeding experiments with tintin
nids. - Oikos. Suppl. 15, 128-132. 

STtGMANN, P .. & R. PE1:,;ERT. 1983: Interrelationships 
between herbivorous zooplankton and phytoplank~ 
ton and their effect on production and sedimentation 
of organic matter in Kiel Bight. - Lim11ologica 
(Berlin) IS (2), 487--495. 

ZAIKA. V. E .• 1973: Specific production of aquatic 
invertebrates. - John Wiley & Sons. New York. 
154 pp. 

Address of the author: 

Dr. VICTORS. SMETACF.K 
(nstitut fUr f...1eereskunde 
an der Universitiit Kiel 
D-2300 Kiel 



!n: FLm,s OF rnERGY AND MATERIALS 

fN MARINE ECOSYSTEMS 

Theory and Practice 

Edited by M.J.R. Fasham 
1984 Plenum Press, Ne~, York 

THE SUPPLY OF FOOD TO THE BENTHOS 

Victor Smetacek 

Institut fUr Meereskunde, Diisternbrooker Veg 20 
2300 KIEL 1, Fed. Rep. of Germany 

INTRODUCTION 

The food supply of the bulk of the marine benthoa is provided 
by the downward transport of organic matter produced by phytoplankton 
in the surface layer. The importance for the benthos of this vertical 
transfer of matter and energy from the pelagic to the benthic aystem 
has been recognised for a long time, although only recently baa effort 
been devoted towards measuring this vertical flux. In the past, there 
has been a widespread tendency amongst aquatic ecologists to regard 
sedimentation out of the pelagic com:nunity as an elimination of waste 
products and hence of little direct consequence to the functioning 
of the pelagic system. However, results obtained during the laat 
decade from direct monitoring of the export of particulate matter out 
of the pelagic system with sediment traps now necessitate a reviaal 
of earlier concepts. At present, attention is still centered pri
marily on measuring rates of sedimentation and examining the nature 
of this material rather than on elucidating the mechanisms governing 
the export of biogenous material from the surface layer. ·Thu1, the 
ecological processes regulating magnitude and quality of the benthic 
food supply are still not well documented, and most of the available 
information is of an indirect nature. 

. . 
The lack of a satisfactory understanding of these proce11es has 

been accentuated by the failure of compartmental flow models 1uch as 
those of Steele (1974) and Mills (1980) in budgeting energy flow 
through marine ecosystems (Mann, 1981). The main problem encountered 
by most of these budgetacy.models has been an apparent food shortage; 
this has led to a critical reappraisal of the data on primary pro-' 
duction (Gieskes, this volume) as well as the widely accepted 10% 
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transfer efficiencies between trophic levels suggested by Slobodkin 
(1961) (Milla et al., in press). Although it is well known that 
these models are"iiierely hypothetical because only a few of the flux 
rates have actually been measured, they neverthelesa reflect er
plicitly not only the state of our knowledge but also reveal to a 
great extent the intuitive thinking of the ecological community as 
a whole. 

To my mind, this problem of a food shortage can only be aatia
factorily resolved by approaching it both on the conceptual or hol
istic level as well as by acquiring more detailed and dependable 
data on the complexities of interaction within and between the vari
ous subsystems. On the holistic level, more regard should be paid 
to the physical boundaries between systems and the magnitude and 
temporal scales of imports and exports passing through these bound
aries. Thus, a pycnocline is a boundary for dissolved substances 
but not necessarily for sinking particles or awimaing organisms. 
Based on this simple fact, Margalef (1978) developed a conceptual 
model of the major environmental factors determining the nutrient 
load of the surface layer and hence the structure of the phyto
plankton' com:nunities as well as their temporal evolution. 

Margalef's (1978) straightforward conceptual model also pro
vides a useful framework for a better understanding of the sediment
ation process in the sea because it relates qualitative with quan
titative aspects of pelagic systems and this accounts for the patterns 
of development that are characteristic of the annual cycles of various 
regions. In a given geographical region, temporal succession in the 
various components of the pelagic system will be reflected in the 
rate of sedimentation and the composition of the sinking particles. 
Marked seasonal variation in the quantity and quality of the vertical 
particle flux has been found in all localities where the annual cycle 
of sedimentation has been studied so far. The majority of these 
studies has been carried out in coastal environments (Zeitzschel, 
1965; Steele and Baird, 1972; Webster et al., 1975; Hargrave and 
Taguchi, 1978; Smetacek 1980a; Hargrave, 1980; Kuparinen et al., in 
press; Peinert et al., 1982), but Honjo (in press) also obtained a 
distinct annual cycle in sedimentation monitored over monthly inter
vals in the Panama Basin. He found an identical pattern in material 
collected by traps suspended at 890 m, 2590 m and 3560 m depths that 
reflected the annual production cycle of the plankton in the surface 
layer. These data and those obtained by many other investigators 
from deep sea environments (see Angel, this volume, for a review) 
indicate that sinking particles, once they have left the surface 
layer, reach the sea bed comparatively rapidly, thus refuting the 
older view of a slow and steady drizzle of small particles, long 
supposed to be the major source of sustenance of the deep sea ben
thos. 
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In this article, I shall attempt to incorporate the sedimentation 
process in the conceptual framework presented by Margalef (1978), 
Because of the restrictions of space, I shall not deal with the food 
supply of benthos living within the euphotic zone as it can be inde
pendent of sedimentation. Further. other sources of energy such as 
terrestrial input or hydrothermal vents will not be dealt with, as 
also the important but quantitatively little known transport of macro
algae and seagrasses from the coast to the deep. The following pre
sentation is both an attempt at sorting the available, often con
flicting data, but also at providing an a priori model for the plan
ning of future investigations of this process. As such, many of the 
conclusions reached below are of a speculative nature and are in
tended to stimulate and provoke rather than to convince aDd placate. 

THE CONCEPTUAL FRAMEWORK 

Depending on the source of the nutrient supply, it is possible 
to differentiate pelagic conmunities into "bloom" and "steady state" 
types (Yentsch et al., 1977), In the former type, primary production 
is based on 'new1 nutrients, introduced into the surface layer by 
physical transport processes, whereas in the latter, nutrients are 
provided by the remineralisation of heterotrophs within the surface 
layer, i.e. production is based on 'regenerated' nutrients. Thus, 
'new production' always leads to an increase in the total biomass 
of the surface layer, whereas 'regenerated production' tends to main
tain a constant, or a decreasing level of biomass. As Kargalef (1978) 
has pointed out, the bloom type COlllllunity dominated by diatoma mature• 
into a regenerating community dominated by flagellates vithin the 
same water body, this progression being driven by the loss of essen
tial elements bound in particles sinking through the pycnocline, 
i.e. maturation of the pelagic system is accompanied by diminiahing 
biomass. Apart from some spatially restricted or minor mechanisma 
(terrestrial run-off, pore water input, atmospheric discharge etc.), 
renewal of the lost resources and hence an increase in biomass can 
only occur following upward transport of water from below the mixed 
layer. It is apparent that the total amount of organic matter that 
can be exported from the surface layer and eventually to the benthos 
living belov it is detennined by the amount of new production in the 
system and not by the total annual primary production which also 
includes regenerated production. 

The concept of new and regenerated nutrients was introduced by 
Dugdale and Goering (1967) in a study of an upwelling system where 
it was possible to differentiate the two in terms of nitrate and 
ammonia respectively, Although this is a useful working definition 
for offshore areas, it is not applicable to coastal regions where 
new nutrients can well includ~ anmonia. Thus, in regions with an 
oxygen deficit below the pycnocline, remineralised nitrogen will 
accumulate as anmonia; when this subpycnocline water is mixed up-
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wards. new nutrients will be introduced to the surface layer but 
in the form of ammonia rather than nitrate. It is obvious that new 
and regenerated nutrients can only be defined in relation to one an
other and based on spatial and temporal scales. Thus, a precise and 
general definition.cannot be given, particularly for localities such 
as estuaries that are characterised by large fluctuations in co~ 
paratively short spatial and temporal scales. Kemp et al. (1982) 
have addressed this problem and provided a conceptual framework for 
the better understanding of estuarine dynamics. They differentiate 
five interfaces or spatial boundaries as being of importance in such 
environments. In this presentation however. I shall confine .myself 
to a consideration of only two boundaries. viz. the sediment/water 
interface and the pycnocline, i.e. I shall deal only with coastal 
and open sea areas and neglect the far more complex estuaries. 

In the former environments, regenerated nutrients include not 
only nutrients remineralised by pelagic heterotrophs within the 
surface layer but also those released by benthic organisms. particu
larly suspension-feeding macrobenthos such as mussels. living within 
the surface layer and hence in direct interaction with the phyto
plankton. The importance of these benthic organisms in fuelling 
phytoplankton production has been demonstrated by Kautsky and Wall
entinus (1980). 

New nutrients, on the other hand. are taken to include all 
those nutrients introduced to the surface layer by physical transport 
processes. Most of the 'new' nutrients in marine environments are 
those added to subsurface water. either by benthic.or pelagic re
mineralisation or by mobilisation from the sediment. In this con
nection, the surface layer is meant to include the uppermost mixed 
layer that is normally, but not necessarily. bounded below by the 
seasonal pycnocline. 

In the tropics and sub-tropics, new production only occurs under 
upwelling conditions; in temperate and some arctic regions, nutrient 
renewal during the autumnal turnover and winter mixing is character
istic. Thus, diatom blooms based on new production and culminating 
in large biomass stocks are typical for upwelling regions and for 
the spring and sometimes the autumn in higher latitudes. Flagellate 
com:nunities based on regenerated nutrients and with low biomass are 
typical for stratified water, i.e. throughout most of the tropics and 
sub-tropics and in the summer of higher latitudes (Parsons, 1979). 
The regions of high primary production and large benthic biomass be
low the euphotic zone are also those in which new production occurs 
at some time of the year. In a given system, e.g. a temperate shelf 
with stable summer stratification, the bulk of the annual primary 
production figure might well be provided by regenerated sumner pro
duction, not because of high production rates in this season but 
simply because of its long duration relative to the highly pro
ductive but short bloom phases. Invoking higher phytoplankton pro-
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duction rates will thus not help in balancing pelagic/benthic budget• 
if the production is merely due to a higher turnover rate within a 
regenerating system and not to import of new nutrients to the system. 
The latter is effected by vertical transport of water and it is thus 
the hydrography of a region, together with the nutrient load of the 
water, that determines the food supply of the benthos. 

PLANKTON GROWfH AND SEDIMENTATION IN KIEL BIGHT 

In this section, a brief account of the interdependance between 
the annual cycle of the pelagic system and that of sedimentation is 
given, observed over several years in Kiel Bight - a coastal shallov
water system with an average depth of 17 m. Kiel Bight is used as 
an example, because this aspect in particular has been studied here 
in greater detail than elsewhere (Smetacek, 1980a,b; Peinert et al., 
1982; Smetacek et al., in press). In following sections, I h~ 
attempted to generalise from the Kiel Bight observations, undoubtedly 
a risky undertaking considering the many special circumstances of 
the Kiel Bight system. However, as the generalisations are based 
more on the conceptual framework presented above than on the observed 
sequence of events in Kiel Bight, I feel that they are justified at 
this stage of our knowledge. 

In Kiel Bight, the plankton growth season is initiated by the 
advent of calm weather in March/April which results in development 
of the spring phytoplankton bloom. Diatoms dominate the population 
and, as growth is rapid, nutrients accumulated in the water column 
over the winter are depleted within 2 weeks after bloom initiation. 
Organic carbon production by this bloom is in the order of 20 gem-2, 
estimated from N03, NH! and Po2- uptake (using the Redfield ratios) 
as well as from direct 14C-measurements. The response of zooplankton 
to this rapid increase in the food supply is slow and even the 
herbivorous protozooplankton that dominate zooplankton biomass in 
this period, manage to graze only a small part of the population. 
Following nutrient depletion, sedimentation of the bloom occu'rs and 
more than half of the organic matter produced by the bloom ia de
posited, largely as resting spores and living vegetative cells that 
form a loose green carpet on the sea bed. The process of sediment
ation lasts for about a week with a 3 - 4 day period where sediment
ation rates are in the order of 1 - 2 gCm-2d-l. In all, approximately 
10 gem-2 reach the benthos during this week (Figure 1). This flux 
has been measured directly over several years with sediment traps 
and calculated indirectly from water column measurements (Peinert 
et al., 1982), both results being in reasonable agreement. 

As a large portion of the ~edimented matter is in the form of 
living phytoplankton cells, snd hence of high nutritional quality, 
benthic response to this input is rapid. This was demonstrated by 
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Fig. 1. Sedimentation rates of particulate organic carbon (POC) 
monitored at 2-day intervals with a multisample sediment 
trap, deployed 2 m·above bottom in a 20 m water column of 
the Hausgarten, Kiel Bight during 1980. The dots are 
r~tios POC/chlorophyll~ equivalent (•chlorophyll~+ pheo
p1gments) of the collected material. The bulk of POC col
lected till 23 March was resuspended sediment, the 6 4 
gem-2d-1 collected on 18-20 March is the highest val~e 
ever recorded in Kiel Bight. Bloom sedimentation occurred 
in the period 20 March - 8 April. (Redrawn from PEINERT 
et al., 1982). 

Graf et al. (1982) who monitored bentbic activity during late winter 
and spring concomitantly with water column and sediment trap measure
ments. Their results, in comparison to food input rates measured 
with sediment traps, are presented in Figures 1 and 2. The increase 
in benthic activity itmtediately following bloom input was clearly 
apparent from all relevant parameters measured. Direct observation 
by divers indicated that the carpet of phytoplankton was no longer 
visible after a week and heat production data indicate that organic 
matter equivalent to input by the bloom was "burned" within 2 - 3 
weeks. However, as activity did not decline significantly after this 
event although sedimentation rates did (0.2-0.3 gCm-2d-1), the benthos 
was evidently using organic material already present in the sediment. 
This "spring rain" of phytoplankton apparently has a triggering ef
fect on the benthos as it leads to an increase in biomass of both 
microbenthos and, somewhat later, meiobenthos and to an elevation 
in the level of activity of the benthic system. 
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Fig. 2. Benthic activity par~ters and in aitu temperatures .measured 
at the sediment surface below the trap. Heat production 
(measured with a Pamatmat calorimeter) and potential oxygen 
demand (based on ETS measurements from the top l cm sediment 
layer) increase significantly following bloom input. (FrOlll 
GRAF et al., 1982). 

The influence of this bloom input on 2 species of macrobenthoa 
with differing feeding modes was also interesting as it reflect, the 
different strategies followed by these organisma. Macoma balthica-
a filtering clam - increased its carbohydrate and l1p1d content 11g

nificantly whereas the selective particle feeder N2phthys ciliata 
showed no such direct response (Graf et al., 1982). Ankar (1980) al10 
observed maximum growth of Macoma to occur in the spring in the Balti< 
proper. 

During late spring and early swmier, primary production level, 
fluctuate, with peaks as high as 0.5 gCm-2d-l (v.Bodungen, 1975; 
Peinert et al., 1982)although phytoplankton biomass levels tend to 
be low. ~his is the period of the copepod maximum, DaJch of the 
primary production is based on regenerated nutrients, although a 
significant nutrient contribution also comes from the sediments in 
the period before establishment of the seasonal thermocline. Sedi
mentation rates during this period are the lowest of the year (<O.l 
gem-2d-l). Apparently, the pelagic coumunity conserves matter with
in the surface layer in this phase. Occasional inputs of new nu
trients from the sediments as well as from deeper layers in the 
course of the summer are at least partly retained within the pelagic 
system as there is a net biomass increase over the sumner. Bacterial 
activity is high (Blllter, in press) and the ratio phytoplankton: 
zooplankton biomass low (<4:1). The community is highly diverse 
and cyclin& of matter efficient as demonstrated by the high levels 
of primary production (0.5 - 1.0 gCm-2d-1) and low rates of sedi-
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mentation (<<0.2 gCm-2d-l). Occasional bursts in sedimentation rates 
during the summer (>0.3 gCm-2d-l) are presumably the result of an 
imbalance in the system brought about by unusually large inputs of 
new nutrients from the sediments at the depth of the pycnocline via 
flushing of interstitial water (Smetacek et al., l976)and from re
stricted upward mixing of stagnant bottom\rater. These new nutri
ents are rapidly converted into plant biomass which is in excess of 
the prevailing heterotrophic capacity of the pelagic system, the 
"surplus" material, both phytoplankton and phytodetritus, evidently 
sedimenting out of the system. Such occasional peaks in stJJ11Der 
sedimentation rates are meteorologically forced, i.e. due to wind 
mixing and oscillation of the pycnocline as they do not occur with 
regularity every year. 

For reasons not yet clearly identified, the sUDDer community 
breaks down in late August and metazooplankton stocks decline rapidly. 
Upward mixing of nutrients accumulated in deeper layers over the 
aumner by increasing wind speeds in autumn gives rise to a massive 
autumn bloom of ceratia, frequently followed by a large diatom bloom. 
The Ceratium bloom attains roughly the same biomass as the spring 
bloom though the autumn diatom bloom is somewhat smaller. Both 
these blooms also sediment out (=10 gem-2) and there is thus another 
significant input of fresh organic matter to the sediments during 
October/November. The processes triggering sedimentation of these 
blooms are unclear, nutrient depletion being certainly not responsible 
as in the case of the spring bloom. Perhaps a decline in light in
put has a similar effect on sinking rates of the phytoplankton as 
does nutrient depletion. 

The seasonal pattern of sediment trapping is clearly seen from 
Figure 3 where results of a year's monitoring with a multisample 
sediment trap (Zeitzschel et al., 1978) suspended at 2 m above the 
bottom in a 20 m water colwii'ii"'"are depicted. The winter peaks are 
due to resuspension of surface sediments and the spring (March) and 
autumn (October/November} bloom peaks are conspicuous because of the 
high chlorophyll content of the material. The l'OW values from April 
through September are interrupted by two peaks, in July and August 
respectively. The phytoplankton origin of this material is indicated 
by its relatively high chlorophyll content. 

The benthic response to this annual pattern in food supply in 
Kiel Bight is·interrupted by a period of oxygen depletion in late 
su.m::ner and again in autumn that recurs every year. These sem.i-anoxic 
phases accompanied by sedimentary nutrient release, particularly 
phosphate, are a result of stagnation of the bottom water (v.Bodungen, 
1975), a situation characteristic of many other enclosed bodies of 
water. 

One can draw the following conclusions from the above account 
of the processes regulating input of organic matter to the benthos 
in a shallow coastal system: 
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Fig. 3. Sedimentation rates of particulate organic carbon (POC) and 
POC/chlorophyll .!. equiv. of the material collected in 1976. 
from the same depth and site as in Figure 1. (Redrawn fraa 
SMETACEK, 1980a). 

1. Sedimentation rates are highest during periods of nev pro
duction (unstable water column) and lowest during regenerated pro
duction (stratified water column). 

2. Accordingly, the bulk of the material (about 2/3) 1ettling 
out of the system in the course of an an.nual cycle is in the fora 
of phytoplankton cells or phytodetritus resulting fro.a cell 110rtality 
and independent of zooplanltton grazing. 

3. Zooplankton fecal pellets are largely retained within the 
pelagic system and hence their contribution to the total particle 
flux is negligible; possibly, the most important contribution by 
zooplankton to the particle flux is in the for111 of care•••~• (see 
later discussion). \ 

SEDIMENTATION OF PLANKTON AND DETRITUS IN OTHER REGIONS 

Phytoplankton and phytodetritus 

In deeper , more open areas not significantly influenced by 
tidal mixing or fronts, such as in the Baltic proper or in large 
areas of the North Sea, a similar seasonal pattern in input to the 
benthos might be expected. Phytoplankton cells from the aedimenting 
spring bloom reach depths well above 50 m with considerable rapidity 
and apparent ly at sinking speeds greater than the observed 11axinana 
rates under controlled laboratory conditions (v. Bodungen et al., 
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Fig. 4. Data collected from the water column during the spring bloom 
in the Bornholm Basin (Baltic Sea) during April 1975. 

a. Nutrient concentration (NOJ). Depletion in surface layers 
following 20 April is apparent. 
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1981). The mechanisms effecting these rapid sinking rates were ob
served in operation during an intensive study of the spring bloom 
in the 80 m Bornholm Basin of the Baltic proper (Smetacek et al., 
1978; v. Bodungen et al., 1981). The growth phase of the bloom was 
much more prolonged than in Kiel Bight because of ibtermittent ver
tical mixing to depths in excess of 20 m. Phytoplankton sediment
ation appeared to occur in events governed by the weather (Figure 
4). On the first calm sunny day following a stormy period (20 
April), biomass in the upper 10 m increased 2 fold accompanied by 
concomitant nutrient depletion in this layer. By the next day (21 
April), biomass in the entire water column had doubled and a,portion 
of the population, apparently the nutrient depleted cells from the 
surface layer, started to sink downwards in hulk and had reached 
the pycnocline at SO m dtpth. By the third day the sinking popu
lation had passed through the halocline - a density difference of 
4 6t - and settled out on the sea bed. On 24 April, the situation 
in the entire water column bad reverted to that of the period pre
ceding the sedimentation event and remained so till the investigatior 
was terminated (2~ April). Presumably, more such events occurred in 
the following days. 

The sinking rate of diatom cells is a function of their physio
logical state (Smayda, 1970; Titman and Kilham, 1976) and nutrient 
depleted cells sink much more rapidly than vigorously growing cells 
of the same species. The difference is ap~roximately four-fold 
and the reported maximum sinking rate of senescent cell• of small 
species such as Skeletonema costatum are in the order of 10 m d-1 
(Smayda and Boleyn, 1966). The unusually high sinking rate of 
s. costatum cells indicated by the above field observations (40 • d-1) 
can possibly be attributed to aggregate formation during the course 

Fig. 4. (cont.) 
b. Chlorophyll a concentrations. Chlorophyll build-up at 
the surface on 21 April and the downward movement of the 
bulk on the 22 and 23 April is clearly visible. 

c. Integrated values for chlorophyll a in the 0-70 m, 
0-30 m, and 30-70 m water columns. The" sedimentation event 
of 22 and 23 April is apparent, 

d, Phytoplankton biomass, derived from cell counts and 
carbon conversion factors; Skeletonema costatum was the 
dominant species. -

The permanent halocline was located at ea. 50 m depth, the 
seasonal thermocline was established in May. (From v. 
Bodungen et al., 1981). 
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of descent. As at least portions of the populations appear to sink 
out in concert, their temporary accumulation at density discontinu
ities will certainly favour aggregate formation. Such aggregates 
have a faster sinking rate than the individual particles of which 
they are composed (McCave, 1975). This mechanism would explain the 
occurrence of accelerated sinking rates in nature suggested by 
Smayda (1970). 

Sedimentation of the spring diatom bloom in coastal areas is 
well documented (Platt and Subba Rao, 1970; Skjoldal and Lllnnergren, 
1978; Raymont, 1980; Kuparinen et al., in press); it is widely be
lieved that this is due to the absence of overwintering populations 
of zooplankton in such areas. However, little consideration has 
been given to the question whether this also occurs in regions ac
cessible to oceanic zooplankton. 

Direct monitoring of the vertical particle flux with sediment 
traps has rarely been carried out in open shelf environments. During 
the spring bloom in the northern North Sea studied by FLEX 76, where 
a large population of Calanus developed, sediment traps were put out 
by workers from Aberdeen and Kiel. Both groups collected considerable 
amounts of phytoplankton in their traps deployed well below the de
veloping thermocline (40 m). Quantitative evaluation of these samples 
however, proved difficult because of the large quantities of copepods 
that apparently swam into and died in the traps (Davies, pers. CODD.). 
Indirect evidence is now emerging, voiced by Walsh (1981), that durinp 
periods of new production, loss rates of organic matter from the 
pelagic zone can be substantial. Thus, Coachman and Walsh (1981) and 
Dagg et al. (1982), in studies of the Bering Sea spring phytoplankton 
bloom, also suggested that a fairly large portion of plant biomass 
sedimented directly to the benthic system in spite of the presence 
of sizable overwintering zooplankton populations. In upwelling re
gions as well, a substantial portion of the organic matter produced 
by the initial diatom bloom also apparently settles out of surface 
layers as shown by the rapidity with which the total concentration 
of biogenous material in the surface layer declines away from the 
centre of upwelling (Margalef, 1978). Eppley et al. (1979) also 
suggested that the loss rate of organic matter is higher during 
periods of new production than when regenerated production prevails. 
The decisive factor here will be the size of the grazer population. 

¥ransz and Gieskes (in press) have recently shown that, in con
trast to the prevailing view on the subject, there was an imbalance 
in the temporal development patterns of the phytoplankton and zoo
plankton during the spring bloom in the southern and central North 
Sea and that a large portion of the spring bloom was not grazed by 
the zooplankton but settled out directly to the sea floor (Gieskes, 
pers. comm.). 

Much less is known of sedimentation during and following dino-
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llagellate blooms an1 the presence of a relationship between the 
sinking rate and physiological state in this group such as that pre
sent in diatoms has, .to my knowledge, not been reported so far. How
ever, that dinoflagellate populations can also settle out of the 
water column en masse, sometimes with devastating consequences for 
the benthos has been reported from red tide blooms. Many of the red 
tide organisms {e.g. Gonyaulax spp.) form resting spores that collect 
on the sediment surface in large numbers (Provasoli, 1979). One 
might speculate that the toxic forms are able to increase their sur
vival chances by deterring grazing much as many land plants do. 
Similarly, some herbivores will develop immunity to the particular 
poison or to the particular species by not digesting its cell Vall, 
which might explain the selective effect of the dinoflagellate toxins 
on marine animals. Thus, the toxins of Gymnodinium breve are re
portedly lethal for cowries and horseshoe crabs but apparently not 
for the other molluscs and arthropods living in the area (Tufts, 
1979). Vertebrates appear to be most susceptible to these plant 
poisons, which is again similar to the situation on land. 

Sedimentation of an immense bloom of Ceratium tripos in the 
New York Bight in June 1976 resulted in oxygen depletion at the sedi
me~t surface and mass mortality of the benthos over an area of 13,000 
km (Mahoney and Steimle, 1979). This bloom resulted from an over
wintering autumn population that built up its enormous biomass during 
spring and early sumner (Malone, 1978). Such spectacular events are 
unusual, but because of the devastation they cause, they·vil~ be of 
considerable importance in shaping the structure of the benthic com
munities. The composition of the sediment will in all likelihood be 
influenced more by occasional blooms of this magnitude than the 
regular annual input. 

Huch less information is available on the sedimentation of fla
gellates although it is well known that coccolithophorid skeletons 
are an important constituent of the sediments in many regions. Rey
nolds and Wiseman (1982) found in enclosure experiments carried out 
in a lake that only a very small percentage of nanoflagellates sank 
out of the 10 m water column in contrast to diatoms where up to 100% 
of the population was observed to sink out. The nanoflagellates 
were apparently largely grazed down {Reynolds!£...!!.•, 1982). 

_Sedimentation of Zooplankton and Derivates 

From the above discussion, it would appear that the role played 
by zooplankton in the sedimentation process is secondary when com
pared to that of the phytoplankto~ especially under conditions of 
new production. This is in contrast to the prevalent views on the 
subject that are based on examination of sediment trap material 
(Angel, this volume). In three recent studies, carried out on the 
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relationahip between copepods and the fecal pellets produced by 
them, it has been shown that the fate of the majority of fecal pellet, 
is retention and utilization within the trophogenic layer rather than 
sedimentation to the sea floor, In two of the environments, (SE 
continental shelf of the USA, Paffenh11fer and Knowles, 1979 and Kiel 
Bight, Smetacek, 1980b), the dominant zooplanktera were small copepods, 
In the third environment, the North Sea, large copepods - Calanus -
formed the bulk of the zooplankton (Krause, 1981). Coprophagy by 
the copepods (Paffenhofer and Knowles, 1979) together with bacterial 
breakdowns of the pellets, were considered to be the major mechanisms 
of fecal pellet retention in the water column. 

The smaller copepods generally dominate zooplankton biomaaa 
during the summer months when the pelagic system ia characterized by 
regeneratated production, These copepoda are too small to migrate 
to richer food lourcea and yet have generation times of several weeks. 
It is obvious that if all the fecal pellets produced by a growing 
cohort of copepods were to sink out of the mixed layer, the population 
would starve before it reached maturity (Krause, 1981). An increase 
in trophic efficiency would not suffice aa a survival strategy and 
coprophagy would be a more effective mechanism within such a system 
as it would drastically reduce leaking of essential elements. 

If a regenerating, and hence self-aufficient, pelagic population 
could be considered an ecosystem, then retention of essential elements 
within it would be an important property of such a system. Support 
for this assumption is provided by the variety of feeding modes pre
sent in sumner copepod comnunities in contrast to those dominating 
diatom blooms: whereas the large Calanus spp. (temperate and arctic) 
and Calanoides spp, (e.g. Nll African upwelling) are typically herbi
vores, the smaller sumner copepods apparently have a more miscel
laneous diet as reflected by their more versatile mouth parts (e.g. 
Temora, Acartia, Centropages, Oithona, etc., Schnack, 1982). This is 
also shown by their 13c content which is an indication of the "trophic 
distance" of a given heterotroph from the primary producers. Thus, 
Hills et al., (in press) reported that large copepods and euphausiids 
were apparently only one trophic step away from the phytoplankton, 
whereas the small copepoda were significantly further removed. This 
trophic "distance" of the smaller copepoda from the phytoplankton 
could be easily explained if fecal material and adhering bacteria 
were indeed an important part of the diet of these small copepods. 

Under conditions of new production, the growth rate of the phyto
plankton exceeds grazing rate of the zooplankton and there is an 
abundance of food. Under such conditions, copepods not only increase 
their pellet production rate (Marshall and Orr, 1972) but assimilatory 
efficiency also declines, as evidenced by the large numbers of un
digested algal cells in the pellets (Turner and Ferrante, 1979) It 
is possible that coprophagy is of lesser importance when ther is an 
abundance of food allowing a greater proportion of the fecal pellets 
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to sink out of the surface layer. The implication is that the ratio 
pellets produced/pellets sedimented vill be variable and dependent 
on conditions within the surface layer. This ratio will presumably 
be inversely related to the ratio phytoplankton/copepod biomass. The 
presence of such a relationship would make ecological sense for the 
mesozooplankton that share their environment vith their plant food 
and would serve to explain the discrepancies between results ob
tained from sediment traps from different localities and seasona 
(Smetacek, 1980b). 

Migratory organisms would have no obvious need to conserve 
matter within the surface layer as they are able to change their· 
feeding grounds. Fish fecal matter, particularly of nektonic swarms 
would presumably settle out rapidly. Staresinic et al.(in press) 
collected large quantities of anchoveta fecal pel~in sediment 
traps deployed by them in the Peru upwelling region. This also 
applies to organisms such as salps and Antarctic krill, of the macro
zooplankton that occur in distinct swarms that are able to change 
their feeding grounds by vertical migration. Iseki (1981) found salp 
fecel pellets to be an important constituent of the particles col
lected by sediment traps in the Pacific ocean. Sediment traps de
ployed in the Antarctic occasionally collected large quantities of 
krill feces (SFB 95, Kiel University, unpublished data). However, 
large salp swarms have been reported to persist in the same region 
for over 2 months (Alldredge, this volume). Maintenance of such a 
large swarm over such a long period will necessitate some form of 
recycling of fecal material, although ve can at present only apecul
late at the possible mechanisms involved. As a rule, however, large 
swarms of macrozooplankton tend to concentrate at the shelf break 
where the water depth is sufficient to permit extensive vertical 
migrations. Dagg et al. (1982) have shown that much of the biomass 
produced by the spring bloom in the outer reaches of the Bering Sea 
shelf was indeed grazed by zooplankton, in contrast to the situation 
on the mid-shelf and coastal region. Possibly, the major form of 
input to the benthos on the outer shelf is in the form of macro-· 
zooplankton fecal pellets, whereas towards the coast, the contribll
tion of phytoplankton to the benthic food supply increases. 

Another source of food for the benthos that has received little 
attention so far is dead zooplankton. This is because it is widely 
assumed that predation rather than natural mortality, i.e. death due 
to old age, is the major factor controlling the size of zooplankton 
stocks. As in the case of the phytoplankton/herbivore relationship, 
discussed above, one can advance the same argument with regard to 
balance between herbivores and carnivores to support the contention 
that prey and predators do not necessarily have to be balanced. This 
point can be illustrated with an extreme example: the comnon cladoceran 
Penilia avirostris which occurs in the coastal regions of the tropical 
and warm temperate zones. It has benthic eggs that hatch synchronously 
releasing a large cohort into the pelagic system. The animals repro-
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duce parthenogenetically and build up a large population with great 
rapidity, generally dominating the zooplankton biomass during such 
"blooms". When the bloom is over. the organisms form resistent 
resting eggs that are transported to the bottom in the carcass of 
the parent (Wickstead, 1963). Because of the large biomass of the 
population, such an event is bound to be of significance to the 
benthos. 

Natural mortality may also be widespread with species that occur 
in distinct cohorts as in the case of overwintering euphausiid or 
copepod populations. Presumably, many of the adult gelatinous macro
and megazooplankton also die a natural death after reproduction. Aa
sessing this source of input to the benthic system is indeed difficult, 
partly because of its patchy nature. In shelf and coastal areas where 
zooplankton stocks are large, the organisms tend to swim into and die 
.in sediment traps, which makes it difficult to assess natural mortality 
rates from trap material. Smetacek et al. (1978)showed that almost 
the entire overwintering zooplankton stock in the southern Baltic 
(0.4 gem-2) succumbed to old age and was collected in a trap located 
below the pycnocline, i.e. in oxygen depleted water not normally in
habited by them. Although this observation might indeed be typical 
only for the Baltic because of the paucity of carnivores at this time 
of year, it would also serve to explain the comparatively steep de
cline often observed in large copepod stocks following reproduction. 
Zooplankton carcasses sink faster than phytoplankton and fecal pellets 
(Smayda, 1970) and they are likely to be even more fancied by the 
bentbos than the preceding "shower" of diatoms and phytodetritus. 

Another well-known example of pelagic input to the sea bed is 
in the form of nekton carcasses. The presence of large, active 
scavengers in the deep sea, comparable to vultures in terrestrial 
systems, shows that this form of food supply is of ecological sig
nificance. To what extent these carcasses are the result of old age, 
sickness or merely "messy feeding" by nektonic carnivores is unknown. 
The role of these large parcels of organic matter ("food falls") as 
a benthic food source has been recently reviewed and discussed by 
Stockton and DeLaca (1982). 

Nutritional Value of Sedimenting Particles 

Data on the chemical composition of sedimenting matter has 
largely been restricted to its elemental composition. Thus, matter 
of marine origin collected in sediment traps generally has C/N ratios 
below 10 and is hence considered to be of direct nutritional value, 
i.e. without the agency of bacteria, to benthic animals. However, 
little is known of th~ digestibility of such material. Smetacek 
(1980a) and Pollehne (1981) have shown that C/N and C/P ratios of 
sedimenting matter varied seasonally and were lowest during spring 
and autumn bloom sedimentation and highest during sumner stratifi-

\ 
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cation. Sometimes, summer material showed even higher C/N and C/P 
ratios than present in the surface sediment. C/chlorophyll ratios 
followed an identical pattern indicating that food quality was highest 
during new production and poorest during regenerated production. 
These observations indicate that regenerating systems conserve N and 
P relative to C. The particles sinking out of such systems are truly 
wastes, i.e. they are composed of refractory material with low essen
tial element content. Smetacek ~- (1980) found in tank experi
ments with flagellate populations that settling particles always had 
a higher C/N and C/chlorophyll ratio than particles that remained in 
suspension. These 'waste' particles evidently had higher s:i.nking 
rates. On reaching the sea bed, such particles will have to be en
riched by bacterial growth (Johannes and Satomi, 1966), involving 
uptake of inorganic nutrients from the environment and loss of energy, 
before they can be utilized by benthic animals. Thus, benthos living 
below a regenerating pelagic system receive not only small quantities 
of food, but also food of poor nutritional quality. Evidently, the 
seasonal cycle in new and regenerated production in the pelagic 
system is of vital importance to the bentbos both in terms of quantity 
and quality of the food supply, 

Regional Considerations 

In a given region, the magnitude of new production and the 
seasonal cycle of the pelagic community will determine the temporal 
cycle in quantity and quality of the food sinking out of surface 
layers. In some coastal areas such as in Bedford Basin, high sedi
mentation rates have been recorded in suamer (Hargrave, 1980). 
Seasonal cycles in sediment trapping recorded from various other 
coastal localities (Steele and Baird, 1972; Ansell, 1974; Webster et 
al., 1975; Platt, 1979) also differ considerably from that in Kiel~ 
Bight (see Parsons et al., 1977 for a review). However, in many of 
these localities, add1t1onal factors such as resuspension, terres
trial input and input from macroalgal beds play a far greater1role 
than in Kiel Bight. It may be that the basic pattern in pelagic 
input to the benthos exhibited by Kiel Bight will be found in other 
temperate enclosed bodies of water as well. In regions where tidal 
mixing is important, the situation is likely to be more complicated, 
depending on whether new nutrients are introduced to surface layers 
in the course of a tidal cycle or not. Further, sediment resuspension 
and redeposition will serve to complicate the picture. 

In shelf regions, the pattern of sedimentation will depend on 
latitude and on the hydrography. The higher production of frontal 
regions is maintained by input of new nutrients. As dinoflagellates 
play an important role in such areas (Holligan, 1979) the seasonal 
cycle in food input to the benthos will be quite different here al
though sedimentation rates are bound to be considerably higher under 
a front than in adjoining regions where regenerated production dom-
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inates. Some shelf systems such as Georges Banlt do not develop 
stable swmner stratification as do most others. Because of its un
stable water column and its location in an area with high nutrient 
concentrations below the seasonal pycnocline, the contribution of 
new to total production over the banlt is greater than in other ad
joining shelf areas. Sissenvine et al. (in press) attribute its 
higher fishery yield to this fact~In such a system, it is likely 
that downward mixing of phytoplanltton besides sedimentation will 
play an important role in providing food to the benthos. 

It is a well-known fact that benthic biomass decreases fro• 
coastal and shelf regions to the deep sea (Rove, 1971; Paraona et 
!!.•, 1977). One explanation generally advanced is that sinking~ 
particles must penetrate through a longer gauntlet of pelagic hetero
trophs during their descent in deeper water columns and are hence 
leas likely to reach the sea floor. However, as moat of the pro
ductive regions are located over shallow depths, a comparison with 
deep productive regions such as the equatorial divergence vould be 
necessary to confirm the above explanation. Hargrave (1975), in a 
comparative study of lakes and marine bays, found an inverse cor
relation between sedimentation and depth of the mixed layer which 
he attributed to more effective remineralisation within a deeper 
mixed layer. However, as new nutrients are added more easily and 
hence more frequently to shallow mixed layers than to deeper ones, 
the percentage of new to total production vill be greater in the 
former (eutrophic) as compared to the latter (oligotrophic) type. 
Thus, although pelagic remineralisation is indeed more efficient in 
the latter environment, the cause for this is not the longer water 
column, but rather the lower input rates of new nutrients and their 
effect on the phytoplankton comnunity. 

That sedimentation of organic matter is higher under areas with 
significant new production is clearly demonstrated by the organic 
carbon content of the sediment on a global basis (MUller and Suess, 
1979). These authors and MUller and Mangini (1979) have shown that 
the higher the sedimentation rate, the higher the percentage of 
organic carbon that is hurried. Walsh (1981) suggested that the conti
nental shelves are a major global site of burial of organic carbon, 
which if true, would indicate that the benthos is receiving food 
well in excess of its demand in these areas. This is bard to be
lieve, if budgetary models of the pelagic system (Steele, 1974; 
Mills, 1980) are considered where even the total annual primary pro
duction is insufficient to fuel the apparent demand of the combined 
pelagic and benthic heterotrophs. Either we are missing sediment
ation events on short time scales where occasional bursts in new 
production result in corresponding bursts in sedimentation, or events 
occurring once in several years such as the Ceratium bloom in the 
New York Bight are decisive. In any case, more information on the 
relationship between pelagic system structure and sedimentation is 
urgently called for before such fundamental issues can be resolved. 
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It is well-known that benthic biomass and act1v1ty is closely 
correlated with the food supply (e.g. Parsons et al., 1977) however 
~etailed information on the response of the beiiui'oii to its food sup;ly 
is scanty. Standing stocks of benthos are largest in regions with 
significant new production, the length of the growth season, i.e. 
latitude is not the decisive factor. Mills (1975), in a critical 
evaluation of the contribution of benthic ecology to biological 
oceanography has compared benthic populations from different regions 
and has pointed out that interaction within the benthic coDIDUJlity 
can exert considerable influence on its structural characteristics, 
e.g. large epifauna va. small infauna. He assumes, however, that 
food input is "a rather sparse but constant rain" of various part
icles of pelagic origin. The most recent evidence shows that this 
assumption is false, even for the deep sea where the overlying water 
exhibits some degree of seasonality (Honjo, in press). I believe 
that the seasonal pattern in the food supply is the single moat 
important factor determining bentbic conmu.nity structure as it sets 
the rhythm to which the various organism types respond in their 
individual ways. However, the postulate cannot be verified at 
present • 

. Htpner Petersen and Curtis (1980} and Htpner Petersen (in press) 
have compared various environments from the Arctic to the tropics 
with one another in terms of the contribution of pelagic and demersal 
fish to the total catch. They show that at high latitudes, demersal 
fish form the main portion of the catch in contrast to the tropics 
where pelagic fish are much more important. The authors suggest 
that, as the northern ecosystems are young, the pelagic food web is 
inefficient and a proportionately larger portion of primary pro
duction is diverted to the benthos. However, it is also likely 
that because of the shorter growth season in high latitudes, pelagic 
food is available for only a short period of time, and these en
vironments are therefore not conducive to development of large popu~ 
lations of pelagic fish. Stated in other terms, the higher the 
proportion of new to total production in a system the greater the 
relative amount of total energy fixed in the system that is diverted 
to the benthos. A closer comparison between high latitude spring 
blooms and low latitude upwelling blooms in terms of pelagic/benthic 
partitioning of energy will be necessary to resolve this question. 

