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MARINE PLANKTON FOOD CHAINS

Tom Fenchel

Marine Biological Laboratory, University of Copenhagen, DK-3000 Helsinggr,
Denmark

INTRODUCTION: THE CLASSICAL VIEW OF
PLANKTON FOOD CHAINS

The view on the ecology of marine plankton has changed significantly within
the last decade. In some respects the change is sufficiently dramatic to make
some authors speak about a “change in paradigm” (84). The new picture of
plankton dynamics includes the recognition that phototrophic and
heterotrophic microorganisms play a substantial and sometimes dominating
role in the cycling of matter in the sea, that plankton food chains include a
higher number of trophic levels than hitherto believed, and that a large
fraction of the primary production is not consumed directly by herbivorous
consumers but is channelled through a pool of dead organic matter before it
becomes available—via bacterial production—to phagotrophic organisms. In
this latter respect the structure of planktonic systems resembles benthic and
terrestrial systems.

This changing view is remarkable for more than one reason. Among
different types of ecosystems, that of the open sea was long considered the
simplest and best understood. Many ecology textbooks used marine plankton
to introduce the concept of food chains. A graphical presentation might be in
the form of a pyramid with its base representing primary producers; above
them two horizontal layers represented zooplankton and fish, respectively;
and at the top a fisherman (or a whale) represented the highest trophic level.
While this essentially remains correct, it has certainly proven to be an
incomplete picture of pelagic food chains.

Modern biological oceanography began at the turn of the century. During
the following decades it developed into an established discipline which
successfully explained fundamental aspects of plankton dynamics. Organic
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production in the sea depends on phytoplankton, in particular, diatoms and
dinoflagellates. These organisms are consumed by zooplankton such as cope-
pods, which in turn serve as food for small fish which end up as prey for
larger fish. While the species diversity of zooplankton was recognized, the
concept of pelagic food chains was a very simple one, illustrating the point
that food chains cannot include more than about five levels because of the
limited efficiency in the transfer of organic carbon from one trophic level to
the next. Early on it was recognized that photosynthetic productivity is
usually limited by the availability of mineral salts and in particular by
nitrogen. Since particulate organic material tends to sink to the bottom and
become mineralized there, regenerated mineral nutrients accumulate in deeper
waters beneath the photic zone. In waters permanently stratified thermally,
the photic zone becomes depleted of nutrient salts, and this explains the low
productivity of most tropical seas. In temperate seas where the thermal
stratification breaks down seasonally, mineral nutrients are returned to the
surface waters. This results in a much higher productivity, and also explains
the characteristic seasonal plankton succession in temperate waters as well as
the enhanced productivity of upwelling zones.

Data eventually showed that the spatial scale of heterogeneity in plankton
communities seems to be tens or hundreds of kilometers, and the temporal
scale, weeks or months. With the advent of methods for the quantification of
primary productivity (in particular the C-14 method which was developed
around 1950), a general understanding of the pelagic ecosystem appeared to
have been achieved. It also seemed feasible to make quantitative predictions,
for example, of fish productivity in different seas. An account of the early
history of biological oceanography is given by Mills (61). Steele’s book on
the North Sea (78) represents a relatively recent attempt to analyze the
structure and flow of materials in the open sea according to the classical
picture of the planktonic food web.

The aim of the present review is to present a picture of the planktonic food
web as that picture has evolved during recent years. I then continue to discuss
some aspects in more detail; particular emphasis is placed on the physiolog-
ical and physical constraints of plankton organisms which explain the recent
findings of biological oceanography. I conclude with a few remarks on
current and future problems in plankton research.

A NEW PICTURE OF PLANKTON COMMUNITIES

The Composition of Plankton Communities

From a historical point of view our revised view of plankton food chains is
largely due to the discovery that microbes (in a wide sense) play a consider-
ably larger quantitative role in seawater than was previously recognized (7,
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67), although Lohmann (60) early in the century drew attention to the
presence of organisms which were not retained by the plankton nets and filters
used by his contemporary planktologists. Thus, this review begins with an
inventory of planktonic communities.

Size is one possible way to classify plankton organisms, and the terminolo-
gy of Sieburth (72) is useful and has become widely accepted. Organisms are
classified according to logarithmic size classes, so that those measuring 0.2-2
um are referred to as “picoplankton,” those measuring 2-20 wm are . “nano-
plankton,” those measuring 20200 um are “microplankton,” and those
exceeding 200 um are “mesoplankton.”

