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GRAZING AND ZOOPLANKTON PRODUCTION
AS KEY CONTROLS OF PHYTOPLANKTON
PRODUCTION IN THE OPEN OCEAN

By Karl Banse

THANKS TO NASA’s Coastal Zone Color Scan-
ner (CZCS, 1978-1986), nearly ocean-wide cov-
erage of the distribution of phytoplankton pig-
ment in the upper part of the euphotic zone and,
in effect, in the mixed layer of the open ocean,
is now available. This coverage includes season-
ality and interannual variability. The CZCS ob-
servations confirm that the physics of the ocean
provide the backbone of the geographic and
temporal patterns of pigment distribution and,
by inference, of primary production rate. For ex-
ample, phytoplankton concentrations and pro-
duction are enhanced where upwelling or sea-
sonal overturn of the water column replenishes
nutrient concentrations in the mixed layer,
whereas the timing of this enhancement may be
controlled by upwelling, seasonal overturn, or
the mixed layer becoming shallower than the
critical depth.

I propose that the next task is to understand
the cause of the phytoplankton concentrations
and to be able to predict them and the temporal
rate of change of concentrations on the scale of
several days to seasons. I will show that this
major challenge for biological oceanography
cannot be addressed without a vastly improved
understanding of the zooplankton. Understanding
the animals is of intrinsic interest, which is also
true for phytoplankton. However, the task of pre-
dicting phytoplankton concentrations and their
rates of change also may be considered as a sub-
set of the challenge of anticipating the effect of
climate change on, e.g., the geographic and tem-
poral (seasonal) distribution of the sign of the
CO, gradient between atmosphere and sea via
the connection between phytoplankton concen-
tration and photosynthesis, or on plankton com-
munity composition and its feedback to the at-
mosphere from changes in the distributions of
DMS producers.

K. Banse, School of Oceanography, WB-10, University of
Washington, Seattle, WA 98195, USA.
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Phytoplankton Concentrations and Seasonality

Regions Without Marked Phytoplankton
Seasonality

In much of the open ocean, the seasonal change
of phytoplankton pigment and, by implication, of
biomass is small. Figure 1 juxtaposes monthly me-
dians of CZCS-derived pigment of a cool-temper-
ate area (Fig. 1a; see Frost, 1991, for regional
background), an equatorial area (Fig. 1b; see Bar-
ber and Chavez, 1991), and a subtropical area
(Fig. 1c; see Venrick et al., 1987). The first two
areas are persistently nutrient-rich, the last is per-
sistently nutrient-depleted. Patterns similar to
those in Fig. la prevail in the subantarctic water
ring (Banse, unpub. observations) that encom-
passes about %o of the ocean area; patterns similar
to those in Fig. 1c prevail in all subtropical central
gyres that I estimate comprise close to % of the
ocean area (cf. Banse and English, 1994).

Figure 1a shows that a marked seasonal cycle
of incident light in the year-round presence of nu-
trients, as observed at ~50°N, does not necessarily
lead to clear seasonality of phytoplankton, e.g., to
spring and fall blooms of several mg m™ of pig-
ment that supposedly are typical for temperate lat-
itudes. (The 2 values > 1 mg m™ occur during a
season when inaccurate values were recorded by
the CZCS in 1980, Banse and English, 1994). At
the subtropical site (Fig. 1c), the trend to seasonal-
ity is caused by enhanced vertical mixing and nu-
trient supply during the cool season. Further, com-
parison of Figure 1, b and c¢ indicates that
drastically different nutrient (N, P) concentrations
have little effect on pigment levels; the same small
effect holds for the rate of nutrient supply from
below the thermocline at the two sites. The low
pigment levels in situations rich in N and P as in
Figure 1, a and b are not likely to be caused by
lack of iron. In or near these areas, phytoplankton
enclosed in the control flasks (no iron added) of
the recent iron bioassays (mostly by Martin ez al.,
1991) doubled to quadrupled in biomass over a
few days (Martin ez al., 1991 for the eastern tropi-
cal Pacific; see Banse, 1991a, for the southern
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. . the rate of
change of
phytoplankton
concentration is
principally
understandable as
the balance between