Within a geographical region, benthic biomass is rarely evenly 
distributed and, depending on the spatial scale regarded, the 
distributional patterns can be in the form of zones or merely patches. 
On the SE shelf of the USA, Hanson et al. (198l)found benthic biomass 
and activity to be higher at the shei°f"break than in the mid-shelf. 
The authors attribute this to nutrient input via intrusions of deep 
Gulf Stream waters at the shelf break, i.e. the contribution of new 
to total production is higher here. Paffenh6fer and Knowles (1979) 



L 

536 V. SMETACEK 

suggest that the paucity of benthos in the mid-shelf of the same 
region is due to coprophagy by the copepod population that effec
tively reduces exports to the benthos. Turning their argument a
round, one might conclude that in regions with high benthic biomass 
such as the North Sea, the copepoda either do not practise coprophagy 
or there are sources other than copepod fecal pellets, i.e. phyto
plankton and zooplankton carcasses, providing food to the benthos. 

Benthic zonation can also be brought about by physical factors 
of the environment. Thus, food settling out of surface layers can 
be concentrated in certain localities by currents interacting with 
bottom topography. A particularly striking example from the 
southern Nortn Sea has been presented by Creutzberg et al. (in presa). 
Their results are presented in Figures 5 and 6. They found benthic 
biomass to increase from South to North, as the mud content of the 
sediment increased. At the transition zone of sand tom.id, bentbic 
biomass was highest. In this zone the tidal current velocity drops 
to a critical value at which deposition of silt can take place. 
Thus, organic matter emanating from the regions where deposition 
cannot occur is concentrated in this zone giving rise to a benthic 
biomass 4 times the size of the sand coamunity. The authors also 
found a spatial succession in the dominant feeding types within the 
zone of high benthic biomass. Going northwards. surface deposit 
and suspension feeders (Angulus fabula) occurred in the region of 
fine sand, to be succeeded first by subsurface feeders (Nucula and 
Echinocardium) and then by primary deposit feeders (Abra alba). 
Thereafter, suspension feeders became dominant (Turritella followed 
by Chaetopteris). The authors suggest that this distributional 
pattern reflects environmental properties pertaining to resuspension, 
deposition and sediment stability. However, new production in the 
water column immediately overlying this zone is likely to be higher 
than elsewhere in the region as it is the site of a front {Pingree 
et al., 1978). Whether this is a significant contribution to the 
Iood""supply relative to the concentration effect suggested by the 
authors is worth looking into. 

METHODOLOGY 

There has been a general reluctance amongst ecologists to 
study the sedimentation process on an equal footing with other 
major pelagic processes. In the following, I shall therefore 
briefly outline some of the approaches that have been uaed in the 
past to study various aspects of the sedimentation process in the 
hope that more marine ecologists will include them in their routine 
sampling programme. 
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Fig. 5. 
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Depth contours and mean biomass of the benthic macrofauna 
(ash free dry weight, g m-2) from the southern North Sea 
between the English and Dutch coasts. 
a. Sandy sediments, b. transition zone from sand to mud• 
c. Huddy sediments. Dots are sample stations (from Creutz
berg et al., in press). 

Sinking Rate Measurements 

Measurements of the sinking rate of particles by direct ob
servation have been carried out on various marine particles, e.g. 
phytoplankton cells, zooplankton fecal pellets and carcasses. Such 
direct measurements have to be carried out under artificial cOn
ditions - i.e. in the absence of natural turbulence patterns - and 
although they yield important baseline data, the actual sinking be
haviour of particles in the field can be quite different. Some 
laboratory and ship-board methods have been described by Smayda 
and Boleyn (1965), Eppley et al. (1967), Turner (1977) and Bienfang 
(1979). Smayda (1970) and Angel (this volume) have compiled avail
able data on sinking rates of phytoplankton and fecal pellets re
spectively measured by such methods. 

This simple approach, i.e. monitoring of sinking particles 
within an experimental vessel, has been expanded for in situ use 
by Lllnnergren (1979) who used a horizontally partitioned plexiglass 
cylinder suspended in the sea. Changes in the sinking rate of a 
sping diatom population, enclosed periodically in this water column 
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Distribution of peaks of certain macrofauna species along 
three transects in relation to mud content from the trans
ition zone (Figure 5 b.). Mud content is given in% and 
size of symbols denotes relative abundance (from Creutz
berg et al., in press). 

were followed at short intervals. The author demonstrated that at 
the peak of the bloom, the diatom cells were actually positively 
buoyant. The results from such experiments, if combined with field 
observations, provide much useful information and help greatly in 
interpreting the field data. The use of mesocosms bas also helped 
in elucidating sinking behaviour of natural plankton populations 
(Bienfang, 1982; Reynolds and Wiseman, 1982; Reynolds et al., 1982). 

Sediment Traps 

The use of sediment traps - i.e. containers placed in the path 
of downward moving particles - to directly assess the vertical flux 
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of material via passive sinking has become widespread during the 
last decade. A wide variety of containers, generally cylinder or 
funnel-shaped, have been employed, and experimental studies have 
shown that the amount and possibly the composition or particles col
lected by the various types of traps is dependent on many environ
men~ .. l factors other than the actual sedimentation of particles 
oc_urring during the period of deployment. Several diacusaiona of 
the methodology as well as reviews of the various types in usage 
have appeared recently (e.g. Hargrave and Burns, 1979; Gardner, 
1980a; 1980b; Blomqviat and H,;i.anson, 1981), therefore, in the 
following, only some of the possible sources of bias inherent to 
this methodology will be dealt with. 

As sediment traps are rigid objects placed in a turbulent 
environment, their presence alone will significantly change the 
turbulence pattern in the i1I1Dediate vicinity and hence influence 
the sedimentation regime. This influence will be greatest in slow
aink.ing small particles and it has been shown that depending on trap 
configuration and current speed, estimation of vertical flux of these 
particles can be less or even more than the actual flux. Large 
particles with high sinking rates will be trapped more realistically 
but, being rarer by nature than the small particles, the area of 
the collection surface will decide here how representative a given 
sample is. As the range of particle sizes likely to contribute 
significantly to the vertical flux will vary both spatially and 
temporally by as much as several orders of magnitude, the size of 
the sediment trap used as well as its configuration can seriously 
bias the information thus obtained. One way to lessen distortion 
of the turbulence pattern around a sediment trap is to let it drift 
freely with its environment (Staresinic !!....!!_., 1978). 

A problem inherent to results from sediment traps, particularly 
in coastal environments or when the trap is in the proximity of the 
nepheloid layer of the deep sea, is the fact that the trap collects 
both primary settling material, i.e. particles settling out for the 
first time, as well as resettling material, i.e. particles resua
pended from the sediment surface by water movement. The problems 
involved in differentiating between these two types of material have 
been discussed by Smetacek (1980a). In coastal localities subject 
to frequent bottom-near turbulence, only indirect clues can be 
used and it is probably utterly futile attempting to estimate pri
mary settling rates using sediment traps in highly energetic coastal 
waters such as those strongly influenced by tides. 

As particles collected by a trap generally clump together at 
the bottom, it is difficult to deduce from this material their 
original shape at the time of entering the trap, i.e. whether part
icles were sinking individually or in aggregate form. Further, 
concentration of particles into clumps significantly changes the 
biological environment and hence the break-down rate of particles. 
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Although use of preservatives prevents organism activity, it also 
affects the chemical composition of the particles (Smetacek and Hen
drickson, 1979). Results obtained from sediment traps have thus to 
be treated with caution, just as in the case of all other methods 
for measuring rates that are in use in marine ecology. 

It is important to bear the"llpace and time scales of data pro
vided by sediment traps in mind, particularly when incorporating 
the same into holistic models. On a riJ. basis, they provide more 
useful information on export out of the pelagic system than import 
to the benthos, because of near-bottom redistribution of the food 
particles. Logistical problems involved with sediment trap usage 
rather than the quality of information derived from them is certainly 
the major disadvantage associated with this methodology. So far, 
sediment traps have been deployed mainly in inshore areas or in the 
deep sea for any length of time, presumably because of the hazard 
posed to moored sediment traps by fishing activity; their routine 
use·on continental shelves will be necessary before these important 
ecosystems can be successfully budgeted. 

Direct Field Observation 

Direct sampling of vertical gradients in particle composition 
and quantity is another means of monitoring the vertical flux. In 
shallow areas with large spatial and temporal fluctuations in particle 
concentration and composition this method is of only restricted use. 
In deeper regions with less surface patchiness, the vertical gradi
ents will provide information on the vertical flux particularly if 
repeated in the same water column over short periods. The use of 
large-volume water bottles or pumps together with large-mouthed, 
fine-meshed nets will aid in representatively sampling the larger 
particles and in situ fluorometers and transmissometers can provide 
useful additional data. 

Resuspension of Sediment Particles 

Resuspension of sediment particle and near-bottom transport to 
other areas has been the domain of geologists for a long time. Only 
recently have benthologists employed some of the available methods 
e.g. flumes, to study the effect of this potential food supply on 
the benthos. Taghon et al. (1980) showed in a flume experiment how 
the feeding behaviour~pionid polychaetes varied in relation to 
water velocity. At low velocities the animals practised deposit 
feeding but lifted their tentacles from the sediment surface and 
switched to suspension feeding when higher current velocities in
creased the horizontal flux of particles in the overlying water 
layer. Such direct observation of feeding by benthic organisms will 
help greatly in classifying benthic communities according to their 
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relative proportions of food acquisition strategies. 'nlis know
ledge, when combined with field observations of feeding type dis
tribution such as those of Creutzberg et al. (in press), will con
siderably illuminate the picture of pelagic/benthic coupling that 
is now in the process of emerging. 

CONCLUDING REMARKS 

A purpose of this presentation has been to draw attention, 
particularly of pelagic ecologists, to the general importance of. the 
sedimentation process in the sea. I am convinced that a closer con
sideration of this process within the context of general plankton 
ecology will bring to light previously neglected aspects of oystems 
functioning; these would provide new perspectives for resolving some 
contemporary controversies such as those pertaining to the fate of 
phytoplankton cells and the relative roles of bacterioplankton, 
protozooplankton and metazooplankton in pelagic remineralisation (see 
Williams 19al for a review). The comprehensive studies on loss 
rates of phytoplankton carried out by Jewson et al. (1981) and Rey
nolds et al., (1982) in lacustrine environments provide good example, 
for the type of data that are rare for marine ecosystems. Obtaining 
such data from the sea is, of course, a much more difficult task. 

One of the main problems is differentiation of new and regen
erated production which can be resolved by recording N03-uptake 
rates (Dugdale and Goering, 1967) or by measuring net d1el production 
(net growth of the plankton colllllUDity plus sedimentation) within a 
given water body. Sedimentation can best be monitored in 1uch daily 
budget studies by deployment of free-floating sediment traps (Stare
sinic et al., 1978) which can simultaneously serve as drogues for 
marking the water mass under study. Such short-term budgetary 
analyses of various types of pelagic coumunity will provide criteria 
for classification of different structural types based on their 
dynamic features. Such criteria might well be the 'macroscopic 
properties' characteristic of particular systems as suggested by 
Mann, (1981). Such a classification scheme for the Kiel Bight 
pelagic system has been presented by Smetacek !!...!!.· (in press). 

In this paper, the case has been made that the benthic food 
supply is a function of the controlling element (generally nitrogen) 
budget of the area. More explicitly stated, the hydrography of a 
given region together with its latitude, i.e. its patterns of ex
ternal and radiant energy input respectively, using Margalef'• 
(1978) terms, will determine the quantity and quality of food supply 
to its benthos. With the possible eiu:eption of the oligotrophic 
oceanic gyres, this annual rhythm in the food supply is likely to 
be a fundamental factor in shaping the benthic comnunity structure 
just as its quantity sets the upper limit for the total benthic 
biomass. 
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Abstract 

Rapid mass sinking of cells following diatom blooms, 
observed in lakes and the sea. is argued here to represent 
the transition from a growing to a resting stage in the life 
histories of these algae. r-..1ass sinking is of survival value in 
those bloom diatoms that retain viability over long periods 
in cold. dark water but not in warm. nutrient-depicted 
surface water. Mechanisms for accelerating sinking speed 
of populations entering a resting or .. seeding'' mode are 
proposed. Previously unexplained features of diatom form 
and behaviour take on a new meaning in this context of 
diatom seeding strategics. Diatoms have physiological 
control over buoyancy as declining grov.·th is accompanied 
by increasing sinking rates. where the frustule acts as 
ballast. Increased mucous secretion in conjunction with 
the cell protuberances characteristic of bloom diatoms 
leads to entanglement and aggregate formation during 
sinking; the "'sticky" aggregates scavenge mineral and 
other particles during descent which further accelerates 
the sinking rate. Such diatom floes \viii have sinking rates 
of -- 100 m d-1 or more. This is corroborated by recent 
observations of mass phytoplankton sedimentation to the 
deep sea. This mechanism \\'Ould explain the origin of 
marine snow floes containing diatoms in high productivity 
areas and also the well-kno\\'Il presence of a viable deep 
sea flora. That mortality is high in such a seeding strategy 
is not surprising. A number of species-specific variables 
pertaining to size. morphology, physiology. spore forma
tion and frustule dissolution rate will determine the 
sinking behaviour and thus control positioning of resting 
stages in the \\'atcr column or on the bottom. It is argued 
that sinking behaviour patterns will be environmentally 
selected and that some baffiing aspects of diatom form 
and distribution can be explained in this light. Rapid 
diatom sedimentation is currently believed to be mediated 
by zooplankton faecal pellets. particularly those of copc
pods. This view is not supported by recently published 
observations. I speculate that copepod grazing actually 

retards rather than accelerates vertical flux. because faecal 
pellets tend to be recycled within the surface layer by the 
common herbivorous copepods. Egestion of undigested 
food by copepods during blooms acts as a storage 
mechanism, as ungrazed cells are likely to initiate mass 
precipitation and depletion of the surface layer in essential 
elements. Unique features of diatoms are discussed in the 
light of their possible evolution from resting spores of 
other algae. An evolutionary ecology of pelagic bloom 
diatoms is deduced from behavioural and morphological 
characteristics of meroplanktonic and tychopelagic forms. 
Other shell-bearing protistan plankters share common 
features with diatoms. Similar life-history patterns are 
likely to be present in species from all these groups. The 
geological significance of mass diatom sinking in rapidly 
affecting transfer of biogenic and mineral particles to the 
sea floor is pointed out. 

Introduction 

Since the last decade. our concepts of vertical particle flux 
in aquatic systems have been undergoing profound 
changes. Seasonality in the particle flux even to the deep 
sea, corresponding to that of the surface plankton. has 
been demonstrated by sediment trap studies (()cuser et al .. 
1981; Honjo, 1982) as well as by sequential photography 
of the sea bed (Billett et al., 1983). Flux attains its annual 
maximum \\·ithin days to \veeks of the surface plankton 
bloom, indicating that large. rapidly sinking particles must 
constitute the bulk of this material. Intact faecal pellets l)f 

surface-feeding zooplankton arc \\'idely considered the 
major vehicles of this rapid flux. (sec Angel. 1984 fi.)r a 
review). 11owever. evidence is no"' accumulating ,., hil..'h 
sho\\·s that amorphous aggregates of small particle.., in
cluding phytoplankton rells ("n1arinc sno\\·") n1ay ,.,·ell he 
equally or more important for rapid transfer (l--lonjl1 et al.. 
1982; Billett et al.. 1983). although little is J..ntnvn ah,1ut 
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the various sources and modes of particle aggregation 
(Angel. 1984). 

Rapid mass sedimentation of phytoplankton cells fol
lo"ving surface blooms. Y>ithout the agency of zooplankton. 
has been observed in lakes (Jewson era!.. 1981; Reynolds 
e, al .. 1982). inshore marine waters (Smetacek. 1980a; 
Peinert etal., 1982; Wassmann. 1983), the open Baltic and 
North Seas (Smetacek et al., 1978; Davies and Payne, 
1984), the Panama Basin (Honjo. 1982) and the NE 
Atlantic (Billett et al .. 1983). Walsh (1983) has provided 
evidence from a variety of sources showing that this 
process, particularly along continental margins, may well 
represent one of the major global sinks of carbon and 
nitrogen. However, the ecological and evolutionary signifi
cance of mass diatom sedimentation has hitherto received 
little attention as the \vidcspread and recurring nature of 
this phenomenon is only just being realized. Further, mass 

. sinking has been equated with mass mortality (Walsh, 
1983), which is an incomplete explanation since there is 
considerable reason to believe that it has survival value for 
the diatom species concerned. 

In this paper I propose that mass sinking of bloom 
diatoms is a crucial part of their survival strategy as it 
represents the transition from a surface·growing stage to a 
benthic or deep-Y.rater resting stage in their life-history 
cycles. The presence of such a survival strategy in some 
neritic diatoms has been known since the last century 
(Hensen, 1887), however, little is known about the be
havioural mechanisms. other than spore formation, in
volved in such a strategy. I therefore attempt to bring 
together ideas and data scattered in the literature to argue 
that rapid mass sinking may \\'ell be of survival value even 
for oceanic bloom diatoms. Next, I examine the mecha
nisms of rapid sinking and go on to speculate on various 
life-history patterns of diatoms from different regions. This 
is followed by a consideration of the role of copepod 
faecal pellets in mass vertical flux. I return to the main 
issue by presenting some speculation on the evolutionary 
ecology of diatoms and the possible origin of the mecha
nisms affecting rapid sinking. The final section deals with 
some geological implications of this process. 

This paper embraces a wide range of topics that are 
only dealt with here in relation to the central theme, viz. 
the significance of mass diatom sinking. As many of these 
topics have recently been reviewed individually, I have 
refrained from presenting the controversies and weighing 
the pros and cons of each issue except where I have felt them 
to be relevant to the theme of this paper. In many cases. I 
will be charged with oversimplification but the intention 
here is to provoke discussion rather than establish con
sensus, and I herew·ith acknowledge the bias running 
through the arguments. 

Sun·ival value of mass sinking in bloom diatoms 

~1ost phytoplankton species exhibit a distinct seasonality 
of occurrence in the surface layer. i.e. they have life 
histories with an active gro\\·ing phase. Garrison ( 1981) 
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pointed out that the study of diatom ecology has focussed 
primarily on this phase. \\·hile survival strategies of the 
various species betv,een gro\\·th phases have received 
much less consideration. The life histories of many shallow 
v,ater plankters include benthic resting stages. often as 
resistant spores (Hensen. 1887; Dale. 1983; Hargraves and 
French. 1983; Sandgren, 1983). Hensen (1887) pointed out 
a century ago that such a strategy would ensure regional 
persistence w·herever favourable grow·th conditions for the 
species recur seasonally. However, the importance of such 
benthic seed stocks in initiating red tides (Provasoli, 1979) 
and diatom blooms (Lund. 1971; Garrison, 1981) has only 
recently been demonstrated. Rapid mass sinking obviously 
has survival value in coastal environments. as it \\-·ill 
minimize advective dispersal of the seed stock to un
favourable regions. With increasing \\·ater depth, the 
chances of a benthic spore's returning to the surface layer 
will diminish. The role of resting stages in oceanic diatom 
strategies has, therefore. received even less attention than 
in the case of their neritic counterparts. 

Hensen (1887) suggested that the presence of resting 
spores in the life cycle of a species may serve as the 
criterion to distinguish neritic from oceanic forms. Har
graves and French (1983) showed that this criterion docs 
not apply to diatoms and pointed out that their resting 
spores ••as a \\'hole ... function differently from similar 
stages in other algal classes". They suggested further that 
many diatoms are capable of forming resting cells. appar
ently without undergoing morphological change. Ander
son (1975) demonstrated resting cell formation in a pen
nate diatom (Amphora coffaeformis) isolated from deep 
ocean \\'ater. Similar studies have not been conducted on 
other species; however, the prolonged survival time of 
non-growing vegetative cells of many diatoms (Smayda 
and Mitchell-Innes, 1974) is proof of the widespread 
existence of this type of resting stage. The alternative to a 
resting mode for prolonged dark existence is hetcrotrophy; 
however, such a faculty has not yet been demonstrated in 
"typically open-water, centric species" (Hellebust and 
Lewin. 1977). In the following, the term "'resting stage" is 
used in a general sense and includes spores and resting 

cells. 
Considerable evidence has accumulated sho .... 'ing that 

diatoms also have pelagic resting stages (Malone, 1980; 
Hargraves and French. 1983). There are numerous reports 
of viable diatoms occurring suspended at considerable 
depths in the ocean (see Guillard and Kilham. 1977; Platt 
etal., 1983); Kimball etal. (1963). Berger (1976) and 
Fowler and Fisher (1983) have suggested that this dcep
living flora might represent .. waiting" or seeding popuL.1-
tions. There are many reasons to support this vie\\': 

(1) Bloom diatoms are the characteristic flora of ne\\ 
environments. i.e. wherever and w·henever nutrient-ril·h 
\\'ater from deeper layers is introduced to the !lurfJct.: anJ 
eventually stabilized. This occurs in spring at high l.lti
tudes follow·ing deep \\'inter mixing. or in up\\·elJing ar1.·a..; 
at low latitudes. The success of such pioneer specie~ li1.·,., 
not only in their fast groY•th rates in nutrit.:nt-ri..-h. 
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turbulent environments (Margalef. 1978), but also in 
effective seeding of the new environment by resting stages 
from a previous population (Malone, 1980). Thus, the 
environment \\"ill select for both gro\l.·th and seeding per
iOrmances of the various species. Seeding is effected by the 
sinking out of vegetative cells and resting spores from the 
nutrient-depleted surface layer to nutrient-richer deeper 
layers or the sediment surface. 

(2) Diatom blooms are frequently terminated by nu
trient depletion in the warming, stabilizing surface layer 
(Davis et al., 1980). Such an environment precludes 
further growth of the ropulation and hence it is advanta
geous to sink out of the surface layer as it must be 
replaced with nutrient-richer water in any case before a 
new diatom bloom can start. 

(3) A nutrient-depleted, warm surface layer is actually 
a hostile environment for bloom diatoms. Non-growing 
diatom cells survive longer, the lower the temperature is 
(Smayda and Mitchell-Innes, 1974). This applies also to 
species that do not form spores, such as Skeletonema 
costatum. Cultures of this diatom kept at 2 °C survived for 
six months in the dark (Smayda and Mitchell-Innes, 1974). 
Further, darkness can prolong spore survival and strong 
light can actually be harmful to a nutrient-depleted popu
lation as it can prevent formation of resting stages (Ander
son. 1975; Hargraves and French. 1983). Resting stages 
can, therefore, survive longest in the cold, dark conditions 
that prevail below the surface layer (Malone, 1980). Thus, 
bloom diatoms are physiologically adapted to grow 
rapidly in nutrient-rich, illuminated water and to maintain 
viability in cold. dark \\'ater or on the sediment surface in 
the course of their life histories. Formation of compact, 
resistant resting spores is not a prerequisite for this type of 
life cycle, although spore formation is more prevalent 
among bloom diatoms than in others (Hargraves and 
French, 1983). 

(4) Grazing pressure of herbivorous zooplankton is 
greatest in the surface layer and prolonged residence here 
will increase the risk of being grazed, \vhereas dispersal in 
a deep-water column will lessen it. Vincent and Berger 
(1981) suggested that pelagic Foraminifera also sink to 
deeper levels in the course of their life history not only for 
reproduction but also to avoid predation. l1argraves and 
French (1983) showed that diatom spores survive gut 
passage better than vegetative cells. As grazing pressure on 
rc~ting stages is likely to be greater at the sediment surface 
than in the deep-water column, the higher frequency of 
spore formation in neritic as compared to oceanic species 
may partly be explained by this selective mechanism. 

(5) Several other holoplanktonic groups have deep
li\'ing resting stages of which copepods are the best known 
e,ample. Hallberg and llirche (1980) showed that these 
resting stages are in a state of diapause and totally 
immobile. Apparently, they must have buoyancy control 
mechanisms to maintain passive suspension at a specific 
depth. As discussed in a later section, diatoms also have 
considerable physiological control over buoyancy. a prere
quisite for the positioning of suspended resting stages. 
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(6) Depending on the hydrographical regime. sinking 
from the surface layer can he of importance not only in 
affecting persistence in a gi\'en region (as in up\l.·elling 
areas) but also in promoting dispersal to other. potentially 
more favourable localities. Diatoms face the choice of 
relatively rapid but hazardous transport by surface cur
rents and slo"'·er but safer transport in deeper \l.'ater. The 
latter "choice" has apparently been made by the scvcr:.il 
~·idely distributed oceanic species that also form resting 
spores. 

The presence of a deep-sea flora has given rise to 
speculation as to their possible downward transportation, 
since sinking of individual cells from the surface lay"t.:r 
\\·ould not seem rapid enough to serve as an explanation 
(Smayda. 1970, 1971; Bienfang. 1980). Zooplankton faecal 
pellets are generally regarded as the transport mechanism, 
whether following ingestion or by passive collection of 
suspended cells by sinking faecal material (Silver and 
Alldredge, 1981; Silver and Bruland, 1981; Platt eta/., 
1983). Fowler and Fisher ( 1983) demonstrated viable gut 
passage of several diatom species including Skeletonema 
costatu,n. However, the diatom assemblage found at 1000-
m depth by Platt etal. (1983) included species such as 
Chaetoceros peruvianum, Corethron h.,vstrix, Planktoniel!a 
sol, Rhizosolenia alata, among others that were apparently 
intact on examination. Platt et al. (1983) calculated mini
mum sinking rates of 72 m d~ 1

• It is indeed difficult to 
visualize viable gut passage by any of these large fragile 
species, and their downward transport must have been 
effected v.·ithout ingestion by zooplankton. Billett et al. 
(1983) estimated diatom sinking rates of 100 to 150 m d-'. 
where transport within or in association \l.·ith faecal pellets 
could be ruled out. Smetacek (1984) suggested aggregate 
formation of diatom cells at the pycnocline to account for 
field observations of S. costatum sinking rates of 40 m d-1 

during a spring bloom (v. Bodungcn et al., 1981). 
Considering that rapid sinking under certain condi

tions can well be of importance to bloom diatom survival. 
it is reasonable to expect that diatoms will have developed 
mechanisms to effect it. Hargraves and French (1983) 
suggest that resting spore formation might be a mecha
nism to accelerate sinking speed since spores have higher 
sinking rates than vegetative cells (Bienfang, 1981). How
ever. spores tend to remain within the parental frustule or 
chain during sinking. and moreover. empty frustules. 
\l.'hole cells and chains sink out of the surface layer 
together (Srnetacek. 1984). Apparently, there are mecha
nisms other than resting .spore formation capable of 
inducing rapid sinking. 

It might he pointed out here that mortality is the mo-;t 
likely fate of phytoplankton cells sinking out of the surface 
layer (Walsh. 1983). as only a small portion of the deep or 
benthic resting stages ~·ill later be returned to the !<>urfa1:e 
layer. This docs not, ho~·ever. detract fron1 the underlying 
function of this process. viz. to effect seeding. A terrestri .. d 
plant analogy v.·ill serve to illustrate the is.sue: the \a,,t 
majority of wind-dispersed pollen or seeds are lost to thi.: 
environment, nevertheless this strategy has been cvolvt'J 



by many successful and disparate groups. such as the 
conifers (pollen) and the Con1positae and orchids (seeds}. 
In hiomass terms. the seeding unit in diatoms is equivalent 
to the vegetati\.·e cell: the environmental impact of the 
diatom seeding process 1w·ill. therefore. in a relative con
text. be much more dramatic than in the case of terrestrial 
plants. 

Sinking mechanisms in bloom diatoms 

Sinking rates and gro\\·th rates are inversely correlated in 
the majority of plank tonic diatoms (Eppley et al., 1967; 
Smayda, 1970; Walsby and Reynolds, 1980). Vigorously 
growing cells can maintain themselves close to neutral 
buoyancy, but upon nutrient depletion. sinking rates can 
increase drastically. Rates can again decrease \\'hen the 
sinking cells encounter higher nutrient concentrations, for 
instance at greater depths (Bienfang et al .. 1983), in
dicating that buoyancy is physiologically controlled 
(Smayda, 1970; Bienfang. 1981). This is mediated in some 
species by the exchange of heavy ions for lighter ones 
(Anderson and Sweeney. 1978). The cell:vacuole volume 
ratio is important for this latter mechanism. Munk and 
Riley ( 1952) first pointed out that sinking would enhance 
the efficiency of nutrient uptake by moving the non-motile 
diatoms through the medium. Walsby and Reynolds 
(1980) suggested that the silica frustulc is a sinking device, 
since it increases the rate of passive sinking. As a result of 
these properties. an ungrazed diatom bloom ,vill even
tually settle out after nutrient depletion of the surface 
layer. 

The maximal in-vitro sinking rates of nutrient-depleted 
individual cells and chains of common bloom diatoms are 
well under I O m d -, (Smayda, 1970). This would not 
explain the accelerated rates observed in nature. l-fowever. 
sinking rate increases with particle size (McCave, 1975) 
and aggregates of interlocked chains sink faster than single 
cells or chains (Eppley et al., 1967). Direct observations of 
material settling onto the sea bed (Billett et al., 1983) and 
of that collected in sediment traps (Malone, personal 
l.·ommunication; Srnetacek et al., submitted) have shown 
that diatom chains were embedded in gelatinous aggrega
tions. These also contained various other particles such as 
zooplankton faecal pellets. Flake-like aggregates ("marine 
snow") containing intact diatoms have also been observed 
in the bathypelagic zone (Silver and Alldredge. 1981 ). 
Alldredge (1979) and Shanks and Trent (1980) calculated 
sinking rates of these flakes to be approximately 50 to 
100 m d-'. I suggest that such rapidly sinking aggregates 
can be formed by the diatoms themselves as elaborated 
upon below. 

The mechanisms of aggregate formation can be de
duced from consideration of certain features of diatom 
morphology and physiology. The majority of bloom 
diatoms are chain-forming. medium to small-sized cells 
adorned with protuberanc .... es such as silica spines. chitan 
microfibrils. and gelatinous threads. f\..1icroturbulence can 
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cause these protuberances to turn and t\\·ist the l'eits 
through the medium. thereby increasing nutrient uptake 
elliciencv (Smavda. 1970: ~!areakf. 1978; Walshv and 
Reynold~,;;. 1980:. Sournia. 1982).--~lo\l:ever. this 1no\:en1ent 
also facilitates aggregation. and the protuberances. some of 
\\'hich are even barbed. greatlv enhance the aggregation 
effect. If aggregation per se \\~ere detrimental l~ sPecics 
survival. the \\'idespread presence of protuberances \.\·ould 
be hard to explain. 

~tucous secretion increases in nutrient-depleted 
diatom populations ( Degens and I ttckot. 1984) and floc
culation of senescent cultures is a common observation 
(Eppley et al., 1983). This is in contrast to absence of 
flocculation in vigorously gro\.\-·ing populations at the same 
cell concentrations. It is a common observation that the 
surfaces of senescent cells are generally ''stickier" than 
those of gro\\·ing ones. as indicated by the presence or 
absence. respectively, of adhering particles. This stickiness 
is presumably multifunctional but its implications for 
aggregate formation following nutrient depletion arc 
obvious. 

Apparently. there are species-specific differences \l,ith 
regard to mucous production during senescence. Sponta
neous aggregation has been observed in gro,ving cultures 
of Thalassiosira fluviarilis at concentrations above 107 

cells 1-• (Eppley et al .. 1967). Natural bloom concentra
tions are an order of magnitude less. but locally high cell 
concentrations may arise in the course of sinking. During 
calm periods, the uppermost cells are the first to suffer 
nutrient depletion and consequently initiate mass sinking 
(v. Bodungen etal., 1981). These cells sweep lower layers 
in the course of their descent and may decelerate on 
encountering higher nutrient concentrations. The high cell 
concentrations in restricted layers. commonly recorded in 
declining diatom blooms (Platt and Suhha Rao. 1970). 
reflect this process. Peak concentrations arc invariably 
found at density discontinuity layers. where. as accumula
tion proceeds. aggregate formation eventually becomes 
unavoidable. The higher the phytoplankton biomass. the 
greater the likelihood of aggregate formation and the larger 
the percentage of bloom biomass that will sediment out of 
the surface layer. It is the ambient turbulence level and 
the physiological state of the bloom that will determine 
when aggregation begins. l)uring descent. the sticky 
aggregates scavenge other particles which, if hea,:y. further 
accelerate sinking rates. 

Summing up, one might conclude that sinking serves 
different purposes in the life-history cycles of diatoms. In 
the growing phase. it increases the ''\vash cfl'ect'' of the cell 
surface, thus enhancing nutrient uptake efficiency. In 
senescent populations, ho\.\·ever. rates can increase hy an 
order of magnitude. This accelerated sinking. ""·hich i, 
frequently accompanied by formation of resting stagc,. 
rapidly removes the population from an inht)spitahlt' 
environment and leads to establishment of a refuf!e rnru· 
lation at depth or on the bottom. Thus. one of the flllll'· 

tions in diatom life history is to increase the sinking srL'L'd 
of senescent populations. Previously unexplained fcaturl', 
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of diatom morphology and behaviour take on a new 
meaning in this light. 

Sinking and seeding strategies 

The relationship between form and function has proved 
particularly elusive within the phytoplankton (Sournia, 
1982; Elbrachter, 1984). This merely indicates that we 
know much less about function than about form and that 
performance in the surface layer is not the only "function" 
of phytoplankton. In this section, I speculate on the 
possible relationships between diatom form and life
history stages other than the active growing phase. I 
assume that environmental selection of life-history strate
gies may well be reflected to some extent in the geographi
cal and seasonal distribution patterns of the various 
species or "races". In exploring such relationships, it is 
important to remember that a large number of inde
pendent factors are collectively involved in controlling 
species composition of phytoplankton assemblages 
(Smayda, 1980) and that the species comprising a given 
assemblage are likely to be following different, or even 
opposing. strategies: an explanation for the success of one 
species or strategy does not necessarily imply the failure of 
another. particularly in a diverse assemblage. 

Further, the advantage conferred by effective seeding 
of the environment will not always be obvious. The very 
presence of a life-history strategy implies that the species 
will be entering and leaving the growth arena and not 
necessarily striving at all costs to maintain a maximum 
population presence there. As an example, it took many 
decades of study before the spectacular appearance and 
disappearance of red-tide dinoflagellates could be ex
plained with a simple seeding strategy (Provasoli, 1979; 
Dale, 1983 ). 

Field observations of seeding in diatoms are few and 
much of the evidence presented below is inferential. 11ow
ever, Malone et al. (1983) described how a portion of a 
diatom population that had sunk out of the surface layer 
following a coastal bloom was returned to the surface 
following mixing and upwelling events at the shelf break. 
Estrada and Blasco (1979) found that dinoflagellate or 
diatom dominance of the surface bloom off the California 
coast depended on the depth from which upwelled water 
originated: diatoms dominated when nutrient-richer "'·ater 
from greater depth reached the surface. I suggest that this 
indicates the presence of seeding populations positioned at 
the respective depths. 

One might distinguish two extreme types of seeding 
strategies in species exhibiting drastic fluctuations in num
ber over the year. In one type, seeding is effected by 
"fugitive cells'' in the surface !aver (Kilham and Kilham. 
1980), presumably lurking bel~w the herbivore grazing 
thresholds. and in the other. by deep-living refuge popula
tions that have fled an inhospitable surface layer. Bloom 
diatoms are more likely to belong to the latter type. 
although hoth strategies can \veil be follo\\.'Cd by the same 
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species. Some cells are invariably "left behind"' follo\l.·inr 
mass sinking that can thus contribute to a fugitive popula: 
tion in the surface layer. Jlo\\.·ever. in ~me .species. 
resting spore viability can only be maintainc:d under cold, 
dark conditions ( Durbin. 1978). Such species (e.g. Deto

nula confervacea, Thalassiosira nordenskiO!Jii) are unlikely 
to have fugitive cells in \Varm surface water in contrast to 
species such as Skeletonema costatum that undoubtedly do 
(C. 0. Davis. personal communication). The distribution 
of the former \\'ill hence be restricted to regions \\'here 
refuge populations can endure or from \\'here they can 
propagate. 

The v,.·ide distribution of most diatom species in the 
oceans (Williams eta/., 1981) suggests that their dispersal 
mechanisms are indeed highly effective, whether by fugi
tive cells, refuge populations or both. Nevertheless. a 
quantitative evaluation of diatom spatial and temporal 
distribution in the sea does reveal characteristically recur
ring patterns of species occurrence (Smayda. 1980). The 
environmental conditions prevailing in regions v.ith 
similar successional patterns can be so dissimilar (from 
region to region and also year to year) that it is hard to 
envision that species or genus appearance and disap
pearance will solely be governed by the immediate growth 
conditions in the surface layer (Sournia, 1982). Apparent
ly, adaptation of a given species to a given region \\'ill also 
be geared to longer time scales than just those of the 
growth environment. Obviously, there will be species· 
specific differences in the time scales of response to the 
environment and in the following I shall consider to \Vha1 
extent these adaptations might be related to aspects of life
history strategies. 

(/) Buoyancy and sinking. Regulating position in the wate1 
column is the primary means by which plankton organ· 
isms can effect regional persistence. In non-motile group: 
such as diatoms, radiolarians and foraminifers. this i 
apparently mediated by some form of buoyancy control i, 
which the mineral shell functions as ballast. A given spe 
cies will thus display a range of sinking speeds during it 
life history and it will be necessary to distinguish betwee1 
an instantaneous sinking speed and a maximum potcnti2 
speed for each species. The minimum sinking speed in th 
majority of diatoms appears to be well under 2 m J-1 

regardless of size or shell thickness (Smayda. 1970; Bien 
fang. 1980, 1981). Thus. even the large compact colonies c 
Chaetoceros socialis can have low .sinking rates durin 
growth (Bienfang, 1981). Similarly, the large aggregates c 
long smooth diatoms (Rhi:osolenia spp.) of tropical "blL 
waters" (Alldredge and Silver, 1982). apparently als 
maintain suspension by active buoyancy control. 

There appear to be considerable species-specific dill~ 
ences in sinking behaviour amongst common diaton1 
Thus. Bienfang et al. ( 1982). in in-ritro studies. demn1 
strated that sinking of nutrient-depleted populatinns \\'; 
related to the kind of nutrient depicted and varied amor 
species. A similarly complicated picture \\'as ohtJ.incd I 
Bienfang (1981) in a study of cnclo,cd natural p<>pul 
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Lions. Malone et al. ( 1983). in a study of phytoplankton 
~ro":th and sedimentation on the NW Atlantic shelf. 
tOund that Skeleronema cosracum accumulated in their 
~cdiment traps in large numbers. whereas other diatoms 
~ l~hizosolenia and Nit:schia spp.) remained in suspension 
in the surface layer. Such variability in response to 
environmental conditions could well be a reflection of 
differences in life-history strategies between species that 
could partly explain some features of seasonal successional 
patterns as suggested by Hutchinson (1967) and Smayda 
( 1980). 

Malone (1980) emphasized the role of cell size and 
sinking rate in growth and seeding strategies of the nel
plankton (including diatoms) versus nanoplankton. Even 
small-celled diatoms such as Ske/etonema costatum attain 
high sinking rates (v. Bodungen etal., 1981) by virtue of 
their chains and presumably their ability to form aggre
gates. The advantage conferred by small cell size is widely 
believed to be due to enhanced efficiency of nutrient 
uptake (Sournia, 1982). However, the characteristic species 
of high-nutrient environments - the bloom diatoms - tend 
to be small and spiny in contrast to diatoms of the 
nutrient-impoverished, mid-oceanic gyres that have many 
large, smooth-walled representatives. Large organisms 
have a lower surface area/volume (S/V) ratio than small 
ones, and, assuming that control over specific gravity by 
ion exchange in diatoms is a function of the S/V ratio, 
then large species will have a much wider range of sinking 
speeds than small ones. One might speculate tha~ given a 
large enough vacuole, some species might even achieve 
positive buoyancy. Such a capability v.·ould permit vertical 
migration in stratified water between nutrient-rich and 
illuminated layers. and large size would greatly increase 
the rate of sinking and also ascent. 

Positive buoyancy has only occasionally been reported 
in pelagic diatoms (Smayda, 1970; Lannergren, 1979). 
However, planktonic foraminifers may serve as a useful 
analogy as they can maintain their position in the water 
column and have stages in their life history in which they 
sink out of the surface layer and later return to it (Vincent 
and Berger, 1981). 

Buoyancy can also be regulated by discarding ballast, 
i.e. by escape from and/or dissolution of the frustule. 
Bloom diatoms tend to have thin frustules that dissolve 
fairly rapidly and they are thus poorly represented in the 
sedimentary record in contrast to those diatoms more 
typical of stratified water (Berger, 1976). Silica availability 
i".I certainly not responsible for this difference, as bloom 
diatoms grow at high silica concentrations. I suggest that 
intcrspecific variation in frustule dissolution rate (Hurd 
et al .. 1979) that has not yet been satisfactorily explained, 
n1ight well be of adaptive significance in the positioning of 
resting stages. This can be achieved by jettisoning or 
n:taining ballast following resting stage formation. Break
up of aggregates and release of resting spores \.\'Ould be 
mediated by frustule dissolution. Rapid dissolution fol
\o\\:ing spore formation would hence be advantageous in 
'.'>Uch species. Mucous secretion and its ultimate removal. 
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presumably by heterotrophs. will considerablv inlluence 
the frustule dissolution rate. Thus. the role of~rnucus \\'ill 
also have to be re-examined in this light. 