The principal constituents of the picoplankton are prokaryotes, although a
few eukaryote, photosynthetic organisms (notably representatives of the
chlorophytes) are small enough to be included in this group. The presence of
heterotrophic bacteria in seawater was established long ago, but the introduc-
tion of direct counts using fluorescence microscopy increased previous es-
timates, based on plate counts, by about two orders of magnitude (30, 40).
Numbers of bacteria range from about 10° in very oligotrophic or deep waters
to about 5 X 10° ml~! in eutrophic coastal waters. The coccoid cyanobacteria
have recently proven to be a ubiquitous component of seawater. Particularly
in oligotrophic waters, they may be responsible for the largest part of the
photosynthetic activity (43, 47, 65, 80).

The nanoplankton includes photosynthetic as well as phagotrophic forms.
Some flagellates, notably among the chrysomonads and the dinoflagellates,
possess chloroplasts and also are phagotrophs. This well-known phenomenon
seems to be quite common among marine nanoplankters (23). The photo-
synthetic nanoplankton includes a variety of pigmented flagellates (cryptomo-
nads, chrysophytes, haptophytes, prasinophytes, and some euglenoids and
dinoflagellates) as well as chlorophytes and some tiny diatoms. The
phagotrophic component of the nanoplankton is composed of a variety of
nonpigmented flageliates (choanoflagellates, cryptomonads, chrysomonads,
bicoecids, and helioflagellates, in addition to some poorly studied types with
unknown systematic affinities). Amoeboid forms also occur, but they are
probably confined to the surface of suspended detrital particles and the surface
film. Although ciliates and dinoflagellates mainly belong to the microplank-
ton, some forms are smaller than 20 wm and so formally belong to the
nanoplankton. The typical concentration of nanoplankton in surface waters is
around 103 cells ml™! and can range perhaps from 500 to 10* ml™! (27).
Quantification of these forms is based mainly on epifluorescence microscopy
as it is used for direct enumeration of bacteria. This technique also reveals the
presence of chlorophyll in individual cells and has recently been refined in
various ways (e.g. 15, 37).

The photosynthetic microplankton includes the “classical” phytoplank-
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ters—first of all the diatoms and the dinoflagellates. The phagotrophs include
ciliates—among which the aloricate and the loricate (tintinnid) oligotrichs
dominate—dinoflagellates, radiolaria and achantharia, and some of the small-
est metazoan zooplankton. One ml of seawater typically contains 1-10 micro-
plankton organisms. Plankton organisms which exceed the size of micro-
plankton include some giant protozoa and, of course, a variety of metazoa
such as the copepods, cladocera, rotifera, etc, and larval forms of benthic
invertebrates. Even larger pelagic forms are usually referred to as “nekton”
and include anything from euphausiid shrimp, fish, and squids up to whales.

Pelagial life thus spans more than seven orders of magnitude in length
(from <1 um bacteria to >10 m whales). While pelagic organisms represent
a tremendous diversity with respect to form and function, the great variation
in size allows for some generalizations concerning the structure and function
of planktonic food chains, generalizations which are based solely on con-
siderations of scaling.

Plankton Food Chains and the Microbial Loop

While the classical picture of plankton food chains remains essentially cor-
rect, the fact that bacteria and protists typically make up about half the total
biomass suggests that this description is incomplete. This is even more
obvious when it is recognized that rates of potential growth and of weight
specific metabolism are more or less inversely proportional to length. Con-
sequently “microbes” are responsible for by far the largest part of the energy
flow in the pelagic ecosystem.

In addition to mere quantification of microorganisms, some other early
observations contributed to our contemporary view of the planktonic food
web. It was found that photosynthetic nano- or picoplankton is often responsi-
ble for a large part of the entire primary production, and this is especially so in
oligotrophic oceanic waters (43, 66, 81). Yet the zooplankton species do not,
in general, seem capable of retaining such small food particles (48).

Another discovery was that phytoplankton cells tend to excrete a substantial
fraction of the photosynthate in the form of dissolved organic material.
Although accurate estimates of this are difficult to obtain, values for labora-
tory cultures and for field populations are typically within the range of
10-50% of the primary production (32, 54, 56).

The finding that heterotrophic bacteria constitute a substantial biomass led
to the development of methods for estimating bacterial production in the sea.
Most of these methods (e.g. quantification of the uptake of radioactively
labelled organic compounds) could not easily be converted into estimates of
bacterial generation time in situ. One reason for this is that utilizable organic
compounds occur in concentrations too low to be quantified, although a very
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rapid turnover of such compounds could be demonstrated (5, 41). Yet these
methods did indicate a very high bacterial activity. Among the methods
currently most accepted for the quantification of bacterial growth, one is
based on the frequency of dividing cells in samples of natural populations and
another on the incorporation of radioactively labelled thymidine (which is
assumed to be proportional to DNA-synthesis of bacteria) in incubated water
samples (33, 38). These endeavors have shown that bacterial generation times
in seawater typically range from a few hours to more than 24 hours, according
to temperature and other conditions. Together with data on bacterial biomass
this suggests that bacterial production as measured with the C-14 method may
be around 20% of the primary production. Since bacterial growth efficiency is
not likely to exceed 50%, apparently about half of the primary production is
consumed by bacteria. Actually bacterial growth to a large extent depends on
algal exudates and correlates with algal biomass (55, 56). However, since
small heterotrophic cells (including the bacteria themselves) are also likely to
excrete dissolved organics the fraction of the primary production directly
utilized by bacteria may not be as large as suggested above.

