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ABSTRACT: Zooplankton research over the past 100 yr has been focused largely on temporal scales of 
hours to weeks and spatial scales of decameters to lulometers. Research at both greater and lesser scales 
has been limited mainly by technical intractability. Recent advances in technology are expanding the 
horizons of enquiry to those scales which have long been difficult to observe. Discussions on future 
advances in marine zooplankton research and technology from an open meeting of marine zooplank- 
tologists, held at Lake Arrowhead, California. USA in April 1988, led to specific recommendations for 
future research. Principal issues and areas of future research include: (1) characterization of individual 
small-scale behaviors leading to a better understanding of the dynamics of aggregation and dispersal, 
(2) determination of how environmental variability, rather than mean conditions, affects physiology and 
behavior; (3) relation of birth, death and growth rates to environmental cond~tions, both concurrent and 
past; (4) determination of nutritional requirements; (5) long-term observations of population and 
community dynamics w h c h  would permit analysis of interannual variability and ~ t s  causes: (6) a critical 
need to maintain expertise in taxonomy; and (7) continued development of mathematical models 
encompassing biological, chemical, and physical parameters. Concrete steps that could be  taken to 
facilitate these research goals include: (1) further development of in situ instrumentation that provides 
(a) measurements at high frequencies and resolutions. (b) the capability for long-term unattended 
measurements and (c) the abihty to monitor birth, growth and physiology; (2) establishment of a Center 
of Marine Plankton Studies with the full spectrum of facilities required for sophisticated culture, 
maintenance and experimentation with single or multiple species; and (3) establishment of an Ocean 
Observatory from which continuous measurements could be made at multiple scales. Significant 
advances in many areas can be accelerated through multidisciplinary activities. 

INTRODUCTION time scales were chosen for discussion: seconds to 
hours, hours to days, days to weeks, weeks to months 

Marine zooplankton research is currently conducted and months to years. Scientists were asked to submit 
by individual investigators working largely indepen- abstracts about their thoughts on future marine zoo- 
dently, and with a wide variety of perspectives. To plankton research using these time scales as a guide. 
enhance communication, outline significant goals and At the colloquium 5 w o r l n g  groups produced docu- 
areas of future study, and to organize future research ments on future research goals based on the 5 ranges. 
activity, marine zooplankton researchers recently held Their recommendations and others from the abstracts 
a colloquium to discuss their respective views. This were edited and are presented in this paper. One 
meeting followed an open invitation to scientists in the realized that success will largely depend on concerted 
field. As a common organizational frame, 5 ranges of multidisciplinary investigations. An understanding of 

individual behavior, population dynamics, and com- 
munity structure and function cannot be obtained with- 
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ISSUES AND GOALS 

Many of the problems associated with studylng zoo- 
plankton have long been recognized. These animals 
are heterogeneously distributed due to physical and 
biological processes. They continuously alter locations 
and behaviors, and can operate at frequencies which 
cannot be perceived by researchers unaided by tech- 
nology. It has become obvious that we must (a) strive 
for observations which are continuous, or at least suffi- 
ciently frequent to study the processes in question; (b) 
conduct these studies wherever possible in situ; and (c) 
utilize non-invasivehon-disturbing approaches. 

To achieve our goals, technology needs to make 
giant steps forward. One of the major reasons why we 
were advancing rather slowly during the past decades 
was that we were not sufficiently ingenious in develop- 
ing new technology, or applying and modifying that 
which was available. Advanced technology is required 
for many reasons, e.g.: 

(1) To determine and quantify rapid changes con- 
cerning individuals, populations and communities we 
need sufficiently frequent and adequately spaced 
observations; these observations may have to be made 
at frequencies approaching those obtained by physical 
oceanographers with profilers and current meters. This 
means we need similar profilers and sufficient numbers 
of moored instruments, perhaps more than our physical 
colleagues, to adequately record in situ biological pro- 
cesses. In addition, we need software to rapidly, hope- 
fully instantaneously, process those records. 