(2) Resting stage positioning. If voluntary ascent is not 
possible. then positioning of resting stages at the pycno
cline will ensure restoration of cells to the surface layer by 
restricted mixing events (llargraves and French, 1983). 
Bienfang et al. ( 1983) reported that some bloom diatoms 
reduce sinking speed on encountering higher nutrient con
centrations and lo\.\·er light levels at the pycnocline and 
can thus contribute to the subsurface chlorophyll maxima 
characteristic of summer stratified waters of temperate 
zones. These cells might be regarded as .. semi-dormant" 
resting stages that multiply vigorously when entrained 
upwards. since nutrient uptake and storage in the dark 
permit several cell divisions on illumination (Malone. 
1980; Wais by and Reynolds, 1980). This strategy has been 
observed in lakes, (Walsby and Reynolds, 1980) and might 
well explain the sudden appearance of large diatom 
populations in the Sargasso Sea following limited vertical 
mixing (Kilham and Kilham, 1980). Large biomass build
up will be detrimental to this strategy as high particle con
centrations at the pycnocline will lead to aggregation and 
fall out of seeding cells. Billett etal. (1983) reported that 
.. detrital material collecting at the thermocline has been 
seen to peel o!T and sink in strings up to 15 cm long" by 
divers in the Sargasso Sea. Such a process would explain 
the rapid transfer of particulate material produced in the 
surface layer during bloom phases to the deep sea floor of 
even impoverished oceans. 

The success of the relatively small-celled bloom dia
toms is controlled to a much greater extent by "'"·ater 
movement than in the case of warm water species. A.s 
mortality will be higher in the former case. it will he 
advantageous for bloom diatoms to invest seeding biomass 
in a large number of small cells rather than fe\\'er larger 
ones, an interpretation that conforms v,ell with the rand K 
strategy classification of Kil ham and Kil ham ( 1980). 

Some small-celled bloom diatoms form large, !inn 
colonies (up to several mm) in the vegetative stage that are 
gelatinous (Thalassiosira subtilis, Chaetoceros sociahs) or 
entangled ( T. partheneia). These colonial species are 
characteristic of high-nutrient, high-turbulence environ
ments (Margalef, 1978) and tend to disintegrate into 
individual cells or chains during sinking and senescence 
(Elbrachter and Boje, 1978), which would slow further 
descent. Such reverse behaviour can be advantageous in 
upwelling areas. The potentially greater sinking rate of 
colonies might enable them to remain close to the centre 
of upwclling during growth (Malone, 1980). However. 
colony disintegration and dispersal of the many small in
dividual cells during the seeding process \\"ill ensure that 
the "seeds" are scattered over a wide depth range in 
nutrient-rich subsurface layers \\·hich increases the t.:hanl'l.'" 
of some being transported back to the surface in thl.· 
course of further up\.\·elling. 
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Senescent diatom populations have rarely been studied 
under natural conditions and little information is available 
on species-specific differences in behaviour. Hov.·ever. 
factors triggering resting spore formation have received 
some attention. Hargraves and French (1983) reported 
that nitrogen depletion is the primary factor in species 
studied by them. although the proportion of vegetative 
cells that formed spores varied widely between species and 
even between clones of the same species. Durbin ( 1978) 
demonstrated temperature dependence of this process in 
two boreal species. Doucette and Fryxell (1983) observed 
spore funnation in Thalassiosira antarctica at high ambi
ent nitrate concentrations; they suggested that nitrogen 
depletion is a triggering factor only in temperate but not 
in polar species. However, mass sedimentation in autum
nal diatom blooms - also at high nitrogen concentrations -
have been observed in Kiel Bight (Graf et al .. 1983). 
Further, Anderson (1975) triggered resting cell formation 
in Amphora cojfaeformis by transferring exponentially 
growing cells to cold, dark conditions. 

Similarly, species-specific differences in mucous pro
duction and thus in size, shape and consistency of diatom 
aggregates can be expected. Nothig (1984) reported 
aggregation in two Thalassiosira spp. but disintegration of 
chains in Skeletonema costatum and Detonula confervacea. 
However, her observations were carried out on natural 
populations maintained in containers that were stirred 
vigorously daily. In the field, long chains of both species 
have been collected in sediment traps below the surface 
layer (Smetacek et al., 1978; Malone et al., 1983), in
dicating that chain disintegration is preceded by rapid 
sinking. These species will presumably form loose, fragile 
aggregates such as those described by Emery etal. (1984) 
from the east Asian shelf. 

Some Thalassiosira spp. appear to form firm aggre
gates or clumps on occasion. Thus, Hustedt (1930) ob
served that "pelagic diatoms normally occurring in loose 
chains appear to have the capability of forming irregular 
gelatinous thalloids (Gallertthalloide) under certain condi
tions". He cited T. nordensk16/dii as a specific example and 
suggested that this capability is related to auxospore for
mation. Compact gelatinous clumps containing over 100 
cells and with high sinking rates have been found in a 
normally chain-bearing Antarctic Thalassiosira sp. (Smeta
cek et al., submitted). Similar clumps have been observed 
elsewhere in various open-chained Tha/assiosira spp. and 
in the pennate diatom Achnanrhes taeniata. The authors 
suggested that such clumps represent seeding stages that 
are either overlooked or regarded as faecal pellets during 
routine counting. They would then represent a sinking 
counterpart to the floating gelatinous colonies of other 
:-.pecies. 

In recent years. interest in the formation, function and 
fate of organic aggregates- .. marine snow" - has increased 
rapidly. Riley ( 1963) studied aggregate occurrence over an 
!nnual cycle and did not consider zooplankton as an 
1rnportant agency in their formation. Several types of 
aggregates occur from the surface to bathypelagic layers 

(Silver et al., 1978: Silver and Alldredge. 1981: Angel. 
1984). Some are clearly produced by gelatinous zooplank
ton. some appear to be the remains of disintegrating faeces 
and others \\·ere of unkno\\·n origin (Silver and Alldredge. 
1981). However, as shown above. diatoms also certainlv 
contribute to aggregate formation in the pelagial. Th~ 
mode of formation and transfer to depth of some types can 
now be explained in terms of phytoplankton seeding 
strategies. Aggregates will be considerably modified ""·ith 
age because of protozoan and bacterial activity (Angel. 
1984). Further, dissolution of silica frustules will reduce 
sinking rates and also release diatom spores commonly 
found in marine snow (Hargraves and French, 1983) from 
the frustules. So far. fe"'· quantitative studies of marine 
snow have been done but they have shoY.:n aggregates to 
be of considerable importance (Riley. 1963; Silver and 
Alldredge, 1981; Angel, 1984). Following a diatom bloom. 
the downward flux of flakes is likely to be at its thickest. 
"Marine blizzard" might be an appropriate term to de
scribe this phenomenon. 

(3) Regional aspects. Diatom blooms generally progress 
from the coast to the open ocean, and where lateral 
seaward advection of surface layers occurs, neritic species 
will be transported offshore. These species tend to have 
benthie resting stages and will be primarily responsible for 
off<ihore and even open ocean mass sedimentation. There
fi>re, regional and seasonal patterns in cross shelf water 
transport might greatly affect species distribution and 
hence sedimentation patterns (Malone, 1980; Malone 
et al. 1983; Walsh. 1983). 

Diatom geographical distribution and temporal 
patterns of species succession in a given region can thus he 
partly explained by the degree of concurrence bet'-"·een 
species life-history patterns on the one hand and sea
sonality and hydrography/topography of that region on 
the other. One might conclude that many diatoms have a 
greater affinity for nutrients than for light, growing when 
introduced to the euphotic zone but settling out again into 
deeper regions after depiction of nutrients in surface 
layers. Their morphological features can no longer be 
regarded solely as flotation aids in the surface layer. as 
previously assumed and still suggested (\Valsby and 
Reynolds. 1980), but rather as devices to facilitate aggrega
tion and thus accelerate the sinking rate of senescent 
populations. 

Zooplankton grazing and bloom diatom sedimentation 

Calanoid copepods are the dominant herbivores grazing 
diatom blooms. The longstanding vie\\'· that zooplanktnn 
utilize most of the phytoplankton within the surface la)'l.'r 
has led to the implicit assumption that copepod facl'I.'" 

comprise the bulk of sinking particles (Steele, 1974). Rapid 
diatom sedimentation has ac1.:ordingly been attrihutcd h1 

the mass packaging of diatoms into compact. rapid!: 
sinking faecal pellets as a consequence of heavy copcr,iJ 
grazing {Smayda. 1970: Schrader. 1971). The conclu..;i,,n 1, 



246 

that copcpod grazing v..·ill enhance vertical particle flux.. 
There is. however. little field evidence to support this viev..·. 

Knauer era/. (1979). Rowe and Gardner (1979) 
and Urrere and Knauer (1981) found. in sediment 
trap studies. that all classes of zooplankton pellets 
combined contributed < 25%. often only a few per· 
cent. to total flux. Faecal pellets of zooplankton other 
than copepods (salps. euphausiids) have dominated 
mass flux in some collections (Dunbar and Berger. 1981; 
l.seki, 1981; Smetacek er al. submitted). but in all these 
studies, copepod faecal pellets were of only minor impor
tance. Smetacek (1980a. b) found that in shallow (20 m) 
Kiel Bight. the annual minimum sedimentation rate coin
cided with the cope pod maximum. Wassmann ( 1983) and 
Lutter (1984) also found only a negligihle contribution of 
copepod pellets to vertical flux in an enclosed and an open 
Norwegian fjord respectively. Krause (1981) studied verti
cal distribution of Ca/anus spp. faecal pellets in the water 
column in the North Sea at short intervals over many 
weeks during a spring bloom. His data indicate that 
copepod pellets tend to accumulate and remain in suspen
sion in the upper layer. Honjo er al. (1982) stated: "Fecal 
pellets account for only a small fraction of the total 
organic flux to deep water". They conceded that pellet 
disintegration in the traps might have biased their obser
vations but add that .. microscopic examination of the 
matrix strongly suggests that many particles had never 
been so pelletized". It appears that the role of faecal 
pellets in general and copepod pellets in particular in the 
sedimentation process has been over-emphasized in the 
last decade. 

Although more field observations of annual cycles are 
called for. it appears that direct diatom sedimentation is a 
quantitatively more important process than their transpor
tation in copcpod faecal pellets in many regions ex
periencing diatom hlooms. Budgetary analyses of phyto
plankton blooms from many different areas have shown 
that rapid loss of biogenic elements from the surface layers 
can occur over time scales (days) too short to be explained 
by zooplankton grazing and the associated sinking out of 
faecal material (Eppley et al., 1983). 

We are now faced with a paradox: ,vhy can diatoms 
sink out in greater quantities than copepod faecal pellets? 
Invoking aggregation of diatoms helps only insofar as it 
puts both particle categories, i.e. aggregates and copcpod 
pellets. within the same range of sinking rates (50 to 300 m 
d-1

). Therefore. there must he other explanations for this 
paradox. ~1ass diatom sedimentation is a highly episodic 
event (Smetacek et al. 1978: Smctacek, 1980 a; Peinert 
et al .. 1982; Billett er al., 1983; Davies and Payne. 1984); 
this is also why it has generally been overlooked hefore. 
Within a short period of time (days to weeks), a large 
number of particles traverse the \\later column. \Veil in 
excess of the utilization capacity of pelagic heterotroph 
standing stocks. Further, the mucilaginous aggregates 
might deter feeding hy some herbivores as shown in the 
case of large colony-forming diatoms such as Thalassiosira 
Parrhencia (Schnack. 1983). In contrast, copepod faecal 
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pellets arc produced at a slo\\-·ly increasing rate over a 
much longer period. concomitant \l,·ith gro\\-·th of the 
copepod population. Thus, surface and bathypelagic 
coprophagous organisms \!."ill be better able to adjust their 
feeding pressure to this food source. Copepod pellets arc 
also much easier to "handle" than mucilaginous diaton1 
aggregates. Pa!Tenhofer and Knowles (1979) showed that 
coprophagy within the surface copepod population can be 
sufficiently intense as to reduce losses by sinking of pellets 
to only a few percent of the pellet production rate. 

Bacterial decomposition in the water column is another 
mechanism that could prevent sinking of pellets. Go\\·ing 
and Silver ( 1983) showed that zooplankton faecal pellets 
are egested with internal bacteria. They suggested that 
microbial decomposition is initiated in the sea from inside 
the pellets. This would result in more rapid disintegration 
than if decomposition proceeded only from outside as 
observed by Honjo and Roman (1978) in in-vitro studies. 
Further, Gowing and Silver (1983) pointed out that 
bacterial growth chemistry within an organic matrix is 
likely to differ considerably from that on the outside. 
Krause (1981) even speculated that formation of gas 
vacuoles within the pellets by bacterial decomposition 
might function as a suspension mechanism, v,hich would 
explain why copepod pellets are so neatly packed and 
sealed in contrast, for example, to the long. friable 
"strings" produced by euphausiids. Bacterial growth with
in the pellets would also improve nutritive value (Johan
nes and Satomi, 1966) and reingestion of pellets by 
copepods would make considerabJe ecological "sense''. 

Although more field observations arc required. it is 
nevertheless tempting to speculate that copepod faecal 
pellets actually represent a mechanism to retain essential 
elements within the surface layer countering the dov..·n· 
ward "pull" of the diatoms. An ungrazed diatom bloom 
will tend to sink out of the surface layer and deplete it of 
essential elements. In the North Atlantic. the spring 
copepod maximum is attained well after the passing of the 
diatom bloom (Heinrich 1962; Colebrook, 1983: Fransz 
and Gieskes, 1984). Thus, the first herbivore generation. 
spawned by the overwintering individuals, generally com
mences breeding during the subsequent sparse period 
dominated by flagellates and must also be adapted to 
these conditions (Krause, 1981 ). Loss of the bulk of faecal 
material produced at this stage in the upper layer and the 
resulting depletion of essential elements \\1ould hence pose 
a serious problem to breeding success of the next genera
tion (Krause. 1981). 

When food supply is plentiful, such as during a bloom. 
herbivorous copcpods feed in excess of their mctaholic 
demands and much undigested food and even v:hole cells 
are egested (Turner and Ferrante, 1979: Angel. 1984) 
Assuming that most of the pellets do not sink out. this 
behaviour could be interpreted as a storage mechani ... 111 
\\'hereby the ovcrv:intering population of a species n1axi
mizes the food supply for its next generation. 

Admittedly. the mechanisn1s maintaining suspensil,n 
are yet to be proven and in-vitro 1neasun:n1enh d,1 
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indicate that copepod pellets can possess high sinking 
CJtes (Angel. 1984). although Small era/. (1979). in a 
detailed in-i·itro study. shov,ed that only the larger cope
pod pellets can be of importance to vertical flux. Ap
parently. as discussed above. sinking of even these larger 
pellets appears more the exception than the rule. How
ever. the still larger faeces of euphausiids. salps. pteropods 
and clupeids can indeed contribute substantially to mass 
flux as reported from sediment trap studies (Lutter. 1984; 
Dunbar and Berger. 1981; Iseki. 1981; Staresinic er al., 
1983): the sinking rates of pellets in this size class are 
sufficiently high to result in mass sedimentation. These 
larger animals tend to occur in swarms and many. such as 
euphausiids and fish. can easily change their feeding 
grounds (Hamner er al .. 1983). They would therefore not 
necessarily profit from the retention and recycling of their 
faecal material within the surface layer. Recycling of salp 
faeces within upper layers was reported by Pomeroy and 
Deibel (I980). whereas Iseki (1981) and Madin (1982) 
found that they sink out rapidly. 

Such conflicting observations call for much more atten
tion to this recycling aspect of zooplankton feeding be
haviour, particularly since existing ecosystem models in
dicate that the zooplankton must suffer from a food 
shortage (Platt era/., 1981). Incorporation of large-scale 
phytoplankton .sedi1nentation into these models would 
further aggravate the problem. As a rule, of course, 
zooplankton at large are not starving. which merely 
emphasizes the still serious gaps in our kn0\\1ledge of 
zoop!ankton feeding strategies (Omori and Hamner, 1982). 
Pelagic copepods and diatoms appear to have evolved 
together (Parsons, 1979). The hypotheses presented above 
\\'Ould provide one explanation for the dominant role of 
copcpods as grazers of diatom blooms in the sea. 

Evolutionary considerations 

Pelagic systems progress from relatively simply structured 
diatom blooms in turbulent nutrient-rich water to complex. 
recycling. flagellate communities at much lo\\·er biomass 
levels in stratified. nutrient-depleted water (Margalef, 
1978; Davis. 1982). Progression from the bloom to the 
recycling community occurs within a few weeks to months 
and is driven by the loss of es.<~ential elements sinking out 
of the surface layer (Margalef. 1978). Thus. the sinking 
hchaviour of the pioneer population will have a decisive 
impact on the structure of succeeding communities and 
the success of plank tonic bloom diatoms evidently lies in 
their displacement of earlier flagellated pioneer species. 

Diatoms have been suggested to have evolved from 
resting spores of chrysophyte flagellates, because they arc 
non-motile, diploid and have a silicitied exoskeleton (e.g. 
l)rebes, 1974). Vegetative diatom cells - with their mineral 
~hells armed v.:ith spines and bristles or coated in mucus 
- arc themselves reminiscent of resting spores of other 
organisms. The physiological capability of n1any species to 
~witch back and forth bct'-"·cen gro""·ing and resting stages 
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Y•ithout undergoing morphological change is further 
support for this hypothesis. Hov.·ever. the presence of large 
vacuoles suggests that vegetatiYe diatom cells represent 
germinating stages of resting spores that have retained 
their original ability to sink rapidly and maintain a resting 
mode. The aberrant nature of diatom-resting spores 
amongst the algae also suggests a resting spore origin of 
diatoms. Thus. French and Hargraves (I980) showed that 
diatom-resting spores can well be functionally active and 
are capable of photosynthesizing \\'hen exposed to light. 
llowever, they cannot undergo cell division without ger
minating. Further, a high degree of variability \.vithin 
genera and even within some species is present with 
respect to resting spore formation (Hargraves and French. 
1983), indicating differences in life-history strategies be
tween closely related taxa. All these unique features of 
diatoms indicate that their evolutionary success lies at 
least partly in their versatile response to the environment: 
enduring for long periods under adverse conditions and 
gro\\·ing rapidly when conditions improve (Anderson. 
1975). 

Progressively decreasing cell size from division to 
division, another striking feature of many bloom diatoms. 
may also be a useful seeding strategy because biomass is 
invested in a greater (factor of 10 to 100) number of units. 
Decreasing size will result in a lower maximal sinking rate 
of individuals but incorporation into aggregates will over
come this effect. unle~ of course the small cells are destined 
to become fugitive cells. Further. buoyancy control is also 
hampered by the relative decrease in cell to vacuole 
volume ratios. Formation and eventual germination of 
auxospores restores original cell size and thus a more 
favourable ratio for improving buoyancy control. Positive 
buoyancy has been reported from growing diatom popula
tions (Llinnergren, 1978). Possibly, the bladder-like ger
minating auxospore of many species (Drebes. 1974) repre
sents a flotation device that aids in returning cells to the 
surface. However, upv,ard displacement by mixing will be 
of greater importance in many cases (Malone. 1980). 
particularly because reactivation of resting cells and 
excystment of spores is reported to require environmental 
change, i.e. increased light or nutrients (llargravcs and 
French. 1983). It is likely that species-specific differences 
\\'ith regard to this behaviour are present. 

The larger number of benthic species than purely 
pelagic ones indicates that diatoms as a group have 
evolved a number of ecological strategies in v.·hich an 
affinity for the sea bed is prominent. In this respect they 
are not unique amongst aquatic organisms. In diatoms. 
however, all the intermediate stages between the holo
planktonic and holobenthic mode of existence are present. 
and there are many genera or groups of related genera 
that include oceanic. ncritic. mcroplanktonic, tychopclag.ic 
and benthic species (Drebes, 1974). The distinction be
tv.·een these types depends on their life-history patterns 
and. in the neritic. meroplanktonic and tychopelagic type .... 
on the degree of turbulence necessary to maintain vcgct.1-
ti\"C stages in suspension. i.e. on sinking behaviour rclati\c 
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to other environmental conditions such as nutrient or light 
supply. It appears likely that if diatoms originat_ed evolu
tionarily from benthic resting spores. their 1nvas1on_ ~f the 
pelagic environment must have occurred as the ability of 
some species to remain afloat increase~ _in the fac_e ~f 
diminishing turbulence. Thus. both the ability to remain 1n 
suspension as well as to sink out rapidly are of equal 
importance in the diatoms as a group. 

Tychopelagic forms can give some indication of the 
mechanisms involved in transition of diatoms from a 
benthic to a pelagic mode of life. Thus. the tychopelagic 
species Tha/assiosira decipiens and T. levanderi arc in· 
variably covered with sediment particles adhering to the 
chains \\·hen found suspended in the water column 
(Drebes, 1974). Adherence to the sediment particles is 
apparently effected by gelatinous microfibrils; on turbu
lent resuspension, mineral particles can act as ballast and 
thus ensure rapid resettling of the chains. 

As pointed out in a previous section, most bloom 
diatoms secrete mucus only on senescence. i.e. in con· 
junction with rapid sinking. These mucous floes will 
scavenge other particles from the water column in the 
course of sinking. The ecological significance would be to 
increase aggregate sinking rates and also the depth of light 
penetration by reducing the suspended load. The latter 
effect would be particularly important in turbid shallow 
\\'ater of mud flats \\'here non-motile centric diatoms also 
flourish on the sediment surface alongside motile pennate 
diatoms (Drebes. 1974). Evidently. both groups are well 
equipped to avoid both dispersal as well as burial in this 
physically unstable environment. The importance of 
mucous secretion and buoyancy regulation as potential 
adaptive features subject to environmental selection is 
apparent. Morphological features such as shape, cell pro
tuberances and chain formation do not necessarily appear 
to be adaptations per se to a particular environment as 
they can \i.:ell be encountered in both planktonic as well as 
tychopelagic or even benthic forms. Thus. the peculiar surf 
zone diatom Chaetoceros armatun1 resembles planktonic 
Chaetoceros spp. superficially except for its unique. tightly 
cemented coat of clay particles (Lewin et al., 1980). The 
Tha/assiosira spp. mentioned above do not differ mor
phologically from planktonic species other than in the 
degree of mucous production. One might conclude that 
environmental selection of morphological features is best 
understood in conjunction \\i·ith behavioural characteristics 
such as buoyancy/sinking control, mucous secretion or 
control over frustule dissolution rates within the frame
work oflife·history strategies. 

In this connection. similarities with other shell·bearing 
planktonic protists appear to be present. Coccolitho
phorids, for example. have pelagic bloom-forming and 
benthic species and some planktonic forms have benthic 
resting stages (Berger. 1976). In some pelagic coccolitho
phorids. motile and non·motile stages arc present and. 
significantly. it is the carbonate shells of the non·motile 
stages that are more robust and accumulate preferentially 
in the sediments (Berger. 1976). Apparently. the shell here 
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also functions as a sinking device Format· f .di · k' . · ion o rap1 , 
sm mg palmcllo1d stages with thousands of individuai 
enclos~d in a ~:latinous matrix v ... as reported in Crclo. 
coccolahus frag,bs (Bernard 1963) 'lass sect· t t. · 

. • • iv 1men a ion o 
another species ( Umbellicosphaera sibogae) to the deep se, 
was recorded by Honjo (1982) who observed that th 
individual cells appeared to be embedded in mucu; 
Vanous biogenic and mineral particles adhered to th, 
mucous aggregates _which apparently increased their sink. 
mg speed. Coccohthophorid cultures, on cessation ol 
logarithmic growth, have been observed to form mucou~ 
agglomerations that sank to the bottom of the culture 
v_essel _(Honjo,. personal communication). The striking 
s1m1lanty of this behaviour with that of bloom diatoms 
strongly_ suggests similar life-history patterns amongst 
species 1n both groups. Foraminifera also have benthic 
and pelagic species and the sedimentary record clearlv 
shows that benthic forms were the precursors in this groufl 
(Berger, 1976). As mentioned above, the foram shell also 
apparently serves as a sinking device in the life-history 
cycles of pelagic forms. Very little is known about the life 
history of Radio!aria but some parallels with those ol 
diatoms can be expected, particularly with respect to 
depth positioning. 

Geological implications of bloom diatom sedimentation 

The global importance of diatoms as contributors tc 
aquatic sediments is well documented (Berger, 1976) 
Further, the strategy of mass sinking presented above ha, 
geological implications other than vertical transfer of opa 
and biogenic material. Thus, major input of non·marint 
mineral particles to the sea bed coincides with the annua 
maximum input of pelagic particles (Honjo etal .. 1982 
Deuser er al., 1983). Apparently, many of the small, slow!\ 
sinking mineral particles are scavenged by sinking phyto. 
plankton aggregates and precipitated out in a matter o 
weeks. Mutual flocculation of fresh water algae and cla~ 
has also been observed to enhance sedimentation (Avni 
melech et al., 1982). The various forms of interactior 
bet\\·een algal mucopolysaccharides and clay mineral 
have recently been discussed by Degens and Itteko 
(1984). who suggested that diatoms will be of significanc, 
in the formation of certain types of marine sediments sue! 
as mud, even if the frustules are dissolved in the process. 

The geochemical implications of sinking diatoms dis 
cussed at length by Walsh ( 1983) take on a new dimen,jo, 
as a precipitation agent of smaller mineral particles. Th, 
water column \\'ill be most effectively "swept" durin, 
bloom sedimentation (the pelagic "spring cleaning") Jn1 

the removal rate of dissolved substances sur..:h as trac 
elements will also be enhanced (Reynolds et al .. 19~2 
Do""·nward transport of naturally occurring zinc fron1 th 
surface layer by a sinking diatom bloom \\·as ohscr\'<.:J i 
an enclosure experiment (Imber era!., submitted). 11 ,If 
peared that zinc \\'as complexed to diatom cell surf,11.:.: 
during gro\\·th and prior to sedimentation. 
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Before the advent of diatoms. marine phytoplankton 
was dominated by flagellates (Parsons, 1979). One might 
~peculate that earlier pelagic annual cycles \Vere less 
~ubject to the present drastic change from a massive 
hloom state to a sparse regenerating community. Thus. 
"·ith the evolution of bloom diatoms. sedimentation 
patterns in the sea may have been fundamentally modified 
because of diatom sinking behaviour, with greater deposi
tion of organic and inorganic material occurring closer to 
the sites of new production. The periodicity of diatom 
bloom sedimentation is of considerable significance for 
henthos ecology (Graf etal., 1982, 1983; Smetacek, 1984). 
~1oreover, the higher the sedimentation rate, the greater 
the proportion of organic matter that is eventually buried 
in the sediments (MUiier and Suess, 1979). The impact of 
diatom sinking on the benthic ommunity and on the 
formation of pelagic sediments will, therefore, be greater 
than currently appreciated. 
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In trod uctlon 
The history of quantitative plankton re

search goes back a century to Hensen's 
(1887) pioneering study of plankton stand
ing stock and production conducted in Kiel 
Bight (Bay is a synonym) from 1882 to 1885. 
His intention was to develop a standardized 
methodology for estimating the potential 
food supply of fish in the sea in order to 
establish a scientific basis for fisheries reg
ulation. Since then, numerous investiga
tions have been carried out in the Bight that 
can be grouped into periods according to 
the methods chiefly employed. 

Up to the twenties, microscopic counting 
of net sari pies was the usual method (Hen
sen 1887; Lohmann 1908; Biisc 1915; Busch 
J~). Chemical analyses supplementing 
microscopy were introduced by Brandt 
(1899, 1902, 19~. 19XJ,), who believed 
in nutnent control of plankton biomass. 
Lohmann's monumental work, which in
cluded live counting of centrifuged plank-

ton, seemed to refute Brandt's hypotheses. 
This period is characterized by the contro-
versy between Lohmann and Brandt (Brandt " . 
19)'[a, 191'(bJ as to the true nature of the l</.20•, I,.: 
annual plankton cycle in the Bight and its &.onfrd/,,, J 
mechanisms. 

From the thinies onwards, accent was 
shifted to physico-chemical analyses (Wat
tenberg and Meyer 1936; Krey 1942) and 
in the fifties and sixties, numerous studies 
of environmental properties and pelagic 
processes based on measurements ofseston, 
organic matter, chlorophyll, protein, etc., 
were carried out in the Bight (Krey 1952, 
1961; Lenz 1963, 1974; Hickel 1967; Zeitz
schel 1965; Devulder 1968; Schinkowski 
1969; Horstmann 1971). Microscopy was 
of secondary importance in these studies. 
Krey (1956) initiated a monthly survey of 
physical and chemical properties of the water 
column at two stations in western Kiel Bight 
from 1957 to 1975 that has been evaluated 
by Babenerd (1980). 



Since 1972, intensive studies of plankton 
ecology and dynamics in relation to cycling 
of matter between the pelagic and benthic 
systems have been carried out at a fixed 
station-the "Hausgarten" by the planktol· 
ogist team of the Joint Research Project (SFB 
95) of l(jel University. The weekly to bi
monthly sampling intervals and the detailed 
investigation of environmental features as 
well as production and fate of planlcton in 
relation to its species composition have pro
vided new insight into some functional as
pectS of the Kiel Bight pelagic system. On 
the basis of these data, Smetacelc et al. (1984) 
have distinguished five seasonal stages of 
the annual cycle. Each stage represents a 
panicular pattern of the cycling of matter 
between the pelagic and bcnthic systems as 
reflected at the compartmental-phyto
plankton, bacterioplankton, protozoo
planlcton and metazooplanlcton-lcvel of 
resolution of the pelagic community. 

A rigorous comparison with data on ear
lier annual cycles is hampered by differences 
in choice of stations. methodology, sam
pling frequency and degree of pelagic system 
coverage. Thus, only observations of sea
sonality in composition and occurrence of 
phyto- and zooplanlcton will be compared 
here within the framework of the five stages 
differentiated by Smetacek et al. (1984). The 
salient features of these five stages have been 
presented below following a brief introduc
tory account of the BighL Thereafter, the 
implications of such a long-term analysis 
are discussed with a two-fold aim: a) to de
termine whether a long-term trend reflected 
in species composition of the Bight plank
ton can be ascertained; b) to gain insight 
into survival strategies of the dominant 
species and genera by comparing year-to
ycar recurrence and variability in relation 
to the physico-chemical environment. 

GENERAL FEAnJRES OF KlEL BIGHT 

l(jel Bight is part of the Belt Sea, one of 
a series of basins and swells connecting the 
braclcish Baltic with the North Sea. Babe
nerd (1980) has reviewed the hydrography 
of the Bight. Its average salinity range of 
14-24, l - 18. 7 p.p. t., indicates an approx
imately equal mixture of Baltic and North 
Sea water. 

The Bight, with an average depth of 17 

m, is enclosed on three sides and connected 
in the north-east to the main channel of the 
Belt Sea-the Great and Fchmam belts (Fig. 
I). Land run-off into the Bight is negligible. 
Sewage from the city of Kiel (230,000 in
habitants) is pumped into the open Bight 
after mechanical and biological treatment. 
Hydrography of the Bight is characterized 
by influx oflow salinity surface water (max
imum in May) from the Fchmam Belt and 
high salinity bottom water (maximum in 
fall and winter) through a system of chan
nels from the Great Belt. This channel sys
tem ends in the western comer where resi
dence time of water in the Bight is JongesL 
This is the site of a routine station since 
1955 and also of the "Hausgartcn." 

Surface and bottom salinity in the Bight 
invariably differ, the discrepancy being 
greatest in summer and least in winter. Ver
tical temperature distribution is homoge
neous till about May/June at 6-8 "C. There· 
after, a thcrrnoclinc develops at 10-14 m 
depth in conjunction with a haloclinc. The 
temperature of the surface layer reaches a 
peak of 17-18 "C by mid-August when bot
tom temperatures are approximately JO "C. 
Vertical temperature homogeneity is 
achieved by late September, although salin
ity differences-no longer in the form of a 
distinct haloclinc-can be present until 
strong storms in winter homogenize the en
tire water column. 

The plankton of the Bight is typically ma
rine. Characteristic Baltic organisms such 
as cyanophytes, rotifcrs and the cladoccran 
BoJmina are of minor importance. Many of 
the marine species are at the end of their 
salinity tether in the Bight and some, e.g., 
Sagitta. Pleurobrachia. arc common only in 
some years. 

The annual cycle of the pelagic system is 
basically similar to that of other temperate 
enclosed water bodies and special features 
arc a result of peculiarities of hydrography 
and topography. Annual primary produc
tion, measured in 1973, was found to be 
158 g C perm' (Bodungen 1975), which is 
a typical coastal temperate value (Parsons 
et al. 1977). To my knowledge, the earliest 
estimate of marine primary production was 
that of Hensen (1887), who extrapolated 
from the biomass of the fall Ceratium bloom 
and obtained a figure of 137 g C perm' per 
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yr for Kiel Bight. He regarded this value as 
a minimum, however, and felt that actual 
production was much higher. 

THE FIVE STAGES OF THE ANNuAl. Cva.E 
Winte; 

The winter (December to mid-February) 
water column is characterized by low bio
mass (<50 mg C per m 3) and high nutrient 
concentrations. Phosphate and nitrogen 
levels arc similar each year ( 1.1 ± 0.1 and 
12.1 ± 0.6 mmol per m1, respectively) and 
remain fairly constant throughout the pe
riod. The Baltic proper has lower winter 
nutrient levels than the Belt Sea (Bodungen 
1975); therefore, incursions of Baltic water, 
signalled by low salinity, reduce nutrient 
leve,s. Vertical mixing of this surface layer 
results in eventual restoration of typical Kiel 
Bight values, indicating that these winter 
levels arc equilibrium values. They arc reg
ulated, in all likelihood, by interaction be
tween dissolved and particulate phases at 
the sediment interface (Balzer I 978; Pol
lehne I 980). 

The phytoplankton population is sparse 
and small numbers of copcpods, comprising 
all the ,mportant species, overwinter in the 
Bight. As nauplii ~ always present, albeit 
in small numbers (Lohmann 1908; Fahl
teich 1981 ), this overwintering population 
apparently remains active throughout, feed
ing primarily on detritus supplemented by 
phytoplankton (Lenz 1977). Biomass of the 
latter decreases through the winter, with 
lowest values in February, immediately prior 
to the spring bloom (Lohmann I 908; Sme
tacck 1975). 

Spring 
Four spring blooms have been depicted 

in Fig. 2. The spring bloom of I 97 3 was 
atypical due to large-scale advection of both 
surface and bottom water which disrupted 
the normal pattern evident in the other years, 
where the bloom developed and declined 
within the same water mass. The timing of 
the bloom is dependent on weather; in calm 
sunny springs, culmination can occur before 
mid-March whereas in wind y. cloudy 
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springs, the bloom can be delayed to early 
April. 

The decline of the spring bloom is brought 
about by nutrient depletion and rapid sedi
mentation of diatom cells, resting spores and 
pbytodetritus. Calculati.ons based on winter 
nutrient levels, using Redfield ratios, and 
direct "C-measurement of primary pro- . 
duction indicate that approximately I g C 
per m' is produced by this bloom, and re
sults from sediment traps show that more 
than half the total production sediments out 
of the water column. Sedimentation of the 
bloom was also reponed by Lohmann 
(1908). 

Except for timing, the pattern of spring 
bloom growth and the biomasss yield top,:-
lagic and benthic heterotrophs is sically 
similareach~a, (Schulz 1983 . Fur-

--o·-iher,except-fori 973 where age ates were 
also imponznt, the spring bloom is always 
dominated by diatoms, although the species 
composition varies considerably from year 
to year (Table I). The protozooplankton, as 
defined by Siebunh cl al. (1978) also exhibit 
great interannual variability in species corn-

position, although, as a group, they attain 
biomass peaks of similar size (- 50 mg C 
perm') every year in the spring. Naked cil
iates, tintinnids, gymnodinian dinoflagel
lates and Ebria tripartita can dominate bio
mass in different years (Lohmann 1908; 
Smetacek 1981; Stegmann and Peinen 
1984). 
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Fig. 3. Monthly averages of zooplankton biomass 
in Kiel B:Ylt (dry weig.ht per m') calculated from 
monthly Gata from 3 yea~ and 9 stations. N0 s..amples 
""'=re ta.kt·: :r. Augus:. The ri.:,ne~ hr,r- rrpn·vr:!:. stan
d.·ud dc,i;;;.1nns (from H,llcbranJ1 1972). 



-T_A_B~U:;-1--_s_pcc,c·C.:cs;;;d;;;o:;;m;;;in;::ar,u;;;·n;-g-•p_n_·n_g_b_loo_m_bi_om_~;;;"';;;_';;;.~~=-d• '.;;ffi-:cr<;;;n;-1-yca_n_. ______ 
0
~====---~-_ p • ~ 

·.-car Culmn1aboll Ttlftir ............ _, _ _.. (,Jl1' ~ 

1961 mid·March T/ta/{JJsiosira. SU/ttoMma Hick.cl 1967 
1962 end-March Tha/a.ssiosira, SU/nontma Hickel 1967 A 11 

0
~ S 

1966 m1d-Man:h Tha/assiosira no,dt,ukioJd,i Schinkowsti 1969 '""'"' 
1967 early April Chattocnos CMrvist1w Drvulder 1968 t... 0 k? 
1972 mid-March Dt1onu/a coefenoac~. Sk,Jr,o,u,ma Smeucek 197S 
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The copepods dominate metazooplank
ton biomass and are much more predictable 
in their appearance in spring than the pro
tistan plankton. All the overwintering adults 
increase biomass during the bloom, al
though Psew:iocalanus and Eurytemora ap
pear to grow faster than the others (Hille· 
brandt 1972; Kraneis and Martens 197 5; 
Schnack. 1978; Stegmann and Peinert 1984). 
Because of the high phytoplankton/zoo
planlcton biomass ratio in spring, grazing is 

Species composition of protozooplanlcton is 
variable and their biomass declines con
comitant with the copepod build up. The 
presence of this inverse relationship be
tween protozoan and metazoan biomass in
dicates control of the former by grazing of 
the latter (Smetacek. 1981; Stegmann and 
Peinert 1984). Because of the heavy grazing 
pressure exerted by the large copepod pop
ulation, sedimentation rates are the year's 
lowest (Smetacek ! 980a, 1980b). 

3 } _ of only '."inor importance) 
Summer 

3 

Late Spring 
Small flagellates (10-20 11m) have always 

been observed to dominate phytoplankton 
biomass from mid-April to early June. In 
most years Prorocentrum balticum (for· 
merly Exuviae//a baltica) was the dominant 
species (Lohmann 1908; Lenz 1963; Sme
tacck 1975), although unidentified gymno
dinians (Stegmann and Peinert 1984) and a 
chrysophyte (Nf>thig 1984) have also dom
inated. The biomass in this period shows 
great interannual variation7 due to variation 
in the nutrient supply. The two important 
sources of the latter are pelagic rcmineral· 
ization of the remains of the bloom and 
sedimentary input. This period is charac-
terized by the first zooplankton maximum 
(Fig.)), dominated by Pseudocalanus elon
garus. which represents the first copepod 
generation spawned by overwintering adults 
feeding on the spring bloom. Copepod bio
mass build up is based primarily on pro
duction of the small flagellates, and ycari) 
variation in peak height of zooplankton c,-,o
rnass is surprisingly small, in striking con
trast to that of phytoplankton. The biomass 
peak is in the order of 40-50 mg C ix-r rn' 
(Lohmann 1908; Hillebrandt 1972; l.!o,
tens 1976; Stegmann and Peinert 1984). 

The invariable decline of the Pseudoca
/anus peak in June, brought about perhaps 
by grazing of the rapidly growing Aurelia 
population (Moller 1979), is followed by a 
period of lower plank.ton biomass levels. 
Thereafter, phytoplanlcton biomass staru 
increasing and attains a maximum in Au· 
gust or early September, which is approxi
mately two-thirds that of the spring and fall 
maxima. The steady build up of pelagic bio
mass is invariably due to dinoflagellates and 
is interspersed by subsidiary blooms of dia
toms, the number, duration and size of 
which vary widely from year to year. Sme
tacck (1984) has attributed these blooms to 
sporadic storm-induced injections of nu
trient-rich bottom water to the upper layer. 
Nutrient depletion by these blooms is fol
lowed by a short period of heavy sedimen
ution (Smetacek I 980a; Pol!ehne 1980). 
Ap .. ~ frvm such bloom events. sedimen
tauon rates O\'Cf the summer months are 
generJ.H;.: low. Stagnation of bo!tum water 
over the.: summer results in oxygen depletion 
and nutrient accumulation; this process has 
been observed every year, although there is 
ir:1r:r2.~nual variation in the extent and se
vt . .... ;~y ci: oxyi::cn depletion (~:re~· :ind Zcitz
scnd 1971; llabenerd I %D). 
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Increasing biomass over the summer is 

accompanied by diversification of the pe
lagic food web, which a11ains its greatest 
level of complexity in August. Many species 
arc present each year, albeit contributing 
varying proportions to total biomass. The 
characteristic dinoflagcllatcs arc Prorocen
trum micans, Ceratium tripos and C. /on
gipes. The diatom composition varies con
siderably: Ceratau/irra bergoni, Chaetoceros 
spp., Guirrardia flaccida, Rhizoso/enia ala
ta, R. hebetata f. semispina, R. Jragilissima 
and Skeletonema costatum arc invariably 
present and contribute to the sporadic 
blooms although these can also be almost 
monospecific. Nanoflagcllatcs arc also rep
resented in significant numbers, as arc cy
anophytcs, but the latter arc not nearly as 
important in the Bight as they arc in the 
open Baltic (Jansson 1978). Species com
position of the early summer period is more 
variable between years than the late sum
mer population. 

The metazooplanlcton attains a biomass 
pealc similar to that of the May pealc (but 
not included in Fig.~). in August/early Sep
le!nl>cr each year. All the major feeding types 
an:: represented: Oikop/eura, mussel larvae, 
Pseudocalanus. Paracalanus, Acartia, Cen· 
tropages, Oithorra, Aurelia and in some 
ycafs, Sagi/ta (Hensen I 887; Lohmann 
1908; Martens 1976). Many of these species 
attain their annual biomass pealc in this 
month. Apart from the sporadic blooms, 
the phytoplankton/zooplankton biomas ra
tio is low, indicating that this is primarily 
a recycling system. New nutrient input 
events from the sediments or bottom water 
result in tcmporaf)· phytoplankton biomass 
increase; a part of this input is retained with
in the system-presumably depending on 
the rate ofhetcrotrophic response-but the 
excess material sediments out. Primary pro
duction levels and assimilation ratios are 
high, and nitrogen concentrations vef)' low 
in the upper 15 m. As phosphate starts ac
cumulating within the entire \\'atcr column 
(Bodungen 1975; Babencrd 1980), nitrogen 
is considered to be the controlling element 
(Bodungen et al. 1976); this is due to the 
low NIP ratio of nutrients mobilized from 
anoxic sediments (Pollehne 1980; Balzec et 
al. 1983). 