Since bacterial numbers remain relatively stable a sink for bacterial produc-
tion must exist. With very few exceptions, filter feeding zooplankters are not
capable of retaining particles of bacterial size, and this also applies to the
types of ciliates commonly encountered in marine plankton (26). It has been
shown that consumption by heterotrophic nanoflagellates accounts for the
disappearance of the bacterial production. This result is based on studies of
the concentration of nanoflagellates in seawater, in conjunction with labora-
tory studies measuring nanoflagellate growth rates and their ability to clear
bacterial suspensions (17, 24, 25). Thus, the flagellates may typically clear
the entire water column of bacteria at rates ranging from 0.5 to 2 times per
day. This picture is supported by experiments in which certain size fractions
of the plankton are removed from seawater samples and incubated for short
times. Relieving the bacteria from predation by removing nanoplankters, or
the nanoplankters from predation by removing the microplankton, leads to
population growth. Links of planktonic food chains are established, and
production of the different components of the plankton can be estimated (3,
68, 71). Heterotrophic nanoflagellates seem also largely to be responsible
for the consumption of cyanobacteria and the smallest eukaryote primary pro-
ducers.

The nanoplankton forms, in turn, fall victim to the phagotrophic micro-
plankton, among which ciliates and heterotrophic dinoflagellates may be the
most important components (4, 12, 14, 58, 74). These forms together with the
larger phytoplankters then enter the “classical” plankton food chain.

To deseribe this addition to the classical picture of planktonic food chains,
the term microbial loop was coined by Azam et al (6), and the graphical
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presentation in Figure 1 explains the term. The model of plankton food chains
assumes that (a) considerable variation exists in the cell sizes of primary
producers, (b) these excrete a substantial part of the photosynthate in the form
of dissolved organic material which is utilized efficiently only by heterotro-
phic bacteria, and (c) size ratios between predator and prey are constrained
within certain limits. There is no doubt that it gives a qualitatively correct
picture of what goes on; in addition to the evidence already presented, direct
observations on successional patterns in natural waters demonstrate the micro-
bial loop directly (e.g. 4, 25, 77).

Plankton food chains now seem to resemble terrestrial and benthic com-
munities much more in that a substantial part of the carbon flow is channelled
through detrital material and heterotrophic microorganisms. What remains is
a discussion of why the food chains take this form, based on the properties of
the environment and of the individual organisms, the circumstances under
which the microbial loop plays a greater or smaller role, and the implications
for marine productivity from the viewpoint of human exploitation of the
sea—for mineral cycling and some other aspects. The second part of this
review is devoted to these problems.

F x10*

size, pm

0.2 L, dissolved 0rganic Materal «m————

Figure 1 A schematic presentation of the microbial loop and its relation to the classical plankton
food chain. The left column represents heterotrophs and the right column the photoautotrophs.
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PROPERTIES OF PLANKTON ORGANISMS
AND FOOD CHAINS

Steady State Phagotrophic Food Chains

Photosynthetic organisms depend on light as a source of energy and dissolved
compounds as building blocks for growth, while bacteria (other than
photosynthetic ones) depend on dissolved compounds for their assimilatory as
well as for their dissimilatory metabolism. All other important constituents of
the plankton are phagotrophs depending on particulate organic material, that
is, other organisms for food. Due to mechanical and physiological con-
straints, food chains formed by phagotrophic organisms have certain
characteristic properties.

One reason for this is that the size ratios between predator and prey are
fixed within certain limits. It is trivial to state that prey species rarely exceed
their predators in size. For any predator of a given size there is also a
minimum size of prey below which capture is inefficient. Three principal
methods of concentrating or catching suspended prey organisms exist: rapto-
rial feeding which depends on the random encounter between an individual
prey organism and its predator; filter feeding in which prey organisms are
concentrated by sieving through a (ciliary or pseudopodial) filter; and diffu-
sion feeding which means that motile prey accidentally collide with a sticky
part of the body surface of the predator. These three basic mechanisms have
their analogies in fishing methods, viz, fish spearing, trawling, and using fish
traps, respectively. In each case scaling arguments show that predator effi-
ciency decreases with a decreasing prey: predator size ratio (26). Although
such arguments are based on simplified assumptions, the basic conclusion is
not affected much by the complexities of real organisms.