(2) To monitor effects of our rapidly changing climate 
(Hansen et al. 1988). Presently our knowledge as to 
why certain species occur in smaller or larger abun- 
dance in certain parts of the ocean is limited (e.g. Cole- 
brook 1985). Climatological changes in the coming 
decades most likely will alter compositions and abun- 
dances of zooplankton. What we need to rapidly and 
comprehensively assess polar, boreal, subtropical and 
tropical regions and communities is automated 
instrumentation with which longer time-series and fre- 
quent coverage are possible. Such long-time series 
could be obtained from an Ocean Observatory (Wiebe 
et al. 1987). These field studies need to cover processes 
over scales from seconds to decades, especially to dis- 
tinguish between natural variance and that created by 
climatological changes. 

Characterization of small-scale individual behavior 

The vast majority of process studies on marine zoo- 
plankton in the ocean or in the laboratory have been on 
populations in assemblages and communities (e.g.  
Cushing 1963, Petipa et  al. 1970, Heron & Benham 

1984). No individual zooplankton organism has been 
studied over any extended period of time in the ocean. 
Thus, the distribution and behavior of zooplankton at 
the level of the individual organism, and their impor- 
tance to biological and chemical processes in the 
ocean, are largely unknown. Recently, observational 
tools such as videomicroscopy and high-speed micro- 
cinematography have allowed us to directly observe 
how zooplankton perceive, respond to, and alter their 
local environment (e.g. Strickler 1982). These observa- 
tions have led to the development of mechanistic mod- 
els of zooplankton processes (e.g. Strickler 1985). It has 
been argued that variation in population and commun- 
ity patterns can be understood as variation in indi- 
vidual-ecological conditions (Schoener 1986). This 
implies that observations on individuals can be inte- 
grated to understand population and, eventually, com- 
munity dynamics. Such observations on individuals 
ideally ought to originate from studies carried out in 
their natural environment where they encounter all 
environmental variables. In situ observations on the 
behavior of individuals should indeed lead to insights 
not only on population dynamics but on the much more 
complex issue of community structure (Hassell & May 
1985). 

One major focus for field studies in micro-, meso- and 
macrozooplankton ecology should be to continuously 
characterize the in situ spatial relationships of organ- 
isms. Spatial and temporal heterogeneity of marine 
zooplankton has been documented only at scales grea- 
ter than centimeters and minutes (e.g. Bainbridge 
1952, Haury et al. 1978). Indirect evidence suggests 
that distributional heterogeneity also occurs at smaller 
scales, yet the true microscale environment including 
micropatch formation and dissipation is at best poorly 
characterized. We need documentation on scales of 
milliseconds to minutes and micrometers to centime- 
ters for individual zooplankters which operate on those 
scales. This goal requires the further development of 
non-invasive techniques which provide information 
with submicrometer resolution for bacteria and mi- 
crozooplankton. In addition, we need to encourage and 
cooperate with physical oceanographers to increase 
knowledge on, for example, micro-scale turbulence in 
situ to understand the distribution and residence time 
of microscale chemical and physical signals to which 
zooplankters may respond. 

To understand what an individual zooplankter does 
in its environment and why it may be doing that, we 
ought to consider the following: 

(1) Resource availability relative to the amb1.t of the 
zooplankter rather than set by our sampling conveni- 
ence (Fig. 1). Ambit is defined as the product of percep- 
tive volume (Cushing 1968) and distance traveled for 
l h or l d. Measurements on individual zooplankters 
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Body Length (pm) 

Fig. 1. Generalized relationship between zooplankton body 
size and volume of water through which the zooplankter 
might move during its daily ambit. The entire range of body 
sizes and corresponding ambits for the vast majority of marine 
heterotrophic plankton is shown, as are the approximate 

ranges of representative groups 

ought to be made on those scales on which they oper- 
ate. These scales differ markedly for different zoo- 
plankton taxa (Fig. l), ranging over ca 18 orders of 
magnitude from bacteria to euphausiids. 

(2) Random and directed swimming activities of the 
zooplankter(s) under study, and the effects of physical 
and also biological (Donaghay et al. 1987, Price et al. 
1988a) processes in dispersing and aggregating organ- 
isms (see also next section). 