The zooplankton population starts de-

dining in September for unknown reasons. 
There is no concomitant increase in carni
vores (Hillebrandt 1972; Martens 1976), al· 
though the phytoplankton composition 
changes significantly, leading to the fall 
bloom. 

Fall 
The fall bloom is initiated in Septem bcr 

by break-down of summer stratification re
sulting in upward mixing of nutrients from 
stagnating bottom layers. This nutrient in
put is accompanied by biomass build up of 
the late summer ceratia, particularly Cera
tium fusus, and generally to a lesser extent, 
C. ln'pos. The growing C. fasus population 
culminates in October and pealc biomass 
attained is comparable to that of the spring 
bloom. The Ceratium fall bloom is the most 
recurrent feature of phytoplankton su=s
sion in the Bight as it is mentioned in all 
relevant studies to date, i.e., since about the 
middle of the last century. This degree of 
recurrence would be surprising if the caus
ative factors were solely related to physical 
and chemical features of the immediate en
vironment. Tbc critical period when :he C. 
fasus population starts increasing its bio
mass relative to the various other late sum
mer species shows considcra~le intcrannual 
variation with regard to vertical mixing and 
nutrient input. Weather thus appears to have 
little influence on development of this 
bloom, although the size of the peak and 
the relative proportions of the dominant 
species might well be controlled by depth 
and intensity of vertical mixing. 

The fate of this bloom is similar to that 
of the spring, and the bulk of the population 
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rapidly sediments out. The ~ of the ,,le r; r,n ~ 
dinoflagellates is generally followed oy rapiir-- I,,, I ' I. 
growth of a mixed diatom population com-
prising Yarious species. In some years, bio-
mass of this bloom can attain sizable pro-
portions -Jn the same range as that of the 
spnng.-2nd i:,. otheryrars, it is only a minor 
fe:?.tur'! t'1 li 1t annual cycle. Apparrntly, the 
siz~ 0f th:•. Dl0on1 is der,endent on prevail· 
ing \\'Cather cvnditions as light is the criticial 
factor in this period. There is considerable 
interannual variation in the composition of 
th.i:. bic,c,rr:. in some years up to six species 
Cl'r,1:-::·· .. :•·,-: ;.~n1ficar:tly to biorn.i.ss, wht•re-
as in u!hers. a sing.le species dominated. All 



the summer diatoms can be of imponance 
including forms such as Chaetoceros cur
visetus. C. radians, Nitzschia spp. and Thal
lasiosira spp. Sedimentation of this bloom, 
although not as thoroughly studied as in the 
case of the spring bloom, also appears to be 
its primary fate (Graf et al. 1983); however 
nutrient depletion is not the factor triggering 
sedimentation of the fall diatoms. During 
fall the phytoplanlctonlzooplanlcton bio
mass ratio is high, and the protozoan bio
mass exceeds that of metazoans, simlar to 
the spring situation. Many fall protozoans 
(Protoperidinium, Polykrikos, Tiarina, 
Strombidium) are characteristic of this pe
riod and recur each year (Lohmann 1908; 
Smetacek 1981 ). 

Discussion 
Anthropogenic nutrient input to the Bal

tic and North seas has increased consider· 
ably over the last decades, although reliable 
figures on input rates and fate of these nu
trients are scarce. Evidence for eutrophi· 
cation of the Baltic proper has come from 
enhanced oxygen depletion below the halo
cline (Fonselius 1972) and increased ben· 
thic biomass above it (Ccderwall and Elm
gren 1980). However, no obvious changes 
have wn noticed in the pelagic system of 
the open Baltic i:, contrast to the situation 
in the coastal regions and particularly en
closed bays (Melvasalo 1981 ). Considering 

· that Kiel Bight is such a coastal enclosed 
system, one would expect eutrophication to 
be proceeding here as well. The evidence for 
presence or absence of such a trend is am· 
biguous. In August of the past few years, but 
particularly in 1981, the zone of oxygen de
pleted water in the Bight spread out to an 
exceptional extent (Gerlach 1983). Con
comitant data on plankton biomass and 
sedimentation are unfortunately not avail
able. However, these years were also char
acterized by unusually stable summers and 
the severity and extent of anoxia mig.ht havt' 
been more a result of prolonged bottom 
water stagnation rather than increased or· 
ganic input (Gerlach 1983). Indeed, vertical 
instability in surr.mer not only replenishes 
oxygen in bottom water but also, by initi
ating blooms in the surface, increases or
gamc input to the sediments. Allochthon0us 
nutrient input will aggravate such a 0 nat· 
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ural" eutrophication following prolonged 
bottom water stagnation as described for the 
Baltic by Gargas et al. (1978). 

Kiel Bight is estimated to receive a total 
of I ,OOO tons of sewage phosphorus a year 
(Gerlach 1983); this would increase the 
phosphate content of Kiel Bight water by 
0.03 mmol per m' per month, equivalent 
to approximately 0.7 g C perm', assuming 
a C:P ratio of !06: I by atoms (Redfield ra
tio). This monthly rate is in the same range 
as daily primary production peaks in sum
mer and can be considered as negligible from 
this viewpoint. However, monthly sedi
mentation rates during the critical summer 
period range between 1.5 (June) and 6 (Au
gust) g C per m' (Smetacek 1980a), and if 
the extent of oxygen depletion is indeed di
rectly proportional to the rate of organic 
input to bottom water and sediments, the 
summer allochthonous input, constituting 
20% of the total summer sedimentation, 
might well have some effect. Since labile 
organic substances such as proteins accu
mulate in the sediments under oxygen de
pletion (Graf et al. 1983; Meyer-Reil 1983), 
it is likely that a 20% increase in input wilt 
not unduly aggravate the situation. This ex
cess material could easily be broken down 
during the prolonged oxygenated period of 
fall and winter, thus not necessarily affecting 
the winter nutrient equilibrium. The sea
sonal rcla tionship between oipnic input and 
benthic metabolism in the Bight has been 
discussed by Pollehne (1980), Graf et al. 
(1983) and Meyer-Reil (1983) and is the 
subject of ongoing investigations. 

With regard to the pelagic system there is 
little indication of a significant trend in either 
plankton biomass or production over the 
past. Thus, winter nutrient concentrations 
have not changed since the last three de
cades (Gerlach 1983) and are typical levels 
fc,und in the non-growing season of similar 
coastal waters (Pomeroy et a!. 1965). Fur
tht·r. Ba~nctd (1980) could not dist.:em a 
trend. 1n ti1r data from the ma.n1hly survey 
of i 95'7-1975. the period wh...:n the grcatcs.t 
incrc,;:,,.,c in anthropuger,ic nutrient 1npu~ 
must have occurred. However, because of 
the low degree of temporal resolution of this 
data, suht!f" trends would not be obvious. 
The n,o~t v·:1:,.;t1, <: ir.dicatic:! of ar.thrc•
pof'.i:nical!y 1nuuced eutroph1c::n1on ,,uuld 
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be sustained high phytoplankton biomass 
levels during the nutrient impoverished late 
spring and summer seasons. As this is just 
what Lohmann (1908) found, the Brandt/ 
Lohmann controversy can finally be re
solved in this context. 

l'f:/.o.l, Brandt (19.}(a, 19m). who based his 
conclusions on net-plankton distribution in 
the open Bight, maintained that there were 
two maxima-the spring and fall blooms
scparated by a prolonged period oflow bio
mass. Lohmann (1908) collected his sam
ples at weekly intervals and also examined 
the nanoplanlcton, which he concentrated 
with a centrifuge. He found highest plank
ton biomass in August, a finding which 

,q;io.l,Brandt (J9)1a, 19Mb) rejected outrighL 
Since then, both men have been vindi

cated with regard to their respective under
lying hypotheses: Brandt's belief that nu
trients control biomass under stratified 
conditions and Lohmann's assertion of the 
importance of nancplankton in the sea. It 
now appears that the choice of study sites 
was largely responsible for the controversy. 
Lohmann's station was located in the outer 
Kiel Fjord which is more eutrophicd than 
the open Bight, both in terms of nutrients 
and chlorophyll (Krey I 942). It must have 
been even more tutrophied in Lohmann's 
time because the raw sewage load to the 
Fjord from the city of Kiel and from an
chored ships was greater until the_ twenties 

.. when sewage from the city of Kiel was di
verted to the open Bight. Further, Lohmann 
(I 908) found that Skeletonema cast at um was 
the most important contributor to plankton 
biomass and Hererocapsa triqueter was im
portant in summer. Both these species arc 
far more common in the Kiel Fjord than in 
the open Bight (Schinkowski 1969; Horst
mann 1971). 

However, on a general level the Brandt/ 
Lohmann controversy is essentiaHy still un
resolved; witness the current discussions on 
the productivity of the mid-oceanic gyres 
(Kerr 1983). The controversy rnolves 
around the size of the relevant organism'.; 
(today's equivalent of Lohmann's nano
planlcton is picoplankton) and the relative 
role of factors such as nutrient input rates 
in controlling plankton growth. The diffi
culties are related not only to the limitat,c,r" 
of methods (Omori and Hamner !~~;~). 

which give rise to conceptual confusion, but 
also to the wide-spread tendency to gener
alize from individual observations preva
lent since Hensen's days. Pomeroy (1981) 
has stated: "The study of ecosystems as such, 
rather than simply of component species, is 
still in a formative stage in which investi
gators arc exploring in many directions with 
no generally agreed-upon approach." The 
approach for analyzing the Kiel Bight an
nual cycle adopted here differentiates stages 
of the system in terms of light or nutrient 
control of planlcton standing stock and the 
source of the nutrients fucling pelagic pri
mary production. Thus, changing spatial 
features of the environment (depth ofligbt 
penetration and mixing) give rise to a tem
poral sequence of various patterns of energy 
flow and cycling of matter. Such sequential 
patterns can be found spatially in estuarine 
systems (Kemp et al. I 982) or along tran
sects away from an upwclling site in the 
ocean (Margalcf 1978). Eppley Cl al. (I 983) 
and Smctacek (1984) have discussed the re
lationship between input of"ncw" nutrients 
to pelagic systems and Joss due to sedimen
tation. They point out that heaviest sedi
mentation occurs immediately following 
"new" production and decreases under con
ditions of "regenerated" production. 

Whereas the physico-chcmical forcing 
functions of the pelagic ecosystem arc now 
well recognized, much Jess is known about 
the factors selecting planlcton species com
position (Smayda 1980). Attempts at ex
plaining patterns of occurrence based on 
single features such as phylogeny, size or 
growth rate ofan organism have not proved 
very successful in the past. It now appears 
that more attention will have to be paid to 
the life history strategics of individual 
plankton species if one is to explain their 
distribution in time and space (Garrison 
1981; Da·,is 1962). Long-term data can g: ·:c 
valuable clues as to the possible nature of 
tl,cs.c strat~les by showing the degree of 
vmabiiity or recurrence in species appear
ar..:.-; i.i :elation to enviro,1ment:,l features. 
lkth khmann (l 908i and Smet.acck (i 97 5) 
showed that seasonal appearance and rapid 
growth of the dominant species was gener
ally not 2 res~lt of hori10:it::1l advect;on. 
1·!',~\ \•'t: nre dt'.1hn~ vnr.~~=rih v. it~: 3 ::ue 
Spt~·ci~·-~ s11ccession rattler tnan a sequence iii 



the Bight (see Smayda 1980 for a discussion 
of these terms). 

Hensen (1887) was struck by the comings 
and goings of the various plankton species 
in the course of the year and he suggested 
that many of these organisms had benthic 
resting stages in their life cycles. He pointed 
out the prevalence of this strategy in dia
toms, dinoflagellates and tintinnids and 
speculated that the difference between ne
ritic and oceanic species might well lie in 
the presence or absence of such benthic 
·stages. This view of plankton succession was 
lost from sight until quite recently, when 
the role of such life cycle strategies in de
termining the appearance of particular 
species of diatoms (Garrison 1981), red-tide 
dinoflagellates (Provasoli 1979), and 
chrysophytes (Sandgren 1983) was con
firmed. Hensen (1887) thought that marine 
ccratia could also have such a life cycle, 
which is, however, not the case (Margalef 
1978). Hensen bad evoked the sediments as 
a spatial anchor for the drifting plankton 
because he assumed that the annual cycle 
observed by him was a recurrent pattern. 
Long-term data from the Bight show that 
only some species are recurrent and the ma
jority variable in their appearance; ironi
cally, it is the species with known benthic 
resting stages-many neritic diatoms, red
tide dinoflagellates, tintinnids-that show 
greatest year-to-year variability in appear
ance and those without such stages-the 
ceratia, most copepods-that are the most 
predictable in the Bight. 

Long-terrn data from 1he North Sea and 
Atlantic (Colebrook 1982) have shown that 
shifts in the dominance patterns of species 
occur over time scales of many years in wide 
areas with greatly differing physical envi
ronments (Gieskes and Kraay 1977). The 
presence of such long-scale temporal shifts 
indicate that the small time scales of the 
immediate g.rov.'th environment cannot suf· 
ficiently account for the success of a specie~. 
Harris (1980) has stressed that more atten
tion should be paid to the various time scales 
of ph)10p!ankton response to its environ
ment. He suggested that smaller time scales 
would be of greater importance. However, 
the build up of dominant species generally 
occurs over ""·cet~. apparently indepcnder1 
of day-to-day changes. of weather. 
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The long-term observations of the Kiel 
Bight plankton cycle raise two important 
questions: Why are the ceratia in particular 
and the late summer/early autumn popu
lations in general so predictable and the oth
ers-particularly those with benthic stages
so variable in their appearance in the Bight? 
One possible solution would be to search 
for species-specific differences in the time 
scales of response to the environment. Thus. 
=atia grow slowly over the summer months 
and, being relatively unpalatable and long
lived, build up a large population by the end 
of the summer. Storm-induced input of new 
nutrients during the summer is utilized by 
diatoms as they respond more rapidly to 
such events. However, nutrient input fol
lowing fall mixing is taken up by ccratia, 
particularly C. /usus. rather than diatoms. 
Presumably, this is due to the Ceratium 
population having attained a "critical mass" 
at the time of fall mixing. A few cell divi
sions of the entire population in the 2-3 
weeks following mixing would suffice to ac
count for their large fall biomass. Further, 
the nutrient-rich bottom water is less than 
a third of the total volume of water in the 
Bight, and dilution of the population by ver
tical mixing is accordingly small. The large 
"seeding" stock of ceratia can thus outcom
pete faster-growing species present in small
er quantities. The size of the biomass peak 
attained in any one year is probably not of 
survival value to the species, as death is the 
fate of most individuals of a large bloom 
(Walsh 1983). Thus, the ceratia are widely 
present during summer and fall in the tem
perate zone, hut the biomass peak typical 
for Kiel Bight is by no means the usual pat
tern (Smayda 1980). 

When nutrient input exceeds the Cerari
um growth rate, as invariably occurs in Oc
tober, diatoms take up the excess nutrients, 
par..H:ui;!rl)' ammonia, and form the late 
dia•orn h!"Jom of varying composition. 
Tnes.o: an· a;.,L.:1 n1ostly opponilnistic species 
v11b bc!r.~h1;,; resting ~13ges, although recu:· 
!';"n1 ::::-.~:..:.1.:~ ·-;~;rh d~ Guirilirdia .ficccida c;.;-;: 
al!"-c- ?mf'0!'1?.:.t contnbutor~ to biomass. 

Sanders (1968) has classified ecosystems 
along an axis ranging from physically gov
err.c-d to hi•:1!Q~cally accommodated sys· 
!(.·:r:1:. Sp··:--: ...... !•ir:.ic\1.:-risti,_· of furrii 1.:r ~Y'· 
1:n1s '"<.:u.;d n,~ s.,c:-11t.:.:i to respond r2.pidly ll..1 
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physically induced environmental change 
in contrast to species charactenstic of bio· 
logically accommodated systems. Thus, one 
might regard bloom diatoms as belonging 
to the fonner category and summer fonns, 
panicularly ceratia, to the !alter, with of 
course, many intennediate types. Species 
with fast response rates grow rapidly, and 
by stripping their environment of nutrients, 
change their growth conditions. Prolonged 
residence in an environment no longer fa. 
vorable for growth would have no survival 
value and these species tend to be those that 
fonn resting stages en masse and sediment 
ouL This strategy, in contrast to persistence 
in tbe surface layer of other species, partic· 
ularly tbe slower growing ones, would en
sure tbat the reproductive success of one 
year is carried over to the next. Davis (1982) 
distinguished four functional groups of phy· 
toplankton: bloom diatoms, large slow
growing diatoms, microflagellates and large 
dinoflagellates. He suggests tbat particular 
combinations of light, mixing and nutrient 
supply will favor dominance of the phyto
plankton assemblage by one of these func
tional groups. This explanation satisfacto
rily accounts for the general pallern of 
phytoplankton species succession in the 
Bight. 

The survival strategy of a pelagic repro
ducing and a benthic resting stage is wide
spread in lake diatoms (Lund 1971; Jewson 
et al. 1981; Reynolds and Wiseman 1982) 
where tbe degree ofrecurrence is also much 
greater tban in Kiel Bight. This also applies 
to other marine inshore systems such as 
Long Island Sound and Narragansell Bay 
(Smayda 1980). Why then is there so much 
variability in the Kiel Bight diatoms? The 
answer, I believe, lies in the topographical 
heterogeneity of the Belt Sea and the ex· 
treme influence of weather on hydrography 
and timing of the diatom blooms. Bar.<e 
(1955) found that meroplanktonic larvae in 
the Belt Sea were concentrated in patches 
of a few hundred meters' extent. The fre-

. . quency of·rcsusr-nsion and resedimc-r:t:-,-
5,,i·.t tion of surface sedimentsj.n~ •. pa•-

J ----·- -·--·---· ·---- ~ 
:, ",/.,it ) ticularly in winter, is likely to disrupt the 

1 seed beds of a previous year's bloom. Fur· 
ther, Davis et al. (1980) have sh0wn tbt 
rcstint, spores of some diatoms arr nr:! r,:- • 

sistant to anox.ic conditions. Y,herca5 ether~ 

are susceptible to light (Hargraves and 
French 1983). Thus, it is likely that distri
bution of diatom resting spores in the Bight 
is also patchy and species dominance of a 
bloom can well be determined by chance. 
Under these conditions, rapid growth rates 
in the water column would be more im
portant than the success of a previous year's 
population. Because of the shorter residence 
time of such species in the water column, 
their distribution, like those of meroplank· 
ton, is apt to be more patchy than that of 
slower growing species and also more sus
ceptible to tbe turbulence regime as sug
gested by Kemp and Mitsch ( 1979) for phy
toplankton in general. 

The high degree of recum:nce in biomass 
and species composition of the Bight's 
metazooplanlcton indicates biological rath
er tbao physical control of this group. Jn 
spite of a well developed cycle of species 
succession, year-to-year fluctuation in bio
mass levels and timing of appearance are 
much more predictable than in tbe majority 
of the ·protists. Because of their long re
sponse time metazooplanlcton are less sus
ceptible to vagaries of tbe weather; funher, 
the reproductive success of small herbivo
rous copepods is independent of the com
position of its food (Harris et al. 1982). The 
Kiel Bight observations show that cteno
phore predators, often observed to regulate 
copepod populations in shallow enclosed 
seas (Greve 1981; Harris et al. 1982), are 
also not necessarily of importance. Rather, 
it appears that internal control such as pre
dation ofnauplii by adult copepods or some 
unknown intrinsic features of the life cycle 
are more important in regulating their bio
mass than environmental factors such as 
food availability or predation pressure-of 
course within certain limits. 

Summing up, long-term data can provide 
clues ab<.,ut functional aspects of pelagic sy~
tems and survival strategies of component 
species but more detailed observatiors 0f 
the actual relati.:mships are called for before 
a h~tter understanding of the facLors regu~ 
!.-1t1ng the annual cycle of plankton will 
emerge. 
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!::7Se//'i'e:r, ,V,.,-/X' 1/,,!l,u,,t' Plankton characteristics 

;q f's; ,;,, ,"=J.s 

V,ictor Smetacek 

INTRODUCTION 

The plankton community inhabiting the free water of the pelagic system is 

self-sustaining in as much as both autotrophic and heterotrophic organisms 

are present. The plants of the plankton consist of unicellular, chlorophyll-

bearing algae - the phytoplankton - that grow in the illuminated surface 

layer. Planktonic heterotrophs belonging to all the major groups - bacte-

ria, fungi, protozoans and metazoans - occur in the entire water column but 

have their highest concentration in the surface layers, close to their food 

supply. They are intimately linked with the phytoplanktoq and with one an-

other, their interaction constituting the pelagic food web. 

The phytoplankton are small, generally less than 200 µm and hence unable to 

move against horizontal and vertical transport of the water in which they 

are suspended. This is also true for the bacterioplankton and the protozoo-

plankton but to a lesser extent for the larger metazooplankton. In a pre-

vious chapter, it has been shown that, by and large, the residence time of 

water overlying the shelves is restricted and, depending on the patterns of 

circulation, is open to influx of both inshore, coastal water and oceanic 

water. Thus, the shelf plankton community contains forms typical of both 

oceanic as well as neritic zones, and it is difficult to characterize ty-

pically shelf plankton communities for this reason. This does not mean that 

these communities are merely a mixture of coastal and oceanic plankton, The 

physical and chemical environments encountered over the shelves are suffi-

~ .. 
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ciently distinct as to warrant the status of ecosystems but it is not yet 

possible to characterize these zones in such terms as are used in terres

trial ecology: there are no terms equivalent to 'rain forest' 'dry scrub', 

'grassland' etc. in pelagic usage. Traditionally, the pelagic systems are 

divided into regions on the basis of topography, hydrography and latitude 

rather than community. This is because phytoplankton, whose growth is a 

function of the energy and nutrient-salt availability in its immediate vi

cinity, responds rapidly to changes in the physico-chemical environment, 

and is therefore by nature an ephemeral community. 

Qualitative and quantitative changes occur in the plankton community of a 

given region as a result of seasonal changes in hydrography and insolation. 

These changes occur in all the components of the system, with varying time 

scales that are largely determined by organism size, being roughly days, 

weeks and months for bacteria, algae/protozoa and metazoa respectively. 

The various patterns of response to the physical environment evolved by the 

plankton are reflected in the different structures of the food web, and ul

timately in the species composition and biomass of the various interacting 

components. Before dealing with these structures as they occur in continen

tal shelf waters, I shall first briefly examine the basic processes under

lying all pelagic systems, and then go on to a short account of the organ

isms comprising the plankton. 

BASIC PROCESSES OF PELAGIC ECOSYSTEMS 

The light regime in the sea, presented in a previous chapter, imposes spa

tial constraints on phytoplankton growth by determining the magnitude of 

the euphotic zone. This is the surface layer extending down to the compen

sation depth where photosynthesis of a cell is just compensated by its res

piration over a daily cycle. The phytoplankton grow by taking up dissolved 

inorganic nutrients from their immediate surroundings, and, by means of 
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photosynthesis, converting these dissolved substances into biomass, that 

is, into particles. Regardless of their identity, these particles, being 

denser than their supporting medium, have a tendency to sink to deeper 

layers, thereby impoverishing the euphotic zone of essential biogenous 

material. This situation is analogous to the constant loss of water suf-

fered by terrestrial systems. Remineralization, the reverse process of pho-

tosynthesis, is not restricted by spatial constraints of the environment, 

and plant nutrients released in a dissolved state by this process below the 

euphotic zone are no longer available to the phytoplankton 'fuelling' bio-

logical energy flow through the entire water column. Thus, as dissolved 

nutrients accumulate in deeper layers or in the sediments, the total amount 

of material circulating within the system continuously decreases with time. 

Replenishment of the 'lost' resources cannot occur in a selective manner, 

like rain on land, but rather through a whole-sale transport of the en-

vironment which, in extreme cases, has to be recolonized by a new popula-

tion of plants. 

The steady impoverishment of the system occurs under stratified conditions 

when surface and deeper layers are separated, the total plankton biomass 

declining with the duration of stratification. Therefore, regions of stable 

stratification have been called oceanic 'deserts', as the physical environ-

ment can only support low levels of biomass. The analogy with terrestrial 

deserts is based on the low rate with which a diminishing resource is being 

replenished by physical transport processes, and the total biomass maintain-

ed Within the system is determined by the availability of a material re-

source. Such a system is said to be 'nutrient controlled', in contrast to 

systems where light input is too low to permit effective uptake of dissolved 

nutrients from surface layers. The latter - 'light controlled' - situation 

is present during the winter in high latitudes where the biomass of phyto-

plankton and its rate of primary production can be as low as in the afore-
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mentioned 'deserts'. The length of this winter period is not only deter

mined by the absolute amount of radiant energy entering the sea but also 

by the depth and intensity of vertical mixing, as this will determine the 

period of exposure of a given algal cell to the favourable growth condi

tions of the euphotic zone. The relationship between the depth of the eupho

tic zone and the depth of mixing in affecting the phytoplankton population 

has been presented in rigorous terms by Sverdrup (1952) in his critical

depth lllOdel [see Parsons et al. (1977) for a detailed account]. 

As mentioned in a previous chapter, the depth of the euphotic zone is de

termined not only by the radiant energy input at the surface but also by 

the particle load of the water column. Generally, phytoplankton comprise 

an appreciable part of the latter and, by multiplying, their cells will 

intercept an increasingly greater portion of light .and hence diminish the 

vertical extent of the euphotic zone. Thus, in stratified water with low 

plankton biomass, the euphotic zone can extend to below 100 m, whereas in 

highly productive regions of the same latitude this can be reduced by a 

factor of as much as 10. The efficiency of light utilization is obviously 

greater in a shallow euphotic zone, as correspondingly less light is ab

sorbed by the water itself. This explains why a large plankton biomass can 

be built up even when light input is low, the condition here being a shal

low mixing depth. A similar effect is induced by increasing day length, as 

in the summer of high latitudes, and for these reasons the productivity of 

polar ecosys.tems can rival those of tropical systems, in contrast to the 

situation on land. The light regime, rather than temperature, is thus of 

paramount importance in regulating the magnitude of production in marine 

ecosystems. 

The other factor regulating phytoplankton production is the rate of supply 

of inorganic dissolved nutrients. Th,ese can come from remineralization pro

cesses within the euphotic zone; if this is the sole source, the cycling 
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of matter within the system is 'closed', and such an ideal system could be 

regarded as being in steady state, However, in reality, pelagic systems 

suffer a constant loss of material by downward displacement of particles 

and the 'lost' nutrients can only be returned to the surface by the upward 

movement of water from deeper layers, The kinetic energy responsible for 

this process of nutrient replenishment is hence of equal importance for the 

functioning of pelagic systems as is the input of radiant energy fuelling 

photosynthesis. This energy of motion, termed external energy by Margalef 

(1978a), occurs in space and time scales extending over many orders of 

magnitude, ranging from the microscale turbulence that swirls the smaller 

particles hither and thither to the large-scale horizontal advection repre-

sented by oceanic circulation patterns, The mesoscale motion of vertical 

mixing is of particular interest as it has a direct influence on the phyto-

plankton: either dissolved nutrients are introduced to the euphotic zone, 

or phytoplankton cells are transported out of it, 

From the above account it becomes clear that the two forms ~f energy imping-

ing on the pelagic system - radiant energy, and external energy in terms of 

advection and turbulence - and their interaction, will determine the magni-

tude of production in a particular region. A classification of pelagic sys-

tems according to patterns of interaction of the two forms of energy will 

result in four 'extreme' situations: 

A) low radiant energy and intense vertical transport (winter of high 

latitudes), and 

B) high radiant energy and reduced vertical transport (tropical systems 

with persistent stable stratification) will both suppress biomass 

levels of the plankton, whereas 

C) low radiant energy and reduced vertical transport (spring of high 

latitudes), and 
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D) high radiant energy and intense vertical transport (upwelling in the 

low latitudes) will both boost biomass levels. 

Because continental shelves are present in all major latitudinal zones and 

because of the great variation in the hydrography of these waters, each of 

the above situations can be encountered here. Plank.tonic biomass levels range 

from the highest - upwelling zones of the western continental seaboards - to 

among the lowest - clear water zones of the coral reef regions on the east

ern seaboards - reported from the oceans. Further, biomass levels are ex

tremely low on the high Arctic shelves and under the permanent ice cover of 

parts of the Antarctic continental shelf. These are, however, extreme cases 

and in IDOst of the shelf regions two or IDOre of the above situations will 

succeed each other in the course of a year. These systems are subject to 

considerable seasonal changes in biomass and production rates of the plank

ton, which are invariably accompanied by corresponding changes in the spe

cies composition of the components comprising the pelagic food web, but 

which are particularly striking in the case of the phytoplankton. This tem

poral succession of different species within the same water body, charac

teristic of most pelagic environments, is not only the result of changes in 

energy input to the system but is also determined to a certain extent by 

biological cycles of the various interacting organisms that are superim

posed on the physical cycle. Smayda (1963) concluded that the species suc

cession of phytoplankton could only be comprehended as an holocoenotic 

phenomenon as it is a result of changes occurring in the entire system. 

Margalef (1958) regarded succession as an evolutionary sequence in which 

successive stages undergone by the whole system could be characterized by 

the species structure of the phytoplankton community. Thus, according to 

Margalef (1978a) the onset of stratification in a water body initiates a 

maturation process in the planktonic community concomitant with declining 

biomass levels. In upwelling regions, the different stages of succession 
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can be found simultaneously along a transect away from the site of upwel

ling (Margalef, 1978b). Cushing (1971) poin~ed out that the phytoplankton 

bloom immediately following an upwelling event shows many similar features 

to the spring phytoplankton bloom of temperate regions. Margalef (1978a) 

carried this comparison further by pointing out the common features in the 

successional patterns following the initial blooms in both upwelling and 

boreal regions. The initial phytoplankton bloom and the impoverished com

munity inhabiting aged stratified water can be regarded as the two extremes 

along the axis of maturation that pelagic systems undergo. 

So far, I have examined the environmental factors governing the primary 

production of organic subste.nce by plants. This material is utilized by a 

vast array of heterotrophic organisms, including bacteria, protists and 

animals, for their own growth or secondary production. Whereas phytoplank

ton all belong to the algae and the bulk are in the size range 2 - 200 µm, 

pelagic heterotrophs show a much greater degree of diversity. Thus plank

tonic heterotrophs range in size from bacteria less than 1 µm to jelly-fish 

up to 2 m in diameter, The degree of 1DOtility and hence independence of the 

movement of the environment also varies considerably, although by defini

tion only those animals are included amongst the plankton, in contrast to 

the nekton, that are incapable of IDOVing against horizontal advection. In 

spite of this arbitrary restriction, motile capability is an important pro

perty within the plankton community. This is also true for the size of an 

organism, which can have considerable bearing on its growth and metabolic 

rates (Fenchel, 1974), as well as on the position within the food web and 

the spatial scale of water 1DOvement affecting its distribution, In most 

phytoplankton-based food chains, there is a tendency for organisms to in

crease in size along the chain away from the phytoplankton, Thus, size and 

motile capability are useful criteria for classifying plankton organisms 

Within an ecological context - that is, according to position and role with

in the pelagic food web, 
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DISTINGUISHING FEATURES OF CONTINENTAL SHELVES 

Before examining in greater detail the various strategies evolved by orga

nisms as adaptations to the pelagic environment in general and the shelf 

environment in particular, it is necessary to recall the distinctive fea

tures in the physico-chemical setting present in continental shelf waters 

that distinguishes them from their inshore and oceanic counterparts: 

1) Radiant energy: Radiant energy input per unit surface area is a function 

of latitude, but the depth of the mixed layer is determined also by to

pography and hydrography of the region, It tends to be shallower in con

tinental shelf waters than in off-lying oceanic regions, In temperate 

regions, this means that the growth season - that is, the maturation 

period of the system - can be longer on the shelf (Wyatt, 1980), 

2) External energy: In shallow regions, the spatial discrepancy between the 

sites of photosynthesis and respiration is lessened and nutrient reple

nishment of the euphotic zone requires a lesser expenditure of external 

energy. Further, the dilution effect on algal cells during vertical 

mixing is also reduced, Therefore, as replenishment events occur more 

often, larger biomass levels can be maintained over longer periods than 

in off-shore waters, Each mixing event will disrupt the maturation cycle, 

making shelf systems not only more productive but also subject to great

er fluctuations than oceanic environments, The reverse applies if shelf 

and inshore systems are compared. 

3) Topographical features: Organisms with sufficient motile capability can 

take advantage of topography by adjusting to specific situations and 

maintaining their position therein. Holoplanktonic organisms - those 

that spend their entire life cycle in the pelagic system - carry out 

vertical migration to maintain a desired geographical location, general

ly related to water depth, Size and motility being related, there is a 
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tendency for larger zooplankton organisms to be concentrated at the shelf 

edge, whereas smaller organisms are more evenly distributed. Another 

strategy is to have a benthic resting stage, as is present in many mem

bers of the phytoplankton and zooplankton. In contrast to benthic orga

nisms where pelagic larval stages aid in dispersal of the species, ben

thic resting stages of pelagic organisms aid in maintaining a favourable 

geographical position for that species. The importance of this strategy 

for assuring successful recolonization of the pelagic environment by 

many algal species has only been realized recently (Provasoli, 1979). 

4) Influence from other systems: Apart from the afore mentioned encroach

ment from neighbouring pelagic systems, the influence of the benthic 

system is of great importance both in chemical and biological aspects. 

The chemical aspects are primarily input of inorganic nutrients that 

will affect the quantity of phytoplankton, and organic growth factors 

such as Vitamin B12 or humic acids that will affect the species com

position of the phytoplankton by chemically conditioning the water. The 

biological aspect is mainly input of organisms - meroplankton - that 

are larval stages of benthic organisms. Their importance in pelagic food 

webs tends to decrease with increasing water depth. 

ORGANISMS OF THE SHELF PLANKTON 

In pelagic research, it is common practice to divide the organisms of the 

plankton according to criteria based on their phylogenetical affiliation, 

their functional role within the ecosystem and/or methodological aspects. 

So far, the autecology of only a few planktonic species can be regarded ss 

well-known, and in the case of the vast majority of species informatr&n on 

life cycles, behaviour, environmental preferences and position within the 

food web is scanty and indirect. Hence any ecological classification of 

plankton will suffer from this lack of knowledge. One classification scheme 
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divides the plankton into ecological compartments and size groups (Fig.4.1). 

I Brief descriptions of the four major ecological compartments - phytoplank-

ton, bacterioplankton, protozooplankton and metazooplankton - and their re-

spective roles within pelagic food webs follow. 

Phytoplankton 

Continental shelves are the most productive extensive areas of the world's· 

oceans, i.e. they maintain high plant biomass levels and production rates 

over comparatively long periods. Highly productive areas such as the up-

welling regions have primary production rates upwards of 300 g C m-2yr-1, 

and phytoplankton biomass levels can exceed 200 mg C m-3 or, in terms of 

chlorophyll, 10 mg Chl ~ m-3. Systems with low production have biomass le-

vels frequently an order of magnitude lower, although the production rate, 

particularly where turnover is higher, does not decrease to the same ex-

tent. Further, the effect of the depth of the mixed layer has to be taken 

into account. Shallow areas generally have the highest phytoplankton con-

centrations, but not necessarily the highest biomass level on an areal ba-

sis. The structure of the phytoplankton community reflects, to an extent 

not yet fully appreciated, the state of the system in general: the earlier 

view that one or a few factors such as temperature and/or light are decisi-

ve in determining phytoplank.ton composition is no longer tenable. 

In the following, the major groups of the phytoplankton have been dealt 

with in terms of their ecology and their occurrence over continental 

shelves. Most of the algal classes are represented in the marine phyto-

plankton although the bulk of the biomass is contributed by only a few 

groups. Raymont (1980) has reviewed the biology of planktonic algae. Of 

these, the diatoms, dinoflagellates, chrysophyte and haptophyte flagellates 

are easily the most important. Margalef (1978a) has pointed out the impor-

tance of motility and size in the survival strategies of the phytoplankton. 

-+ 
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One can accordingly distinguish three basic groups: a) the non-motile 

diatoms; b) the large motile dinoflagellates and autotrophic ciliates; and 

c) the small motile nanoflagellates comprising various algal groups. 

Non-motile forms 

Diatoms comprise the major non-motile group in marine phytoplankton, the 

other non-motile planktonic groups such as the cyanophytes are common in 

brackish water and the mid-oceanic gyres, but are of relatively lesser im-

portance in the shelf systems. Being more characteristic of productive re-

gions, diatoms contribute a greater proportion to shelf plankton biomass 

than to the plankton of the oceans as a whole. The food chains of economic 

significance tend to be based on diatom phytoplankton (Parsons, 1979). 

Diatom cells are enclosed in siliceous exoskeletons - the frustules - which 

give them characteristic rigid shapes. This property makes identification 

on a routine basis possible at least to the genus level. Some common genera 

are depicted !n Fig. 4.2. The cells range in size from'. 10 µm to> 500 µm, 

and, as many of the smaller forms occur in loose chains which greatly in-

creases their effective size, they are easily gathered by the vast majori-

ty of planktonic herbivores ~'1lich feed on suspended particles by means of 

various sieve-like filtering devices: In spite of heavy grazing by the zoo-

plankton, diatoms frequently build up large stocks because of their high 

growth rate. The maximum biomass attained, as a rule, is determined by the 

initial nutrient concentration in the mixed layer. In contrast to the 

other phytoplankton, diatoms require silica for their growth and, as this 

element is regenerated more slowly than the other controlling nutrients, it 

has been suggested that silica availability controls diatom occurrence 

(Officer and Ryther, 1980). Under certain conditions where anthropogenic 

wastes cause an imbalance in the system this will apply. However, the sill-

cate requirements of diatoms can vary considerably, and some species can 



thrive at very low concentrations (Paasche, 1973). It is unlikely that 

silica availability, in relation to all other essential nutrients, controls 

diatom growth in shelf ecosystems because the sediment surface provides 

large quantities of silica to these systems. Further, field observations 

have shown that large diatom populations can build up in spite of relati-

vely low silica concentrations relative to the other nutrients, and the 

reverse situation, where flagellates dominate in water with sufficient 

silica, can also be found. Summing up, one can conclude that high nutrient 

concentrations in general favour the growth of diatoms, and, as silica is 

generally present in large quantities under these conditions, diatoms avail 

themselves of the opportunity and deplete ambient silica together with the 

other nutrients. 

Although diatoms are characteristic of productive periods and regions, many 

species are also adapted to the more impoverished environments where they 

are generally present, albeit at low levels of biomass. Planktoniella sol, 

an attractive, conspicuous organism, is a useful bio-indicator of strati-

fied warm water (Smayda, 1978). The summer season of temperate regions also 

has a characteristic diatom flora of generally large-celled genera such as 

Biddulphia, Ditylum, and Guinardia (Drebes, 1974). Most genera are cosmopo-

litan but many species, such as the small-celled Thalassiosira partheneia 

which builds large(~ 1 cm diameter) colonies of tangled cells and is re-

stricted to the Upli7elling region of north-western Africa (Elbrachter and 

Boje, 1978).have a limited distribution. Because of their immotility, 

diatoms rely on passive sinking and turbulence to overcome the nutrient 

depletion in the immediate proximity of their cell surfaces (Smayda, 1970). 

Margalef (1978a) regarded the large range in size and shape of diatom spe-

cies occurring simultaneously during blooms as adaptations to the different 

scales of turbulence that are present in the environment. The efficiency 

with which these organisms can take up nutrients is reflected by the ex-
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tremely low nutrient levels - down to the minimum level for detection - that 

signal the end of a diatom bloom, 

Two diatom groups are differentiated, the centric and the pennate diatoms. 

Many of the former are pelagic, whereas the latter are largely benthic or 

sessile - that is, attached to any substrate such as ice or suspended par

ticles, Although there are many truly pelagic pennates - some such as Tha

lassionema nitzschioides occur in all marine habitats (Raymont, 1980) -

their species numbers tend to increase with proximity to the coast. The 

presence of benthic diatoms in the water column is an useful indicator of 

resuspended sediment, Many pelagic diatoms form resting spores that are 

generally compact, have thick shells and presumably higher sinking rates 

than the vegetative cells. The sinking rate of diatoms is a function of 

their physiological state (Smayda, 1980). Vigorous cells can be close to 

neutral buoyancy (Eppley et al., 1967) and senescent cells sink out of the 

euphotic zone at rates several times those of healthy cells. 

The gelatinous, colony-building alga Phaeocystis is included here as it is 

also non-motile in its vegetative state, although it belongs to the hap

tophytes whose planktonic members are almost all flagellates. The large 

colonies, often more than 1 mm in diameter, consist of 4 - 8-µm non-flagel

lated cells concentrated initially in the periphery but moving into the 

gelantinous matrix with increasing age (Drebes, 1974). It often occurs in 

association with diatoms, and can sometimes replace them as the dominant 

organism of· the spring bloom, particularly in the later stages. It then 

occurs in such quantities as to colour the water brown. This alga is a char

acteristic shelf organism and its wide distribution is truly remarkable. It 

is of great importance in the Arctic and the North Sea, as well as on the 

Antarctic shelf in spring and summer. In the latter environment, an 'anti

biotic' compound - acrylic acid - present in Phaeocystis has been followed 

up the food chain via krill to the penguins (Sieburth, 1961). 
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Large motile forms 

Dinoflagellates comprise the bulk of this group, although autotrophic ci-

liates such as Mesodinium rubrum also belong here, Some common dinofla-

gellate genera have been depicted in Fig, 4,3, Because of their motility -

some forms can swim up to 10 m day-l - this group is generally not as uni-

formly distributed in the water column as are the non-motile diatoms, but· 

tend to congregate in layers of a few metres' thickness. This is, of 

course, only possible when turbulence levels are low. Where the spatial 

discrepancy between nutrient-rich deeper water and the illuminated surface 

layer is small, these organisms can carry out vertical migrations between 

the two layers taking nutrients up from deeper layers and photosynthesizing 

further up the water column. However, as such situations are not common in 

shelf regions, they might explain specific distributional phenomena but not 

the widespread success of these forms in the world oceans. AB Margalef 

(1978a) has pointed out, the main advantage conferred on phytoplankton by 

motility is the ability to swim against gravity and to actively 'search' in 

low-turbulence environments for nutrients when these are in low supply. 

