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Background: The present review is based on the identi-
fication of four major environmental crises that have been
approached from a biological oceanographic viewpoint.
These crises are the release of contaminants in nearshore
marine waters, the collapse of marine resources that were
renewable until recently, the loss of biodiversity, and
global climate change

Methods: The review examines the contribution of cy-
tometry-based biological oceanography to the resolution
of the four environmental crises. Using a database of 302
papers, flow cytometric (FCM) studies in biological ocean-
ography over the 1989-1999 decade are examined. Fu-
ture biological oceanographic applications of FCM are
discussed.

Results: Most of the published FCM oceanographic stud-
ies focus on phytoplankton and bacterioplankton. Analy-
sis of our 1989-1999 database shows the predominance
of studies dedicated to phytoplankton (77%), followed by
heterotrophic bacteria (21%). The latter progressively in-
creased over the last decade, together with the improved
understanding of the biogeochemical and trophic roles of
marine bacteria. Most studies on these two microorgan-

isms were conducted in vitro until 1996, after which the
trend reversed in favor of in situ research. The most
investigated areas were those with major international
sampling efforts, related to the changing climate. Con-
cerning environmental topics, 62% of papers on phyto-
plankton and bacterioplankton focused on the structure
of microbial communities and fluxes (e.g., production,
grazing); this provides the basis for biological oceano-
graphic studies on resources and climate change.
Conclusions: Future progress in the biological oceano-
graphic use of FCM will likely fall into two categories, i.e.,
applications where FCM will be combined with the devel-
opment of other methods and those where FCM will be the
main analytical tool. It is expected that FCM and other cyto-
metric approaches will improve the ability of biological
oceanography to address the major environmental chal-
lenges that are confronting human societies. Cytometry 44:
164-172, 2001. © 2001 Wiley-Liss, Inc.
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Since the overview of flow cytometry (FCM) in biolog-
ical oceanography published by Legendre and Yentsch in
1989 (1), the environment of planet Earth and the context
of environmental research have both changed quite dras-
tically. At the end of the 1980s, biological oceanographers
had started to use FCM to address fundamental ecological
questions such as the abundance, distribution, and fate of
microscopic algae (phytoplankton) in oceans. During the
following decade, there were major advances in our un-
derstanding of the structure and functioning of marine
pelagic ecosystems but, simultaneously, several global en-
vironmental crises developed. As a consequence, biologi-
cal oceanography is becoming progressively involved in

programs that address some of the major socioecological
problems that threaten human societies. These include
the release of contaminants in nearshore marine waters,
the collapse of marine resources that were renewable
until recently, the loss of biodiversity, and global climate
change.

This shift in focus occurred not only in biological ocean-
ography, but in all environmental sciences. The new ap-
proach requires both in-depth disciplinary studies and
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multidisciplinary international programs, because the ex-
isting disciplinary knowledge is often too narrow to an-
swer the broad, system-level questions that confront re-
searchers. The new context requires broader and deeper
studies than before, to which FCM-based biological ocean-
ography can contribute original results.

FCM has been used to study the cell characteristics of
large marine organisms such as sponges (2), kelps (3),
macroalgae (4), oysters (5), sea squirts (6), periwinkles
(7), sea bass (8), and mink and sea otters (9). The present
review focuses on the use of FCM to study microorgan-
isms. These are defined here as <200 pm equivalent
spherical diameter (ESD). In the water column of oceans,
organisms <200 pwm include a variety of taxa: free viruses
(<0.1 pm), autotrophic bacteria (cyanobacteria, which
include the group known formerly as prochlorophytes,
<1.0 pm), heterotrophic bacteria (< 1.0 pm), unicellular
algae (>1.0 pm), protozoa (flagellates and ciliates, >2
pm), and small metazoans (generally >20 wm). The water-
column organisms 0.02-0.2 pm, 0.2-2.0 pm, 2-20 pwm,
and 20-200 pm are called femtoplankton, picoplankton,
nanoplankton, and microplankton, respectively.

FCM has been used to study most types of marine
microorganisms. Review papers on methodological appli-
cations of FCM to aquatic microorganisms were published
recently (10-13). The smallest organisms detected to date
have been free viruses (14), followed by heterotrophic
bacteria (15) and, more generally, prokaryotic and eukary-
otic picoplankton (16 -18), autotrophic nanoplankton and
microplankton (19), and heterotrophic nanoplankton and
microplankton (20).

For routine studies, FCM is mostly used on cells 0.3 to
30-40 pm ESD. Even though instruments able to analyze
cells and chains of cells >100 pm have been developed
(21-25), most studies conducted offshore with commer-
cially available flow cytometers have focused on autotro-
phic and heterotrophic picoplankton. This is because
these organisms are abundant in the sea (typically 10% to
107 cells mI'") and are difficult (because of weak fluores-
cence) or almost impossible (e.g., fragile Prochlorococcus
cyanobacteria) to observe with conventional microscopy.
Another reason is that the larger cells are generally not
abundant offshore.

We discuss some of the main environmental challenges
encountered in biological oceanography and give exam-
ples of related FCM contributions. We also analyze the
trends of FCM applications in biological oceanography,
using a literature data base of 302 papers (1989-1999)
that we assembled for this study.