(3) Die1 patterns in distribution and processes (e.g. 
feeding, reproduction). 

(4) Relative importance of small-scale behaviors to 
the temporal and spatial distribution of other zooplank- 
ton organisms (e.g. predators). 

(5) Perceptive volume; this allows a determination of 
an individual's mechanisms for perception of and 
response to biological and mechanical stimuli. 

(6) Bioenergetics, which includes assimilation, respi- 
ration, excretion and defecation by individuals. 

Effects of environmental variance on individual 
physiology and behavior 

Recent work on physical and biological variability 
in the sea (e.g. Moum et al. 1986, Price et al. 1986, 
Donaghay 1988) suggests that variance, rather than 
the average conditions we perceive, may be more 
important to understanding the response of zooplank- 

ton organisms, particularly on time scales of hours to 
days. We suspect that zooplankton process, filter, and 
integrate part of the variance in their environment 
through physiological and behavioral mechanisms 
(Donaghay 1988). The progressive transfer of var- 
iance (biological, chemical, physical) from shorter to 
longer time scales is illustrated in Fig. 2. We suggest 
that the variance perceived and processed by the 
individual contributes to its physiological responses 
and its distribution in the ocean (see also next sec- 
tion). Observations on these behavioral and metabolic 
activities will be used to develop new models and 
paradigms not only for individuals and species, but 
also for populations, communities, and ecosystems. 
Theoretical and empirical modelling of interactions 
between Individuals and their physical/chemical 
environment is recommended. Such models are 
necessary to develop a conceptual framework for 
these processes (Rothschild & Osborn 1988) and to 
aid in synthesis of the large amount of video and 
acoustical data collected at these scales. In addition, 
we need to understand variance between individuals 
(Lomnicki 1988). Individual intraspecific variability 
occurs, for example, due to age, physiological history 
or genetic composition. 

Growth, fecundity, mortality and predation rates and 
their relation to environmental conditions 

A change in numbers and biomass due to somatic 
and reproductive growth, combined with mortality 
from predation and other causes, are the dominant 
biological forces driving the population dynamics of 
species. 

Rates of growth and reproduction of zooplankton 
populations represent an integration of the food 
environment in which they live. The in situ mea- 
surement of growth rates of metazooplankton popu- 
la t ion~ hinges on the ability to (a) sample all stages 

<MINUTES TO HOURS 

Variance in Physics. 
Chemistry and Biology + 

defines on 
HOURS TO DAYS 

the organlsrn's amb~t 
and yields die1 distribution 
and physiolog~cal 
integration of variance 

\ 
DAYS TO YEARS 

Growth.Production 
and Commun~ty Function 

Fig. 2. Relevant scales of variance of marine zooplankton 
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quantitatively at relevant scales, (b) track the par- 
ticular population in space over the respective study 
period, and (c) obtain data on certain biological (e.g. 
food abundance), chemical and physical variables. 
This requires physical expertise because e.g. hori- 
zontal advection (Lee & Pietrafesa 1987) and other 
physical forcings affect the distribution of a zoo- 
plankton population with time (e.g. Paffenhofer et al. 
1987). Sampling and observation frequencies need to 
be  tailored to the respective species and the event 
scales. For example, for species with a generation 
time of 2 d  (Thalia dernocratica; Heron & Benham 
1984) a sampling frequency of several hours would 
be  required while for species with generation times 
of several months (e.g. Neocalanus spp.; Miller et  al. 
1984) sampling periods of one to several weeks 
might be  needed to determine a population's growth 
and mortality rate. 

Reproductive rates reflect the feeding history of 
females and integrate small-scale variability. By com- 
paring reproductive rates of females from the ocean 
with those of females from controlled laboratory experi- 
ments, w e  can compare the extent of food limitation of 
the field population (Durbin et al. 1983), eventually 
both quanti- and qualitatively. Laboratory studies are 
needed to quantify and eventually predict relationships 
between reproductive rates and food quantity and 
quality. 