This assumption is based on the fact that dinoflagellates dominate phyto-

plankton biomass in later successional stages, when nutrients and turbu-

lence levels are low. The greater the rate of water exchange over the cell 

surface, the greater the efficiency with which nutrients can be taken up. 

Water exchange over the surface can be increased by increasing the surface/ 

volume ratfo, either by reduction in size or by deviating as much as pos-

sible from the spherical shape. Both strategies have apparently been adopted 

by dinoflagellates, as indicated by the many representatives among the na-

noflagellates and by the elaborate ornamentation of large species from nu-

trient impoverished water. Two examples of this are shown in Fig, 4.4. 

The species on the left are also common in cold water, the species on the 

right being restricted to stratified tropical water. The bizarre shape of 
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some of the tropical species is striking and reminds one of a similar deve

lopment amongst terrestrial organisms. A further indication of the adap

tation of dinoflagellates to low nutrient concentrations is their charac

teristically, spiralling swimming motion brought about by the interaction 

between a horizontally and a vertically located flagellum. The former, also 

responsible for the deviation from a straight trajectory, is stronger than 

the latter, effecting forward motion (Margalef, 1978a). 

Although well suited to life in low-nutrient stable environments, di

noflagellates have also d~veloped strategies to take advantage of special 

situations such as the one mentioned above where vertical migration aids in 

overcoming small-scale spatial discrepancies (in the order of metres) bet

ween light-rich and nutrient-rich layers. Other strategies enable some spe

cies to build up large populations under special conditions. An example is 

provided by the notorious red-tides that commonly occur in shelf waters of 

many localities during the summer. A crucial property of the organisms 

involved appears to be the presence of benthic resting spores that excyst 

under favourable conditions. Another example is constituted by the autumn 

blooms of large forms such as Ceratium spp., characteristic of shelf waters 

in temperate zones. Longevity of the species and the apparent unpalatabi

lity to grazers appear to be the crucial properties here. These succession

al stages are discussed in greater detail below. 

From the above account, it appears that dinoflagellates are the most highly 

specialized·group of marine phytoplankton. Many tropical species have 

complicated life cycles whose significance as a survival strategy is yet 

largely unknown, other species are so finicky in their growth requirements 

that it is not yet possible to cultivate them. Further information is bound 

to bring up interesting strategies of survival in pelagic environments. 

A highly interesting organism that also belongs in this category is the 

photoautotrophic ciliate Mesodinium rubrum which contains "incomplete" al-
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gal symbionts and is an obligate autotroph (Taylor et al., 1971; Hibberd, 

1977). It is very widely distributed in coastal and shelf regimes and fre

quently forms intense blooms in inshore and upwelling areas. It ranges in 

size between 20 µm and 100 µm and is capable of swimming faster than the 

dinoflagellates (Packard et al., 1978). Its role in the food web is as yet 

largely unknown; its importance has probably been overlooked in the past. 

Another group, the silicoflagellates, possess a conspicuous endoskeleton of 

silica and are hence easily recognized. Although often abundant, this group 

rarely, if ever, dominates the phytoplankton. The few genera (e.g. Dictyo

cha, Distephanus) that exist today are widely distributed, with more tropi

cal than temperate species. 

Small motile forms 

The small flagellates that belong here (Fig. 4 .3, F-K) are generally lumpec 

together for convenience under the term nanoflagellate although some forms 

are small enough to enter the pico size range (Fig, 4.1). Unlike the other 

two groups, including only a few algal classes, this group includes repre

sentatives of almost all the marine algae. Their small size, fragility and 

phylogenetical heterogeneity pose methodological difficulties in their col· 

lection, preservation and identification which have prevented one gaining 

the same degree of insight into their ecological properties as is now 

availabl~ for their larger, more robust, counterparts. The majority are 

small, frequently spherical, spindle- or drop-shaped and almost impossible 

to identify on a routine basis. The widely distributed classes represented 

here are the Chrysophyta, Cryptophyta, Haptophyta and Prasinophyta, al

though other groups such as the Euglenophyta and Chlorophyta can be of 

local importance. 

Such a heterogenous group is naturally ubiquitous and they frequently 
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form the bulk of the phytoplankton when biomass is low - that is when 

growth conditions are unfavourable. Thus, they can dominate under widely 

divergent conditions - in the winter of temperate latitudes, as well as in 

stratified impoverished waters of the tropics - but only occasionally do 

they form massive blooms comparable to those formed by members of the two 

·previous groups. Considerable controversy exists as to their ecological 

significance (Eppley and Weiler, 1979), both in terms of the environmental 

factors conducive to their growth and to their effect on the food chain. 

The wide-spread success of this group indicates that motility in combina

tion with small size (i.e. increased surface/volume ratio) carries a 

distinct advantage under certain conditions, particularly when nutrient 

concentrations are low. This group commonly succeeds diatom blooms, and is 

itself later displaced by larger motile forms, although this pattern is 

more of a tendency than a rule. It should be pointed out that heterotrophic 

forms, that is nanoprotozooplankton, are frequently included here during 

microscopical assessment of plankton samples. It is likely that the fla

gellate population immediately succeeding a diatom one contains many bac

teriovores and osmotrophs growing on the remains of the phytoplankton 

bloom. Such a situation has been described for the Japan Sea (Sorokin, 

1977). 

Nanoflagellates can also dominate phytoplankton under conditions of high 

nutrient concentrations, as described from the Antarctic (Brockel, 1981) 

and upwelling regions (Beers et al., 1971). Obviously, much more infor

mation about this motley group as well as further differentiation of it 11 

called for before patterns of occurrence in relation to environmental as 

well as biotic factors (e.g. grazing) will begin to emerge. 

The best-known members of this group are the coccolithophorids, because o 

their characteristic chalk skeletons composed of plate-like coccoliths. 

Sedimentary layers in some regions are composed of coccoliths, 1ndicat1ni 
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their dominance in the plankton over long periods. They are, at present, 

most common in the blue water regions of the tropics and sub-tropics al-

though a few species attain bloom proportions in inshore temperate waters 

in summer. Although they are generally regarded as a typically oceanic 

group, some members have life cycles with a benthic and a neritic as well 

as an oceanic pelagic stage (Raymont, 1980). 

By definition, small dinoflagellates also come under this category although 

they tend to dominate in the size range> 10 (.llll• Prorocentrum balticum 

(formerly Exuviaella baltica) is widely distributed and an important spe-

cies in neritic regions. The distribution of small unarmoured dinoflagella-

tes is as poorly known as that of the other nanoflagellate species and, as 

in the case of many other little known but important planktonic organisms, 

one can only wait and hope that more information will be forthcoming. 

Concluding remarks 

In recent years, considerable attention has been accorded to ecological 

factors that determine the species composition of natural phytoplankton 

populations. The performance of individual species under controlled con-

ditions has been examined closely in culture experiments. In Fig. 4.5, an 

example has been given of the relationship between a single factor, in this 

case light intensity (the term irradiance, denoting energy impinging on a 

unit area, is used now) and the rate of photosynthesis. The hypothetical 

alga that responds rapidly to a slight increase in irradiance is referred 

to as a shade-type alga whereas the other, which res~onds more slowly ini-

tially but exhibits a higher photosynthetic rate at higher irradiance, is a 

sun-type alga. Often, the 'shade-type alga' actually shows a decline in the 

photosynthetic rate at higher irradiance, a behaviour termed 'light-inhi-

bition'. Similar curves, although generally without the inhibition effect, 

can be obtained between photosynthetic rate and concentration of individual 
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nutrients. At low irradisnce, the 'shadetype alga' will have a competitive 

edge over the 'sun-type' and~ versa, a similar situation prevails with 

respect to the initial nutrient concentration. The applicability of the 

various types of curves describing phytoplankton performance in relation to 

environmental properties has been discussed by Platt et al. (1981). 

A wealth of information is now available on growth requirements in terms of 

inorganic nutrients and organic compounds (eg. vitamins), temperature and 

light preferences as well as growth kinetics of individual species. This 

type of approach has not been very successful in elucidating data obtained 

from field observations, as many algae show a wide range of variation in 

their ability to adapt to environmental conditions, and only a few of the 

commoner species can readily be grouped into categories such as sun- or 

shade-types. This variation is not only present between species but also 

between clones of the same species (Harris, 1980). Further, the majority of 

the common species show maximum growth rates under conditions rarely pre

sent in the natural environment. Perhaps the minimum requirements are of 

greater importance in assessing an organism's performance than its optimum 

requirements. 

Experiments with multispecies cultures in which environmental factors are 

varied rather than kept constant are more likely to produce useful infor

mation. Further, experiments with natural populations in large volume in

situ enclosures (eg. Brockmann et al., 1977) are also likely to provide 

explanations for the intricacies of species succession, the more general 

pattern is satisfactorily explained in terms of life-forms, as proposed by 

Margalef (1978a). His views are summarized in Fig. 4.6, in which the en

vironmental variables turbulence (external energy) and nutrient concentra

tions have been used as axes to explain the occurrence of the major groups 

and the characteristic genera of the phytoplankton, in a water-body under

going nutrient impoverishment. Phytoplankton ecology in relation to its 
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physiology has been reviewed recently (Morris, 1981; Platt, 1981) and the 

reader is referred to these books for further information. 

Bacterioplankton 

Recent studies employing newly developed methodology have shown that the 

pelagic bacteria comprise a complex group of organisms (Sieburth, 1978, 

van Es and Meyer-Reil, 1982). Earlier studies concentrated either on 

total microbial activity in terms of oxygen consumption and uptake kinetics 

of labelled organic substrates, or on culture of bacterial strains capable 

of growing on a proffered medium. Interactions within the microbial com

munity were thus out of reach of the earlier methodology. The last decade 

has witnessed profound improvements in the marine bacteriologists' tools 

and techniques and corresponding changes in our knowledge are to be expec

ted, regarding not only the interactions among bacteria but also those bet

ween them and the other components in terms of budgetary analyses. For the 

present, I shall follow common usage (Derenbach and Williams, 1974, Sie

burth et al., 1978) and divide the bacteria into two rough groups: the smal

ler free-living bacteria, and the larger attached bacteria. The former 

generally contribute the bulk of the biomass in shelf waters ( ~ 80 % ), 

their percentage of the total bacterial biomass increasing with maturity, 

that is with dilution of the system and with distance from the coast; 

however, being much smaller in size ( < l µm) than the attached bacteria, 

they are several orders of magnitude more numerous. Sieburth~..!!.!.:_ (1978) 

pointed out that free-living bacteria tend to utilize monomers, that is the 

building blocks such as sugars and aminoacids out of which larger molecules 

are constructed, whereas the attached forms apparently can also utilize the 

polymers of which their particulate substrate is composed. The great dilu

tion in which these monomers are present in the sea demonstrates the effi

ciency of uptake of this dissolved substrate by the microbial population, 
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and the small, numerous free-living bacteria with large surface/volume 

ratio are best suited for this purpose. The response of bacteria to in

crease in substrate concentration is rapid, and these organisms are appar

ently capable of building up a high level of biomass. 

A brief examination of the nature and formation of potential bacterial 

substrate - that is organic detritus - within the system follows. Again, 

using size as a criterion, one can differentiate detritus into two pools, 

the dissolved organic carbon (DOC) and the tripton (• particulate organic 

detritus) carbon (TC) pool, where the dividing line is arbitrary and sett 

the pore size of the filter used to separate these pools. Further, these 

pools are also interconnected by the abiotic processes of dissolution and 

adsorption. The four most important biotic processes channelling organic 

material into the DOC pool are exudation and/or excretion by living orga

nisms, cell lysis following natural mortality, "sloppy feeding" by zoo

plankton, and breakdown of TC by the attached bacterial flora by means of 

extracellular enzymes. 

The size of the DOC pool is generally an order of magnitude larger than 

that of the total organic carbon present in particulate form, both living 

and dead. That most of this material is refractory (subject to only slow 

breakdown) has now been established and explains the large size of this 

pool (see previous chapter). The labile portion, consisting largely of 

monomers, is only a small fraction of the total, and its high turnover r, 

is presumably reflected by its small size (van Es and Meyer-Reil, 1982). 

Thus, organic matter 'lost' to the more highly evolved phagotrophic patru 

can be channelled back via the agency of bacteriovores. Because of the 

small size of the pelagic bacteria, these predators must be highly speci 

lized for their task. King et al. (1980) have shown that metazoan bac

teriovores such as the Larvacea, do not reach high enough concentrations 

significantly affect the population dynamics of the free-living bacteria 
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Ciliates can effectively feed on bacteria only at high cell concentrations 

that are rarely found in the sea (Fenchel, 1980). Haas and Webb (1979) hav, 

shown that nanoflagellates are important bacteriovores, and it remains to 

be seen what percentage of the ubiquitous and difficult group of nano-

flagellates is actually composed of bacteriovores. Unfortunately, such 

observations are tedious and difficult to carry out at sea. King et al, 

(1980) speculated that colourless nanoflagellates are the primary predator 

of marine bacterioplankton, although conclusions regarding the relative 

roles of nutrition and predation in controlling bacterial biomass cannot l 

reached at present, 

The major biotic processes leading to formation of TC are natural mortalil 

grazing and the associated production of 'leftovers' and faeces, as well 

discarded matter such as moults. Not all of this material is left to the 

bacteria as zooplankton are known to feed on detritus, and Paffenhofer an 

Knowles (1979) have recently shown that coprophagy is prevalent in copepo 

populations. However, undoubtedly a large part of this material is actual 

utilized by bacteria, particularly those polymeric compounds such as cell 

lose and chitin that are generally not accessible to animal digestion, By 

converting this refractory material into biomass, attached bacteria 'enri 

the food quality of their substrate, and thus channel at least a part of 

pelagic debris back into the herbivore/carnivore pathway. The remainder: 

released as dissolved inorganic nutrients into the environment. The pass: 

sinking detritus particles have a tendency to clump together into aggreg, 

which have higher sinking rates than their constituent partic.les (McCave 

1975). However, these aggregates also serve as lodgings for microcommuni· 

ties of bacteria and protozoa whose interaction has been shown to increa 

the remineralization rate of detritus (Johannes, 1965; Fenchel and Harri 

son, 1976). By breaking down these aggregates, bacterial growth se!'Ves a 

brake on the continuous loss of essential elements from the surface laye 
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via sedimentation. 

A major issue in the field of pelagic research is the relative importance 

of the grazing pathway as compared to the detritus/bacterial pathway in 

dissipating energy fixed by the photoautotrophs (Pcmeroy, 1974; Sorokin, 

1978; Williams, 1981). This question cannot receive a simple answer and 

will be addressed frequently below. 

Protozooplankton 

Comparatively little attention has been paid to this group of organisms, 

although their importance was stressed by Lohmann as early as 1908, and 1· 

is only in recent years that interest in their role in marine ecosystems 

has revived (Margalef, 1967; Strickland, 1972; Sieburth et al., 1978; Ban 

1982). Some examples are given in Fig. 4.7. It is quite certain that a 

wealth of information on the ecology of protozooplankton will shortly be 

forthcoming; on the basis of available knowledge, the protozooplankton ea 

be assigned to 3 major groupings in relation to the three other pelagic 

compartments: 

Osmotrophs and bacteriovores 

Either by direct uptake of dissolved organic substances, or by feeding on 

bacteria also utilizing this substrate, these protozoans serve to divert 

material 'lost' from the main stream of the pelagic flow of energy back 

into its path. As mentioned above, the bulk of the organisms involved in 

this process are in all probability comprlsed by the heterotrophic nanof: 

gellates, although small rhizopods, many of the ciliates and even some 

large dinoflagellates may also be important. The range of possibilities 

open to the individual species remains to be clarified, but their ecolog: 

cal importance both as remineralizers and ut111zers of dead organic matt, 

in all pelagic systems is no longer doubted (Parsons et al., 1977; Fench 

1982). 
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Herbivores 

These are organisms feeding on cells, largely phytoplankton, that are also 

available as a food source to metazoan herbivores, Ciliates (particularly 

oligotrichiids, including the tintinnids), large dinoflagellates (many gym

nodinoids, Polykrikos, Noctiluca, etc,) and some sarcodinans comprise this 

group, They tend to be abundant under conditions of phytoplankton blooms 

during the diatom-dominated spring-bloom phase (Smetacek, 1981), upwelling 

events (Margalef, 1975), dinoflagellate red-tides (Prakash, 1963, Morey

Gaines, 1979) and autumn blooms (Smetacek, 1981), Their fast mode of repro

duction permits them to respond to phytoplankton blooms more rapidly than 

most metazoans (Banse, 1982) and, since they are smaller than the latter 

herbivores, their impact on the phytoplankton population can be expected to 

differ, Sieburth et al, (1978) speculated that their grazing would tend to 

conserve material within the euphotic zone, as the organisms are restrictec 

in their movements and do not produce compact faecal pellets with high 

sinking rates as do metazoans. Because of their greater similarity to phy

toplankton as compared to the metazoans, one would expect these organisms 

to be more intimately bound to their food than the metazoans. The evidence 

is largely indirect, and more information is sorely needed, 

Protozoans with algal symbionts 

These organisms are a logical extension of the intimate binding between 

phytoplankton and protozoans. Many Foraminifera and Radiolaria belong to 

this group, and the importance of their mineral skeletons as sediment con

tributors has led to detailed studies of their biology (Be et al,, 1977). 

Although they also occur in shelf areas rich in phytoplankton, they are of 

relatively greatest importance in mature stratified water (Khmeleva, 1967) 

Some of the large Foraminifera carry 'gardens' of dinoflagellates with the 
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and are thus selfsustaining units, where loss of material out of the eupho· 

tic zone has been reduced to a minimum. They can perhaps be regarded as th, 

pelagic counterparts of the symbiotic corals also characteristic of this 

region. The obligate autotrophic ciliate Mesodinium rubrum has 'incomplete 

symbionts' (Taylor et al., 1971) and is therefore discussed under the 

phytoplankton. 

Concluding remarks 

The protozooplankton is a complex compartment whose members follow a 

variety of strategies. Their small size, rapid reproductive rate and close 

proximity to their food distinguishes them from the bulk of the meta-

zooplankton. Within their ranks, there are some present the year round in 

fluctuating numbers, and others that have recurring seasonal maxima. Some 

are highly specialized with regard to food, while others feed indiscrimin, 

tely on large and small organisms. If they do indeed constitute the bulk, 

the pelagic bacteriovores, as suggested by King et al. (1980), their role 

is directly proportional to that of the bacteria and they form a link in 

the food chain DOC - bacteria - protozoans - metazoans. Such a long 

food chain between autotrophs and large metazoans, including economically 

important fish, is generally regarded, from the energy flow point of vie~ 

as a loss of energy to the system and hence undesirable. Viewed from the 

cycling-of-matter aspect, this food chain increases the turn over rate, i 

hence tends to conserve material within the euphotic zone by reducing th, 

residence time of essential elements in the large particles more liable 1 

sink out of the system (faecal pellets, metazoan carcasses, moults) that 

are associated with the shorter plant - herbivore - carnivore food chain . 

... 
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Metazooolankton 

All the major phyla are represented in the metazooplankton, although the 

bulk of the biomass consists of some 5 - 8 groups. Zooplankton are much 

more amenable to geographical characterization than the phytoplankton and 

many species are restricted in their distribution to specific water bodies 

and can be useful bio-indicators of hydrographical regimes although there 

are invariably intermediate types as well (Colebrook et al., 1961). A clas

sical example is the occurrence of two closely related chaetognaths, Sa

gitta elegans and s. setosa in the North Sea, each of which is an indicator 

of a particular water-mass (Russell, 1939). Shelf zooplankton can as a rule 

be differentiated from oceanic communities by the presence of meroplank

tonic larvae and from inshore communities by the presence of large forms 

such as euphausiids that carry out extensive vertical migration, and hence 

generally require water depths in excess of 100 m for their development. 

Metazooplankton are a more diverse compartment than the preceding three and 

differentiation of this group into ecologically meaningful sub-groups will 

always result in omission and overlap. Hardy (1958), Raymont (1963) and 

Wickstead (1965) have given general accounts of the marine zooplankton in 

terms of distribution and biology, Conover (1978) has reviewed secondary 

production by this group, and Paffenhofer and Harris (1979) have summarized 

information obtained from laboratory cultures of zooplankton. In the fol

lowing brief account, the major contributors to biomass of shelf zooplank

ton are grouped according to feeding mode and size. 

The feeding mode of pelagic phagotrophs can be divided into two broad cate

gories: concentration of particle suspensions by means of sieve-like devi

ces and selective capture of large particles, generally by means of a rap

torial apparatus. Margalef (1967) termed these feeding types microphagy and 

macrophagy respectively. The size of the food particles in this classifies-
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tion is only considered relative to the size of the feeding organisms, whic 

can range between small protists and whales. The terms herbivores, omni-

vores and carnivores, the first and last of which are often called sec-

ondary and tertiary producers respectively, are used here in their broadest 

sense, that is, according to the relative importance of phytoplankton and 

zooplankton in an animal's diet. The omnivores can switch to either diet. 

Suspension-feeding zooplankton 

Suspension feeding organisms can be divided into groups depending on the 

size of their food particles: 

The smallest category of particles eaten is that consisting of bacteria an, 

small flagellates. Prominent among animals eating this category are the 

ubiquitous Larvacea (also called Appendicularia). There are relatively few 

species, but these are widely distributed and some, such as Oikopleura 

dioica (Fig. 4.8) are cosmopolitan (Fenaux, 1973). These organisms have 

developed a peculiar mode of feeding by gently passing water through a 

large fragile sieve ('house'), with a very small mesh size. They are fre-

quently important contributors to zooplankton biomass, and are themselves 

eaten by various carnivores including, for instance, herring. In polar and 

temperate regions they tend to occur during the summer but in lower latitu 

des their occurrence is not restricted to a particular season. These orga-

nisms apparently do best in mature systems. 

The small stages of meroplanktonic larvae, particularly those with a ciliE 

mode of feeding such as mollusc larvae (Fig. 4.9), probably also belong tc 

this category. Relatively little is known of their feeding habits, althou~ 

they are significant contributors to shelf zooplankton, particularly in 

shallower waters. They tend to be commonest during spring and early summe1 

in temperate and polar areas and more evenly distributed over the year in 

lower latitudes. 
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The vast majority of zooplankton, represented primarily by crustaceans, be-

long to the microtrophic suspension feeding category which is hence highly 

diverse. The following sub-groups will be used for convenience: 

a) Cladocerans, represented by only a few genera are nevertheless typical of 

neritic plankton as all members have benthic resting stages so that, their 

distribution is restricted to shallower areas. A species common on warm 

temperate and tropical shelves is the Daphnia-like Penilia avirostris 

(Fig. 4.8) which occurs in distinct seasonal cycles and can form the 

bulk of the zooplankton biomass. As this species reproduces parthenoge-

netically, biomass build-up is rapid, and when conditions deteriorate 

the animals form resistant resting eggs that are transported to the bot-

tom in the carcass of the parent (Wickstead, 1965). 

b) Copepods are the most important members, particularly in terms of bio

mass, of the zooplankton. In higher latitudes only a few species con-

tribute substantially to total biomass, whereas the number of species 

increases sharply in warm waters. Calanoid copepods have long been con-

sidered to feed mainly by filtering the water, the size of the food par-

ticles retained being governed by the mesh size of the filter apparatus 

(Marshall and Orr, 1972). High-speed motion pictures of tethered cope-

pods have shown, however, that rather than straining small particles, 

copepods capture parcels of water and pick out selected food items acti-

vely (Koehl and Strickler, 1981). Apart from their feeding behaviour, it 

is possible to distinguish several groups of copepods according to size 

and reproductive strategy (Heinrich, 1962). 

Forms such as Calanoides, Calanus and Rhincalanus are larger than 2 mm, 

but can feed on particles less than 10 µm. These larger copepods fre-

quently have life cycles in which certain stages are spent in water be-

low 200 m, and as such they tend to be oceanic species but the adult 
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stages can nevertheless attain dominance in shelf waters. 

The smaller forms such as Acartia, Centropages and Pseudocalanus are 

less than 2 mm in length and, although there are distinct differences in 

their feeding behaviour, they do not appear better adapted to feeding on 

smaller food particles than the larger copepods. These smaller forms can 

have several broods in a year, and hence tend to be nx>re opportunistic 

in their patterns of seasonal occurrence than their larger relatives. 

Maxima of copepod biomass are generally dominated by a few species, and 

there is a distinct seasonality in their occurrence in any particular 

region. The duration of each maximum ranges roughly from three weeks to 

two months, not including the early naupliar stages. The entire develop-

mental sequence is much shorter in smaller copepods, ranging from three 

weeks to six weeks from egg to adult whereas in larger copepods the 

cycle can last up to a year. The shorter response time of the smaller 

copepods cakes them better suited to life in a more variable environment 

such as is present in shelf waters. 

c) Euphausiids are large shrimp-like crustaceans 1 - 5 cm long, which are 

not as ubiquitous as the copepods but nevertheless occur in huge stocks 

in certain areas. Euphausiids conduct extensive diurnal vertical migra-

tion, and are hence nx>re common in deeper areas, that is, they tend to 

congregate on the shelf rim, but also build up sizeable biomass in the 

extensive shelf areas of the North Sea. Krill (Euphausia superba), the 

well-known organism of Antarctic waters, is the major food of a large 

number of organisms ranging from clupeid fishes and penguins to seals 

and whales. Common genera of northern waters are Meganyctiphanes and 

Thyssanoessa, which are eaten by 
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d) Thaliaceans: Salps and doliolids belong·to this group (Fig. 4.8). They 

are large gelatinous organisms with extremely high reproductive rates, 

often occurring in swarms (Heron, 1972). Their biomass can frequently 

be considerable, particularly in warmer water where they attain their 

greatest importance. A few species (particularly Salpa thompsoni), how-

ever, also occur in the Antarctic in huge swarms (Raymont, 1963). They 

collect phytoplankton on mucous filters and are able to also feed effec-

tively on nanoflagellates. They are typically oceanic organisms. 

e) Meroplanktonic larvae of various benthic animals (Fig. 4.9), particular-

ly molluscs, polychaetes, echinoderms, decapod crabs and cirripedes 

(barnacles), can be numerically abundant in shelf waters, although, be-

cause of their small size, they are rarely of importance as contributors 

to total zooplankton biomass. In temperate regions, they tend to be com-

monest in spring and early summer, whereas in warmer waters with lesser 

seasonality they can occur throughout the year. Some larvae, such as 

those of barnacles, feed voraciously on phytoplankton and grow consider-

ably during their pelagic sojourn, whereas others show little growth 

increment during this period. Meroplanktonic larvae are eaten by most 

planktonic carnivores. 

f) Pteropods: These are holoplanktonic gastropods such as Limacina, which 

can be quite abundant in temperate and arctic waters, though the great-

est number of species are in the tropics. These organisms are basically 

oceanic, although they can occur in large numbers in shelf regions as 

well, where they are fed on by pelagic nekton. 

Raptorial zooplankton 

Raptorial organisms show as wide a variety as their suspension feeding 

counterparts and will be treated accordingly in groups: 

a) Cladocerans: The common genera Evadne and Podon belong to this category. 

--
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Both have large eyes, which distinguishes them from their filtering 

relative Penilia. They also have benthic resting eggs and are hence 

typically neritic, where they can occur in large numbers - particular 

in the summer of temperate and arctic regions. Morey-Gaines (1979) fo 

that Padon fed on Ceratium, and there was a close relationship betwee 

the occurrence of the 2 genera. Poggensee and Lenz (1981) reported tt 

species of these genera fed largely on phytoplankton and, like Penill 

exhibited exponential increases in biomass, with doubling times rangl 

from 0.5 to 4.3 days. 

b) Copepods: Many calanoid copepods, particularly members of the family 

Pontellidae also belong to this category, and are capable of handlin1 

and eating fish larvae many times their own size. However,· examinati, 

of pontellid faeces has shown that diatoms can form an important par1 

their diet as well (Turner, 1978). Cyclopoid copepods are smaller th, 

. 
their calanoid relatives and possess distinctly raptorial mouth part, 

Some species, such as Oithona similis, are cosmopolitan but the majo 

tend to be neritic and tropical. They feed on large phytoplankton ce 

and smaller zooplankton; some species are voracious carnivores, and 

on other copepods. They attain their maxima later in the year than 

filtering copepods, and in temperate regions they can dominate zoopl 

ton biomass for short periods during late summer. They are more evet 

distributed in tropical regions. 

c) Chaetognaths or arrow worms (Fig. 4.8) are major planktonic carnivot 

feeding voraciously on copepods and fish larvae, and being eaten in 

by fish and coelenterates. Common genera are Eukrohnia and Sagitta. 

a few species are present in temperate regions, and, as mentioned e, 

lier, some species are restricted in their distribution to certain, 

bodies. The relatively small number of species, and lack of variati, 

their morphology in relation to their wide distribution and large ru 



bers, might be taken as an indication of a high degree of specialization 

to their chosen mode of existence. Even in temperate regions, they can 

have as many as six broods a year, remarkable in animals of their size. 

d) Coelenterates: These are the largest of plankton organisms, although, 

because of their gelatinous consistency, they are very slow swimmers. 

They range in size from a few millimetres to two metres diameter, and 

tend to have distinc~ seasonal cycles in their occurrence. The larger 

forms such as Aurelia and Cyanea grow steadily through the spring and 

summer and attain maximum size in late summer shortly before reproduc

tion followed by mortality. Smaller forms such aa Aglantha and Obelia 

can attain maximum size in spring. Species such as Aurelia aurita with 

benthic polyps are characteristic of coastal waters, while others with 

extremely long tentacles such aa Physalia are typically oceanic. The 

smaller species and others with short tentacles such as Aurelia, which 

is cosmopolitan, feed on smaller zooplankton, whereas larger forms with 

larger tentacles also prey on small fish. 

Jelly-fish are widely regarded as dead ends in the pelagic food chain 

although some highly specialized predators such as nudibranch snails, 

hyperiid amphipods and the moon fish Mola mola feed on them. Although 

they attain their highest biomass levels in productive regions such as 

the temperate shelves, they are of relatively greatest importance as 

planktonic carnivores in stratified waters of the tropics (Hamner et 

al., 1975). Jelly-fish are least common in the Antarctic, although the 

largest forms - Cyanea - occur in the Arctic. The role of jelly-fish in 

pelagic sytems is only recently receiving the necessary attention 

(Parsons, 1979). 

e) Ctenophores or comb-jellies are even less diverse than the Chaetognatha 

in that a few genera and species contribute a large proportion of pela

gic carnivores. Pleurobrachia pileus is an insatiable carnivore feeding 
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on copepods and even fish larvae. The rapid growth rates, voracious 

feeding habits and few predators contribute to the success of this 

group. The main predator of Pleurobrachia - the genus Beroe - is itsel! 

a ctenophore. 

f) Larvae of all pelagic and many demersal fish are important members of 

the carnivorous zooplankton, although they tend to be highly seasonal 

and local in their occurrence. They have received considerable attention 

because of their economic importance, but it is unlikely that they ever 

constitute the major carnivores in any system. As mentioned above, they 

are preyed upon by most of the other carnivores, and, in most cases, on-

ly a few individuals attain the juvenile stage. In their early stages 

they tend to be clumsy, and hence feed mainly on the slower herbivores 

and meroplanctonic larvae, or even on larger phytoplankton cells. 

g) Polychaetes and molluscs: A few polychaete genera such as Tomopteris are 

holoplanktonic carnivores. Of the molluscs, only the gastropod groups 

pteropods, heteropods and ·nudibranchs are of importance. The first 

(Clione) feeds on its herbivorous relatives and the last largely on 

jelly-fish. Heteropods are widely distributed in tropical waters and 

are active carnivores - a habit belied by their curious, gelatinous 

appearance. 

Concluding remarks 

The biology and distribution of some zooplanktonic species such as the co-

pepod Calanus finmarchicus has been studied thoroughly (Marshall and 

Orr, 1972), but this cannot be said of the vast majority of species, par-

ticularly those of the tropics and the outer shelf. Although the distribu-

tion of zooplankton is sufficiently well-known to permit zoogeographical 

characterization of the world's oceans (McGowan, 1971) knowledge about the 

ecology of the communities is still very limited (Hamner, 1977, Thiriot, 

1978). This is because most of the quantitative data have been collected 
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as species rrumbers and community volume (i.e. displacement volume of the 

contents of a plankton net) per unit volume of water, and little informs-

tion is available on developmental patterns of the community in relation to 

the environment. 

Apart from the differentiation based on feeding behaviour described above, 

one can further distingusih zooplankton species according to their repro-

ductive behaviour or timing of their appearance in the ecosystem. Parsons 

et al. (1977) have summarized some of the scattered information on repro-

ductive behaviour of the major zooplankton groups. Heinrich (1962) distin-

guished three types of life history amongst herbivorous copepods: the ape-

cies that breed during phytoplankton maxims; those that breed independently 

and often prior to the maxima; and finally those that reproduce all the 

year round but have biomass maxima related to those of phytoplankton. Spe-

cies of the first group are characteristic of the temperate and· polar ace-

ans, the second group predominates in the northern Pacific, and the last 

group is commonest in regions with a long growing season, that is neritic 

areas, as well as sub-tropical and tropical oceans. As copepods are easily 

the most important of the herbivorous zooplankton, the degree of utiliza-

tion of phytoplankton biomass within the pelagic system will largely depend 

on the life-history strategy of the cope_pods of that area. I shall consider 

phytoplankton/zooplankton relationships within the different types of pela-

gic systems prevailing on the shelves in greater detail below. 

Much of the information on secondary production by zooplankton is derived 

from culture experiments concerned with the feeding behaviour of herbivo-

res, or from observations at sea. Recently, large-scale (1300 m3) experi-

ments using in situ enclosures have yielded a wealth of information re-

garding development and interaction within semi-natural communities of 

herbivores and carnivores (Harris et al., 1982). The hypothesis that the 

nature of the phytoplankton community selects the structure of the zoo-
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plankton community grazing upon it could not be verified. The same type of 

zooplankton community developed in separate enclosures, one with a phyto-

plankton population of diatoms and the other with nanoflagellates. In each 

case, a large population of herbivores (small copepods), which grew in both 

fertilized enclosures, was grazed down by the rapidly growing ctenophore 

Bolinopsis. In these experiments, sequential development of a herbivore and 

then a carnivore population occurred. Both the small copepods and the cte-

nophore can be regarded as opportunists, as they took advantage of a sudden 

increase in the biomass of phytoplankton brought about by artificial fer-

tilization within the enclosure. However, such experiments clearly demon-

strate the potential of the system; the actual development of zooplankton 

communities and the causative factors can only be worked out by detailed 

studies at sea. One such attempt was the international Fladen Ground Ex-

periment (FLEX 76) conducted in the northern North Sea in 1976. Some of the 

results are presented in subsequent sections. 

REGIONAL AND TEMPORAL CONSIDERATIONS 

The annual cycle of a pelagic system will be determined primarily by that 

of radiant energy input, i.e. its latitude. As this will also determine the 

general pattern of stratification in the region, it is possible to charac-

terize four basic types of annual cycle, as discussed by Heinrich (1962). 

These curves (Fig. 4.10) represent idealized versions of the seasonal 

changes in biomass of phytoplankton and zooplankton and deviations from 

these highly simplistic models are the rule rather than the exception. This 

is particularly true of coastal and shelf regions where local hydrogra-

phical conditions can disrupt these potential seasonal patterns. The two 

extremes are the Arctic and non-upwelling tropical types, the former with 

great seasonal difference in biomass levels and the latter with fairly 

steady but low biomass 'levels. In the Arctic, situation A of the radiant/ 
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external energy scheme presented in the introduction, light is the factor 

controlling the magnitude of plant growth whereas in the tropics, situation 

B, it is the rate of supply of nutrients circulating through biological 

agency in the aged and hence impoverished euphotic zone water. Development 

in the former communities is controlled largely by physical environmental 

factors and in the latter, biological interaction within the community is 

of greater importance. The temperate and subtropical types are intermediate 

between the two and differ from each other in that in temperate zones the 

onset of phytoplankton growth is brought about by a decline in vertical 

mixing relative to the light supply (situation C), whereas in the other it 

is an increase in vertical transport (situation D) and thus renewal of the 

water in the euphotic zone. Temperate systems are the most diverse, as they 

can exhibit all four situations in the course of their annual cycle. 

I shall next examine these four situations with regard to the character-

istic plankton communities as they occur on the continental shelves. Si-

tuations A and Bare diametrically opposed, and are termed light-and nu

trient-controlled system~espectively, whereas situations C and D, being 

intermediate, are treated together under productive systems. The term 

'system' is to be regarded here both in a temporal and in a spatial sense. 

The high productive regions as well as the shelves of the Northern Remi-

sphere have been studied in much greater detail than the low productive 

systems and the majority of the southern and equatorial shelves. The fol-

lowing account is biased accordingly. 

Light-controlled systems 

The most extreme form of this environment occurs under an ice cover ex-

ceeding several tens of meters. Azam et al. (1979) examined the plankton 

community in water from the Ross Ice Shelf (Antarctica), some 400 km from 

the open Ross Sea. Under the 360 mice cover, all four planktonic compart-
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ments were represented, although in very low numbers. Even in this aphotic 

environment, living phytoplankton cells, mostly pennate diatoms, accounted 

for the greatest number of microplankton cells in the water layer imme

diately adjacent to the ice. A few heterotrophic dinoflagellates and some 

cyclopoid copepod nauplii in their early stages were also found. 

Light attenuation by clear ice is in the same range as a comparable layer 

of water, however, a layer of snow greatly increases attenuation (Grainger, 

1979). As a rule, phytoplankton production proceeds only at low levels be

fore break-up of the ice cover. The ice itself serves as a substrate for 

the community of ice diatoms that inhabit the lowest layer of ice. Dunbar 

and Acreman (1980) compared the ice flora from two sites in the Arctic, lo

cated approximately 70° N with that from the Gulf of St. Lawrence (50° N). 

The former communities had biomass levels an order of magnitude higher 

and appeared to be essentially benth1c, in contrast to their more southerly 

counterparts.In the far North, these algae apparently provide the bulk of 

the organic matter entering the pelagic system, that is production by benthic 

algae in the ice is greater than that of the phytoplankton community below 

it. This appplies to polar regions with a permanent ice cover where the 

light supply is low. Further south and in parts of the Antarctic, where the 

ice cover is seasonal, the ice flora also comprises many planktonic forms 

that are released to the water column as the ice melts (Bunt, 1964). By 

overcoming the problem posed by the great depth of mixing in winter, this 

community takes maximum advantage of the low light supply prevalent during 

the 'planktonic winter' by attaching itself to the ice substrate. 

In temperate regions without an ice cover, primary production proceeds 

through the winter at reduced levels, and many of the species commonly oc

curring at other seasons are present, although in very low numbers. In 

shallower regions, resting spores can also be found, possibly due to re

suspension of surface sediment. The phytoplankton production rate and 



biomass accumulation is dependent on weather conditions, that is on day to 

day variation in insolation and intensity of vertical mixing (Ryther and 

Hulburt, 1960), Nanoflagellates have been reported to dominate primary pro

duction during the winter in a coastal region 50° N (Takahashi and Hoskins, 

1978), In more southerly latitudes such as the New York Bight (40° N), size

able phytoplankton populations, sometimes of large dinoflagellates, can 

overwinter in shallow water (, 50 m) (Mandelli et al., 1970), and in the 

Adriatlc Sea, Revelante and Gilmartin (1976) found that diatoms dominated. 

Perhaps, one cannot speak of a light-impoverished system further equator

wards titan about 400 latitude, 

Bacteri"l biomass and activity is at its annual minimum during the winter, 

this ":,parently being a result more of low substrate availability than of 

low tPCiperature, since activity is triggered by the onset of the spring 

bloom of phytoplankton and before any noticeable temperature increase 

(Larsson and Hagstr;m, 1981), Zooplankton biomass is also generally at its 

annual minimum during this period, this rule applying particularly in the 

case of the smaller protozoa and metazoa, and meroplanktonic larvae. Fairly 

large stocks of many larger species of holoplankton, however, overwinter, 

The overwintering strategy of these organisms differs according to which 

stage in the life cycle is the one that overwinters, In the case of large, 

long-lived species, both the adults and certain juvenile stages may over

winter, and feeding is perforce greatly reduced or totally stopped during 

this period, Halberg and Hirche (1981) have shown that large populations of 

adult copepods hibernate in deeper layers of Norwegian fjords. It is likely 

that significant reduction in metabolic activity is a rule where large 

adult populations overwinter. This overwintering strategy is only possible 

in deeper, less turbulent layers, and the distribution of the organisms 

will be determined by the water depth. Calanus finmarchicus of the North 

Sea overwinters as Copepodite Stage V in the deeper water off the shelf and 



apparently does not feed during this period. Calanus_ cristatus and .£.:.. plum

chrus of the North Pacific also overwinter as Copepodite Stage V, and only 

£:... plumchrus overwinters in fjords. 

In shallow turbulent regions such as the southern North Sea, no large adult 

populations of zooplankton can overwinter and other survival strategies are 

apparently in action. Some species have benthic eggs as overwintering sta

ges, others maintain a small population of active adults through the winter 

which, by feeding on the spring bloom, succeed in establishing summer popu

lations. As these copepods remain active throughout, they apparently manage 

to subsist on the reduced food supply of the winter. It has been suggested 

that detritus forms an important part of their diet during this season 

(Lenz, 1977). In shallow regions, where sediment is frequently resuspended 

by wave action, these particles might serve as a supplementary food. 