the rates of cell

division and mortality.
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Fig. 1: Monthly medians of CZCS-derived pigment in three oceanic domains for 9 years. Medians for
each month are connected by lines. The areas are approximately parallelograms with the coordinates of
the southwestern, southeastern, and northeastern corners indicated. (a) Subarctic Pacific south of Gulf of
Alaska, 45°N, 155°W; 45°N, 138°W; 50°N, 144°W (the last coordinates approximately those of the for-
mer Ocean Weather Station PAPA; note reduced scale of ordinate and omitted values [arrows al top
margin], 1.16 mg m for Sept. 1983 and 1.71 for Oct. 1981). (b) Eastern equatorial Pacific, 6°S, 124°W;
6°S, 97°W; 4°N, 97°W. (c) Central North Pacific around CLIMAX area, 25°N, 160°; 25°N, 144°W,; 30°N,
148°W. (d) Symbols for years. (see Banse and English, 1994, for methods).

Gulf of Alaska and Antarctic sites), despite
demonstrated adsorption of iron to the container
walls.

As to the understanding of the rate of temporal
change of pigment, only in the last few years have
accurate growth rates of bulk phytoplankton be-
come available, which permit us to draw up a bal-
ance sheet (Fig. 2; see Banse, 1992, for sources
supporting the following discussion). In the geo-
graphic domains identified (Fig. 2, bottom part),
horizontal gradients of pigment are slight, espe-
cially in the zonal direction. Also, considering the
time change at a fixed station over a few days or

more, horizontal advection will average out the ef-
fect of patchiness of pigment. Thus the horizontal
terms in the equation in Figure 2 can be neglected.
Further, Figure 1 shows that the percentage daily
change of pigment due to seasonality, if any, is
very small so that d[ch1)/dt in Figure 2 can be set
to zero. Then, the measured rates of cell division k
are balanced by the three vertical terms and mor-
tality, g. Since each of the vertical terms is known
to be equivalent to a few percent per day, the rate
of change of phytoplankton concentration is prin-
cipally understandable as the balance between the
rates of cell division and mortality.
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Fig. 2: The temporal balance of rates of algal growth and loss in the mixed layer at 4 representative sites
of the open sea. The equation, based on the model above, compares the instantaneous rates of growth (k)
and loss (a, m, s, g, x, all as d”') for bulk phytoplankton in the euphotic zone (= mixed layer), which is as-
sumed to overlie phytoplankton-free water. The maximal instantaneous rates for the respective tempera-
tures also are given, mostly representing diatoms at replete nutrients and light, with varying daylengths
taken into account. To obtain division rates (d”), divide by 0.69; the doubling times (d) are the inverse of
the division rates (from Banse, 1992, with permission of Plenum Press).

In normal, near-steady state situations with
high algal division rates, as in the domains of Fig-
ure 2, cell mortality mainly is caused by grazing.
Most of the grazing is due to small, unicellular an-
imals (protozoans) with division rates that are po-
tentially similar (given sufficient food) to those of
the phytoplankton or even higher, so that the ani-
mals quickly can adjust the grazing pressure to an
enhanced food supply and the underlying phyto-
plankton production rate. The only other source of
mortality for the phytoplankton might be from
lysis of cell contents by viruses, so far little stud-
ied. I suggest, however, that this mortality, at least
for the larger algal species, is normally very low,
since so rarely does one see empty, unbroken di-
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atom cells when counting phytoplankton under the
microscope. Even these cells might have died
from grazing by heterotrophic dinoflagellates with
digestion outside the cell body, i.e., without break-
age of the prey (cf. Jacobson and Anderson,
1986).

Note regarding the grazing term in Figure 2,
that g (d"') equals the fraction of water (liter/liter)
that is being cleared of particles per day. With di-
visions approaching 2 d*' (3rd line of Fig. 2), more
than 1 liter/liter has to be strained of phytoplank-
ton per day. At the same time, other particles will
be removed, so that the optics of the water, i.e.,
the particle concentrations, also are difficult to un-
derstand without studying the role of the grazers.