To obtain net population growth rates, estimates of 
mortality rates are needed. A major problem continues 
to be the accurate and precise determination of mortal- 
ity of life history stages of zooplankton in the ocean. As 
with growth rates, a prerequisite of a realistic measure- 
ment of mortality requires spatial tracking and proper 
sampling of the respective zooplankton population 
over periods ranging from days to weeks. Often the 
major cause of mortality is predation, which has proven 
to be  difficult to measure in situ. Since the flux of 
primary production through pelagic ecosystems is 
influenced by predation, a s  indicated by simulation 
models (e.g. Davis 1987), the simultaneous quantifica- 
tion of death and growth rates of prey populations 
would be  needed. In marine systems the concept of 
predatory control of organism abundance within zoo- 
plankton communities and food webs, and their struc- 
ture and composition, has received little attention. We 
do not know to what extent predators control the struc- 
turing of planktonic marine food webs. Longer-term 
field studies at the proper spatial and temporal scales, 
combined with experimental studies, possibly in meso- 
cosms, should be  considered for quantifying the above- 
mentioned rates. 

Population dynamics can be  strongly affected by 
physical variables, such as advection, turbulence, 
convergence, diffusion and vertical muring which 

occur on various scales. For example, smaller scale 
differences in the velocity field (vertical and horizon- 
tal) of a mesoscale patch can break it into smaller and 
smaller patches (Mackas et al. 1985). The direct 
effects of turbulence on zooplankton populations can 
only be assumed whereas certain advective effects 
have been studied in the field (e.g. Cox & Wiebe 1979) 
and evaluated in theory (e.g. Riley 1976). It is thought 
that turbulence can affect quality, quantity and size 
distribution of phytoplankton by e.g. affecting nutrient 
supply and homogenizing heterogeneous spatial dis- 
tributions. On small scales, turbulence may affect prey 
perception of predators and vice versa. Our ignorance 
of the effects of turbulence requires comprehensive 
studies on its effect at  various spatial scales on zoo- 
plankton. 

It is important to separate the effects of turbulence 
from those of advection. One possibility is to study the 
variability of instantaneous growth and mortality rates 
of relevant micro- to macrozooplankton populations in 
a region where turbulence will vary over time, and 
advection changes little with time and depth. 

Definition of nutritional requirements 

Nutritional requirements of zooplankton are almost 
entirely unknown. Our current information on the nu- 
trition of zooplankton is mostly based on observations 
of feeding rates and food preferences. However, such 
empirical experiments yield only circumstantial evi- 
dence concerning the specific chemical requirements 
for growth. Currently, there are no data available 
which can be used to define what a given zooplankter 
requires in its diet. Such data are essential to answer 
long-standing questions regarding 'food quality'. We 
need data on the food species and quantity eaten in 
nature, and their biochemical composition and envi- 
ronmental concentration. Laboratory studies should be 
initiated with the aim of determining the nutritional 
requirements of several representative taxa and 'life 
styles' of micro- to macrozooplankton; one approach 
would be to offer environmentally occuning food 
species, whereas a second approach would be to pre- 
cisely control food organism biochemistry. Emphasis 
should be placed on ontogenetic changes in the die- 
tary requirements of zooplankton to determine to what 
degree growth of specific stages is regulated by vari- 
ous major organic compounds such as protein, lipid, 
etc., and specific micronutrients. The results should 
allow a comparison of the dietary biochemical require- 
ments of a zooplankter with that available in the prey 
organism(s). These data can be  used to predict 
changes in growth and fecundity of zooplankton in the 
ocean. 
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Long-term population and community dynamics and 
variability 

In addition to observations of seconds to weeks, we 
need data over longer periods on zooplankton popula- 
tions and communities to understand and predict (a) 
their structure and function, and (b) their long-term 
variability. So far such studies have been scarce. For 
example, there are 1- to 20-yr high-frequency observa- 
tions on copepods in the northeast Pacific (Miller et al. 
1984) and 35-yr monthly data on zooplankton abund- 
ance in the North Sea (Colebrook 1985). The latter 
showed a dramatic decline in abundance of one 
copepod species during that period while none of the 
others increased. 