Productive systems 

There are few continuously productive systems in the shelf regions; most of 

the so-called high and moderately productive systems exhibit annual fluc

tuations in their levels of production and biomass (Lenz, 1981). The advent 

of each productive phase is always brought about by changes in the phy

sical environment, but the temporal and spatial scales in the intensity of 

these changes will profoundly influence the pattern of further development 

of the community structure. I shall accordingly differentiate phases of 

intense change in extensive areas - the spring blocm and upwelling blooms 

of high and low latitudes respectively - and phases of intermittent or gra

dual change or locally restricted intense events - summer and autumn blooms 

of high latitudes and red-tides of medium and low latitudes respectively. 

The former are typically diatom blooms, whereas the latter are generally 

dominated by large motile forms. The two types are dealt with separately 

here. 



Diatom blooms 

Seasonal diatom blooms of high latitudes. Spring diatom blooms initiate the 

annual developmental sequences of all shelf regions between about 30° -

400 N up to the border of the permanent ice cover. The mechanisms of growth 

of the phytoplankton and their effect on the structure of the food web vary 

widely in this broad region; the differences can be attributed to a number 

of causes, of which latitude and water depth are the most important. 

The most northerly record of a phytoplankton bloom is that reported by 

Apollonio (1980) from Dumbell Bay (800 N) in the high Arctic. The bloom was 

restricted in both time (2 weeks) and space (upper 10 m within the Bay) but 

even then resulted in nutrient depletion of the surface layer. The bloom 

occurred as late as the second half of August, after the old ice had broken 

up and new ice was in the process of forming. Circumstantial evidence (re

duction in silicate, large size of the phytoplankton) points to its having 

been composed largely of diatoms. Outside the Bay, the ice cover did not 

break up, and presumably no bloom occurred. 

Bursa (1961) studied the seasonal cycle of plankton at Igloolik (690 N) in 

the Canadian Arctic. He found that the growth of the spring bloom commenced 

as early as late April and pennate diatoms dominated the population which 

attained its maximum in mid-July. During August, centric diatoms became 

predominant without any corresponding decline in the size of the popula

tion. The majority of species were observed to form resting spores par

ticularly evident in August and September during the decline of the bloom. 

Bursa (1961) attributed the decline to unfavourable light conditions 

although grazing, by both protozoans and copepods, was also of importance. 

The protozoans - largely dinoflagellates and some ciliates - attained a 

sharp peak in August; whereas copepods built up their biomass in July and 

were still present in large numbers as late as October. Grainger (1959), in 
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a study of the zooplankton in the same locality, commented on the much 

lower zooplankton stocks and the smaller contribution of meroplanktonic 

larvae in the Arctic, as compared to boreal regions. The major carnivores 

were chaetognaths and ctenophores. Digby (1953) found essentially the same 

successional pattern of phytoplankton as Bursa (1961) at 70° Non the 

eastern coast of Greenland; he mentioned that his results compared fa-

vourably with data obtained from comparable latitudes by other workers, 

indicating that the diatom blooms of the coastal Arctic have essentially 

similar successional patterns. Even zooplankton populations - dominated 

throughout by Calanus - are very similar. Digby (1953) attributed the sharp 

decline in the zooplankton population in autumn following that of the phy-

toplankton to the downward movement of the late stages of Calanus for the 

purpose of overwintering. This also applied to a lesser extent to the popu-

lation of the small copepod Pseudocalanus. This overwintering behaviour 

presumably occurs only where water depth and hydrography permit. Data on 

macro- and megaplankton from the Arctic are scarce. 

Further south at 63° Nin Frobisher Bay (south-western corner of Baffin 

Island), Grainger (1979) observed that the timing of the bloom varied 

during the two years of study, which he attributed to the presence or 

absence of a snow cover on the ice, In the presence of snow, the bloom was 

delayed to mid-July and extended to late August, when the light supply was 

already diminishing. In the absence of snow, the bloom started in early 

July, and peaked in that month at much higher values than in the previous 

case. These investigations were all carried out in shallow protected en-

vironments from shore-based stations, Equivalent observations from more 

exposed shelf waters are lacking. 

In open water where the ice cover is seasonal, intense diatom spring blooms 

occur in the wake of the retreating ice edge. This phenomenon has been re-
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ported from the Barents Sea and the Siberian coast (Marshall, 1958; Zenke

vitch, 1963), as well as from the Bering Sea (McRoy and Goering, 1974). 

Marshall (1958) explained the dependence of the bloom on proximity to the 

ice by the decline in mixing depth in the ice border, brought about by the 

admixture of lower salinity ice-melt water to the surface layer. This leads 

to haline stratification at a depth of 10 - 25 m. Zenkevitch (1963), sum-

marizing information fr?'"- the Eurasian Arctic, stated: 'The nearer the 

Pole, the weaker is the vernal outburst and the sooner it passes'. The do-

minant phytoplankton species in the Barents Sea, though restricted in num-

ber, are varied in appearance. Genera with large cells (Coscinodiscus), 

medium cells Chaetoceros, Corethron, Thalassiosira) as well as small cells 

(Skeletonema) are important contributors to biomass, and large blooms of 

Phaeocystis are also a common occurrence (Zenkevitch, 1963). The coastal 

seas of northern Asia are much influenced by river discharge, and patterns 

of bloom development and species composition show considerable local varia-

tion depending on seasonality of the ice cover and fresh-water input. The 

Barents Sea has the longest ice-free period of the northern Eurasian seas 

and by far (by a factor of 10) the largest zooplankton populations. Calanus 

finmarchicus is the major herbivore, and its biomass peak develops well 

after that of the phytoplankton. The predominance of Calanus declines east-

wards where it is replaced in importance by the small Pseudocalanus elongs-

~· Apart from clupeid fishes, ctenophores and chaetognaths appear to be 

the dominant pelagic carnivores. 

The environment of the ice-edge in Antarctica - 570 - 700 S - is at a much 

lower latitude than that of the Arctic. Light input at the time of ice-melt 

is much greater, hence the length of the growing season is longer in the 

Antarctic as compared to the Arctic, but much shorter than at comparable 

latitudes in the Northern Hemisphere (Ryther, 1963); this indicates the de-

cisive influence of ice coverage on timing and duration of the spring bloom. 



--- -

n 7727 r r 
-43-

'!'he plankton of Antarctic shelves has many unique features. The spring 

bloom proceeds from the open ocean coastwards, again following the retreat

ing ice edge. The greatest build-up of biomass occurs in proximity to the 

coast (El-Sayed, 1967), although the growing season is considerably shorter 

here (Hart, 1942). Rasle (1969) reported that the Antarctic flora contained 

a larger number of species peculiar to this ocean than is the case in other 

oceans. Both pennate and centric diatoms are of importance, and consider

able temporal and regional differences in phytoplankton composition occur 

(Rasle, 1969; Raymont, 1980). Medium-sized species that build long chains, 

such as Chaetoceros, Corethron, Fragilariopsis, Nitzschia, Thalassiosira, 

generally contribute to the bulk of the biomass. Massive blooms of Phaeo

cystis have been recorded frequently both from the Antarctic peninsula 

(Raymont, 1980) and from McMurdo Sound in the Ross Sea (Bunt, 1964). Nutri

ent levels on the Antarctic shelves have not been reported to decline to 

the low levels observed in other localities following the
0 

diatom bloom 

peak. Apparently, Antarctic phytoplankton rarely suffers from nutrient 

depletion. 

The Antarctic food chain is regarded as the classic example of a short gra

zer chain from diatoms to krill and eventually whales. Recent studies have, 

however, shown that exceptions can also occur. Brockel (1981) reported na

noplankton, mainly flagellates, to have dominated phytoplankton biomass in 

the region of the Antarctic peninsula during late spring and early summer 

of 1978, and ciliates were an important constituent of the herbivore popu

lation. The role of bacteria in this ecosystem has also been underestimated, 

as shown by Hodson (1981) and Bolter and Dawson (1981), who reported levels 

of bacterial activity to be in the same range as tho'se commonly found in 

temperate latitudes. Further, the high incidence of resting spores in the 

Water column, and the massive phytoplankton blooms frequently encountered, 

indicate that not all phytoplankton cells enter the short grazer food 



chain. Bunt (1964) described a senescent Phaeocystis bloom in McMurdo Sound, 

although this organism is indeed eaten by various herbivores (Sieburth, 

1961). 

The actual fate of the bulk of the organic material produced in Antarctic 

waters remains to be worked out, but the importance of the grazer food 

chain remains w,diaputed. This is demonstrated by the large populations of 

herbivorous zooplankton - copepods, salps and krill - that are character-

istic of this region. Among the copepods, all the seasonal types described 

by Heinrich (1962) are present, and even the large overwintering copepods 

csn produce several broods in a year (Raymont, 1963). Krill (Euphausia 

superba) is the characteristic herbivore of the Antarctic. The adults oc-

cur, sometimes in huge swarms, over the shelf as well as in oceanic waters. 

It is likely that this euphsusiid has geared its. seasonal cycle to the 

current system circulating round the continent. Many carnivorous zooplank-

ton such as chaetogoaths are also present, although coelenterates and cte-

nophores are not as important as in other shelf regions. 

The spring bloom of ice-free temperate regions generally commences in prox-

imity to the coast (Riley, 1942). In inshore areas, rapid build-up of dia-

tom biomass and concomitant nutrient depletion of the entire water column 

has been observed to occur within a few weeks (Smetacek, 1975). 

'Where mixing depth is greater, the dilution effect is more pronounced and 

biomass build_up is prolonged relative to water columns with shallower mix-

iog depth. Plant concentrations are lower in a prolonged bloom than in an 

intense one, but total production of plant biomass can be greater in deeper 

areas because of the larger nutrient supply. The community structure also 

differs: intense coastal blooms tend to be mono-specific with different 

species dominating in different years with a tendency for small forms -

Detonula, Skeletonema - to predominate. In the more open areas of the 

shelf, the community can be more diverse with a greater percentage of bio-
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I mass in large forms such as Coscinodiscus, and medium-sized forms such as 

I Chaetoceros, Thalassionema and Thalassiosira providing the bulk of the bio-

mass. 

In the northern North Sea the bloom was observed to last for three months 

from April to June with the biomass peak in May, Large concentrations of 

Phaeocystis were observed during May (Williams and Lindley, 1980a), but 

diatoms were the major contributors of biomass. A succession in the domi-

nant diatom species was observed from medium-sized Thalassiosira spp,, fol-

lowed by Chaetoceros spp,, to nanoplanktonic diatoms and flagellates (Wand-

schneider, 1980), Although abrupt declines in the populations of certain 

species were attributed to selective grazing by zooplankton, senescence 

followed by mortality or development of resting spores was also observed to 

be an important factor in eliminating viable cells from the euphotic zone, 

A similar successional pattern was also observed on the Norwegian shelf by 

Braarud et al, (1953): In the southern North Sea, the bloom commences in 

March and attains its peak by late April, Gieskes and Kraay (1977a) found 

that in Dutch coastal water a species succession occurred in the diatom 

population during the course of the bloom, which started offshore and then 

proceeded shorewards, This reversed situation in the southern North Sea is 

due to oruch greater turbidity and hence reduced light penetration, brought 

about by the increasing effect of tidal mixing closer to the coast. Two 

waves of Phaeocystis blooms were observed - one in early April and the 

other in late April - during which Phaeocystis contributed up to 80 % of 

the total phytoplankton biomass in some regions; these blooms first ap-

peared in certain areas and then spread out from there, 

Long-term variability in the timing, species composition and biomass of the 

spring bloom has been discussed for the North Sea by Gieskes and Kraay 

(1977b) on the basis of data obtained from continuous plankton records 

(Robinson, 1970; Colebrook, 1982), They reported considerable year-to-
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year variation, as well as the presence of long-term trends in these fea

tures of the spring bloom. Thus, a gradual decrease in the abundance of 

Phaeocystis between 1948 and 1978 was found to have occurred. However, the 

authors point out that data from the plankton recorders give only a rough 

estimate of the phytoplankton population as smaller cells are incompletely 

collected. A remarkable aspect of these results is 'the uniformity in the 

pattern of long-term variability in the plankton over large sea areas'. 

Apparently, large-scale change in the environment rather than short-term 

local events determine the course of annual development of the pelagic 

system in the entire North Sea and the adjacent Atlantic. 

The fate of organic substances produced by the spring diatom bloom is great

ly influenced by water depth. In shallow enclosed regions where biomass 

build up and concomitant nutrient depletion is rapid, a large part of the 

population sinks out of the water column and is utilized by the benthos 

(Raymont, 1980). Coachman and Walsh (1981) suggested that in tne Bering Sea 

the zooplankton are able to consume most of the spring bloom only in the 

outer shelf region where over-wintering populations of large copepods and 

euphausiids are present. The smaller zooplankton of the middle shelf region 

(Acartia and Pseudocalanus) develop after the initial bloom phase is over 

and hence 'miss' much of their potential food supply. Alexander and 

Niebauer (1981) found that the spring phytoplankton bloom of the Bering Sea 

ice-edge zone was not utilized by the pelagic system, but rather appeared 

to sink to the bottom. On the Long Island shelf and Georges Bank, much of 

the spring bloom was also not grazed by zooplankton (Dagg and Turner, 1982). 

In the northern North Sea, the population of Calanus finmarchicus feeding 

on the spring bloom attained a maximum of 8 g C m-2 and comprised approxi

mately 80 % of the total metazooplankton population, the remainder being 

meroplanktonic larvae and the small raptorial copepod Oithona (Krause and 

Radach, 1980). Grazing by the only important euphausiid - Thysanoessa in-
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ermis - accounted for only 1.5 % of phytoplankton production (Lindley and 

Williams, 1980). 

In shallow regions, the metazooplankton population during the spring bloom 

is much smaller, and protozooplankton biomass can exceed that of the meta-

zoans during this phase (Smetacek, 1981). Even then, total zooplankton 

biomass is only a small fraction of the phytoplankton, meaning that zoo-

plankton grazing has little effect in restraining the rapid nutrient deple-

tion which leads to senescence and sedimentation of the phytoplankton pop-

ulation. Heavy grazing on the other hand prevents rapid nutrient depletion 

and results in prolongation of the bloom. Grazing is presumably an increas-

ingly important factor during the later stages of the bloom, when the zoo-

plankton population attains its peak and thermal stratification begins to 

stabilize at its summer level. However, zooplankton grazing results in the 

production of faecal pellets at approximately 15 % of body weight per day 

and it has been shown by many authors that these pellets have much higher 

sinking rates than phytoplankton cells [see review by Turner and Ferrante, 

(1979)]. One would hence expect an increase in the loss rates of essential 

material from the euphotic zone with increasing grazing pressure, and this 

assumption has been validated by studies with sediment traps, where faecal 

pellets formed the bulk of the sedimenting particles (Turner and Ferrante, 

1979). Studies by Paffenhofer and Knowles (1979) have shown, however, that 

faecal pellets are consumed by the zooplankton, and Smetacek (1980b) has 

shown that, in populations of small neritic copepods, loss rates due to 

settling out of particulate matter was lowest when zooplankton biomass was 

highest. Krause (1981) found during FLEX 76 that faecal pellets of Calanus 

were concentrated in the uppermost layer throughout, even when the popula-

tions started vertical migration to greater depths. Re argued that faecal 

pellets, rather than sinking, were recycled within the surface layer. The 

diatom population, however, continued to decline and was eventually re-
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placed by a nanoflagellate population at much lower biomass levels. Wheth

er the loss of essential elements from the euphotic zone of shelf regimes 

is through the agency of zooplankton grazing, or whether in the foro of 

diatom cells and phytodetritus as reported from the Baltic by Smetacek et 

al. (1978), is unclear; what is certain is that nutrient impoverishment of 

the euphotic zone eventually occurs, resulting in a new stage of succession 

of the plankton community. 

The diatom blooms discussed so far are those not controlled in their ini

tial stages by heavy grazing pressure, and where high phytoplankton biomass 

concentrations ( > 2 mg Chl ~m-3 or> 50 mg C m-3) and production levels 

( > 0.5 g C m-2 d-1) are the rule. These blooms rapidly utilize nutrients 

accumulated over the long winter period and they are eventually terminated 

by depletion of these nutrients. Primary production based on these nutri

ents is termed 'new production', in contrast to 'regenerated production'; 

they can be distinguished by nitrate and ammonia uptake respectively by 

the phytoplankton (Dugdale and Goering, 1967). In the northern Pacific 

south of the Bering Sea, a different situation is reported to prevail. 

Heavy grazing by the rapidly growing zooplankton populations, which sup

presses exponential growth of the spring bloom, is assumed to be the reason 

why phytoplankton biomass remains low throughout the spring and early sum

mer in this region (Parsons et al., 1977). This is apparently the typical 

oceanic situation, and it is likely that large spring blooms are the rule 

in coastal and shelf localities not accessible to the zooplankton that must 

overwinter in deeper water. 

Diatom blooms of upwelling regions in low latitudes. Unlike temperate re

gions where the advent and development of the diatom bloom is a function of 

latitude and water depth, the diatom bloom of upwelling regions, being de

pendent on the vagaries of the weather, is a much less predictable event. 
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This is evident when one compares, for example, the year-to-year varia-

tions in the Peruvian upwelling region with the greater constancy in the 

annual cycle of the extensive northern shelves. This does not mean that in 

temperate regions the species composition and biomass levels recur con-

stantly each year; but the year-to-year variation is not as great as en-

countered in upwelling systems. Further, intense diatom blooms are not 

characteristic of all upwelling situations, as shown by the low phytoplank-

ton concentrations in the low-nutrient upwelling region of the southern 

Caribbean coast (Corredor, 1979). Even where upwelling waters have a high 

nutrient content, as off the Peruvian coast or off north-western Africa, 

spatial and temporal inhomogeneity in the hydrographical regime can lead to 

considerable patchiness in the biomass and community structure of the 

plankton along horizontal transects. Packard et al. (1978) demonstrated the 

effect of hydrography on the occurrence of the highly motile photoautotro-

phic ciliate Mesodinium rubrum. The hydrographical conditions which they 

considered to favour the growth of diatoms as opposed to motile forms have 

been depicted in Fig. 4.11. In the centre of upwelling where nutrient-rich 

waters reach the surface, intense diatom and sometimes dinoflagellate 

blooms will be found. On the boundaries of the upwelling site, nutrient-

rich water will be covered by a layer of impoverished water. Motile forms 

capable of carrying out vertical migration between the nutrient-rich, par-

tially upwelled water and the impoverished but illuminated surface layer 

can better exploit such a situation and build intense blooms. In the Baja 

California upwelling region, Estrada and Blasco (1979) found that the ori-

&in of the upwelling water was a decisive factor in determining dinofla-

&ellate or diatom predominance. The latter dominated when deeper layers of 

the California undercurrent with higher nutrient content were upwelled, in 

contrast to dinoflagellates that dominated in upwelled water from lesser 

depths and with lower nutrient content. Huntsman and Barber (1977) have 



shown the close connexion between primary productivity and wind and 

nutrient conditions off north-western Africa. Growth of the crop is con

trolled by mixing processes on a time scale of days, a situation similar to 

that prevailing during the spring bloom, and conducive to the growth of 

diatoms. 

Sukhanova et al. (1978) found that cell numbers and dominant species 

changed considerably along a 200 km transect perpendicular to the Peruvtan 

coast. Thalassiosira subtilis, a gelatinous colony-building form, dominated 

closest to the coast, followed by Skeletonema costatum whereas Chaetoceros 

and Nitzschia dominated off the shelf. They mentioned that other species 

dominated in the same season of previous years. Apparently, species selec

tion in the diatom population is primarily due to short-term, small-scale 

variation in hydrography 1110dified by local topography. Sukhanova et al. 

(1978) distinguished three types of phytoplankton communities from the 

Peruvian upwelling regime that are typical of 'climate-controlled, back

ground upwelling, the shelf upwelling and local upwelling' respectively. 

These environments are linked temporally by the seaward-moving surface 

layer and are hence, to a certain extent, temporal stages of maturation 

accompanied by declining biomass within a given water body. 

The diatom populations of upwelling regions share many common genera and 

even some species with those of temperate and arctic spring blooms. How

ever, some unique forms are present, such as the colony-building Thalassio

sira partheneia of the upwelling region off north-western Africa. The 

colonies of this species are populated by a variety of protozoans that 

apparently feed on the diatom cells, and it is not known whether the colo

nies are eaten by metazoans as well (Elbrachter and Boje, 1978). However, 

following senescence the colonies disintegrate, which makes the individual 

cells 1110re easily available to filtering herbivores (Schnack, 1983). 

Chaetoceros sociale is another colony-building diatom com1110n in upwelling 
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regions, in which the individual chains are embedded in a gelatinous ma

trix. 

The role of bacteria in upwelling ecosytem has not been well studied. Wat

son (1978) found that average bacterial biomass values in the water column 

and sediments of the upwelling region off north-western Africa ranged bet

ween 1,3 and 12.6 g C m-2, with 6.7 g C m-2 as an average value. From these 

figures and other data, he assumed that bacteria use 134 g C m-2 yr-1 out 

of a total of 300 g C m-2 produced by the phytoplankton. Watson (1978) him

self considered this estimate to be rather high, Smith et al, (1977) found 

bacterial biomass to play only a minor role in the upwelling system off 

north-western Africa in contrast to Watson's results, 

Large stocks of protozooplankton have been reported from upwelling commu

nities (Margalef, 1975; Shushkina et al., 1978). Beers et al. (1971) found 

ciliates to be the dominant herbivores in a nanoflagellate population 

whereas Ryther et al. (1971) reported herbivorous fish to dominate in a 

diatom population, Both studies were carried out in the Peruvian upwelling 

system in different years (Parsons, 1976). There is, however, good reason 

for protozooplankton to be also abundant in diatom blooms. Cushing (1978) 

pointed out that matazooplankton growth is outstripped by that of the algae 

in upwelling sytems, and senescence and mortality of the cells can be ex

pected as reported for Thalassiosira colonies (Elbr~chter and Boje, 1978), 

However, the large populations of herbivores typical of upwelling regions 

indicate that a significant proportion of the phytoplankton does indeed 

directly enter the grazing chain. 

In m,st upwelling regions, copepods are the dominant herbivores, The number 

of copepod species in upwelling regions is far greater than that of temper

ate regions, which is easily explained by the great spatial inhomogeneity 

of the former regions, and the fact that admixture of water bodies with 

widely differing developmental histories occurs on a large scale, Some 

copepods can, however, be regarded as typical of the upwelling regions, 
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Thus, the large copepod Calanoides carinatus dominates copepod biomass 

during the upwelling season along the African west coast, and Calanoides 

thus replaces Calanus in the diatom blooms of this upwelling region. Its 

life history is geared to the upwelling, and hence it manages to maintain 

its dominant status within the region. Like Calanus, it overwinters in deep 

water off the shelf as the copepodite V stage, rises to the surface at the 

start of upwelling, and commences feeding and breeding. Up to six genera-

tions were followed in the period from June to October (Petit and Courties, 

1976). In the upwelling region of the north-western coast of America, Ca-

lanus marshallae is the dominant copepod, and is joined by the small cope-

pod Acartia longiremis in the adaptation of its seasonal cycle to the hy-

drography of the upwelling region (Peterson et al., 1979). 

Thiriot (1978) has reviewed the literature on zooplankton of the upwelling 

area off north-western Africa. He distinguished four categories: the 

euphausiids; filtering microphages other than copepods; raptorial carni-

vores; and copepods. Euphausiids are important in all upwelling regions, 

with the bulk of their population concentrated at the shelf break. A neri-

tic genus Nyctiphanes is typical of upwelling regions. Little is known of 

the role of the zooplankton other than copepods. Some, like the protozoans, 

are generally overlooked, others such as euphausiids are difficult to sam-

ple quantitatively because of their agility in avoiding most of the common 

zooplankton nets. Some zooplankters such as salps occur locally in large 

swarms whose occurrence has not yet been satisfactorily explained. 

Some upwelling systems are unique in having nektonic herbivores capable of 

consuming phytoplankton. It is, however, contested to what extent the 

swarms of clupeid fish depend on phytoplankton as a major food item. 

Cushing (1978) argued that zooplankton, particularly copepods, are the main 

dietary item of the fish in all upwelling systems other than that off Peru, 

Where the younger fish are primarily herbivorous - in contrast, however, to 



- v y.rr- T rsmrrrwrr: 11rrun 

I 
TE Fi 

-53-

the parents. Cushing (1978) hypothesized that upwelling systems are essen

tially similar to the spring-bloom phase of temperate regions, the major 

difference being one of duration. The Peruvian system is unique in that it 

has the longest duration (8-9 months) of all upwelling regions. Further, 

anchoveta can be the major herbivores in the system, grazing over 50 % of 

the rlaily primary production. Whitledge (1978) calculated the input of re-

generated nitrogen (ammonia produced by zooplankton and nekton) for the 

north-west African and Peruvian upwelling regions. In the former region, 

zooplankton accounted for 46 %, nekton 27 % and bacteria (indirect esti-

mate) 27 % of the ammonia input, whereas in the Peruvian system the ancho-

veta apparently contributed 'more than the zooplankton, and the role of 

bacteria was only minor. Such calculations, however, are only meaningful on 

large scales of space and time. Shushkina et al. (1978) have shown in a 

detailed analysis of planktonic communities in the Peruvian upwelling re-

gion that considerable regional differences were present in the structure 

of the heterotrophic communities. Metazooplankton - mainly euphausiids -

attained their greatest importance at the shelf break. Small-scale varia-

tion in community structure was attributed to the rapidity (a few days) 

with which heterotrophic populations of bacteria and protozoa followed the 

phytoplankton maxima. Such a temporal sequence, termed autotrophic and 

heterotrophic phases in plankton succession, was similar to that reported 

from the spring of temperate regions (Sorokin, 1977), the difference lying 

in the greater intensity of the processes in the tropical region. Shushkina 

et al. (1978) maintained that the bulk of organic matter produced in the 

entire region passes through the detritus - bacteria - protozooplankton 

pathway, in spite of the large populations of herbivorous zooplankton and 

fish also present. 

Cyanophyte blooms. Intense discoloration of the sea surface along extensive 

stretches parallel to the coast, commonly reported from tropical and sub-
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tropical shelves, can be due to blooms of the cyanophyte Trichodesmium, 

They are most common in stratified water and are similar in appearance to 

red tides of motile organisms although causative factors are less well do-

cumented, Off the west coast of India, they are a regular feature from 

February to April, and occur during calm periods-when nutrient concentra-

tions at the surface are high, Devassy et al, (1978) found that although 

zooplankton and fish were associated with the blooms, Trichodesmium was not 

relished as a food by herbivores, They contested earlier suggestions that 

zooplankton tended to avoid Trichodesmium blooms, Margalef (1978a) has sug-

gested that cyanophyte blooms with their capability to fix molecular nitre-

gen might be a compensatory process to the denitrification occurring in 

oxygen depleted layers, which would upset the ratio of reactive nitrogen to 

phosphate in the water column. High ammonia concentrations have been asso-

ciated with decaying cyanophyte blooms (Devassy et al., 1978), indicating 

that these organisms are indeed an important source of replenishment of re-

active nitrogen to the pelagic system. Their growth must, however, be ulti-

mately controlled by the availability of other more conservative nutrients, 

presumably phosphate. Cyanophytes tend to be common in brackish water, and 

are generally present in river plumes. 

Blooms of motile forms 

These blooms are characteristic of the later successional stages in shelf 

ecosystems arid, where the growing season is short as in the high Arctic, 

they tend to be absent or suppressed. Autotrophic dinoflagellates are of 

relatively little importance in Arctic and Antarctic environments, which is 

in all probability due to the short period of maturation of the polar pela-

gic systems rather than to temperature preferences of this group as a whole. 

Digby (1953) differentiated an autumn bloom composed of a mixed population 
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I of diatoms and Ceratium arcticum from the purely diatom spring bloom in 

Scoresby Sound, East Greenland (70° N). This is, perhaps, the most norther-
I 

I ly extension of the autumn bloom dominated by large dinoflagellates, and 

i 

I 
such blooms have not been recorded from Antarctic shelves. They are, how-

ever, a regular feature and hence predictable in the summer and autumn of 

many temperate shelf regimes. The sporadic summer blooms of temperate re-

gions and in the sub-tropics, often referred to as 'red-tides', differ from 

the seasonal blooms in being much less predictable, and often highly patchy. 

It is thus possible to distinguish two types of motile-organism blooms: 

seasonal blooms, and red-tides (Sweeney, 1979); the former type have a re-

curring species composition with several species, largely Ceratium spp., 

dominating the biomass, whereas the latter are largely monospecific, com-

posed of genera such as the notorious Gonyaulax or G}'111llodinium, or the pho-

toautotrophic ciliate Mesodinium. I shall accordingly deal with these types 

separately. 

Seasonal blooms. Although a recurring feature of many regions, much less 

information is available on these blooms as compared to diatom blooms. They 

apparently do not appear abruptly as do the spring diatom blooms but seem to 

be the end-stage of the development of the pelagic system through the summer 

months (Margalef, 1967). This bloom will be more influenced by biotic fac-

tors than is the case for diatom blooms, and for this reason their causes 

will be more complex and generalizations more difficult to make. Indirect 

information on the causes leading to development of this bloom can be in-

ferred from an evaluation of the biology of the species present. As men-

tioned previously, the main constituents of these blooms - the genus 

Ceratium - are slow-growing, long-lived organisms that are not grazed rou-

tinely by filtering zooplankton. In the Arctic, one species dominates - c. 

arcticum - whereas in temperate regions five to six species occur that show 

---



a sequential tendency in their occurrence - which, however, varies from 

region to region (Smayda, 1980) • .£..:.. furca, .£..:.. fusus, .£..:.. lineatum, .£..:.. lon

gipes and c. tripos are some of the major species. It might be hypothesized 

that these species are able to accumulate in the water column over long 

periods by virtue of their unpalatability to zooplankton. Thus, a fairly 

large population of these organisms builds up during the late summer, which 

can take advantage of nutrient input following cooling and turbulent dee

pening of stratification during the autumn. AB nutrients are introduced 

gradually into the system and dilution effect is relatively small, any 

population present in large numbers will be favoured. The biomass attained 

by the bloom, in some cases comparable to that of the spring bloom, is 

likely to be controlled by hydrographical factors. Because of their con

siderable motile capability, the dinoflagellate cells are generally not as 

homogeneously distributed in the water column as diatoms are. Although cell 

concentrations at pycnoclines are common, this is not the rule. Eppley et 

al. (1968) and Smetacek (1975) have described mixed populations of dino

flagellates in which the various species tended to have different depth 

distributions, some congregated in a layer, others more diffusely distri

buted. In some regions the autumn bloom is composed of diatoms (Robinson, 

1965), and it is tempting to suggest that hydrography may be the decisive 

factor in selecting between diatom and dinoflagellate autumn blooms. 

Little is known of the heterotrophic response to this bloom. The blooms are 

frequently accompanied by a variety of medium and large heterotrophic dino

flagellates such as Protope'ridinium and Polykrikos as well as ciliates, 

some of which, such as Tiarina fusus, actually feed on the Ceratium. Fil

tering copepods are present in only small numbers, and the raptorial 

Oithona can be plentiful. It is likely that Oithona also feeds on Ceratium 

(S. Schnack, pers. comm.) but apparently not with great relish, as the me

tazooplankton population as a whole tends to be low during this period. The 
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autumnal blooms of the heterotrophic d!noflagellate Noctiluca miliaris, 

common in many coastal temperate regions, is quite a different phenomeoon, 

since Noctiluca is a herbivore and apparently grows by feeding on diatoms 

(Drebes, 1974). 

The fate of organic matter produced by Ceratium is uncertain, but sedimen-

tation of the cells and their eventual death on the sea bottom has been 

observed in the shelf region surrounding the New York Bight. One specta-

cular event was observed in June 1976 in which an immense bloom of Ceratium 

tripos sedimented out of the water column, resulting in oxyg~n depletion at 

the sediment surface over an area of 13 OOO km2 (Mahoney and Steimle, 1979). 

This bloom resulted from an overwintering population that built up its 

enormous biomass during spring and early summer (Malone, 1978). 

In the inshore Kiel Bight, the October Ceratium bloom has also been observ-

ed to sediment out en masse by early November (Smetacek, 1980a). Data from 

other regions are sorely needed. What remains surprising is the veritable 

absence of metazooplanktonic herbivores that are specialized in grazing on 

such a wide spread and common genus. This 'gap' in the phagotrophic food 

chain makes one suspect that cell mortality is common in Ceratium spp. and 

that whole-sale sedimentation of the Ceratium population is the normal fate 

of the autumnal bloom. In deeper water (>100 m), dispersal of the species 

and eventual mortality following vertical mixing is perhaps a more likely 

fate. This has been described for the autumn population of Ceratium arc-

ticum on the ~astern Greenland coast (Digby, 1953). In this connection, 

Margalef (1978a) drew attention to the fact that marine Ceratium spp. 

apparently do not form resting spores, in contrast to their limnic counter-

parts. Longevity of the vegetative cell appears to be a distinctive stra-

tegy followed by this interesting genus. 
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Red-tides. These blooms, being essentially unpredictable and spatially re-

stricted, do not generally have a great impact on the pelagic shelf system 

and can be regarded as local and transitory events. They have been studied 

intensely, however, not only because they are highly conspicuous but be-

cause many of the species involved in these blooms contain potent toxins 

that are passed down the food chain, rendering human food (i.e. fish and 

shell-fish) poisonous, and many deaths have been recorded as a result. AB 

the name implies, red-tides are highly visible because organisms tend to 

concentrate in surface layers during certain phases, and chlorophyll con-

centrations of 500 mg Chl .!!. m-3 have been recorded from red-tides (Holmes 

et al., 1967). Reports of Mesodinium blooms colouring the sea surface blood-

red do not appear to be exaggerated. 

The important genera that have toxic species are Amphidinium, Gonyaulax, 

Gymnodinium, Gyrodinium and Prorocentrum. All these genera include both 

toxic as well as non-toxic species, sometimes closely related, and the eco-

logical significance, if any, of these toxins is not known. Freeberg et. al, 

(1979) found that water in which Gymnodinium breve - the common red-tide 

organism of the Florida coast - had grown was inhibitory to the growth of a 

majority of the phytoplankton species subsequently introduced to the water. 

They speculated that the ichthyotoxin contained in this species is iden-

tical to the substances inhibiting growth of many phytoplankton species. 

However, as this inhibitory effect only appears after the Q.:._ breve popula-

tion has attained a sizeable biomass, it merely explains competitive sue-

cess beyond a certain stage, prior to which other success strategies must 

have been in operation. Recent studies have revealed that several toxins 

are frequently present in th~ same species, and there appears to be con-

siderable geographical variation in the degree of toxicity (Shimizu, 1979), 

Further, many innocuous species, some of which are highly appreciated food 

items for zooplankton cultures, are also responsible for red-tides. It 
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therefore seems unlikely that toxicity in some species confers any signifi-

cant advantage over other species of phytoplankton. Besides, the suscep-

tibility of different animal classes to the various toxins produced by red-
\ 

tide organisms also appears to vary videly. Some, such as the toxins of 

Gonyaulax excavata, apparently have no detrimental effects on zooplankton 

and benthic mussels but are lethal to fish and mammals. Others, such as the 

toxins of Gymnodinium breve, are reported to be lethal not only to verte-

brates but also to some invertebrates such as cowries and horseshoe crabs 

(Tufts, 1979). The toxicity of red-tide dinoflagellates is evidently a 

highly complex problem. 

The causative factors of red-tides have been a favourite topic for specula-

tion an:ongst marine biologists for many decades, and the literature is ac-

cordingly vast. Red-tides have been recorded from as far north as 710 Nin 

Alaska, where the organism in question was an autotrophic ciliate, repor-

tedly not Mesodinium rubrum (Holm-Hansen et al., 1970). Red-tides can occur 

off almost all temperate and sub-tropical coasts; in some regions they are 

even a recurrent feature of the annual cycle. As they can be encountered in 

a vide variety of environments under videly differing hydrographical condi-

tions, including previous history of the water-body, the situations favour-

ing growth of red-tides are bound to be more varied and complex than in the 

case of diatom blooms. 

Pingree et al. (1976) have reported that mixed summer blooms of phytoplank-

ton developing along tidal fronts are a regular feature of the annual cycle 

in the entrance of the English Channel. In some years, however, massive 

blooms of dinoflagellates (Gyrodinium aureolum) develop in association with 

these tidal fronts (Halligan, 1979). The causative factors for these spora

dic blooms are as yet unclear. Margalef et al. (1979) point out that, of 

the many red-tide species, the majority are quasi-spherical and compara-

tively rich in chlorophyll. These authors argued the case for hydrographi-



-60-

cal rather than biological factors in determining red-tide development. 

Thus, many of the spectacular red-tides are the result of accumulation pro

cesses in which the organisms from a larger area are concentrated into 

sharply bordered patches whose shape is determined by local hydrography and 

topography. This is particularly true for coastal and inshore regions. In 

upwelling areas the situation is more complex; there intense blooms of 

Mesodinium rubrum, for instance, develop in the border of upwelling water 

bodies, as shown in Fig. 4.11. Where upwelled water does not quite reach 

the surface - that is when the water column is still stratified but the 

thermocline displaced upwards - dinoflagellate red-tides can occur. The 

capability to carry out vertical migration through sharp gradients is a 

decisive property here. Also, as mentioned previously, the origin of the 

upwelled water can determine whether diatoms or dinoflagellates will domi

nate the phytoplankton (Estrada and Blasco, 1979). Margalef et al. (1979) 

maintain that red-tide development occurs under conditions where high 

nutrient concentrations are accompanied by low turbulence levels. Such 

situations are exceptional in the sea, and it would explain the sporadicity 

and restricted size of red-tide blooms. 

Another important strategy adopted by many red-tide organisms is the pre

sence of a benthic resting stage. The feature distinguishing them from 

other organisms also with resting stages is that the cysts formed by red

tide dinoflagellates are highly resistant, and are present in large numbers 

on the sedimept surface. Excystment occurs with considerable synchrony as 

it ls temperature-dependent (Provasoli, 1979). Apparently, a greater pro

portion of the biomass attained in one year is carried over to the popula

tion of the next year than in most other phytoplankton species. This strat

egy of linking year-to-year population success is at the mercy of hydro

graphical conditions because, in regions of large-scale horizontal ad

vection, the population would not be able to seed the same area each year. 
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Red-tides of cyst-bearing dinoflagellates are not only characteristic of 

coastal inshore areas but also of the open continental shelves such as the 

eastern coast of North America. Thus, instances of red-tide populations 

developing inshore and moving offshore with currents (Margalef et al., 

1979) as well as cases where the population built up offshore and then 

moved shoreward (Haddad and Carder, 1979) have been reported. Other impor-

tant factors determining recurrence of red-tides in a particular area ap-

pear to be related to the organic chemistry and geochemistry of the en-

vironment. Fukazawa et al.(1980) have presented experimental data indi-

eating that the growth of a red-tide organism - Olisthodiscus luteus - 'is 

selectively stimulated by substance(s) released from the bottom sediments 

under low--oxygen conditions'. Provasoli (1979) has reviewed some of these 

more complex interrelationships that can lead to dominance of one species 

over others. 

The fate of organic matter produced in re<l-tides is not well studied. Pra-

kash (1963) and White (1979) observed that ciliates fed voraciously on 

Gonyaulax blooms, and Holmes et al. (1967) reported reduction of a bloom by 

phagotrophic dinoflagellates. White (1979) studied accumulation and trans-

mission of toxins in the plankton community during a Gonyaulax bloom. The 

tintinnid Favella, the cladocerans Evadne and Padon and the copepods 

Centro pages and Calanus were the most abundant zooplankton organisms in 

the various size-fractions studied. All these herbivores accumulated tox-

ins, toxicity in the largest size-fraction persisting for two weeks after 

the bloom was over. White (1979) did not mention detrimental effects of the 

toxin on zooplankton, but cites another case from the Bay of Fundy where 

toxin was passed to herring, very likely via the herbivorous pteropod Lima

cina, resulting in a herring kill. In stratified waters of the tropics, 

reef fishes and pelagic fishes can become poisonous, a condition referred 

to as ciguatera in the Caribbean, as a result of toxins originating from 

2 
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dinoflagellates. Yasumoto et al. (1979) showed that, in Tahiti, the dino

flagellate responsible was benthic, growing preferentially on the surface 

of macroalgae. The toxin is presumably transferred to pelagic fishes via 

benthic food chains. 

lo temperate regions, the most spectacular effects of red-tides have been 

observed on benthic communities, suggesting that a considerable portion of 

the organic matter produced in the pelagic system is tranferred to these

diment surface. lo cyst-producing species, this must be through sedimenta

tion of the benthic resting stages but in many cases mass mortality of the 

dinoflagellate population on the sediment surface has also been reported. 

Decay of this organic matter can lead to oxygen depletion and mass mor

tality of the aerobic beothos. Thus, red-tides can have widely varying 

impacts on the benthos, depending on the species composition and quantity 

deposited on the bottom; they can range from beneficial to devastating. 

Nutrient-controlled systems 

A large variety of successiooal stages along the maturation pathway of 

pelagic systems fall under this category. Typically, they occur after the 

initial diatom.or dinoflagellate bloom has depleted inorganic nutrients 

from the euphotic zone, By definition, these systems develop under con

ditions of stable stratification, where nutrients circulating in the eupho

tic zone are replenished only marginally by input of external energy. They 

are hence characteristic for the period of summer stratification in temper

ate regions, for the non-upwelling period in the tropical and subtropical 

zones of the western seaboards, and for much of the year in the permanently 

stratified waters of the eastern seaboards. 