Empirically, typical length ratios between prey and predator turn out to be
around 1:10; they are very rarely less than 1:100 or more than 1:1. Further-
more, this generalization seems invariant with absolute size. Thus, a 10 m
baleen whale eating 10 cm long fish and a 50 wm ciliate filtering 0.5um long
bacteria both represent prey:predator length ratios of 1:100. The most ex-
treme example of the use of small food particles is provided by planktonic
tunicates; their mucus filters can retain particles of bacterial dimensions (31,
52). At the other extreme some protozoa phagocytize particles of their own
size. Parasitism may constitute an important exception; circumstantial evi-
dence suggests that certain parasites are important in plankton communities,
but knowledge is limited because this is a neglected field. Generalizing,
pelagic communities include organisms spanning about seven orders of mag-
nitude in length and prey:predator ratios are fixed and take values around
1:10.

Another important relationship is between metabolic rate and growth rate
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on the one hand and body size on the other. It is an empirical fact that when
organisms spanning a large range in sizes are compared, weight specific
metabolic rate is proportional to weight™ V. Net growth efficiency for un-
icellular organisms and for small invertebrates is approximately 60%. Effi-
ciency of digestion may vary according to food quality, but it is not likely to
be size dependent, whereas loss of dissolved organics may be relatively larger
in small organisms. Nevertheless, it is a reasonable generalization that growth
efficiency is invariant with size (13, 29). A consequence of this is that the rate
of increase in biomass (population growth rate) varies with the same power
function of weight as does the weight specific metabolic rate.

With these assumptions it is possible to predict the size structure of a steady
state pelagic food web (51, 64). In principle these models equate the (size
dependent) growth rate of prey organisms with the energy demands (growth
+ dissimilatory metabolism, divided by growth efficiency) for the next
trophic levels. Models differ regarding details in the assumptions, but the
basic result is the same: each logarithmic size class should represent about the
same biomass or rather, the biomass of each logarithmic size class should
decrease slightly with increasing size. A consequence of this model is also
that while the biomass spectrum of the community is invariant with body size,
the energy flow and the rate of transfer of materials (carbon, nitrogen, and so
on) decreases monotonously with size due both to metabolic losses and to the
decrease in weight-specific metabolism with increasing body size.

Oceanic planktonic communities represent approximations of a steady state
situation. In this case the predictions of the models have been supported by
data (70): from bacteria to whales the number of individuals per unit volume
of water is approximately inversely proportional to their body weight with a
slight tendency to decrease with increasing size. According to productivity
each logarithmic size class of plankton organisms constitutes a volume frac-
tion of seawater ranging from about 1072 to 1077,

In coastal or more productive seas the planktonic communities cannot at
any time be described as in a steady state. Seasonal events including periodic
additions of mineral nutrients trigger population oscillations, the succession
of which reflects the structure of food chains (4, 27, 28, 74, 77). This type of
population oscillation, from a qualitative point of view, can be predicted by
Lotka-Volterra type equations for prey-predator systems which then suggest
that more productive systems show greater amplitudes of the oscillations (27).
This oscillatory behavior reflects another aspect of the size structure of
planktonic communities because the time period of predator-prey cycles is
approximately inversely proportional to the population growth rates of the
involved species. Therefore, while population oscillations of diatoms and
copepods occur on the order of a month, those of bacteria and their protozoan
predators can be measured in days. The temporal patchiness of planktonic
systems may therefore be of a finer scale than has been previously assumed.
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Uptake and Excretion of Dissolved Materials

The photosynthetic organisms and the heterotrophic bacteria depend on the
uptake of dissolved compounds which often occur in an extremely diluted
form, and it is generally accepted that the availability of one or more such
substances limits productivity in the sea. A large body of literature exists
which treats the limiting role of various mineral nutrients for the primary
producers. Here I restrict the discussion to considerations of scaling, and this
throws some light on the size structure of planktonic communities under
different conditions.

A cell takes up dissolved material from the surrounding water by active
transport at certain sites on the cell membrane. The substance is brought to the
cell by the diffusion gradient surrounding the cell which is created by the
uptake at the surface. At one extreme, when substrate concentration is very
low the concentration at the cell surface is zero (that is, the membrane has an
excess uptake capacity relative to the limitation due to the diffusion rate of the
substance). In this diffusion-limited case, uptake is simply proportional to the
bulk concentration of the compound in question, to its diffusion constant, and
to the diameter of the cell; but it is independent of the transport capacity of the
cell membrane. Since the metabolic demands of a cell are approximately
proportional to its surface, it is obvious that under intense competition for a
dissolved substrate, small cells are at an advantage relative to larger ones.

At the other extreme, when bulk substrate concentrations are very high and
not very different from that close to the cell surface, the active transport
capacity of the cell membrane becomes limiting, and everything else being
equal, uptake becomes proportional to surface area (second power of the
diameter). In this case there is no particular advantage in being small (26, 44,
53).