Such long-term studies not only require data on 
distribution, abundance and composition of zooplank- 
ton, but also data on their population dynamics and size 
structure. Emphasis should be on life history strategies 
of key species, and comparisons of life history adapta- 
tions for species in the same and different regions. Such 
comparisons should be made within and between phy- 

sically controlled (e.g.  shelves) and biologically con- 
trolled regions (e.g. central ocean gyres). Information 
on life-histories of open ocean zooplankton species is 
extremely limited. To interpret the biological data vari- 
ous environmental variables, e.g. Light, temperature, 
salinity, atmospheric pressure, wind and current ve- 
locities, need to be simultaneously recorded (Robinson 
& Hunt 1986). These field observations can be sup- 
plemented by short-term experimental studies on key 
processes such as (a) fecundity of ocean-collected 
specimens at  regular intervals, and (b) organism- 
organism behavior observations at  the long-term study 
site. 

Many of the approaches and data obtained for 
individuals and populations can probably be used to 
develop a conceptual framework as to how respec- 
tive species function within a community. One such 
framework involves categorizing organisms into 
functional groups, i.e. groups which characterize 
how an organism functions within a community or 
among communities of interest (e.g. feeding guilds). 
Once such functional groups are established, we can 

Table 1. Temporal scales of physical and biological processes, and methods to study the latter 

Internal waves 

Ingestion 

Seconds Minutes Hours Days Weeks > Month 

Physical Microturbulence Langmuir cells Tidal events Climatological 
processes/ Winds events 
events 

Convective mixing 
Mesoscale eddies 

4 
Advection 
Diffusion 

b 
Boundary 

currents 

Biological Micropatches Digestion D ~ e l  cycles Seasonal cycles 
processes/ 
events 

Particle Mesoscale patch 
capture persistence 

Community 
persistence 

Physiological adaptations 

Methods Cinematography Remote sensing A 

4 
Acoustics, towed sensor packages 

b 

Nets, etc. b 
Moored video b 
ROV submersible b 

Protozoa 
generation 

time 4 
Generation time 

Metazoa 
b 
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begin to (a) examine patterns of their distribution in STEPS TO MEETING GOALS 
space over time, (b) relate these patterns to contem- 
porary and evolutionary environments, and (c) look To address and answer our future objectives we need 
for CO-evolutionary patterns among functional techniques and technology which allow us to study 
groups. zooplankton individuals, populations and communities 

at their appropriate in sltu temporal and spatial scales 
(Table 1). 

Significance of species identification 

None of the previously mentioned studies can be 
conducted without the identification of zooplankton. 
This is of particular importance not only for adult speci- 
mens but also when juvenile stages need to be  iden- 
tified. Particular difficulties arise with identification of 
nauplii and protozoa. To date the juvenile stages of 
very few copepod species have been described and  can 
be  readily identified. So far the entire suite of juvenile 
stages has not been taxonomically identified for a 
single warm-water, open ocean copepod species. Suc- 
cessful studies of population dynamics and community 
structure studies hinge on the correct identification of 
all species and stages. The number of competent zoo- 
plankton taxonomists has become perilously small, and 
needs to be increased. 

In addition to microscopic identification, we need to 
develop expertise in identifying zooplankton species in 
situ. 

Biological/physical models 

Since zooplankton are 'drifters', by definition, the 
question of what controls their distributions is, in 
part, one of fluid dynamics. To understand these 
complex interactions, emphasis should be placed on 
development of coupled individual/physical relations 
(Rothschild & Osborn 1988) and also population/physi- 
cal transport models (e.g. Wroblewski 1982, Hofmann 
1988). Both simulation and process oriented models are 
needed. Information obtained at the individual level 
should be incorporated into population models. 

Combined biological/physical models are also 
required to understand what regulates zooplankton 
abundance at the community level. For low diver- 
sity areas, multi-species population models of 
dominants will yield the most accurate insights into 
community function. For high diversity areas, sim- 
plification into size or functional groupings may be  
the best approach. Assumptions inherent in such 
groupings need to be ngorously evaluated. Informa- 
tion gleaned from individual population level 
studies must be  incorporated into models of com- 
munity function. State-of-the-art physical models 
should be used to generate realistic flow and turbu- 
lence fields. 