In the boreal continental-shelf waters, the period of low phytoplankton 

biomass between spring and autumn blooms is rarely monotonous as external 

energy input, dependent on the vagaries of the weather, can vary consider-
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ably over short-term periods. In extreme cases red-tides can develop, but 

considerable biomass fluctuation is nevertheless the rule, albeit the 

biomass maxima here are several times smaller than those attained in spring 

or autumn blooms. The 'background' levels are always higher than in stra

tified tropical water, and often fairly large populations of diatoms and 

dinoflagellates occur in mixed populations or succeed each other. Nanofla

gellates are also an important component, and often dominate biomass. In 

the North Sea, for example, considerable spatial heterogeneity both in 

biomass and species composition is present over the summer. The dominant 

species are generally those with a wide distribution such as some species 

of Ceratium or Prorocentrum (Holligan et al., 1977), and diatoms can also 

be common. The great degree of variability can often be explained by small

scale differences in hydrography; the high turnover rate within the pelagic 

system during the summer renders the system more sensitive to environmental 

nuances, and this variability can hence be explained in both temporal and 

spatial terms. Brockmann et al. (1977) have given an example of the dyna

mics of species succession within a natural community of summer North Sea 

plankton enclosed within a plastic bag. Within a period of 28 days, three 

phytoplankton maxima were observed, a diatom dominated population being 

succeeded by dinoflagellates which in turn were followed hy diatom species 

other than those of the first maximum. This type of succession generally 

culminates in a Ceratium population. 

The rapid rate of nutrient recycling reflected in the changing phytoplank

ton composition indicates the presence of a large heterotrophic community 

relative to that of the phytoplankton, in contrast to typical bloom situ

ations •. Bacterial activity and biomass are at their maximum during the pe

riod of summer stratification (Bolter, 1981), which has been frequently 

attributed to the higher temperatures of this season. However, the rate of 

supply of bacterial substrate (particulate and dissolved detritus) is 
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possibly a more important factor, as comparable levels of bacterial acti-

vity have also been reported from sub-zero water during Antarctic blooms, 

as mentioned above. Presumably a large part of this detritus emanates from 

the activity of zooplankton, both during the feeding process (broken cells, 

lysed plasma) and from excretion and production of faecal matter. Hofman et 

al. (1981) found that, on the shallow south-eastern shelf of the United 

States, most of the copepod faecal pellets were utilized in the water co-

lumn and loss due to their sinking was small. Smetacek (1980b) found in an 

inshore area that loss rates of organic matter from surface layers were 

lowest during summer stratification concurrent with annual maxima of meta-

zooplankton. Apparently, the pelagic food web reaches its greatest degree 

of complexity during this period, as reflected in the high species diver-

sity of the zooplankton. Heterotrophic components are geared not only to 

the phytoplankton but also to each other, and the interaction within the 

community contributes to the effectiveness of recycling within it. The 

smaller copepods (Heinrich's Type 3) dominate during this period, repla-

cing the larger copepods of the diatom bloom to a certain extent, and are 

represented by various species each with different feeding behaviour 

(Steele, 1974). Larvaceans are also at their maximum, and large populations 

of carnivores are present, the major groups being chaetognaths, ctenophores 

and coelenterates. The response of predators to growth of their prey can be 

rapid, and a succession in biomass peaks of a herbivore (Pseudocalanus), a 

primary carnivore (Pleurobrachia), and a secondary carnivore (Beroe) can 

occur, as described by Greve (1981) from the shallow German Bight. The phy-

toplankton population, initially depleted by the grazing pressure of the 

growing herbivore population, recovered and reached high biomass levels 

following predation on grazers by the ctenophore. In contrast to the bloom 

situations described in previous sections, predators can be the controlling 

agents in the structure and functioning of pelagic systems in the stable 

h ,......, 
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environment of stratified regions. In shallow areas, as in the situation 

described above, opportunistic species apparently prevail, whereas in 

deeper water, where the organisms are larger and longer-lived, biomass flue-

tuations of these organisms will be less extreme. 

Where the thermocline is shallower than the euphotic zone, large popula-

tions of dinoflagellates and even diatoms can accumulate in association 

with the density barrier. These populations thrive in the boundary zone 

between the higher nutrient concentration of sub-thermocline water and the 

lower reaches of the illuminated surface layer. Vertical migration by 

dinoflagellates has also been observed (Eppley et al., 1968) under such 

conditions. These thermocline communities, particularly well developed in 

the outer regions of the shelf, have been described in detail from the 

Celtic Sea and the western English Channel (Halligan and Harbour, 1977). In 

regions where tidal mixing leads to formation of fronts between stratified 

and well mixed water bodies, these thermocline populations can develop into 

blooms (red-tides) that occupy the entire surface layer (Halligan, 1979). 

Such situations are, however, spatially and temporally restricted, and as 

a rule the population in the warm surface layer above the thermocline is at 

low biomass levels. 

The situation described briefly for the North Sea will also be found on the 

other extensive temperate shelves. Lillick (1940) found dinoflagellates and 

nanoflagellates, particularly coccolithophorids, to dominate over the 

summer in the.Gulf of Maine. Diatoms became more important during late 

summer. He also observed considerable spatial heterogeneity within the 

Gulf. 

In a detailed study of the plankton ecology in the summer off the coast of 

southern California, Eppley et al. (1970) found a distinct decline in phy

toplankton biomass with increasing depth. Although the three stations vi-

sited were located on a transect only approximately five nautical miles 
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long (9 km), these differences were maintained over a period of five 

months; the onshore stations exhibited much greater biomass fluctuations 

than the offshore one. This was due to upwelling events being interrupted 

by incursions of nutrient-poor water and the environment in question is, 

strictly speaking, intermediate between upwelling and stratified systems. 

The biomass levels at inshore stations were high, and generally biomass was 

concentrated at the shallow (( 20 m) thermocline. Diatoms were more impor

tant in coastal stations and the relative role of nanoflagellates increased 

with water depth. Dinoflagellates were roughly of equal importance at all 

three stations. Microzooplankton biomass showed much less variation with 

depth than that of the phytoplankton, indicating grazing pressure to have 

been greater offshore (Beers and Stewart, 1970). 

The pelagic 'climax communities' develop under conditions of prolonged 

stratification. These communities are characteristic of the mid-oceanic 

gyres, but will be found over shelf regions wherever stratification pat

terns are not disrupted by the continental margin. Parsons (1979) terms 

such regions 'convergent ecosystems', generally occurring on eastern 

seaboards in contrast to the 'upwelling ecosystems' of the western sea

boards. These convergent ecosystems form the blue waters of the coral-reef 

regions, where the aged surface water low in nutrients supports a meagre, 

highly diluted population of small-celled phytoplankton. Chlorophyll con

centrations in surface layers are always well below 0.5 mg Chl ~ m-3 and 

are even lower ( ( 0.1 mg Chl ~ m-3) in coral-reef regions (Sournia and 

Ricard, 1976). A chlorophyll maximum below approximately 70 m is charac

teristic for these waters, but, even here, concentrations are generally 

well below 1 mg Chl ~ m-3. Primary production levels are correspondingly 

low, but there is controversy over the question whether the production 

levels are controlled by nutrients or by grazing - that is whether the phy

toplankton suffer nutrient limitation or not. There is general agreement, 
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however, that primary production is almost entirely based on nutrients re-

cycled within the euphotic zone, The consistently low ratios of phytoplank-

ton/zooplankton biomass, often less than one, indicate heavy grazing pres-

sure, and the response of the grazer population to changes in that of 

phytoplankton is rapid. A decrease in grazing pressure has been observed to 

result in increasing phytoplankton biomass (Sheldon et al,, 1973), However, 

Bienfang and Szyper (1981) reported that phytoplankton from the impoverish-

ed waters off Hawaii were nutrient-limited, as evidenced by low assimila-

tion numbers and great variability within the low production levels, These 

authors also found that by far the bulk of the phytoplankton biomass con-

sisted of organisms ( S Ill", presumably nanoflagellates, and they speculated 

that microzooplankton were the dominant herbivores in the community, 

Although phytoplankton biomass is largely concentrated in the nanoplankton 

fraction, many large-celled species, particularly dinoflagellates, are 

peculiar to these sytems, Taylor (1973) commented on the relative impor-

tance of zooplankton organisms with algal symbionts in tropical stratified 

water. The plankton communities here differ from those of the more produc-

tive systems not only in the lower biomass levels, but also in the much 

greater species diversity characteristic of all the components. Apparently, 

a greater number of survival strategies succeed contemporaneously in·this 

stable physical environment than in other more short-lived systems, This 

high species· diversity in all the components of the system points to a 

greater degree of development of the food web, and biological factors such 

as predation and competition will play a greater role in determining the 

structure of the community than elsewhere, Such systems will fall under 

Sanders' (1968) category of 'biologically accommodated communities' as 

opposed to their 'physically controlled' counterparts that have been dealt 

With above, 

Parsons (1979) pointed to the much greater importance of jelly-fish as pre-
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daters here, in contrast to the more productive systems where nekton are of 

more importance, Bienfang and Szyper (1981) argued that the community struc

ture is such as to reduce loss rates of essential nutrients to a minimum, 

The high efficiency of recycling in these communities is apparently aided 

by the high species diversity, However, not much is known about the quan

titative aspects of the food web structure; but oscillations both in bio

mass and activity of the various components are known to occur, Titese 

changes are likely to be short-term, and no evidence of seasonality was 

found by Bienfang and Szyper (1981) off Hawaii, 

In coastal regions, Sournia (1963) has shown that, throughout the tropics 

and subtropics, annual cycles with considerable fluctuations in biomass and 

composition of plankton are present which, being dependent on local hydro

gaphy and topography, defy classification according to seasonal criteria, 

Where perturbation of density structure of the water bodies occurs due to 

contact of oceanic water with the shelf, nutrients accumulated in deeper 

layers can be re-introduced to the euphotic zone, as also nutrients re

generated by benthic organisms, Tite nutrient input is much less than from 

the extensive temperate shelves or from large-scale upwelling areas, but it 

suffices nevertheless to stimulate growth of diatoms and red-tide organ

isms, and, because of the local nature of the perturbations, highly patchy 

distribution is the result, Tite zooplankton community is also subject to 

abrupt changes brought about by the sudden appearance of species such as 

the cladoceran Penilia or meroplanktonic larvae, Opportunistic species with 

rapid growth rates (cladocerans and thaliaceans) appear to play a more 

important role than elsewhere, although copepods are still generally the 

dominant zooplankton, TI,ey are represented by a very large number of spe

cies, with feeding modes ranging from filtration to predation on prey as 

large as fish larvae, Because of the greater fluctuations in planktonic 

components in such coastal regions, food-web structure will be inter

mediate between the blue water communities and regions of upwelling, 
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Concluding remarks 

It will by now be clear that pelagic systems, being intimately linked to 

their phyiscal environment, are inherently dynamic in nature. For this 

reason, any spatial classification of plankton communities, particularly in 

the case of protistan plankton, must include temporal scales as well (Har

ris, 1980). The relevant time scales affecting the physico-chemical envi

ronment, as well as response rates of the plankton, can range from hours to 

years, and it can now be appreciated why the elucidation of regional and 

temporal differences in plankton community structure and interaction has 

proved so elusive in the past. For instance, in a review of the phenomenon 

of phytoplankton succession, Smayda (1980) has shown that regions as far 

apart as the Norwegian shelf and the shelf bordering the north-eastern 

coast of the United States exhibit remarkable similarity in their respec

tive seasonal patterns of species succession, whereas neighbouring systems 

of the respective regions, both towards the coast as well as the open sea, 

differ considerably. At present, it is not possible to provide precise ex

planations for these observations (Smayda, 1980). 

Many of the current controversies in the field of quantitative plankton 

ecology have been touched upon in the preceding sections. The interested 

reader is referred both to the pioneering work of Riley (1946, 1947) and 

also to recent syntheses of the state of our knowledge on marine ecosystems 

for further details (e.g. Cushing and Walsh, 1976; Parsons et al., 1977; 

Raymont, 1980; Longhurst, 1981). The considerable improvement in methodo

logy of the past few decades has led to development of different approaches 

for studying pelagic ecosystems. One might broadly distinguish physical, 

chemical and biological approaches, each of which addresses only a par

ticular aspect of the system. It is impossible to grasp the driving forces 

underlying the dynamics of pelagic systems without a proper synthesis of 

all these aspects. In a recent review of the mathematical approach, Platt 
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et al. (1981) have shown that the development of a holistic framework based 

both on environmental properties and on those of plankton biology is neces-

sary before our understanding of pelagic processes is sufficiently advanced 

to permit predictive formulations. 

Such a holistic framework can only be developed from comprehensive data 

sets obtained from interdisciplinary rather than multidisciplinary studies 

of pelagic ecosystems; let us hope that this integrated approach will be-

come increasingly popular in the future, so that one may look forward to 

the many new insights into the structure and functioning of this fasci-

nating part of the biosphere that will then emerge. 
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FIGURE LEGENDS 

Fig, 4.1. The four major taxonomic-trophic compartments of plankton in 

relation to size fractions (modified and redrawn from Sieburth et al., 

1978), 

Fig. 4,2. Common non-motile phytoplankton: Diatoms (the bar represents 20 

µm in each _case), A. Chaetoceros sp, chain, B, Thalassiosira sp., a, lat-

eral view of chain, b, apical view of single cell. C. Chain of the pennate 

genus Nitzschia, D, A single cell of Rhizosolenia sp. E. 3 chains of Skele-

tonema costatum demonstrating differences in cell size and shape, F. A chain 

of the pennate Thalassionema nitzschioides. G. A single cell of Planktoniel-

la sol. 

R, Raptophyta: a colony of Phaeocystis (length ea, 1 mm), I, Enlarged view 

of colony periphery showing palmelloid cells 4 - 8 µm in diameter. J. A 

single flagellated swarm cell of Phaeocystis (4 - 8 µm). 

Fig. 4,3, Common motile phytoplankton (A,B,C,F,G dinoflagellates; Dan au-

totrophic ciliate; E,R chrysophytes; I euglenoid; J haptophyte; K represen-

tatives of various algal classes), A, Gonyaulax spinifera, B. Prorocentrum 

micans. c. Gymnodinium splendens, D, Mesodinium rubrum. E. Distephanus 

speculum, F, Prorocentrum balticum, G. Gymnodinium sp •• R, Cryptomonas 

sp •• I. Euaeptiella sp., J. A Coccolithophorid cell, K, Various small fla

gellates. (The bar represents 10 µm in all cases). 
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Fig. 4.4. Members of the dinoflagellate order Dynophysiales (upper row) and 

the genus Ceratium (lower row), demonstrating increasing morphological com-

plexity and surface/volume ratio in oceanic and/or warmer water forms 

(B,C,D and C,D respectively). 

Upper row: A. Dinophysis norvegica. B. Dinophysis schUttii. c. Ornitho-

cercus quadratus. D. Histoneis panaria. (Bar in each case represents 20 

µm). Lower row: A. Ceratium fusus. B. £• tripos. C. £• macroceros. D. c. 

ranipes. (Bar in each case represents 50 µm; redrawn from Schiller 1933). 

LEGENDS 2 

Fig. 4.5. Relationships between photosynthetic rate and light intensity in 

different types of algae. (1) and (2) are shade-type algae, whereas (3) re-

presents a sun-type algae with higher rates at higher light intensity; (2) 

has a higher photosynthetic efficiency than (1). The curves for (1) and (2) 

bend downwards at high light intensity due to light inhibition. (Redrawn 

from Parsons et al., 1977). 

Fig. 4.6. Effect of nutrient (nitrogen and phosporous) concentrations and 

turbulence within the surface layer on the species composition of the phy-

toplankton. The diagonal from the top right hand corner to the bottom left 

indicates the pathway of species succession following an upwelling event or 

a sprlng bloom from diatoms to dinoflagellates. Red tides are induced by 

conditions such as in the top left hand corner. The characteristic genera 

are given in brackets. (Redrawn from Margalef, 1978a). 
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Fig, 4,7, Some common members of the protozooplankton, A, Nanoprotozooplank

ton, with a choanoflagellate in the middle, B, Tile heterotrophic dinofla

gellate, Gyrodinium spirale. C. Noctiluca scintillans, also a heterotrophic 

dinoflagellate, D, A loricate ciliate, Tintinnopsis, E, A naked ciliate, 

Lohmanniella spiralis, F, Tile foraminifer, Globigerina bulloides, (Bar in 

A,D,E represents 10 µm, in B 100 µm and in C,F 500 µm, [Redrawn from Bock 

(1967); Newell and Newell (1963) and Schiller (1933)]. 

Fig, 4,8, Common metazooplankton genera, A. Oikopleura dioica without its 

house. B, A tunicate Doliolum, C, A copepod Calanus sp •• D. The cladoceran 

Penilia avirostris. E, The chaetognath Sagitta setosa, (Bar in each case 

represents 500 µm), [Redrawn from Newell and Newell (1963)]. 

LEGENDS 3 

Fig, 4,9, Some meroplanktonic larvae of benthic organisms, A, Mussel, B. 

Gastropod. C, Polychaete, D. Cirripede (barnacle), (Bar represents 100 µm 

in each case). [Redrawn from Newell and Newell (1963) and Raymont (1963)]. 

Fig, 4,10. Seasonal cycles in biomass of phytoplankton and zooplankton from 

different regions, In the Arctic, the spring phytoplankton bloom dominates 

the growth season, whereas in the longer temperate growth season the spring 

bloom is restricted to the first third of the year, In the temperate sum

mer, biomass levels are relatively stable, snd in many regions this period 

is terminated by an autumn bloom, In the subtropical and tropical upwelling 

regions, phytoplankton blooms of varying duration occur during the upwell

ing periods and low levels prevail over the rest of the year, In the coral 

reef regions the absence of distinct blooms characterizes the annual cycle, 

and seasonal fluctuation in biomass occurs at low levels, TI,e coupling bet-



ween phytoplankton and zooplankton peaks is more complex than indicated 

here, and the actual seasonal cycle in any given locality will always exhi-

bit a pattern far :nore intricate than indicated by these simplified figures. 

(Modified from Heinrich, 1962). 

Fig. 4.11. A coastal upwelling situation showing cold water upwelling at 

the coast. A. Surface temperature distribution; the black areas indicate 

patches of motile forms (dinoflagellates, Mesodinium rubrum). B. Cross-

section along the AB transect. Diatoms are dominant in the nutrient-rich 

centre of upwelling, and patches of motile forms on the edges. (Modified 

from Packard et al., 1978). 
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SHIPBOARD EXPERIMENTS 

ON THE EFFECT OF VERTICAL MIXING 

ON NATURAL PLANKTON POPULATIONS 

IN THE CENTRAL BAL TIC SEA• 

V. SMETACEK, 8. VON 80DUNGEN, 8. KNOPPERS, H. NEUBERT, 

F. POLLEHNE & B. ZEJTZSCHEL 

lnstitut fi.ir t,.1eereskunde, Di.isternbrookerweg 20, D-23 Kiel, FRG 

ABSTRACT 

Results of an experiment conducted in the central Baltic dunng BOSEX 77 are described and 
evaluated. Biological processes were followed for over two weeks in six polyethylene tanks of 1 m1 

volume that ,vere filled in ,·arying proportions wnh seJ. water from different layers: surface, sub

thermocline and sub-halocline. Mctazooplankton was retained in some tanks and removed from 
others. In all tanks with a high proportion of surface water, dissolved organic nitrogen apparently 
contributed significantly to formation of particul.ite organic nitrogen by plankton growth. 8Jcte
rerial biomass in these tanks wa'> exceptionally high and inorganic nutrient uptake hy thc~e organism-. 

in one tank was comparable to that of the phytoplankton. In -.pite of constant vigorous stirring, 
varying proportions of particulate material settled out in each rank. Thi'> scdimented material 

ah,1.·ays had higher C/N and C/CHL ratios than that of su,pended matter, indicating the depend
ence of sinking rate on composition of the particles. Such a mechanism will conserve essential 

elements within the euphotk 1onc. Zoopbnkton grazing had lirt!e l·ffect on phytop\.:1nkton spedes 
compo~ition although ~ro1A-·th dynami(..'S and ,:omposition of .suspended matter was influenced to a 
,:ertain extent. The impact of artif.icts introduced hy this 1ype of experimental set-up i<; difficult to 

as<;ess; nevertheless thi-. method provides valuable insights into interaction within pelagic eco

systems. 

INTRODUCTION 

The quantitative study of processes within the pelagic biota has greatly profited 
in recent years by the method of enclosing natural populations within large· 
volume enclosures (Davies & Gamble 1979, Zeitzschel 1978). These enclosed 
populations can be manipulated in accordance with the specific aims of the 
experiment. The size of the enclosure limits the number of trophic levels that 

•Coner. No. 267 of the Joint Rc-.earch Programme (SFB 95}, Kiel University. 



l 
1 

78 VICTOR SMET.\CEK ET AL. 

can be studied in this way (Menzel & Steele 1978). Large enclosures(> 10 m3 ) 

have the advantage that more trophic levels can be studied; however, inhomo
geneity within the enclosures (Knoppers 1976, Pollehne 1977, Grice et al. I 977) 
and the difficulties involved in conducting such large-scale experiments are 
serious disadvantages, as is also the susceptibility of the enclosures to the va
garies of the weather. After encountering these difficulties in the Plankton 
Tower experiments (Bodungen et al. 1976), we planned the experiment de
scribed here with an aim to monitoring quantitative changes in populations of 
unicellular organisms in smaller and hence more convenient containers. 1'-1cdium 
volume containers are well suited for short-term experiments as they can be 
carried out on the deck of a ship and are thus not restricted to a particular 
locality as in the case of the in situ large-volume containers (Eppley et al. 1971 ). 

We chose containers of I m3 volume, as this size is relatively easy to handle 
on shipboard and yet large enough to harbour self-sustaining natural popula
tions of protistan plankton. Further, sufficient water is available for analyses of 
chemical and biological parameters in natural dilution for an extensive sam
pling programme. It was not our intention to replicate events actually taking 
place in situ, but rather to study quantitative relationships amongst ecosystem 
components by manipulating specific factors within functioning natural systems. 

The experiment was carried out in September 1977 in the Central Baltic 
within the framework of the international Baltic Open Sea Experiment (BOSEX 
77) exercise. During this season, three water layers are present in the Baltic: 
I) the mixed surface layer, 2) the layer of 'winter water' below the thermo
cline and 3) higher salinity water between the permanent halocline and the 
bottom (Siedler & Hatje 1974). Vertical mixing processes induced by storms in 
the autumn of each year result in merging of the two upper layers (Krauss 1979) 
and sub-halocline water can also be mixed upwards sporadically (Krause 1969). 
We intended studying the effect of mixing these three water layers on growth 
rates and interaction within the plankton ecosystem components: bacterio
plankton, phytoplankton, protozooplankton and metazooplankton (Sieburth et 
al. 1978). As only the components larger than the mesometazooplankton can be 
separated from the smaller components, we intended studying the effect of 
presence or absence of these larger organisms on growth dynamics of the other 
components and the resultant changes in the structure of the food web. 

It so happened that soon after filling the containers with water from the dif
ferent layers, a period of stormy weather actually led to mixing of surface 
water and a part of the winter water (Krauss 1979). Unfortunately, we were 
unable to follow up the resultant processes in situ because of heavy seas. 

We gratefully acknowledge the help of the capt.1in and crew of the 'RV Littorina' in carrying out 
the experiment. \X'e also thank t-.1. Karl and L. Uhlmann as well as U. Frank, E. Hansen and 
Y. l1entschcl for their assistance. The research was funded by the Deutsche Forschungsgemeinschaft. 
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MATERIAL AND METHODS 

Six rectangular polyethylene tanks of 1.3 m' volume were used for the experi
ments. These containers, manufactured for the storage of hearing oil, offer 
several advantages: they are sturdy, made of an inert substance and easy to keep 
clean. The tanks were fastened together in pairs with steel pipes normally used 
in scaffoldings and lashed securely to the deck of the 'RV Littorina'. The tanks 
were wrapped on the outside with jute bags used in potato transport that were 
kept moist with surface water to maintain steady temperatures. The tanks were 
filled with 1 m' of sea water at the BOSEX Station 215 (55°59.2'N, 18°44.1 'E) 
on 7 September 1977 by means of membrane pumps. These pumps ('Sea Gulps', 
Peters and Russel) do not have propellors and ensure gentle handling of the 
plankton (Davies pers. comm.). 

With the exception of Tanks 3 and 4, water in the tanks was prcfiltered 
through 200 µm gauze to remove mesozooplankton. Tank 1 was filled with 
surface water, Tanks 2 and 3 with surface (2 m) and sub-thermocline (50 m) 
water at a ratio of 1: 1 and Tanks 4, 5 and 6 with surface (2 m), sub-thermo
cline (50 m) and sub-halocline (80 m) water at a ratio of 1: 1: I. Thus only 
Tanks 5 and 6 were comparable. After filling the tanks, the 'RV Littorina' had 
to seek shelter from a storm in Falluden (southern tip of Gothland) where she 
lay at anchor till the 15 Sept .. After arrival in Kiel on 17 Sept., sampling was 
continued till 23 Sept .. 

A large portion of the upper surface of the tanks was cut out to improve light 
penetration and this opening was covered with transparent plastic foil as pro
tection against contamination. Water in all tanks was constantly stirred by pro
pellors driven by car wind-screen-wiper motors. Water samples were taken on 
each occasion from the middle of the tanks. A few days after the start of the 
experiment it was noticed that the motor-driven propellor did not suffice to 
keep all particles in suspension. Therefore, on certain occasions after all routine 
samples were taken, the water in the tanks was mixed manually by means of a 
large inverted funnel attached to a pole and samples for particle analyses were 
taken again. Unfortunately, we did not realize the extent of this sedimentation 
during the experiment and samples of this material were not taken often enough. 
The difference between these and results obtained before manual mixing arc 
regarded below as sedimented matter. 

The following physical, chemical and biological parameters were monitored: 
I. Incident radiant energy was measured with a solarigraph (Kipp & Zonen, 

Holland). Ambient light in the tanks was recorded with a quantameter (Scripps 
Institution of Oceanography). 

2. Temperature was measured with a thermometer. 
3. Nutrients (phosphate, silicate, nitrate, nitrite, ammonia) were measured at 

09°0 and ts00 h during the first half and at longer intervals during the second 
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half of the experiment. The analyses were carried out immediately according 
to the methods described by Grasshoff (1976). 

4. Primary production was measured by the 14C technique and filters were 
counted by the 14C International Agency, Denmark. Bottles were incubated 
in the middle of the tanks from dawn to dawn (24 h). 

5. Particulate organic carbon (POC) and nitrogen (PON) were measured on 
Whatmann GF/C filters in a CHN Analyzer (Hewlett, Packard 1858). 

6. Particulte organic phosphate was measured on GF/C filters according to 
Grasshoff (1976). 

7. Chlorophyll-a was measured following the method outlined by UNESCO 
(1966) and calculated using the revised spectrophotometric equations given 
by Jeffrey & Humphrey (1975). No correction was made for pheopigments. 

&. Plankton biomass and composition: 
a. Bacterioplankton was stained with acridine orange and counted in shape 

and size classes with an epifluorescence microscope according to the 
method of Zimmermann & Meyer-Reil (1974). Biomass was estimated 
from measured volumes. Details have been given by Neubert (1978). 

b. Phytoplankton was counted according to species and size classes in an 
inverted microscope with phase contrast and biomass estimated accord in~ 
to the methods outlined in the recommendations of Edler (ed.) (1979). 
The water samples were preserved with Lugol's iodine. 

c. Protozooplankton was counted in the same samples as the phytoplankton. 
The smaller apochlorotic flagellates(= nanoprotozooplankton) could not 
be distinguished from pigmented organisms and have been grouped with 
the phytoplankton. 

d. Metazooplankton was counted in Tanks 3 and 4 at the start, middle and 
end of the experiment after straining 50 I of water through 200 µm gauze; 
this filtered v.·arer ,vas discarded. Carbon conversion factors for Bnsn1ina 
were taken from Hillebrandt ( 1972) and for Paracalanus from Martens 
( 1975). The recommendations of Hernroth & Viljamaa (eds) ( 1979) were 
followed in converting dry weight values to carbon. 

RESULTS 

Ambient light within the tanks was equivalent to that at 2 m depth in the water 
column. Although incident radiation varied up to a factor of 3 between days, 
primary production rates within the tanks did not vary concomitantly. Tem
perature in the tanks exhibited no day /night variation and values remained 
fairly steady throughout. The greatest observed increase between Jays was 
1.6 'C. In all tanks, temperature was 10-12 'C in the first half of the experiment 
and 13-14'C during the btter half. It appears that variations in light and 
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temperature \\·ere nor of importance in determining rates of change in chemical 
and biological parameters measured in the tanks. 

Turbulence in the tanks was kept constant by the propellors although the 
tanks were stirred thoroughly by hand from time to time. The additional in
fluence of ship movement was restricted to short periods as the 'RV Littorina~ 
was stationary during much of the experiment. 

Changes in chemical and biological components are described below: 

Nutrients 

Orthophosphate: Concentrations of this nutrient against time are presented in 
Fig. I. In Tank 1, initial concentrations were low to non-detectable but in
creased slightly (from 0.04 to 0.08 mg at· m- 3

) towards the end of the experi
ment. In all other tanks, phosphate concentrations declined more or less linearly 
in the initial phase. In Tanks 2 and 3 this decline phase lasred rill 15 Sept., with 
complete depletion in Tank 3. This was followed by a plateau phase and then a 
slight increase in these tanks. The decline phase lasted longer - till 18 Sept. - in 
Tanks 4, 5 and 6, and the rate of decrease was fastest in Tank 5 and slowest in 
Tank 6. In all these three tanks, phosphate left over at the end of the experiment 
was over 0.2 mg at· m-3 (0.57 in Tank 4). 

BOSEX 77 
T1 
T3 
TS -

0.9 

BOSEX 77 

T2 
T4 
T6 

14.
1 

17 

F1G. 1. Orthophosphate concentrations in Tanks t-6. 

Inorganic nitrogen: In Tank 1, nitrate and ammonia were present in ap
proximately equal proportions (-0.5 mg at · m-3

), nitrite being at the detection 
limit. From 15 Sept. onwards, ammonia concentrations increased linearly till 
the end of the experiment when 2.0 mg at· m-3 was recorded. In all other 
tanks, nitrate was the main component of total inorganic nitrogen (TIN = 
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FIG. 2a-f. Reactive nitrogen components in Tanks to 6 in mg· m-
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(TIN= INOj + NOJ + 
NH

3
; PON= suspended paniculare organic nitrogen; IN= TIN+ PON+ sedimented particu

late organic nitrogen). 
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Maximum carbon values were 426, 425, 583, 624, 727 and 465 mg C · m- 3 

in the Tanks 1-6 respectively. These values were attained between 15 and 19 
Sept. in the Tanks I, 3, 4 and 5 and at the end in the Tanks 2 a~d 6. Jn all tanks, 
a considerable proportion of POC settled out, as can be seen from the difference 
between the curve and crosses in Fig. 3. As intervals following manual stirring 
differed, and turbulence regimes in the tanks occasionally varied, depending on 
whether the ship lay at anchor or was underway in the heavy seas, it is not 
possible to quantitatively compare suspended and sedimented proportions of 
POC during the course of the experiment. However, in most tanks, particularly 
in Tanks 1 and 5, progressive increase in the percentage of sedimenrcd matter to 
total POC can be discerned. 

In Fig. 2, a-f, PON values are given together with TIN and the sum of PON+ 
TIN+ sedimented PON (~N) for the different tanks. Day-to-day variation in 
the latter curves is an indication of other sources and sinks to these m·o nitrogen 
pools (TIN and ~PON). Thus, in Tanks 1, 2 and 3 there was a distinct increase 
in ~N and relatively constant values were present in Tanks 5 and 6. There was 
greatest fluctuation and a general decline in Tank 4. 

C/N ratios (by weight) of suspended and total particulates are given in Fig. 4. 
In Tanks I, 3 and 4 no temporal sequence is apparent, whereas in Tanks 2, 5 
and 6, ratios decline at the start and increase at the end of the experiment. This 
is most marked in Tank 5 which also had the highest final ratios. With one 

CIN BOSEX 
T 1 T2 

10 • • • • • • • • 

5 
15 T3 T4 

10 • • • • • • • • 
• • 

5 
15 TS T6 

• 
10 • • 

• • • • • 
5 

9 13 17. 2t 9 13 17 2t 

fie..;. 4. Particulate organic carbon to nitrogen (C/N) ratios by weight in the tanks. Curves arc CIN 
ratios of suspended and cro-.scs of suspended + sedimcntcd material. 
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exception, C/N ratios of sedimented material were always higher than that of 
suspended matter in all tanks throughout the experiment. 

Particulate organic phosphate: In Tanks 2-6 the amount of this matter varied 
concomitantly with PON. The NIP ratio (by atoms) in these tanks ranged 
between 10 and 20 (x = 16.0 ± 2.8, n = 49). In Tank 1, however, ratios were 
generally higher than in other tanks (x = 21.8 ± 4.6, n = 10). 

Chlorophyll-a: The chlorophyll-a contents of suspended and sedimented matter 
are given in Fig. 5. In Tank 1, values remained constant at 1.5 mg· m-3 during 
the first week and then declined to low values ( <0.5 mg· m-3 ). In Tank 2, a 
slight initial increase was followed by a plateau phase, with a more rapid 

BO SEX 
Chi. g 
mg·m-3 T1 T2 

3 • 

0 

6 T3 T4 

• • 
3 • 

0 • 

6 TS T6 
• • 

3 • 

0 
9 n 17 13 17 21. 

FIG. 5. Chlorophyll-a content of suspended (curve) and suspended+ sedimented material (crosses) 
in the tanks. 

increase towards the end of the experiment. In Tank 3, an increase from< 1 to 
>4 mg· m-3 took place till 14 Sept. followed by a plateau phase and a decline 
towards the end. In Tank 4, a linear increase up to 17 Sept. with a peak of 6 
mg· m-3 was followed by a consistent decline up to 21 Sept. (2.2 mg· m- 3

) 

with a rapid increase to 6 mg· m- 3 in the last two days. Tank 5 exhibited a 
typical batch-culture growth pattern with exponential growth from 12 to 16 
Sept. culminating in a peak of 7.8 mg· m-3

, followed by a corresponding 
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decline till the end. Tank 6 concentrations also increased slowly to a maximum 
on 17 Sept., but with only 4.5 mg· m-3; thereafter, a brief decline phase was 
followed by a renewed linear growth till the end with a maximum of 6.2 
mg· m-3 on the last day of the experiment. Diel periodicity was not obvious in 
any of the sequences. 

BOS EX 
C/Ch\r-~~~~~~~-.~~~,--~~~~~~~~~~~ 
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• 
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• • 

• 

,, 2t 

T2 • 
• 

• 

, T 4 

• • 
• 

• 

T6 

• • 
• • 

9 13 ,, 21. 

FIG. 6. Ratios of particulate organic carbon to chlorophyll-a {POC/Chl) from suspended (curves) 
and suspended+ sedimented material (crosses) in the tanks {Note different scale in Tank 1 ). 

The high degree of variation in chlorophyll concentrations between tanks can 
be seen from the POC/Chl ratios given as curves in Fig. 6. The overnight initial 
drop in this ratio in all enriched tanks is noteworthy. Thereafter, there was a 
general decline in this ratio in the Tanks 3-6. In Tank 5, ratios started increasing 
on 15 Sept. before the chlorophyll maximum was attained, with high ratios in 
the last days. In Tank 3, this ratio also increased from 15 Sept. onward but only 
slightly, whereas it remained relatively constant and low in Tank 4 and fluctu· 
ated in Tank 6. Behaviour of this ratio in Tank 2 was reversed, \.•oith an initial 
increase up to 17 Sept. followed by a decline. In Tank 1, these ratios were much 
higher than in all other tanks (note different scale) with highest values during 
the second half. Sedimented material as compared to suspended material always 
exhibited higher C/Chl ratios as in the case of C/N ratios. 
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Primary production: In Tank 1, values fluctuated between 10 and 30 mg 
C · m-3 

· d- 1 during the first week and declined thereafter to lower levels. A 
distinct increase was observed in all enriched tanks, although the response of 
the phytoplankton varied. Maximum production rates were in the order of 100 
and 150 mg C · m-3 

• d- 1 in the Tanks 2, 3, 4 and 5, 6 respectively. In Tanks 2 
and 6, these highest values were recorded at the end of the experiment and in 
Tanks 3, 4 and 5, they were recorded on 15, 17 and 15 Sept., respectively. 
Reasonable agreement between production rates and POC increase was present, 
discrepancies being presumably due to respiratory loss and methodological 
error. 

The photosynthetic index (mg C · m-3 • h- 1/mg Chl.-a · m-3 ) fluctuated be
tween 0.5 and 2.5 with higher values during the initial phase when nutrients 
were still available in Tanks 1, 3, 4 and 5. Tank 2 had higher values throughout, 
and Tank 6 at the beginning and at the end. 

Phytoplankton composition and biomass: The species composition was essenti
ally similar in all tanks with small naked flagellates comprising over 90 % of the 
recorded biomass. Major genera and groups were Pyramidomonas, Rhodomo
nas, Eutreptia and various Chrysophyceae. Mesodinium rubrum also grew in 
the tanks but was not of great significance. The biomass of phytoplankton was 
apparently underestimated here by a factor of 2-3. This we deduce from che
mically determined parameters, particularly POC, PON and chlorophyll. Both 
production rates and daily increment in POC in the tanks during the initial 
phase were not matched by an equivalent increase in phytoplankton cell num
bers and hence biomass. The phytoplankton carbon/chlorophyll ratios are gen
erally lower than reported in the literature. Whereas POC/Chl ratios obtained 
from bloom peaks are approximately 50, indicating the bulk of POC at this 
period to have been largely phytoplankton biomass rather than only a third, as 
indicated by biomass calculations from cell counts. As no attempt was made to 
differentiate pigmented from apochlorotic organisms, these latter values for 
phytoplankton would have been even lower. 

Bacterioplankton: Curves depicting bacterial biomass in all tanks are given in 
Fig. 7. In all enriched tanks, bacterial biomass increased during the first few 
days and maximum values were reached on 15 Sept., with the exception of 
Tank 5 where the peak was attained on 13 Sept .. Tanks 1-3 had higher biomass 
values than the remaining three, and Tank 2 had by far the largest bacterial 
population. In this tank, the initial growth phase, accompanied by POC, PON 
increase and concomitant inorganic nutrient decrease, ,vas apparently due to 
bacterial growth and not to that of phytoplankton, because primary production 
rates, chlorophyll and phytoplankton biomass concentrations remained low 
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BOS EX 
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FIG. 7. Bacterial biomass expressed as carbon (BC) from the tanks. 

during this period. The increase in these latter parameters took place during the 
second half of the experiment. Rates of 0 2 consumption were erratic and not 
related to bacterial biomass or any other single parameter. 

Protozooplankton: Apochlorotic flagellates belonging to the nanoprotozoo
plankton were not differentiated from pigmented organisms, and only ciliates 
were accounted for. Of these, Lohmanniella was the most important and grc\v 
in all tanks. In Tank 1, this ciliate attained biomass values of over 60 mg 
C · m-3 and was possibly responsible for the decline in the phytoplankton 
population. In Tanks 2 and 6, biomass relative to that of phytoplankton was 
also fairly high, whereas in Tanks 3 and 5 its biomass was relatively low 
throughout. In Tank 4, Lohmanniella biomass was low during the first nine 
days and then increased rapidly from 16 to 21 Sept. to over 150 mg C · m-3

• 

Two days later this population practically vanished. The growth and decline of 
this ciliate had a dramatic effect on the phytoplankton population, as can be 
seen from chlorophyll values in Fig. 5. The flagellate population was greatly 
reduced by the ciliates but recovered rapidly after their decline, with a notice
able shift in the species composition of phytoplankton. Flagellates belonging to 
the Euglenophyceae increased more rapidly during this phase than the other 
flagellates. Cell division rates of Lohmanniella were more than 1.5 div.· day- 1 

during the growth phase. 
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Metazaoplankton: Bosmina, Paraca/anus and copepodites were the major con
stituents of the metazooplankton in Tanks 3 and 4. Their numbers declined in 
both tanks during the course of the experiment. Thus, in Tank 3, high initial 
biomass (53 mg C · m-3

) fell to 26 mg C · m-3 in the first five days and was only 
11 mg C · m-3 at the end. In Tank 4, biomass values and the rate of decline were 
similar to those of Tank 3. 

DISCUSSION OF RESULTS 

By and large, experiments are conducted to acquire answers to specific questions; 
in other words, an experiment is based on an a priori model that is then 
validated or disproved by the outcome of the experiment. The results of the 
experiment dealt with here can accordingly be grouped into two categories; 
those that conform with expectations and those that indicate the presence of a 
greater degree of complexity than initially assumed. The discrepancies between 
expectations and actual results in this type of experimental work can again be 
due either to the effects of artifacts introduced by the experimental set-up or to 
natural processes. In practice it is difficult to distinguish between these two 
possible explanations for any deviation from expectation and, in the following 
interpretation of the results, this fact has to be borne in mind. 

Yentsch & Yentsch (1977) have defined the two extreme states according to 
which pelagic ecosystems can be classified: blooms and steady state. Jn the 
Baltic proper, bloom conditions are found in spring and autumn whereas steady 
state conditions are characteristic for the surface layers during the summer 
stratification (Jansson 1978). A bloom is initiated by rapid change in physical 
conditions, such as an increase in light energy input or vertical mixing and the 
associated transport of nutrients to the surface. In either case, the response of 
phytoplankton is rapid and there is an exponential biomass increase during the 
first phase of the bloom. Other unicellular organisms with the same repro
ductive rate as phytoplankton can respond with similar speed to the increase in 
available energy. Thus, a rapid increase in protozoop1ankton biomass is a com
mon feature in both Kiel Bight (Smetacek 1975) and in the Baltic proper (Hobro 
et al. 1980) at a time when metazooplankton biomass is negligible. Larsson & 
Hagstrom (1979) also found a rapid response of bacteria to algal exudation 
during such a spring bloom. The build-up of plant biomass is so vast that in 
spite of the heterotrophic activity, growth is eventually stopped by nutrient 
depletion rather than external control of cell division. The second phase of the 
bloom is initiated by nutrient depletion and an accompanying deterioration in 
the physiological state of the population. This is signalled by rising C/N and 
C/chlorophyll ratios and ends in mass mortality and eventual sedimentation of 
the particulate matter produced in the bloom (Smetacek & Hendrikson 1979). 
We intended simulating such a situation in the Tanks 2, 5 and 6. 
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A steady state situation on the other hand is characterized by high hetero
trophic biomass as compared to that of the primary producers. Zooplankton 
grazing exerts a significant influence on phytoplankton gro\\'th rates. There is 
no rapid increase in biomass of any of the components and the composition of 
the organisms does not change as rapidly as in the case of blooms. Loss rates of 
organic matter due to sedimentation are low during this period. We had hoped 
to achieve steady state situations in Tanks 3 and 4 with metazooplankton. 