Seawater contains about 1 mg of dissolved organic material per liter;
however, only a small proportion of this represeuts low molecular compounds
readily utilized by bacteria. According to Azam & Cho (5) 1 ml contains
about 50 ng of utilizable organic carbon which, assuming 10° bacteria ml~!,
represents about twice the amount of carbon contained in the bacteria. Thus,
without a continuous input of dissolved organics, seawater could sustain one
to two cell divisions. These figures suggest that the pool of useable carbon
may turn over several times per day. Seawater is a very dilute substrate for
bacteria, and given the above considerations, it is highly improbable that any
organisms larger than bacteria use dissolved organic material efficiently.

Much consideration has been given to whether bulk concentrations of
dissolved organics are sufficient to explain observed bacterial growth rates. A
variety of mechanisms that would enable bacteria to use spatial heterogeneity
(such as chemosensory attraction to algal cells) have been suggested (5).
As discussed below these ideas are problematic. However, if we assume
the diffusion limited case, the uptake of a spherical bacterium is given by
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V = 47 DRS, where D is the diffusion coefficient, R is the radius of the cell
and S is bulk concentration. Assuming that S = 50ng Cml~!, D = 1075 cm?
sec”!, and R = 0.5 um, then the uptake of the cell is about 20 fg C h™!,
which would allow for a doubling every second hour. While the theoretical
uptake rate at low concentrations may not be quite realistic (53) and while
substrate concentrations probably vary and are not precisely known, the
considerations show that use of microscale spatial heterogeneity may not be
necessary for explaining bacterial growth rates observed in the sea.

Photosynthetic cells are often limited by the availability of mineral nutri-
ents and in particular by nitrogen and phosphorus. In the photic layers of
oligotrophic seas, concentrations of orthophosphate and useable forms of
nitrogen may be at the limit of detection. Since primary production does take
place, mineral salts must have a very rapid turnover under these circum-
stances. Again the above considerations suggest that the smallest cells, that is,
the photosynthetic pico- and nanoplankton will be competitively superior,
relative to larger cells. However, where there is an import of mineral nutrients
to the photic zone, bulk concentrations may remain high in spite of a
considerable production of cells. Such an import of nutrient salts takes place
at upwelling zones and fronts and seasonally in temperate seas. Under these
conditions larger phytoplankters such as diatoms and dinoflagellates become
competitive and may dominate among the primary producers.

Data confirm these predictions: in oligotrophic waters pico- and
nanoplankters predominate as primary producers, but whenever there is an
input of “new” nutrients, larger phytoplankters become important. This is also
reflected in the seasonal cycle of temperate waters: during spring when
nutrient levels are high, a diatom bloom is responsible for the bulk of the
production, and later, during the summer when mineral nutrients are scarce,
tiny phytoflagellates and cyanobacteria predominate (42, 49, 74, 81). In
oligotrophic waters, the base of the food chain is composed of very small
cells; the microbial loop dominates the pelagic food web; and unicellular
organisms are responsible for almost the entire energy flow and the
mineralization processes in the water column. Conversely, when an import of
mineral nutrient takes place, the base of the food chains is constituted by large
phytoplankton cells to a much higher degree. These are eaten by zooplankters
such a copepods, or they sediment to the bottom, thus adding organic matter
to the benthic communities. Under these conditions food chains consist of
fewer levels, and a much larger part of the primary production is channelled to
larger organisms such as fish or is exported to the benthos.

The excretion of dissolved organics from living cells constitutes the basis
for bacterial production. Various studies suggest that as much as 20-50% of
the primary production of phytoplankton cells is excreted and thus represents
a loss to the organisms (32, 54). Various attempts to explain this have argued
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some sort of adaptive value to phytoplankton cells, but none of these seems
very convincing. The subject has most recently been reviewed by Bjgrnsen
(11). Calculations which take into account published values on the permeabil-
ity of cell membranes, the diffusivity of low molecular compounds, and the
dimensions of phytoplankters, taken together, suggest that loss of dissolved
organics is an inevitable aspect of being a small organism. This view is
supported by the fact that excretion of organics is not coupled to the rate of
photosynthesis and also takes place in the dark and that heterotrophic
nanoplankters excrete comparable amounts of dissolved organics (2).

Remineralization and Mineral Cycling

In the classical picture of the pelagic ecosystem, remineralization is in part
due to the zooplankton and in part takes place in the sediments through
microbial decomposition of particulate material which sinks to the bottom. A
large fraction of the mineralization takes place in the water column, and the
smallest sized organisms are largely responsible for this process. Dugdale &
Goering (22) distinguish between “regenerated” mineral nutrients and “new”
nutrients which are imported to the photic zone from the underlying water
masses by physical processes. In the case of nitrogren, locally regenerated
nutrients are mainly in the form of ammonia, whereas new nutrients pre-
dominantly consist of nitrate due to microbial nitrification in the sediments or
deeper water layers.