. . cell mortality
mainly is caused by

grazing.
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. . the temperate
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Regions With Marked Phytoplankton Seasonality

Relatively few oceanographers work in the
areas discussed so far; the majority either investi-
gate plankton on continental shelves, characterized
by regular seasonal phytoplankton blooms, or in
the temperate North Atlantic which, with its com-
mon spring blooms, is the “oddball” among the
temperate oceans. How important is grazing in
these much-studied areas?

Figure 3, based on papers by D.H. Cushing
and colleagues, illustrates the fate of a phyto-
plankton spring bloom in a zooplankton patch in
the North Sea, of a diameter of ~50 km or larger
(only cells larger than several micrometers were
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Fig. 3: Dynamics of phytoplankton cell volumes
(cruise means) in a spring bloom in the North
Sea, plotted vs months (mean dates) and cruise
numbers. During 1954, a patch of the copepod
Calanus finmarchicus drifted along the English
northeast coast and was mapped 12 times under
the direction of D.H. Cushing. Top part, instanta-
neous rates of algal growth (o, &, by independent
methods, Cushing, 1963) and mortality (x; scales
for both on right-hand ordinate). Bottom part,
concentrations of nutrients (symbols on right or-
dinate, from Cushing and Nicholson, 1963) and
algae (®; left ordinate, from Cushing and
Vucetic, 1963), and cumulative algal production
(°) and mortality (x; scale for both on left ordi-
nate). The last three variables were calculated as
in Cushing (1975, p. 9), but using intervals be-
tween cruises from Cushing and Vucetic (1963,
Table 1). D.H. Cushing (personal communica-
tion, 1984) notes errors in this respect in Cush-
ing (1975, Fig. la, top and Table 3).

counted). The design of the study eliminated the
horizontal advection, which is so troublesome for
time series at fixed stations, and diminished the
effect of horizontal eddy diffusion, the daily
losses from the plankton patch being estimated as
well below 10%. The principal bloom ended al-
though nutrients were replete (Fig. 3) and algal
division rates continued to increase due to in-
creasing day length and, perhaps, rising tempera-
ture. Presumably, the bloom terminated because
the animal population, nourished by the phyto-
plankton production, grew over the many weeks
of study and also made g time-dependent such
that g exceeded k toward the end of April [Fig. 3,
top; the rate of loss was inferred to be due pri-
marily to grazing (Cushing and Vucetic, 1963)].
Prior to Cruise 6, when the algal mean peak con-
centration of 0.9 mm® I’ was reached, 3.6 mm? |-
of algal cells had been produced, and 2.7 mm* I
had been lost. Plant production proceeded at a
high rate for another cruise (Fig. 3, cumulative
production curve), although the sign of popula-
tion change had become negative.

In the patch, phytoplankton production contin-
ued until (and presumably past) the end of the ob-
servations, as seen from the gradual decline of nu-
trients through May but, judging from the low cell
volume, it must have been due to cells that were
too small to be counted. Also note that instanta-
neous rates of loss of ~2 d-' (Fig. 3, top, around
10 May 1954) indicate that losses other than graz-
ing mortality became important, as otherwise, each
liter had passed twice per day through animal ap-
pendages, which is too high. Either an unac-
counted-for major source of loss appeared like cell
aggregation and massive sinking or enhanced large
horizontal diffusion, or the uncertainty in mapping
the patch combined with low cell numbers led to
the drastic change of mean cell volume per cruise
(for inferred massive sinking elsewhere in the
North Sea, see Fransz and Gieskes, 1984). In sum-
mary, the temporal change of algal concentrations
in the patch was heavily affected by grazing, and
especially the reversal of sign of change after
Cruise 6 was caused by grazing outrunning the
algal division rate.