In situ instrumentation for characterization of small- 
scale individual behavior 

To be non-invasive, techniques need to be  used by 
which one observes and records zooplankton behavior 
at certain distances from the recording device (cm to 
> 10 m depending on species). Many of the new tech- 
niques at  the microscale have been reviewed in an  
article on questions and technological developments 
concerning zooplankton behavior (Price et al. 1988b). 
Studying distribution and behavior of individual zoo- 
plankton organisms requires either continuous or very 
frequent observation in 3 dimensions. The resolution 
has to be sufficient to identify the zooplankter, possibly 
its mouthparts, and its food particles and other organ- 
isms in its vicinity. For example, a 3-dimensional opti- 
cal system based on the Schlieren technique has 
allowed the observation of free-swimming copepods in 
a 61 vessel with a resolution of 10 pm (Strickler 1985) 
which would be sufficient to resolve many of their food 
particles. We have to keep in mind that the above- 
mentioned setup allows an  observation volume of only 
about 10 by 10 by 8 m m  at one time. There is a critical 
need for a system that both greatly expands the 
observed volume and allows this technology to be used 
in situ in the ocean. However, we anticipate being able 
to observe much larger volumes, although with 
reduced resolution. This would enable us to observe 
several individuals simultaneously, as well as the 
interactions between individuals (predator-prey). 
Another 3-dimensional approach is that of using 2 
video cameras mounted parallel to each other so as to 
provide a stereoscopic image (Hamner et  al. 1988). This 
and other 3-D systems, however, allow identification 
only of larger organisms such as euphausiids. 

In addition to developing techniques to record behav- 
ioral response, there is a critical need to develop instru- 
ments that can record the stimuli for those behaviors. One 
example is a high resolution rapid-sampling device 
under development which allows the identification of 
phytoplankton characteristics by measuring phyto- 
plankton fluorescence properties at  the centimeter scale 
using laser/fiber optics technology (Cowles et  al. 1987). 
Additional instrumentation is needed to measure dissol- 
ved chemical compounds which can affect the behavior 
of zooplankton (Gill & Poulet 1988). 
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Among other micro-methods are the application of 
immunological techniques to rapidly examine zoo- 
plankton gut contents, and possibly optical flow-vis- 
ualization by uslng holography and interferometry to 
study the dist~lbution of mm-sized eddies which may 
strongly influence zooplankton behavior. 

Techniques and technologies for population and 
community responses 

The population variables which we want to deter- 
mine, including rates of birth, growth and mortality and 
generation time, require tracking of a discrete popula- 
tion in the ocean. In most regions of the world's oceans 
advection and turbulence vary considerably in space 
and time (e.g. Price et al. 1986), as do the distribution of 
biological, chemical and other physical variables. A 
combination of physical and biological processes will 
determine whether a zooplankton population persists 
over an extended penod (weeks to > l yr). Persistence 
should be enhanced in physically stable environments, 
e.g.  shallow and wide continental shelves, as compared 
with unstable ones, e .g ,  boundary currents. The type of 
environment should determine whether the approach 
is Eulerian, Lagrangian, or both. Development of zoo- 
plankton populations is pronounced in mesoscale 
water masses with nutrient enrichment leading to 
patch formation (Mackas et al. 1985, Paffenhofer et al. 
1987). Repeated 3-dimensional coverage of the entire 
patch, coupled with advection data (Paffenhofer et al. 
1987), should provide the desired data on population 
variables such as birth, growth and mortality rates of 
species. The frequency of measurements is determined 
by the rapidity of population processes. Since the direc- 
tion and velocity of water displacement changes with 
depth and time, and vanability of abundance of a 
zooplankton species can be greater on smaller than on 
larger scales (Mackas et  al. 1985), coverage of an  entire 
mesoscale patch is preferable to that of part of it, 
especially when the studies last in excess of several 
days. 