Regarding phagotrophic food chains, mineralization is a relatively simple
concept because the relative composition with respect to the elements is
almost invariant among plankton organisms (although large phytoplankton
cells tend to have somewhat higher C: N and C: P ratios than do other forms).
In phagotrophs part of the ingested organic carbon is oxidized through
dissimilatory metabolism, rather than incorporated into cells. The amount of
nitrogen or phosphorus mineralized corresponds to the amount of oxidized
carbon, and so in principle, e.g., the rate of nitrogen mineralization is also a
measure of the carbon flow when the growth efficiency is known. As a crude
generalization a phagotrophic plankton organism incorporates about 40%,
excretes about 30% (in the form of dissolved or particulate organic material),
and mineralizes another 30% of what it eats (this applies to carbon as well as
to nitrogen or phosphorus). Direct measurements of nitrogen excretion e.g. by
phagotrophic protozoa (28, 36) largely support this generalization. The con-
siderations also suggest that the microbial loop, which includes at least two
trophic levels in addition to bacteria, may be responsible for the bulk of the
mineralization (20, 28).

Bacteria are more complicated in this context because the content of
essential elements in their organic substrates may vary. If the concentration of
nitrogen e.g. is sufficiently low, bacteria may show a net uptake of mineral

This content downloaded on Fri, 1 Feb 2013 03:44:13 AM
All use subject to JISTOR Terms and Conditions


http://www.jstor.org/page/info/about/policies/terms.jsp

30 FENCHEL

nutrients from the water and so compete with photosynthetic organisms. This
phenomenon is well known from soils and detrital sediments, but its im-
portance in plankton is not well understood; at least sometimes bacteria seem
to show a net excretion of mineral nutrients (see below).

The in situ cycling of nitrogen has been studied by incubating water
samples with N-15 labelled ammonia (nitrate or urea), and then following the
concentration of these compounds as well as their isotope ratios over time.
This yields information on both uptake and excretion rates. Size fractionation
of the plankton samples before the incubation gives additional information on
the relative importance of different constituents of the plankton. Such studies
in all cases suggest that organisms smaller than 200 pm are responsible for the
largest fraction of nitrogen (and by implication, carbon and phosphorus)
mineralization. In most cases (34, 39) the bacterial fraction alone, or some-
times the nanoplankters, is responsible for considerably more than half of the
nitrogen mineralization. Only in the productive Oslofjord did the microplank-
ton fraction (heterotrophic dinoflagellates, ciliates, rotifers) yield the largest
contribution to the ammonia production (63). Here only 28% of the nitrogen
uptake could be met by in situ regeneration; the rest was supplied as new
nutrients. In other cases (34) regeneration and uptake of ammonia were nearly
balanced.

While there are some methodological difficulties with the N-15 technique,
the general results probably hold. The discrepancies between different in-
vestigations are probably also real and reflect differences between oceanic and
coastal waters. Most likely temporal variation occurs paralleling population
oscillations and seasonal differences, but so far data to show this are not
available.

Microscale Patchiness

Spatial and temporal heterogeneity on different scales is an important aspect
of community ecology. Regarding marine plankton, attention was previously
directed at large-scale patchiness, that is, differences between different ocean
currents or vertically zoned water masses and phenomena like local algal
blooms. Turbulent mixing and the motility of organisms probably exclude
plankton patchiness at a fine scale. Most recently, however, there has been a
considerable interest in the role of microscale patchiness in plankton com-
munities. One important reason is that the existence of some sort of aggre-
gates consisting of different physiological types of plankters (photosynthetic
cells, heterotrophic bacteria, and phagotrophs) and with more or less self-
contained mineral cycling and energy flow would make it easier to understand
the relatively high turnover of carbon and mineral nutrients observed in
oligotrophic oceanic waters.

Thus, it has recently been suggested that heterotrophic bacteria are capable
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of congregating around photosynthetic cells, and so they enjoy an increased
concentration of dissolved organic material (5). Many bacteria are motile, and
chemosensory behavior which allows them to move along chemical gradients
has been experimentally established. However, direct observation of this
phenomenon under conditions approximating those of oligotrophic seawater
would seem very difficult and has not been attempted. Instead various theoret-
ical approaches have been made. Mitchell et al (62) found, based on scaling
arguments, that bacteria would have difficulty in keeping up with the sinking
velocity of algal cells. However, they concluded that in vertically stratified
waters where algal cells may be trapped (e.g. at the thermocline), attraction
by bacteria to a microzone around the cells could play a role. However, most
of the phytoflagellates are motile and have swimming speeds which exceed
that of bacteria, so under all circumstances it may be difficult to understand
how chemokinetic behavior of bacteria can be effective in this situa-
tion. Jackson (44, 45) made simulation models of chemosensory behavior
of bacteria in the vicinity of algal cells. Some other possibilities for micro-
scale patchiness (such as phytoplankton cells using pulses of mineral
nutrients excreted from copepods) were also considered. In most cases vari-
ous physical constraints suggest that such phenomena do not occur or are
unimportant.