Spring blooms of phytoplankton in other re-
gions may be terminated by nutrient exhaustion
(i.e., k decreases greatly, while the loss terms per-
sist) and, thus, are governed by bottom-up control
(i.e., resource-mediated control, where hydrogra-
phy — nutrients — algal division rate; see Fransz
et al., 1991, p. 132). However, grazing plays a
large role even in such situations, as shown by the
Jarge fraction of plant production supported by
ammonium during the bloom period, ratios of
new/total production of <0.5 being common (e.g.,
Ducklow and Harris, 1993, for the open North At-
lantic). These ratios are often calculated from the
rates of uptake of nitrate/[ammonium + nitrate].
The ammonium is generated by grazers and their
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predators directly or by bacteria from the by-prod-
ucts of grazing and animal growth.

Conclusions

Figures 1 and 3 offer persuasive evidence that
the modelers, beginning with G.A. Riley, were
right after all, i.e., that phytoplankton dynamics
cannot be understood from measuring only con-
centrations and photosynthesis and converting
the latter to division rates. Riley (1946) offered
the first quantitative model of a seasonal cycle
of phytoplankton but for decades had few fol-
lowers (see Banse, 1992). While this conclusion,
now backed by empirical evidence referred to
above, is reasonably clear with respect to the
rate of change of biomass, the principal determi-
nant of the phytoplankton concentration is less
obvious. In a model for an equilibrium situation
that simulates a foodweb like that of the equato-
rial Pacific (Frost and Franzen, 1992), the equa-
tion for the phytoplankton biomass (Frost and
Franzen, 1992, Eq. 7) does not contain any
plant-physiological parameter; instead, it is dom-
inated by the feeding threshold of the grazers,
i.e., the food concentration at which the animals
stop feeding because they cannot meet their ex-
penses in food-collecting, as it were. In the
model, the abundance of phytoplankton is
clearly under top-down control, i.e., limited by
the mortality exerted by the trophic level above
it. For all variables the model] can only achieve
similarity with the field observations (DIN, pig-
ment, k) after adding two levels of carnivores
(Table 1). This illustrates that modeling the
grazing mortality of phytoplankton and the ensu-
ing animal production will be inadequate when
the construct contains only phytoplankton and
its grazers (the “herbivores” of current models;
see also Steele and Henderson, 1992, about clos-
ing problems in plankton models).

In regard to more realistic modeling of food
webs, i.e., to going beyond the trophic-level con-

Table 1
Steady-state concentrations and phytoplankton instantaneous
growth rates (all rounded) in a model simulating a chemostat
with progressively added trophic levels

Carnivores
DIN Chlorophyll k Herbivore 1" 2

Category “M pgl™ d’ UM N tMN gMN
Phytopl. 0.001 16 0.03 — — —
Herbivore 0.4 0.2 1.3 22 — —
1" carniv.  0.002 10 0.07 0.2 1.0 —
2" carmniv. 0.3 0.4 1.3 0.6 02 0.4

(Calculations by B.W. Frost, using model by Frost and Franzen, 1992.)
DIN, dissolved inorgantc nitrogen; k, algal instantaneous growth rate; 1°
and 2° carmivores, animals feeding on “herbivores” and 1° carnivores,
respectively. Dilution rate 0.033 d™'. simulating an upwelling rate of 1 m
d™ into a mixed layer of 30 m depth; inorganic nitrogen concentration in
the inflow ( simulating the upwelling water), 10 uM; algal maximal k, 1.4
d™"; 1 ug chiorophyll = 0.63 pmol N, i.e., carbon-to-chlorophyll ratio, 50
by weight.
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cept as in Table 1, we are short on explicit theory,
not only for marine and freshwater systems, but
also for ecology in general. The behavior of mod-
els as in Table 1 is altered considerably, for exam-
ple, when more than one species is present on a
trophic level (e.g., 2 herbivores; see Pimm, 1992).

Future Challenges

At present, comprehensive programs directed at
phytoplankton-related issues measure the grazing
rate because it is broadly recognized as an impor-
tant term. The empirically determined rate then is
used in modeling. The challenge for future re-
search, as mentioned above, is to predict the rate.
Toward this end, better modeling and an enor-
mous accumulation of data on natural history and
rate coefficients will be needed.