Steady state conditions prevail in the open waters of the central Baltic during 
much of the summer and the surface layer is characterized by low nutrient 
concentrations and low primary production levels. Nitrogen-fixing cyanophytcs 
reach their biomass peak in August (Lindahl 1977) and, as they accumulate on 
the surface, their break-down products can be re-utilized within the euphoric 
zone (Horstmann 1975). In September small naked flagellates dominate the 
phytoplankton biomass, and large populations of copepods and Bosmina arc 
also present (Lindahl 1977). This situation was found by Lindahl at his Station 
2 over several years and was also found by us at the start of the BOSEX experi
ment. Loss rates from the euphoric zone measured by us with sediment traps in 
the BOSEX area were very low: 35 mg C · m-2 

• day- 1, and approx. 0.6 % of 
PON in the euphotic zone. These low values are further proof of steady state 
conditions prevailing in the surface layer at the start of the experiment. 

The tank experiments were intended as a quantitative study of the sequence 
of events following bloom initiation by vertical mixing of an initially stratified 
water column in biologically steady state under natural light conditions. From 
our knowledge of the functioning of Baltic pelagic systems described above, we 
expected the following developments in the different tanks: 
a) Disruption of steady state in the control containing only surface water after 
removal of the metazooplankton (Tank 1). 
b) The species composition of the phytoplankton was expected to be signifi
cantly influenced by the initial nutrient concentrations in the water as well as by 
the presence or absence of metazooplankton; hence, different assemblages \Vere 
expected in each tank with the possible exception of Tanks 5 and 6. 
c) Enriched tanks without metazooplankton were expected to develop phyto
plankton blooms with rapid nutrient uptake and biomass build-up in the first 
phase followed by deterioration and mass mortaliry in the second phase (Tanks 
2, 5 and 6). 
d) Apart from its influence on species composition of the phytoplankton, the 
presence of metazooplankton was expected to prolong the growth phase of the 
former by grazing and simultaneously add to the particulate detritus pool 
through production of faecal pellets (Tanks 3 and 4). 
c) The presence or absence of metazooplankron was also expected to have an 
effect on the protozooplankton population, with a larger population of the 
latter in the absence of rhe former. (Tanks 3 and 4 as compared to the others) . 
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f) Bacterial growth was expected to be geared to the two ph)'toplankton growth 
phases in different ways: exudation during the first and release of lysed organic 
substance during the second phase as factors promoting bacterial growth. In 
general, oxygen consumption \\'as expected to increase during the second phase. 
g) We hoped to budget the processes in the tanks in terms of reactive nitrogen 
and compare uptake rates of inorganic nitrogen with those of phosphate and 
silicate and thus gain an impression of their relative importance for the Baltic Sea. 
In the following, the results are discussed with regard to these aspects: 
a) The increase in POC and PON in Tank 1 during the first half of the experi
ment, in spite of very low levels of inorganic phosphate and nitrogen, indicates 
other sources of these elements, in all probability dissolved in organic pools. 
Further, the slow but steady increase in both orthophosphate and ammonia 
towards the end of the experiment is surprising, inasmuch as these nutrients 
were not taken up by phytoplankton. Besides, nitrogen and phosphorous were 
released simultaneously at a relatively high NIP ratio (36 ± 6; n ~ 6 by atoms). 
This is in contrast to the usual situation (Parsons et al. 1977) where phosphate 
is released more rapidly than nitrogen. In other tanks, the inorganic NIP ratio 
was generally well below 10. The higher NIP ratio in surface water can be 
attributed to N-enrichment by fixation of molecular nitrogen by the cyano
phytes that are abundant during July/ August. Growth of these algae is presum
ably controlled by available phosphate concentrations, and late summer surface 
water in the Baltic would thus generally possess high total N/P ratios. This is 
proved by the much higher N/P ratios of POM in Tank 1 as compared to all 
other tanks. 
b) The small naked flagellates that dominated the phytoplankton in all tanks 
are apparently typical for Baltic surface water in September (Gargas et al. 1979, 
Lindahl 1977). None of the factors mentioned above (nutrient concentration, 
zooplankton grazing etc.) had any obvious influence in selecting the phyto
plankton assemblage. 
c) In all enriched tanks, phytoplankton responded overnight to the nutrient 
increase as indicated by the drop in C/Chl ratios. This initial response was not 
followed up by rapid biomass increase. The relatively slow growth rates in all 
tanks with the partial exception of Tank 5 indicated that the populations were 
stressed, possibly by the experimental conditions. This has been elaborated on 
in the discussion of the experimental set-up below. Deterioration of the plank
ton population following nutrient depletion took place mainly in Tank 5 as 
evidenced by increasing C/N and C/Chl ratios of the particulate material. ln the 
other enriched tanks, particularly 3 and 4, both C/N and C/Chl ratios remained 
relatively constant; the similar feature in Tank 6 was due to the exceptionally 
slow growth rates here. Further, the increase in the amounts that settled out in 
all tanks towards the end of the experiment, as well as the higher C/N and 
C/Chl ratios of this material compared to that in suspension, is proof that 

s:;. @tl£4 <t :: ... * . ._ .. ...... 
,Qh, 



92 VICTOR SMETACEK ET AL. 

sinking rates of organic particles vary and depend on their previous history. 
d) Metazooplankton grazing as a factor influencing phytoplankton growth 
dynamics and composition of POC is difficult to assess quantitatively in this 
experiment because of poor replicability between comparable tanks (e.g. Tanks 
5 and 6). Thus, the comparatively low and stable C/N and C/Chl ratios found 
in Tanks 3 and 4 are in contrast to the other tanks with the exception of Tank 6. 
As factors retarding growth in Tank 6 are unknown, it is difficult to draw any 
definitive conclusions. Further, metazooplankton biomass declined as the ex
periment progressed, and it is possible that grazing rates were indeed low 
throughout because these larger organisms were stressed by the experimental 
set-up. Protozooplankton feeding on the other hand, had a profound effect 
on phytoplankton growth dynamics. In Tank 4, where this effect was most 
drastic, the ciliate Lohmanniella declined as rapidly as it grew, after reducing 
the phytoplankton population. Thereafter, the latter entered a second growth 
phase comparable ro the first one with a shift in species composition. This 
recovery of the phytoplankton population would indicate rapid and effective 
recycling of essential elements bound up in organic substance both living and 
dead. In Tank 1, where the Lohmanniel/a population maintained itself longer, 
the phytoplankton was apparently suppressed by grazing pressure as indicated 
by the steady accumulation of inorganic nutrients in the water. 
e) No single factor controlling protozooplankton growth can be ascertained 
from the results of this experiment. The tank that developed the largest proto
zooplankton population was Tank 4 which also had the highest initial metazoo
plankton biomass, although the latter had declined to low values when the 
protozooplankton bloom took place. 
f) Bacterial growth patterns in the different tanks are difficult to interpret. 
Biomass levels attained in the Tanks 1, 2 and 3 were higher than generally 
recorded in nature. Meyer-Reil et al. (1979) found bacterial biomass values 
between 20-25 mg C · m-3 in the surface layer during BOSEX, whereas, in 
these three tanks without sub-halocline water, biomass levels were well above 
30 mg C · m-3 and reached 70 mg C · m-3 in Tank 2. In the Tanks 3-6 bacterial 
growth paralleled that of phytoplankton which would suggest that heterotro
phic growth was promoted by that of phytoplankton as a result of exudation 
(Larsson & Hagstrom 1979). However, the bacterial standing stocks in Tanks 
I, 2 and 3 were considerably larger than in the remaining three tanks, in 
contrast to phytoplankton biomass levels, indicating that a direct quantitative 
relationship between phytoplankton and bacterial stocks was not necessarily 
present. It seems more likely that organic substance present in the water at the 
time of filling must have provided the substrate for bacterial growth. The high 
PON levels attained in these tanks indicates this substrate to have come fro·m 
the dissolved organic ·pool. However, apparently no inorganic nutrients were 
released during this hetefotrophic growth, rather, inorganic nutrients present in 
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the tanks actually declined during the initial bacterial growth phase. This was 
particularly evident in Tank 2 where bacterial growth rather than that of phyto· 
plankton resulted in inorganic nutrient depletion. From this, y.·e presume that 
the dissolved organic substrate used by the bacteria was deficient in essential 
elements and had therefore accumulated in the nutrient-impoverished surface 
water. The addition of nutrient-rich deeper water permitted the use of this 
dissolved organic matter. Brown et al. (1975), Hall (1975) and Overbeck & 
Toth (1978) have shown that addition of inorganic phosphate and nitrogen can 
stimulate bacterial gro\vth in natural \\'aters. Preliminary results of experiments 
subsequently conducted by us confirm the rapid uptake of inorganic phosphate 
and nitrogen by naturally occurring microbial populations, indicating that their 
growth can also be controlled by the same elements which control the growth of 
primary producers, depending on the chemical composition of the available 
organic substrate. 

If the latter is deficient in essential elements, as would be expected in the case 
of matter produced by nutrient-deficient phytoplankton, heterotrophic utiliza· 
tion of this material would not result in release of the deficient elements as 
inorganic nutrient during the initial break-down phase. Johannes (1965) has 
shown that the presence of bacteriovores increases break-do\vn rates of organic 
substance as essential elements are recycled more rapidly by protozoan excre
tion. This situation apparently prevailed in Tank 1, where nutrients were re
leased only during the second half and where a large protozooplanktonic popu· 
lation apparently suppressed phytoplankton growth. The much smaller herbi
vore population in Tank 2 did not interfere with the build-up of phytoplankton 
biomass during the second phase of the experiment. The decline in bacterial 
biomass in the Tanks 2-5 can be attributed to several causes such as nutrient 
depletion and increase in phagotrophic flagellates. A more detailed account of 
the bacterial populations in the tanks has been given by Neubert (1979). 
g) In spite of constant vigorous stirring, a large proportion of the particulate 
matter settled out in the tanks and was not incorporated in the routine measure
ments. This was unfortunate as it hampered budget calculations on a daily 
basis. Nevertheless, the data obtained following hand-mixing allow conclu· 
sions to be drawn on a general level. Thus, in Tanks 1, 2 and 3, nitrogen present 
in particulate organic and dissolved inorganic pools increased during the course 
of the experiment, remained fairly constant in Tanks 5 and 6 but declined 
slightly in Tank 4. The reactive nitrogen pool not covered by our measurements 
is the dissolved organic nitrogen pool (DON), and it seems most likely that this 
pool was the source or sink of observed nitrogen pools. Another possible pool· 
the molecular nitrogen pool - \\'as probably not involved here, either as a source 
or sink of reactive nitrogen, because of the relative absence of cyanophytes and 
the well-aerated conditions in the tanks. This assumption is further supported 
by the large standing stocks of bacteria in Tanks 1, 2 and 3, which in all like!i-
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hood converted DON into biomass, i.e. PON. Further, maximum PON values 
recorded in these three tanks were approx. 10 mg· m-3 higher than the cor
responding decline in TIN, independent of the absolute amounts, indicating 
mobilisation of this nitrogen from the DON pool for biomass build-up. As 
these tanks contained relatively more surface water than the remaining tanks, it 
is likely that more labile DON was present here than in deeper layers. Exuda
tion by phytoplankton and cell-lysis following mortaliry are the likely sources 
of this labile DON, and it should be pointed out here that the latter source was 
perhaps enhanced by handling in the beginning of the experiment. In Tanks 5 
and 6 maximum PON values corresponded reasonably well with depletion of 
the TIN pool but in Tank 4, considerably more TIN was taken up than reap
peared as PON, possibly due to input to the DON pool. DON was not measured 
in this experiment as available methods appear to be relatively inaccurate. This 
was demonstrated by the 1977 intercalibration meeting of the Baltic Oceano
graphers in Kiel (Anon. 1977). It would be desirable to have a precise routine 
method for estimating DON, as the measurement of this pool obviously is a 
prerequisite for studying the fate of reactive nitrogen in pelagic systems. 

GENERAL DISCUSSION 

Some general conclusions can be drawn from the results of this experiment, 
both with regard to natural processes that would have been difficult to follow 
up in the open sea, as well as to the usefulness of this rype of approach in 
studying pelagic processes. Of particular interest was the sedimentation of par
ticulate material in the tanks and the consistently higher C/N and C/Chl ratios 
of these particles as compared to those in suspension. Essentially the same 
material evidently settled out in the tanks on each occasion following manual 
stirring, indicating that higher specific graviry of particles was related to higher 
C/N and C/Chl ratios. The percentage of POC that settled out tended to in
crease with age of the phytoplankton population. However, as intervals be
tween sampling of this material varied, it is not possible to draw a quantitative 
relationship between suspended and sedimented matter. Nitrogen deficiency in 
the phytoplankton was obviously a major factor determining sedimentation in 
the tanks. It can be concluded that sinking rates of particulate organic matter 
increases with increasing C/N ratios, the latter following inorganic nitrogen 
depletion in the medium. 

This conclusion is substantiated by results obtained from sediment traps that 
were in operation during BOSEX. The traps suspended well above the bottom 
collected material with very high C/N ratios - generally well above 10 · in 
contrast to the C/N ratio of particles suspended in the environment of the traps 
(Smetacek et al. in preparation). The ecological importance of such a mecha
nism is obvious, as particles rich in nitrogen are retained ,vithin the euphoric 
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zone. Further, sedimentation of particles \vith high C/N ratios ensures a m:1xi
mum supply of organic carbon per unit limiting clement - in this case nitrogen -
to the benthic community below the euphotic zone, which is dependent on the 
supply of the sedimenting organic substance from the surface layers. Thus, 
bacterial growth on these particles will lead to their enrichment in nitrogen by 
synthesis from the ample inorganic nitrogen pool in water below the euphotic 
zone. Such enriched material is then more readily available to the zoobenthos 
(Johannes & Satomi 1966). 

It is noteworthy that nitrogen and not phosphate was the limiting element in 
Tanks 4-6 and that the phytoplankton population in Tank 5 collapsed in spite 
of relatively high orthophosphate levels in the medium. In Tanks 1-3, with the 
greater percentage of surface water, both phosphate and nitrogen were equally 
of critical importance. As mentioned above, this might be due to nitrogen 
enrichment of surface water by fixation of molecular N2 by cyanophytes during 
the Baltic summer. The low N/P ratios in deeper water indicate that nitrogen is 
indeed the critical element during the rest of the year. 

The rapid growth and high efficiency of the ciliate Lohmanniella in Tank 4 
was remarkable. This organism can be very common in the Baltic (Smetacek 
1975, Lenz & Smetacek unpub. data). Although it was present in all the tanks, 
and attained high biomass levels in Tank 1 as well, no triggering factor can be 
surmised for its sudden rapid growth in Tank 4. The cell division rate of 
> 1.5 · day- 1 maintained continuously over four days, and the resultant grazing 
pressure exerted on the phytoplankton, underlines the potential importance of 
protozooplankton in pelagic systems. Also remarkable is the rapid decline of 
the ciliate following depletion of its food and the subsequent recovery of the 
phytoplankton population. Presumably, nutrients bound in ciliate biomass were 
rapidly returned to the phytoplankton. Possibly the latter could again have 
triggered a mass outburst of the ciliate. It can be concluded that the protozoo
plankton feeding on phytoplankton can lead to a short-term disruption of the 
food web structure and, as essential elements tied up in ciliate biomass are 
rapidly returned to the system, the effect is likely to be a self-regulatory oscilla
tion between phytoplankton and protozooplankton biomass. Johannes (1965) 
reported that protozoan feeding increased remincralization rates in cultures, 
and Sieburth et al. (1978) have pointed out the difference in the ecological 
impact of metazooplankton as compared to protozooplankton grazing. The 
present results support the conclusions of these authors. 

Another point of interest is the apparent underestimation of the phytoplank
ton biomass by the inverted microscope method. This has not been observed in 
the case of diatoms and dinoflagellates by our group (Smetacek & Hendrikson 
1979), and we feel that species composition was the decisive factor here. Hesse 
( 1979) also found that the biomass of small naked flagellates was grossly under
estimated by the counting method. A large portion of the flagellates may be 
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destroyed by the fixatives used, and volume and carbon conversion factors 
could be too low. Presumably, both factors play a part (Paerl 1978) and, as this 
problem is of considerable significance, a closer examination would he worth
while. 

The low nutrient uptake and plankton growth rates observed in all tanks, 
with the partial exception of Tank 5, are noteworthy as plankton populations 
that are suddenly exposed to favourable growth conditions as a rule respond in 
an expooential manner. This is ,vell known not only from laboratory cultures, 

from natural populations (spring bloom in boreal regions), but also from en
closed populations (Eppley et al. 1971, Brockmann et al. 1977). One likely 
reason for the observed prolongation of the plankton growth phase in the tanks 
is the turbulence regime. The rapid and constant circular motion of v,.·ater, 
maintained by the propellors within the rectangular containers, must have led 
to considerable shear that perhaps stressed the plankton. It is further likely that 
this turbulence regime also affected species composition of the phytoplankton. 
In an earlier experiment carried out in May 1977 within the same tanks, but 
where stirring was accomplished intermittently by hand, the diatoms Skeletone
ma and Chaetoceros dominated the phytoplankton. In the present experiment, 
silicate levels were sufficiently high to have permitted a diatom bloom in the 
tanks. Margalef (1978) has pointed out that turbulence is bound to significantly 
influence phytoplankton species composition. However, in the absence of suit
able methodology for characterizing micro-scale turbulence, one can only spe
culate on its impact on phytoplankton composition and growth dynamics. 

The methodology used in this experiment has proved to be quite useful in 
obtaining data on time series within pelagic populations. To a certain extent, a 
budget of the cycle of matter could be made and some interesting aspects of 
pelagic ecosystem interaction have come to light, which would not have been as 
obvious under natural conditions. However, one major artifact present in all 
enclosed systems is the turbulence regime within such systems, as it is not yet 
possible to replicate natural turbulence. We feel this to be a major drawback of 
enclosed experimental set-ups, which also played a role in the present expetiment. 
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The Plankton Tower. IV. Interactions 
Between Water Column 
and Sediment in Enclosure 
Experiments in Kiel Bight 

Victor Smetacek, Bodo von Bodungen, 
Bastiaan Knoppers, Falk Pollehne, 
and Bernt Zeitzsche/ 

Introduction 

Neritic ecosystems in the boreal zone generally maintain more plankton biomass 
over a longer period of the year than off-shore systems in the same latitude. Pro
ductivity is higher particularly during the sun1mer stratification, between the 
spring and autumn phytoplankton blooms brought about by nutrients from 
sources other than pelagic remineralization. Plankton biomass levels maintained 
by recycling within a pelagic system tend to decrease with time if limiting 
nutrients bound in scdimenting particles are not replenished. In ncritic environ
ments, surface waters can receive nutrients from the land, but depending on 
water depth and local weather and geomorphology, replenishment can also come 
from nutrient-rich subthermocline water and sediments. In deeper bodies of 
water with a steep coastline, such as fjords, the sediment contribution will be 
less important (Takahashi et al. 1977) than in shallow water systems with more 
of their sediment surface within the euphotic zone (von Bodungen et al. 1975, 
Rowe et al. 197 5). 

Victor Smetacek, Bodo von Bodungen, Bastiaan Knoppers, Falk Pollehne, 
Bernt Zeitzschel, lnstitut fi.ir Meereskunde an der Universitat Kiel, DU.stern· 
brooker Weg 20, 2300 Kiel I, Federal Republic of Germany. 
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Kiel Bight is a shallow mesohaline body of water between the Baltic and 
North Seas, within the region where \\tater fro1n these seas ,nixes. ~lost cxchan~c 
takes place through the Great Belt; the Little Belt is minor. Thus, a major ratl1-
way bounds Kiel Bight to the northeast. A halocline separating outflowing Baltic 
from inflO\\'ing Kattegat surface water is characteristic of the region. In South
west Kiel Bight, salinity varies from ea. 14 to 22 °/00 • A stable halocline between 
8 and 12 m is present in sumn1er and sometimes in other seasons. Average resi
dence time of water is much longer in Kiel Bight than in the region, although ad
mixture to both surface and bottom water is frequent throughout the year. 

Intermittently during summer stratification, oxygen is depleted and nutrients 
accu,nulate below the pycnocline. This effect increases nearer the botto1n. How
ever, apart from a narrow channel system with maximu1n depths of 30 n1, n1ost 
of Kiel Bight is 18-20 m deep, and 37% of the seabed lies within the cuphotic 
zone, i.e., above ea. 15 m. Anox.ia is normally restricted to the channel systen1; 
total oxygen depletion is rare and short lived above 20 n1. Thus, in spite of strati
fication, Kiel Bight y,·ater experiences considerable mi.x.ing, as indicated by the 
isohalines in Figure 15-1. The depth of the pycnocline also varies considerably. 
Water contacting the sediment surface evidently does not stagnate long. The 
results of an intensive study of plankton ecology, with frequent satnpling, carried 
out at a station in the southwest comer of Kiel Bight show that in summer sedi· 
mcnts were important nutrient sources for phytoplankton. 

To study the mechanisn1s of sediincntary nutrient release, and the effect of 
this release on the plankton population, it was decided to isolate a ••natural" 
water colun1n, including the seditnent surface, within iinpcrvious plastic. The 
initial experiments, using plastic scaffolding as support, obtained pro1nising 
results (von Bodungen unpublished). But the experiments were abruptly termi· 
nated by heavy seas. The plankton tower was developed as a 111ore durable sup
porting structure. 

Methods 

The plankton tower is described by Grice and Reeve (Chapter I) and a more 
detailed description of the plankton tower and the enclosures is given by von 

Bodungen et al. (l 976a). 
Of the five enclosure experiments conducted within the plankton tower the 

three summer experiments were most successful. In a spring and an autumn 
experiment, the enclosures did not withstand the rough seas: The PVC coating 
peeled off in some stressed areas, letting considerable surface water leak in. 

During the first (1974) experiments, sand bags kept the lower opening of the 
enclosure en1bedded in the sedi1nent. Considerable water exchange with the sur
roundings evidently took place through the highly porous local seditnent of 

coarse sand and gravel. 
In subsequent experiments, the sediment was put into stainless steel tubs, 2 n1 

in diameter, to which the enclosures were later fastened. Sandy sedi,nents were 
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Figure 15-1. Salinity distribution during 1973 at the routine sampling station, 
SW corner of Kiel Bight. 

added to the tubs by scuba divers and left to incubate for several v,ceks before 
the start of the experiinent, with holes just above the tub botto111 preventing 
higher density water fro,n stagnating within. When the experin1cnt began. the 
enclosure was pulled down over the tub rin1 and securely fastened by steel 
clamps to foam rubber strips glued to the outer surface of the tub. The holes 
near the bottom were stoppered at the same tin1e. This arrangen1ent proved 
watertight, and the n1eiofauna in tub sediment was the san1e as in the surro..1nc!
ings after several weeks ofin situ incubation (JI. Scheibel,Zool. Inst. Univ. Kiel, 
personal co1nmunication). The enclosure water colunm (EWC) was ho1nogenized 
at the start of the experiment by bubbling air up from the bottom until haline 
stratification disappeared. 

The 1976 experiment was carried out with two enclosures, one on coarse 
sand and the other with muddy sand collected from a deeper part of Kiel Bight 
by a box corer. To preserve layering, entire sediment cores were gently placed 
into co1npart1nents of the same size in the tubs, forn1ed with PVC slats that were 
ren1oved after the holes were filled with sediinent. The tub \\'as scaled with a 
plastic sheet and brought into position \\·ithin the tower by scuba divers a day 
before the start of the experiment. The plastic sheet was ren1ove<l just before the 
enclosure was fastened to the tub. 

The relationship between oxygen uptake and nutrient release within the water 
colun1n and in the sediment surface was the subject of a 1978 plankton to\\·er 
experiment using a dark and a light EWC. The EWC was darkened by covering it 
"'·ith opaque fabric for 2 weeks. Parallel experin1ents were conducted with 100-
liter opaque flexible bags, manufactured for drinking water storage and hcni.:c 
neutrally coated. TI1esc were gently filled with euphotic-zone water fron1 which 
larger zooplankton had been removed with a 200-µm S(reen. Each experin1ent 
used two bags, of which one, a control, was not n1anipulated. The other bag was 
"spiked" with inorganic nitrogen and phosphorus (reagent grade NlI.iCl and 
Kll,P04 ) to end concentrations of roughly 10 µMand 1-2 µ.ftf, respectivcly
norrnal nutrient concentrations in Kiel Bight in the absence of phytoplankton 
growth. Si1nilar water was incubated in two translucent polyethylene carboys, 
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one a control and the other ••spiked" with nutrients. All four containers were 
suspended in the surface layer with sufficient play to ensure gentle mixing by 
waves. Samples were taken daily through three series of experiments with the 
opaque bags. Because of the bags' flexible walls, samples could be removed 
without adding air. 

The nutrient content of pore and contact water of the tub sediments was 
monitored at regular intervals during later experiments. Plastic tubing with 
inlets at the desired depths and outlets outside the enclosure was put into 
place before the experiment. Scuba divers obtained samples with syringes. This 
technique is described by F. Pollehne {in preparation). 

Sedimentation rates in the enclosures were monitored by several types of 
sediment traps suspended just above the bottom: inverted bottle traps, cylinders, 
and semicovered funnels that were miniature models of the multisample sedi
ment traps (Zeitzschel et al. 1978). 

At an adjacent shore-based laboratory, all dissolved properties were measured 
within a few hours of sampling and filtrates for analysis of particulates were 
deep-frozen. Temperature and salinity were measured at 1-m intervals with a 
T/S sensor (Electronic Switchgear). Water samples for analysis of various dissolved 
and particulate properties were taken from five discrete depths (0, 2.:;, 5, 7.5, 
and 10 m) with a plastic Niskin bottle. Nutrients and oxygen were measured 
according to Grasshoff (1976). Particulate organic carbon and nitrogen were 
measured on Whatman GF /C filters with a CHN Analyzer (Hewlett Packard 185 
B). Continuous profiles of water column properties {hydrographical and optical) 
were also taken with probes. The methods employed have been described in 
detail by Diekmann et al. (1976) and Diehl and llaardt {1980). 

The plankton tower was destroyed by pack ice during an exceptionally severe 
winter in 1978-1979. 

Results 

In the 1974 experiments, salinity changes in the outside water paralleled those in 
the enclosure, indicating large-scale water exchange, evidently driven by density. 
The higher density water entered and escaped through the coarse sand in which 
the enclosure base was embedded. Interstitial water was flushed out in the 
process, releasing large quantities of nutrients into the water column (Smetacek 
et al. 1976). 

The 1975 experiment used two enclosures. One was again embedded in the 
sediment ("open" EWC) and the other clamped to a steel tub, as described above 
("sealed" EWC). Water exchange through the sedin1ent, with concomitant nutri
ent input, was again observed several times in the "open" EWC. Nutrient ratios 
(Si/N, Si/P) from flushed water within the "open" enclosure also were consider
ably lower than corresponding values from outside water, as observed in 1974. 
This was attributed to rapid uptake of nitrogen and phosphorus by phytoplank· 
ton, as the sediment surface was within the euphotic zone here (von Bodungcn 
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et al. 1976b ). Flagellates dominated the phytoplankton and hence relatively less 
silica was taken up. 

The "sealed" EWC proved to be watertight and remained isohaline. Notice
able exchange occurred only once through the top during a storm. Figure 15-2 
shows temperature distribution outside the enclosure and nutrient concentrations 
inside and outside the "sealed" EWC. Except for silica during flushing events, 
nutrient concentrations were much lower outside than inside, particularly in the 
case of ammonia. Nitrate and nitrite concentrations were consistently low 
throughout the summer experiments and ammonia was always the major form of 
reactive nitrogen. Increasing phosphate and ammonia concentrations after the 
first week were concomitant with declining oxygen levels. During the middle of 
the experiment, when nutrient concentrations were highest, enclosure bot
tom water was intermittently anaerobic. Nutrient concentrations apparently rose 
due to steady accumulation during periods of stagnation and declined due to 
vertical mixing, as oxygen also increased. Vertical mixing was driven by tempera
ture changes in water outside, as temperature distribution inside and outside the 
EWC were identical. Figure 15·2 shows that cooling had the greatest impact on 
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Figure 15·2. Temperature distribution ('C) outside the enclosure and nutrient 
concentrations measured in bottom water inside (EWC) and outside (OW) the 
enclosure. 
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a1nmonia and phosphate v;ithin the E\\'C, but scarcely changed silii.:a values. Out
side, in contrast, the cooler, n1ore saline water carried high silica concentrations. 
During the last 2 weeks, when temperature steadily increased, no nutrient-input 
events were observed. Nutrients transported upward by n1ix.ing \Vere rapidly 
taken up by phytoplankton and, particularly during the middle of the expcri· 
ment, phytoplankton standing stock was large (> 3g C• m·• ). Flagellates were 
2/3 and diatoms 1/3 of the phytoplankton. 

The 1976 experiment studied two enclosures attached to tubs, one containing 
sand and the other muddy sand. Interstitial water was monitored weekly at 
0.5 cm, S cm, and 10 cm below the sediment surface. Average concentrations 
with standard deviations are given in Table 15-1. Pore water in the tubs contained 
considerably more nutrients than did outside sediments, and concentrations gen
erally increased with time only in the tubs, indicating stagnation with resultant 
accumulation. Phosphate values were similar in the two tubs, but am1nonia con
centrations were significantly higher in the coarse sand and silica in the n1uddy 
sand. Both ammonia and phosphate were lower by a factor of 10 in outside sand 
sediinents than in tub sand sediments, but silica in outside sand was lower only 
by a factor of 3. Thus, concentrations and flux of silica were less affected by 
enclosing sediments than phosphate and particularly anunonia, which was the 
most affected, presumably as a result of oxygen depletion. 

Particulate organic matter in flushed water always contained 1nuch less.phyto
plankton and generally more bacteria than water of con1parable salinity outside. 
The C/N ratios of this material were as a rule lower, although the particulate 
and dissolved carbon did not exhibit any consistent trend. This indicates particle 
exchange during this water's passage through the sediment. 

A 1978 experiment focused on the relative i.Inportancc of pelagic rcn1ineral
ization vs. sedin1entary nutrient input in 111aintaining phytoplankton production. 
ln this experiment, one enclosure was darkened at the start and the- shades 
re1noved after 2 weeks. Surface water was rene\\·ed and nutrients added on 
several occasions, but s1nall heterotrophic flagellates and bacteria always replaced 
phytoplankton rapidly after such renewal. This failure to maintain autotrophi..: 
populations, a contrast to other EWC experitncnts, was partly due to lo\V ainbi
ent light levels resulting from heavy cloud cover, but also because a diffl:'rent 
enclosure fabric, which leached orthophosphate and possibly other co1npounds 
harmful to the phytoplankton, was employed. Leaching and lack of light did not 

Table 15-1. Nutrient Concentrations in Interstitial Water0 

N114 (µM) P04 (µ.!>!) SiO, (µM) n 

Outside sediment 62 ± 48 7.1 ± 6.8 113 ± 72 18 

Enclosure sediment 
Coarse sand 721 ± 366 88 ± 33 353 ± 103 18 
Muddy sand 223 ± 69 66 ± 18 785 ± 300 11 

a Average values ± SO from data colkL·ted at 0.5, 5, and 10 cm depth within sediments from 
three environments. 
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affect the hetcrotrophs, \\'hose oxygen uptake rates \vere nonnal. lnorganil.'.' 
nitrogenous nutrients did not accurnulate even in the darkened E\\'C and the 
heterotrophs rapidly used an1n1onia input fro1n the sediments as v.rcll as nitrate 
added to surface water. 

Inorganic nutrient uptake by heterotrophic 111icrobes was most clearly dcrnon
strated in the 100-litcr bags. All experiments had results very similar to those in 
Figure 15-3. lleterotrophic growth rates were much higher in the bags spiked 
with inorganic nutrients than in the controls. Oxygen and nutrients were taken 
up sin1ultaneously and particulate organic carbon and nitrogen increased corre
spondingly. A mixed population of bacteria and nanot1agellates developed in the 
spiked bags (llcsse 1980). No significant increase in inorganic nutrient concen
trations was observed in any experin1ent conducted with cuphotic zone water. 
Plasticizer leached fron1 the bag v.·alls may have stin1ulatcd heterotroph.ic popu
lations. 

In the lighted carboys, the norn1al process was observed, i.e., rapid nutrient 
uptake and buildup of phytoplankton population in the spiked water. The 
population in the lighted controls showed little significant change during the ex
periment. 

Sediment traps in all expcrin1cnts gave unrealistically low estimates of the 
sedimentation rate, regardless of the trap configurations employed. l lighest values 
were recorded at the start of each experin1ent, although here also, the decline in 
particle concentration in the EWCs was always considerably greater than an1ounts 
collected by the traps. Balancing the major processes constituting cycling of ntat· 
ter between water column and sediments was not possible partly because of this 
underestimation. 
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Figure 15-3. Particulate organic carbon (POC), oxygen, ammonia. and C:N ratios 
recorded from a spiked bag and a control. 
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Discussion 

Field studies of plankton ecology in Kiel Bight provided indirect evidence of 
the important role played by sedimentary nutrient input in maintaining large 
phytoplankton stocks and high production levels throughout much of the year 
(von Bodungen 1975, von Bodungen et al. 1975). Other nutrient sources, such 
as land run-off and lateral advection of nutrient rich water, are minor as there 
is no major river discharge and only nutrient-impoverished surface water enters 
from either north or east. Further, Kiel Bight averages only 20 m deep and the 
entire water column is stripped of nutrients by the spring phytoplankton bloom. 
The yearly large-scale sedimentation of this bloom transfers nutrients accumu
lated in the water column to the sediments. The renewed buildup of high bio· 
mass levels during early summer following the spring sedimentation was attributed 
to sedimentary nutrient input, in the absence of other likely nutrient reservoirs 
(von Bodungen et al. 1975). However, it was not possible to observe this nutri· 
ent input under field conditions; hence, the evidence was largely indirect. 

The results of the plankton tower experiments confirmed the above hypothe
sis, by clearly showing significant nutrient input from porous sediments within 
the euphotic zone due to density displacement of interstitial water. Porous sedi
ment is flushed frequently in mesohaline Kiel Bight, and von Bodungen et al. 
(1976b) demonstrated the immediate enhancement of pelagic primary production 
during such flushing. As sediment flushing in Kiel Bight is caused by lateral ad· 
vection of higher salinity water, the phenomenon can only be observed if the 
sediment is in communication with outside water. [t was therefore surprising 
that flushing events observed in the "open" enclosure and outside were paralleled 
by nutrient release events within the "scaled" enclosure. Apparently, convective 
mixing driven by cooling of EWC water by outside water replicated patterns of 
nutrient release observed outside. However, breaking down salinity gradients 
within the sealed EWC by vertical mixing at the start of the experiment reduced 
salinities of contact water (by about 2 °/00) as compared to interstitial water. 
Nutrient release, being temperature driven, was presumably restricted to the sedi· 
ment surface and did not include interstitial water. The greatly increased flux of 
N and P nutrients following 0 2 depletion at the sediment surface was not 
matched by corresponding Si release, as mobilization of the latter depends less 
on 0 2 levels (Balzer 1978). This was indicated by much lower Si/N and Si/P 
ratios in the "sealed" enclosure than in the uopen" enclosure and the outside 
water. Further confirmation came from the 1976 experiment, in which Si/N and 
Si/P ratios in interstitial water were similar to those recorded in flushed water 
and much higher than in bottom water of sealed enclosures. 

The degree of difference in ammonia and phosphate concentrations in sand 
sediments within the tub and outside could be interpreted as accumulation rates 
in the absence of flushing. As the tub sediments were in place for a month 
before measurements were taken, it is possible that flushing was not as effective 
here as in outside sediments, in spite of the holes in the tub bottom provided for 
this purpose. Particulate material also tended to accumulate within the tub 
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during the incubation period, and the higher nutrient levels could have resulted 
from this greater supply of organic substrate. Therefore, one should be cautious 
in calculating nutrient mobilization rates from the different concentrations in 
the two environments. This is further shown by the significantly different 
ammonia concentrations in the two tubs containing different sediment types. 
Flushing of interstitial water from muddy sand sediments can be ruled out, and 
the dissolved ammonia concentrations in this sediment can be expected to repre
sent maximum values. However, as ammonia can be adsorbed on clay (Rosenfeld 
1979), saturation levels of this nutrient in interstitial water of muddy sand are 
likely to be lower than in coarse sand, making a comparison untenable. In future 
work with enclosed porous sediments, salinities of bottom and interstitial water 
should be similar to permit free exchange. 

Another problem in enclosed sediments is the rapidity with which they 
became anaerobic. This greatly increased the mobilization rate of phosphate and 
particularly ammonia. Resultant upward mixing led to eutrophication of the 
EWC. Use of a more transparent fabric could overcome this problem, although 
flushing of porous sediments will also be necessary to study natural conditions. 

Another aspect of sediment flushing with important biological implications is 
the exchange of particulate and presumably dissolved organic matter between 
sediments and water. Biological activity in porous sediments would hence not be 
restricted to the surface. The smaller benthic organisms at greater depth would 
be supplied with "fresh" organic matter as well as oxygen. The high level of 
biological activity in sand sediments was shown by how quickly the enclosed 
sediments turned anoxic. Unfortunately, benthic biota were not studied in the 
plankton tower experiments, as it would have been necessary to take samples 
from the sides rather than through the water column. 

lleterotrophic activity in bottom water following flushing was always con
siderably higher than in the absence of flushing. This was attributed to washing 
out of sedimentary heterotrophic populations (von Bodungen et al. 1976b). 
However, as this activity continued within the water column and resulted in 
nutrient uptake by heterotrophic populations, the admixture of inorganic 
nutrients to euphotic zone water following flushing may be one cause of increased 
activity. Overbeck and Toth (1978) reported enhanced bacterial activity after 
orthophosphate was added to lake water. Microbial utilization rates of organic 
matter with high C:N and C:P ratios are greatly increased in the presence of 
other sources of N and P. Smetacek (1980) and Pollehne (in preparation) have 
shown that in Kiel Bight sedimenting particulate matter has the highest C:N and 
C:P ratios in summer. Breakdown of this material will be greatly enhanced 
within the sediments if the latter are aerobic, resulting in lower release rates of 
N and P as compared to Si. Anaerobic conditions induced by input of excess 
material by flushing, on the other hand, would result in mass mortality of the 
aerobic benthic population, in turn increasing flux rates of N and Pas compared 
to Si. This is a likely explanation for the situation observed within enclosure 
sediments, and was put forth by Balzer ( 1978) to explain similar results within 
bell jars. 

. I LiX 
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The results of the experiments in small opaque bags indicate that when 
inorganic nutrients are added to euphotic zone water and the phytoplankton 
prevented from growing, the heterotrophic population, after a certain lag, can 
attain nutrient uptake rates comparable to those of phytoplankton. In experi· 
ments conducted in l-m3 polyethylene tanks with Baltic Sea plankton, bacteria 
actually outstripped phytoplankton in uptake of nutrients in one of six tanks 
employed (Smetacek et al. 1980). This aspect of the relationship between bac
teria and phytoplankton has received little attention, because material originat
ing from phytoplankton has lower C:N and C:P ratios than terrestrial and phyto
benthal plant material. However, it is conceivable that under severe competition 
for nutrients, organic matter with high C:N and C:P ratios will tend to accumu
late in euphotic zone water, particularly in a dissolved form. This would lead to 
competition between phytoplankton and heterotrophic microbes for available 
nutrients and, because biomass of autotrophic populations is invariably consider
ably larger than that of heterotrophic populations (Zimmermann 1977), the 
former would outcompete the latter. More elaborate experiments closely ex
amining the different aspects of this relationship would be necessary to obtain 
conclusive evidence. Stimulation of both autotrophic and heterotrophic pop
ulations by inorganic nutrient input would indicate that both populations 
are limited not by the energy source-light and organic matter respectively-but 
rather by the availability of deficient nutrients. Under such circumstances, the 
significance of pelagic/benthic interaction for the functioning of shallow water 
ecosystems as a whole would be greater than is widely believed. 

Use of sediment traps to assess vertical particle flux did not appear well suited 
to conditions in the EWCs. This was unfortunate as it was thus not possible to 
follow cycling of matter within the enclosures, the original aim of the plankton 
tower experiments. Another drawback of the enclosure setup was the mecha
nism of vertical mixing, which did not occur simultaneously in outside water. 
This type of convective mixing occurs naturally only following surface cooling 
(particularly during the fall). The effect may extend to porous sediments and 
lead to flushing. We have evidence that this does indeed occur in shallow-water 
ecosystems without vertical saline gradients. 

Enclosures of the type described here will continue to be useful in the study 
of shallow water ecosystems, although it will be necessary to improve some 
techniques. 

Summary 

The plankton tower experiments in Kiel Bight were carried out on enclosed 
natural populations, with emphasis on aspects of water column/sediment inter
action. Ten m water columns of 30 m3 volume, extending from the surface to 
the sediment and including both these interfaces, were enclosed in translucent 
plastic fabric suspended within the supporting structure of the plankton tower. 
During one such experiment, density displacement flushed interstitial water out 
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of the sediment. This immediately enhanced pelagic primary production, and it 
is concluded that sediment flushing is an important source of nutrients that sup
port summertime phytoplankton growth. Nutrient addition to the water column 
enhanced heterotrophic activity: In experiments that incubated euphotic zone 
water in the dark after addition of inorganic nutrients, heterotrophs took up 

, nutrients and oxygen. Oxygen was depleted much faster than in controls with
out nutrients. This aspect of autotrophic/heterotrophic relationships could be 
significant under conditions of nutrient deficiency: Heterotrophic populations 
can provide nutrients for autotrophic growth, but they can also compete with 
phytoplankton for the same essential elements. Nutrient input to euphotic zone 
water from other sources, such as sediments, can have a double impact under 
such circumstances. 
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