Seawater always contains smaller or larger amounts of suspended detrital
particles. Such particles originate from dissolved organics through bacterial
activity (8, 69) or from dead phytoplankton cells including diatom frustules,
larvacean houses, or other remains of zooplankters, fecal pellets, and es-
pecially in coastal areas, debris of macroalgae or seagrasses or mineral grains.
Often several such particles occur in small aggregates believed to be held
together by microbial mucus excretions (1, 9, 19).

The surfaces of such particles usually harbor concentrations of microorgan-
isms that far exceed those of the surrounding waters, and in particular,
bacteria and protozoa are important (16, 73). Among the protozoa, many are
not typical planktonic forms but are adapted to live on surfaces (e.g. hypotrich
ciliates). Many planktonic heterotrophic flagellates have the ability to attach
temporarily to solid surfaces (and often do so in cultures). They occur on
suspended particles together with flagellates particularly adapted to life on
surfaces, such as bodonids and euglenoids. Some forms may exploit attached
bacteria, but others are filter feeders which must depend on the surrounding
suspended bacteria. From a hydrodynamic view point, it is usually advanta-
geous for filter feeders to be attached to solid surfaces (27). The attached
bacteria may be favored by absorption of dissolved organics to surfaces, or
they may utilize the detrital material through the excretion of hydrolytic
enzymes. Dead phytoplankton cells incubated in seawater develop a
characteristic succession of microbial communities and are relatively rapidly
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decomposed (9, 10). It is reasonable to consider suspended solids as having a
special planktonic microbiota.

It has been argued that such microaggregates play a great role in the sea and
that they are perhaps responsible for the largest part of microbial activity (35).
Direct counting of plankton samples does not, in general, support this neither
for oceanic or for coastal waters (25, 41). Although the concentration of
microorganisms on such particles is high, by far the largest number of bacteria
and protozoa are not associated with particles but occur as freely suspended
cells. It is, however, possible that the standard method for enumerating
planktonic bacteria and protozoa (fixing and filtering the sample on mem-
brane filters) tends to disintegrate such microbial communities, thus giving a
biased picture.

Symbiosis and Mutualism

Any discussion on planktonic food chains would be incomplete without a
mention of symbiosis and mutualism. In a sense it could be discussed in the
context of microscale spatial heterogeneity, since the adaptive significance is
often that assumed for bacteria concentrating around algal cells. But in the
case of symbiosis the phenomenon certainly exists. As in other ecological
systems, a vast number of symbiotic relationships have been described, and in
many cases the functional significance is not yet understood (82).

I concentrate on the mutualistic relationship between photosynthetic and
heterotrophic organisms. From the viewpoint of the former component, the
adaptive significance is the increased access to mineral nutrients (the motile
behavior of the host may also be of significance). The heterotrophic com-
ponent receives organic compounds either by digesting the symbiont cells or
through organic excretions from the phototrophs. In some cases the con-
sortium is totally self-contained in that the heterotrophic component is in-
dependent of or even incapable of phagocytosis.

The large planktonic protozoa of oceanic waters (foraminifera, radiolaria,
and achantharia) seem all to harbor intracellular and sometimes also ex-
tracellular photosynthetic symbionts belonging to different taxonomic groups
(82). These mutualistic consortia represent at least in part a self-contained
mineral cycling and are possibly responsible for a significant fraction of the
primary production. Among planktonic ciliates harboring endosymbiotic
photosynthetic organisms, Mesodinium has been most thoroughly studied
(59). It seems incapable of phagocytosis and is totally dependent on its
(presumably cryptomonad) symbiont. Mesodinium occurs in high densities in
coastal waters and sometimes forms (innocuous) red tides; it may be responsi-
ble for a large fraction of the photosynthetic activity.

Recently it has been shown that a phenomenon, “chloroplast symbiosis,”
previously known from some marine slugs and from benthic foraminifera
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occurs in many nontintinnid oligotrich ciliates (46, 57, 79). These ciliates do
not digest the chloroplasts of their algal or flagellate flood but retain them in a
functional state in their cytoplasm for several days. Incubating the ciliates
with C-14 labelled bicarbonate shows that the chloroplasts can provide these
phagotrophs with a measurable fraction of their metabolic needs. Of course,
chloroplast symbiosis is not real symbiosis at all, but only an unusual way for
a predator to use parts of its prey.