Development of Foodweb Theory

Among the unresolved issues regarding animal-
phytoplankton relations is a satisfactory treatment of
size-dependence of processes in foodwebs, aside
from the well-documented physiological aspects of
size dependence. For example, invertebrates feed
size-selectively because most small animals can nei-
ther swallow large prey intact nor nibble on it, and
most large animals are inefficient in straining small
food particles out of a mixed food assemblage.
Also, medium-sized species feeding on phytoplank-
ton (herbivores) will retain small herbivores by
straining, together with phytoplankton of the same
size and, worse, swallow small carnivores that may
be small by nature, such as protozoans, or young
specimens that as adults may prey on the same her-
bivores. Thus, large populations of invertebrate
planktonic true herbivores occur only in lectures,
textbooks, and models. In addition to size selectiv-
ity, there may be selection by food quality or kind,
such that some protozoans may feed on one kind of
phytoplankton.

Further, the shift in the size composition of
the phytoplankton resulting from size-selective
mortality will change the algal bulk division rate
because it depends on average cell size. (Note
that algal physiology depends on cell size, while
grazing mortality and sinking losses depend on
entity size, i.e., the cell with its spines, or the
size of the colony.) Moreover, not only may the
phytoplankton size composition change with
time, but the mean size of the grazer assemblage
also is time-dependent because the metazoans
among them increase their numbers by laying
eggs that hatch specimens with small mouth
openings instead of dividing into two cells as
most protozoans do. The grazers, in turn, are
subject to time-dependent predation that likewise
tends to be size-selective. Note that some preda-
tors while young may mostly consume phyto-
plankton, for reasons of size or taste. Because of
all these permutations, which follow rules tied to
the species and only sometimes to higher taxo-
nomic categories, it matters which species are

. . . better modeling

and an enormous

accumulation of data

on natural history and

rate coefficients will

be needed.
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dominant at a particular place and time. Lampert
et al. (1993) have progressively incorporated
some of these realities into examples of models
for freshwater plankton.

Considering these aspects, it may not come as a
surprise that the trophic-level concept exemplified
by Table 1, so useful for pedagogic purposes and
utilized by Frost and Franzen (1992) toward this
end, is disliked by biologists. The assignment of
species or developmental stages to a trophic level
at and especially above the herbivores is ambigu-
ous, because of the role of size and taste in feed-
ing, so that a rigorous test of such a model above
the phytoplankton level is deemed impossible
(e.g., Murdoch 1966); the construct is based on
nonmeasurable entities. Therefore, more realistic
models, incorporating rather narrowly defined
functional types (see below) or even the dominant
species, must be devised if prediction of grazing
rates is the goal. However, presuming that at some
future date we have a well-known initial state of
an area and a very advanced, realistic biological
model with sufficient data on rates, how pre-
dictable in principle is such a system for longer
periods, e.g., a season or 10 years? Today, we lack
any really useful theory to answer this question,
and skepticism abounds. Yet, without theory as a
guide, it may be difficult to design an efficient and
timely program of accumulating the biological in-
formation needed for modeling the feedback by
the marine biota to climate change.

Regional Scope of the Problem of Timely
Prediction

What do we want to know in the short and long
run for predicting phytoplankton concentrations
and their rates of change? In the near future, dur-
ing programs like Joint Global Ocean Flux Study
(JGOFS), when investigating the interaction be-
tween phytoplankton and zooplankton, including
the mechanisms that generate vertical flux of parti-
cles, and testing associated models, it would be
most helpful to be able to predict at least qualita-
tively the following: will an open-ocean cruise,
which always has to be scheduled well in advance,
encounter primarily dinoflagellates or diatoms in
an upwelling study off Baja California (e.g.,
Walsh et al., 1974, Estrada and Blasco, 1979), or a
cool-temperate versus warm-temperate zooplank-
ton assemblage in the North Atlantic (e.g., Glover,
1961), or salps and euphausiids instead of other
grazers in the eastern equatorial Pacific (e.g., Mur-
ray et al.,, 1989)7 The first two examples refer to
cases where hydrographic processes preceding the
cruise seeded the entire region of interest. In the
last example, the cause might have been the same
but, since only individual stations seem to have
been affected, a flexible station schedule, with the
biota determining the choice of stations, might
have helped. In all three cases, prediction is not
possible at present, except for an empirical assess-

ment by a pre-expedition, but it seems to be feasi-
ble in principle.