Which methodology could be applied to obtain rapid 
and repeated coverage of a larger zooplankton patch in 
3 dimensions? Acoustic observations on the abundance 
of various sizes of zooplankton can be made with spa- 
tial resolution as small as l m vertically, which could 
guide the ranges of depth sampling with nets (Pieper et 
al. 1987). A MOCNESS-type sampler (Wiebe et al. 
1976) equipped with various hydrographic sensors 
would greatly reduce station time and result in quasi- 
synoptic sampling of an entire mesoscale patch. Con- 
tinuous coverage could be achieved with an optical 
plankton counter (Herman 1988). The major hurdle 
would still be zooplankton sample analysis. Unless we 

are able to obtain continuous biological profiles, using 
e.g.  non-invasive optical recorders covering a volume 
of about 10 to 10001 every fraction of a second, we will 
not be able to cover large areas synoptically and obtain 
data in real time like physical oceanographers do. 
These biological profiles would eventually include 
instantaneous profile analyses of larger zooplankton 
genera, their size or stages. The software developn~ent 
for such an  approach is one of the major obstacles. 

We believe, however, that in~tial  steps in this direc- 
tion can soon be accomplished. Vertical abundance 
profiles of large, easily identifiable zooplankton species 
(e.g. doliolids) have recently been made from a sub- 
mersible using video observations (Youngbluth et  al. 
1987). Since certain optical systems can be lowered and 
retrieved quite rapidly, biological profiles of large zoo- 
plankters could become common fairly soon. This 
should result in closer spatial (vertical and horizontal) 
resolution and more frequent biological coverage of a 
water mass approaching CTD utilization and immedi- 
ate (real-time) data analysis. Instead of spending 
months on microscopic sample analyses, high-resolu- 
tion profiles of various abundant zooplankton taxa 
would be  available on the same day. Such 3-dimen- 
sional, high-frequency sampling with zooplankton size 
analysis can provide the desired population dynamics 
variables if we are able to track the respective water 
mass. This could be facilitated by commercially avail- 
able on-board acoustic Doppler-profilers which pro- 
vide instantaneous data on current velocity and direc- 
tion in relation to depth. In addition, this sampling 
approach is capable of providing great insight into 
spatial and temporal variances of distribution and 
abundance of zooplankton, e .g ,  formation and dissipa- 
tion of aggregations. At the same time one ought to 
obtain data on the 3-dimensional distribution and 
abundance of potential food particles (Cowles et al. 
1987, Price et al. 198813). Such sensors (resolution of 
< 10 ,urn) would provide information about particle size 
distribution and type (diatom, protozoan, dinoflagel- 
late, living or dead).  

Center for Marine Plankton Studies 

As we expressed earlier, we will not immediately 
have the technology to conduct all the suggested 
studies of individuals, populations and communities in 
situ within the next few years. We therefore recom- 
mend establishing a Center of Marine Plankton 
Studies. In such a Center investigators would be  able to 
simulate environmental conditions in large bodies of 
water in a sophisticated manner. This simulation of the 
environment would allow study of species interactions 
by remote observation and to gain insight into proces- 
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ses which are otherwise extremely difficult to observe 
in situ at present levels of technology such as determin- 
ing nutritional requirements, mortality, growth and 
reproduction rates. Such a Center would also permit 
studies of community interactions which are difficult to 
observe in the ocean. It could develop into an interna- 
tional and multidisciplinary Center of Marine Plankton 
Studies covering experimentation from sensory phy- 
siological processes on the submicron and subsecond 
scales to those involving zooplankton patch or swarm 
formation where persistence and dissipation occur on 
scales of days and tens of meters. It could also include 
approaches to examine the effects of turbulence on 
communities as well as individuals over extended 
periods of time (Alcaraz et al. in press). Other advan- 
tages include the ability to conduct detailed bioenerge- 
tic studies, to establish a zooplankton culture collection 
and to study population behavior. 

Ocean Observatory 

Long-term studies in the ocean have been run at 
intervals of months or more using ships. To obtain data 
frequently over years in the oceanic environment we 
need stable platforms which can serve as Ocean Obser- 
vatories (Wiebe et al. 1987). Continuous unattended 
measurements on any variable relevant to marine zoo- 
plankton can be obtained on or from such an observa- 
tory. In addition, experiments on individuals, popula- 
tions and community dynamics can be carried out at 
any time because zooplankton can be collected around 
the clock, depending on weather. Such a stable plat- 
form could house numerous scientists simultaneously. 