The “Sink or Link” Problem

The discovery of the microbial loop has led to the question of whether it
represents a “link” or a “sink” in planktonic food chains; that is, will the
organic carbon channelled through the heterotrophic and the photosynthetic
picoplankton be mineralized entirely by microbes or will it, via an protozoan
link, be used by zooplankton (20, 21). As phrased, the question may seem
nonsensical: ecosystems are always a “sink” in that virtually all the reduced
carbon deriving from photosynthesis is eventually mineralized. The question
is really the extent to which the existence of the microbial loop affects the
production of organisms harvested by humans.

No compelling evidence suggests that the nutritive value of living food
particles for consumer species depends on anything else than size. Since the
phagotrophic planktonic organisms taken together represent a continuum with
respect to food particle size preference, everything can be eaten. The question
therefore would seem simple to answer. If a phagotrophic food chain is
initiated by heterotrophic bacteria utilizing algal exudates, or by photosynthe-
tic picoplankton, there will be two or three more trophic levels between these
organisms and, e.g., a cod fish than there would be if the classical food chain
initiated by copepods eating diatoms were dominant. Assuming an ecological
efficiency of 30% (although, in fact, the excreted organic material will be
recycled to bacteria) the increased number of trophic levels will mean that the
fraction of the primary production which ends up in larger animals will be
only 3-9% of that in the case of the classical plankton food chain. In this
sense, of course, the microbial loop does represent a sink. The considerations
also show that knowledge of the rate of primary production is not sufficient to
predict the production of fish. This would also require an understanding of the
circumstances that influence the structure of the planktonic food web.

Sedimentation and the Supply of Food for Benthic Organisms

The sedimentation of particulate organic material from the surface waters
represents another sink for planktonic production. The role in removing
limiting mineral nutrients from the photic layers has already been mentioned.
It is also clear that except for very shallow or landlocked seas, the basis for all
benthic life is the sedimentation of particulate organic carbon from the surface
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layers of the water column. This has been recognized for a long time, but the
phenomenon attracted only little attention among planktologists. In part, this
may have been because plankton modellers already had “too little food” to
explain secondary production in the plankton. Maybe it was also considered a
trivial and uninteresting problem.

Recently it has been found that sedimentation from the plankton is a more
complex and interesting phenomenon than just a continuous rain of plankton
debris. In temperate waters the bulk of the sedimentation takes place in early
spring towards the end of the diatom bloom, and a later less impressive peak
in sedimentation follows the late summer bloom of dinoflagellates. Very little
sedimentation takes place during the rest of the year (18, 75). For reasons not
quite understood, only part of the spring diatom bloom is consumed by
copepods. One explanation may be that the spring bloom takes place in cold
water, in some places even under ice, and so it is possible that the numerical
response of copepod populations is not sufficiently rapid. Consequently the
diatom population eventually declines, in part due to grazing but also due to
nutrient depletion.

The sinking diatoms are presumably mainly senescent or dead cells.
However, Smetacek (76) has argued that a change in buoyancy of nutrient
starved diatoms is an adaptive response and that the sinking cells represent a
resting stage which survives in the sediments to recruit the bloom of the
following year. This explanation may well be correct even though the bulk of
the sedimented diatoms are consumed by benthic invertebrates. It has been
demonstrated that the life cycles of some of the benthic consumers are adapted
to this periodical input of food to the benthos (50, 75).

CURRENT AND FUTURE PROBLEMS

In terms of carbon flow in the water column, the discovery of the microbial
loop, combined with realistic estimates of the sedimentation of organic
carbon, suggests a pertinent question: Is there enough food? That is, are
current estimates of photosynthesis sufficiently high to explain secondary
production. Steele’s (78) analysis of the North Sea, which did not take the
microbial loop into consideration, and which also considered sedimentation to
be neglible, found it difficult to account for the magnitude of secondary
production. Probably several factors at least in part explain the discrepancy.
First of all previous estimates of primary production using the C-14 method
may represent underestimates. Excreted material is lost, pico- and nanoplank-
ton cells may either pass through or lyse on filters, and carbon turnover due to
heterotrophic activity during the incubation period may be significant.
Secondly, previous estimates of the gross growth efficiency of phagotrophic
organisms were too low (10%). Figures around 30% are now considered
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more realistic. In addition excreted organic material will be recycled by
bacteria. Therefore, while it is quite possible that the secondary production of
planktonic systems can be accounted for, an attempt to repeat Steele’s
approach including the newly discovered aspects of the pelagial ecosystem is
desirable.

Another fundamental approach is to integrate physical oceanography into
our picture of planktonic chains; that is, how stratification, upwelling, fronts,
and hydrographic factors affect the structure of the food web. An attempt to
use simulation models to describe such problems is discussed in (83). Further
progress towards a full understanding of the structure and diversity of plank-
ton communities will, however, also depend on an increased knowledge about
the individual species including aspects such as adaptations to temporal
heterogeneity and life cycles, food capture and food selectivity, and motile
behavior.
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