In the far future, 50-100 years from now, for
reasons of intellectual curiosity if nothing else, we
would wish to understand the abundance and the
rates of change with season (or longer time scales)
of at least the dominant plankton species in the
major biogeographic zones of the oceans, as we
currently recognize major habitats on land. Hope-
fully, this will be feasible in principle. The basis
would be the understanding of interactions of pop-
ulations with each other and with the abiotic envi-
ronment that in turn would be based on knowledge
of the biology of these species (e.g., Smetacek and
Pollehne, 1986). Note that the biogeography
within each ocean beyond the continental shelves
(i.e., beyond the complicated neritic zone) is re-
lated to climate (e.g., tropics vs. northern-hemi-
sphere warm-temperate zone); among oceans, it is
also related to the history of the oceans and,
hence, the biogeographic difference is not pre-
dictable from present environmental variables.
Each biogeographic province harbors its own set
of species, although the life forms (functional
types) are similar or nearly identical.

Probably at a much earlier time, it will become
imperative to be able to anticipate the effect of cli-
mate change on the biota. The rest of this paper is
predicated on the premises that 1) only limited
time remains for us (2 decades?) until firm an-
swers are needed for political decisions about
global warming, and 2) the marine pelagic biota
are profoundly involved in climate change via the
air-sea gradients of CO,, DMS, N,O, etc. (see the
controversy of Broecker 1991 vs. Banse 1991Db).
Premise (2) must be tested by modeling with data,
which are currently being collected, before pro-
found changes in our mode of working on phyto-
plankton-zooplankton relations (see below) are
made. For example, how important are the organ-
isms in the Subantarctic water ring that contributes
about o of the ocean surface and is believed to
partake significantly in the exchange of CO, be-
tween the atmosphere and the ocean as a whole?
To my mind, the marked drawdown of CO, during
fall in the Pacific and Atlantic sectors of the ring
(Tans et al., 1990; Murphy et al., 1991) proves
that during this season at least, biological
processes are more important for the surface water
than physically mediated ones (e.g., from tempera-
ture changes or vertical water motions).

To set the stage for biological studies at the
level of dominant species, suppose that two
decades from now it can be predicted that an ex-
pected climate change will in fact shift the aver-
age positions of the polar and subtropical fronts
in the southern hemisphere by a certain dis-
tance. Between the two fronts, will that lead to a
wholesale latitudinal move of the plankton com-
munity with the composition as we know it
now, so that there will merely be a broader or

OCEANOGRAPHY*Vol. 7, No. 121994



narrower expanse of DMS production of the
same flux per unit surface as today, with the
same feedback to climate via cloud formation
(see Taylor er al., 1992, for North Atlantic bio-
geographic shifts)? I suspect, instead—and es-
pecially for the broad biological boundary zones
adjoining the hydrographic fronts—that selec-
tive change of dominant species will occur.
How will we learn enough by year 2014 to.ad-
dress with useful accuracy the issue of changing
geographic and seasonal DMS production,
which is determined only by some phytoplank-
ton species?