Submersibles 

To study in situ, at depths of > 30 m, the behavior of 
individual zooplankton, patches and swarms, we 
require manned submersibles and/or remotely oper- 
ated vehicles. Especially the latter could be applied 
when rapid vertical high-resolution profiles are 
needed, and could also be used to study horizontal 
patchiness. 

Zooplankton identification 

First of all, we need to broaden our knowledge in the 
identification of all stages and life forms of marine 
zooplankton by describing all stages of oceanic 
species. Second, we need to increase the number of 
taxonomists. Third, we need to develop taxonomic 
identification in situ. The major difficulty seems to be 

taxonomic identification of, e.g. recorded 3-dimen- 
sional profiles. To identify various species in situ we 
need sufficient resolution for shape analysis, and a 
sufficient volume for movement analysis. A combina- 
tion of morphological and behavioral components 
appears to be necessary for taxonomic identification. 
The resolution ought to be less than 1 pm for micro-, 
and about 5011m for macrozooplankton. Software 
development for this taxonomic analysis wdl require a 
major effort. Immunological tags could eventually 
prove useful in the identification of species. 

The initial investment for technological develop- 
ment, and the one-time expenditures for equipment, 
may be high. It may, however, be low (consider the 
analog of a CTD) when the tremendous gain in insight 
and understanding of functioning of oceanic com- 
munities and ecosystems is considered. 

Biological/physical model development 

Continued model development is needed at almost 
every temporal and spatial scale of zooplankton includ- 
ing small scales. To test and improve these models we 
need certain empirical data. Foremost on the popula- 
tion level are in situ zooplankton mortality rates 
because this is the variable to which population models 
are most sensitive (Hofmann 1988). We also need 
realistic flow field data as input among physical variab- 
les. Not only super computers but also VAX-type com- 
puters should be considered as capable of modeling 
biological/physical interactions. 

SUMMARY OF MAJOR RECOMMENDATIONS 

(1) Study the interaction of individuals and aggrega- 
tions of zooplankton with their patchy abiotic and biotic 
environment on environmentally relevant scales of 
micrometers to kilometers and milliseconds to years. 

(2) Regard/perceive zooplankton as living in a con- 
tinuum of processes; studies should consider their 
responses to variance - not to the mean - of biological, 
chemical and physical parameters on multiple time and 
space scales. 

(3) Obtain in situ rates on birth, mortality and growth 
of zooplankton populations, including prey and preda- 
tor populations; in particular, quantification of mortal- 
ity rates of all life history stages of relevant zooplankton 
species is required. 

(4)  Determine nutritional requirements of represen- 
tative zooplankton taxa and 'life styles'. 

(5) Establish long-term data acquisition of environ- 
mental ocean variables, in particular on zooplankton 
abundance and community structure. 
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(6) Determine in situ rates of zooplankton mortality 
with particular reference to predatory control of abun- 
dance, structure, and composition of marine planktonic 
food webs. 

(7) Determine the effects of seasonal temperature 
changes, turbulence and advection on zooplankton, 
their food and predators. 

(8) Develop new and improve existing technology to 
enable us to obtain in situ information on individuals, 
populations and communities continuously or at 
environmentally relevant frequencies in 3 dimensions. 

(9) Establish (a)  a Center for Marine Plankton for 
experimental studies on marine zooplankton; (b) 
Ocean Observatories for long-term (decade) data 
acquisition of ocean and atmospheric variables to 
understand and predict interannual changes in zoo- 
plankton abundance and community structure; and (c) 
regular availability of manned submersibles and 
remotely operated vehicles for in situ observations at  
greater depths. 

(10) Improve expertise on species identification of 
preserved zooplankton, and develop technology to 
identify living zooplankton in situ. 

(1 1) Develop biological-physical models to quantify/ 
predict (a) turbulence on the millimeter scale and the 
responses of individual zooplankters to it, and (b) how 
populations and communities are affected by various 
physical processes on small and large scales in the 
ocean. 
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