Although the question of zooplankton produc-
tion as key control of phytoplankton production,
as formulated here, is of a global nature, in my
view it cannot be answered globally within two
decades but first must be tackled regionally. For
the global answer to be based on dominant
species, far too many life histories and rate
processes would have to be studied after taxo-
nomic revisions of very many genera had been
undertaken for many biogeographic provinces.
(Note that only the correct name opens the door
to the literature on the particular species!) As a
substitute, it might be possible to develop at this
time near-global, general plankton production
models, aiming at climatic zones (e.g., “offshore
subtropical sea”), that contain general submodels
for functional types, e.g., for “a small, slowly
growing, nonmigratory crustacean omnivore”
like the copepod Oithona or “a medium-sized,
fast-growing, nonmigratory crustacean suspen-
sion feeder” like the copepod Paracalanus and
their interactions with standardized phytoplank-
ton (see Vinogradov et al., 1976, for early work
in this direction). The actual fleshing out of such
skeletons, by finding and entering the coefficients
for the particular dominant species, should be at-
tempted only in the very few best-known regions
of the world’s ocean. I suppose that within two
decades, decisive, integrated success along the
lines sketched here can be expected only for the
North Sea, including the western approaches to
Great Britain and the Baltic, the northern Black
Sea, the eastern seaboard of the United States
and Canada (actually, 2 biogeographic pro-
vinces), the northeastern cool-temperate Pacific,
and perhaps the northwestern Mediterranean and
the Sea of Japan. For other regions, too little
basic biological information is at hand to make a
start for addressing the entire system on the
basis of dominant species in about two decades.
Even for the named areas, the quandary is that
processes effecting climate change in the context
treated here principally operate in open sea re-
gions while much of the available natural history
and experimental laboratory work has been con-
cerned with the inhabitants of the coastal biogeo-
graphic provinces, many of which do not live in
the open sea.

OCEANOGRAPHY*Vol. 7, No. 121994

Directing the Collection of Biological
Information

Investigating zooplankton population dynamics
is one of the central goals of the current Global
Ocean Ecosystems dynamics (GLOBEC) program
that principally aims at understanding the abun-
dance, variations in abundance, and production of
animal populations in the sea. This task also in-
volves an understanding of the food consumption
by animals. However, I believe it unlikely that the
extension of GLOBEC’s efforts to the feedback of
1) grazing to the size composition and concentra-
tion of phytoplankton, and 2) animal population
dynamics to mass fluxes of, e.g., O,, CO,, or or-
ganic matter and the associated elements, will be
achieved during GLOBEC’s life time. Because of
our presently inadequate theoretical understand-
ing, the current Joint Global Ocean Flux Study
(JGOFS) program also cannot address these fluxes
in the manner proposed here, but must proceed on
an empirical basis by using, e.g., the measured
grazing mortality. Global Ocean Euphotic Zone
Study (GOEZS) is being planned under Interna-
tional Geosphere-Biosphere Programme (IGBP)
for the late 1990s and beyond and is expected to
tie together, and expand upon, results of the
JGOFS, World Ocean Circulation Experiment
(WOCE), and GLOBEC programs. GOEZS also
will be in dire need of a predictive capability for
zooplankton dynamics, e.g., regarding the cou-
pling of temporal changes of the dominant popula-
tions of phytoplankton and zooplankton (and bac-
teria).

How to gather the biological data on the
dominant species within two decades? In my
opinion, even in the relatively well-studied re-
gions mentioned above we face a research
problem of a size that requires a large, con-
certed, and maintained effort well beyond what
we are accustomed to in marine biology. In this
effort, guided focusing of effort and mainte-
nance of continuity should be the major new
features of research administration. The intel-
lectual guidance would come from continued
contact between modelers and experimentalists,
while the maintenance of continuity of effort
and funding is an institutional task. Unless
guided in some form, but without stifling indi-
vidual initiative, work on taxonomy and natural
history are bottomless pits in the temporal
sense. Also, measuring the rates of feeding,
respiration, growth, etc., for one dominant
species after another will not be particularly
stimulating and therefore will require unusual
discipline by the investigators and funding
agencies. I do not believe that leaving the solu-
tion to chance, i.e., to individuals or transient
groups pursuing “their own thing”, will yield
the results by the time that accurate predictions
of the ocean’s role in, and the response to, cli-
mate change have to be in hand.

. . we face a

research problem of a

size that requires a

large, concerted, and

maintained effort well

beyond what we are

accustomed to in

marine biology.
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