ENVIRONMENTAL CHALLENGES: CONTRIBUTIONS
OF CYTOMETRY-BASED BIOLOGICAL
OCEANOGRAPHY

Biological oceanographers are involved in studies that
concern at least four major environmental crises. These
are briefly reviewed in the following paragraphs, as are
the biological oceanographic approaches that involve
FCM.

Contaminants

Human activities affect the marine coastal environment
in several ways that include the release of chemical and
biological contaminants in nearshore waters. Chemical
contaminants may be either toxic or nontoxic. The fate of
toxic contaminants in the marine environment, and their
effects on the organisms that live in water and those that
feed upon them (including people), is a public health
concern. Nontoxic contaminants, such as inorganic and
organic nutrients (coastal eutrophication; from municipal
effluents or fertilized fields), often lead to the develop-
ment of nearshore phytoplankton blooms. These may de-
crease environmental quality (when the algae decompose
in shallow waters and cause oxygen depletion) or com-
promise public health (when the blooms include micro-
scopic toxic algae that contaminate exploited resources).
The dispersal of biological contaminants in the coastal
environment, such as pathogenic viruses and bacteria,
often create health hazards.

The development and use of fluorescent probes allow
researchers to determine the presence of various marine
organisms and/or to assess changes in their physiological
status. These changes include the responses of pathogenic
organisms as they disperse in the marine environment
(26) and those of autochthonous organisms exposed to
chemical contaminants [e.g., diatoms (27), sole hepato-
cytes (28), mussel hemocytes (29)] or subjected to in-
creased ultraviolet (UV) radiation (30). Similarly, the ef-
fects of coastal eutrophication on phytoplankton were
studied using FCM (31). Finally, immunofluorescence ap-
proaches have been combined with FCM to monitor the
presence of toxic phytoplankton species, as well as to
enumerate them (32-34).

Biodiversity

An additional effect of human activities is the loss of
species (biodiversity). This is caused by the destruction of
environments that are essential to their survival and by the
destruction of the species themselves (e.g., by hunting
and fishing). The early diversification of life occurred in
the ocean. Therefore, the oceans contain more phyla than
the terrestrial environment (using the animals as example,
there are 23 phyla in oceans, 13 in fresh waters, and 8 on
the continents). The continents offer a broader range of
physical and chemical conditions than the oceans. Conse-
quently, the phyla that adapted to land life have much
more species than those in the sea. The decreasing biodi-
versity on continents affects mostly species or genera. The
loss of biodiversity in oceans threatens higher taxonomic
levels including low-diversified phyla (e.g., 7 of the 10
animal phyla represented by one or two classes are found
exclusively in the oceans: Ctenophora, Placozoa, Meso-
zoa, Gnathostomulida, Kamptozoa, Sipuncula, and
Chaetognatha).

Much less is known about marine biodiversity than
about terrestrial biodiversity. One reason for this may be
that marine organisms are generally small. The terrestrial
biomass is dominated by slow-growing, long-lived, large
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Fic. 1. Ataxonomic composition of a natural phytoplankton commu-
nity from the Northwestern Mediterranean Sea, near the mouth of the
Rhone River, April 1988. Each group of cells is characterized by a: its red
fluorescence (proportional to the intracellular concentration of chloro-
phyll @) or b: the concentration of cells and its side scatter (related to cell
size). The red fluorescence and side scatter are normalized to 1-pm beads.
There are eight groups of cells: cyanobacteria belonging to the genera
Prochlorococcus (Pr) and Synechococcus (S), picoeukaryotes (Pe), three
groups of increasingly larger eukaryotes (N1, N2, and N3), and two
groups of cryptophytes (C1 and C2). Cytometric data were obtained with
a FACSCalibur cytometer (Becton-Dickinson, San Jose, CA).

plants that turn over between twice a year and once every
second year. In contrast, the marine biomass is dominated
by fast-growing, short-lived, picoplankton organisms that
turn over about once per day. Although autotrophic and
heterotrophic picoplankton account for much of the liv-
ing carbon in oceans, their taxonomic description
progresses slowly. Because the diversity of marine life is
not well known and because environmental changes are
more difficult to assess in the sea than on land, the future
prospects of marine biodiversity have been little studied.

Studies on marine biodiversity include the discovery of
new taxa, the identification of taxonomic groups, and the
enumeration of organisms. Most discoveries of new ma-
rine pelagic taxa in the last decades concerned microor-
ganisms. Cytometric approaches were often involved in
finding these new organisms and assessing their abun-
dances and distributions in oceans. These taxa include
free viruses (0.1 pm ESD; 35,36), small cyanobacteria
belonging to the genus Prochlorococcus (0.6-0.7 pm
ESD; 17), slightly larger single-celled cyanobacteria (1 pm
ESD; 37,38), and a bacterial-sized photosynthetic eu-
karyote (1 pm ESD; 18).

More than 95% of all algal taxa described during the last
two decades come from the marine environment (39).
The discovery of Prochlorococcus a decade ago (17) trans-
formed drastically our understanding of the oceanic (off-
shore) environment. The more recent data on picoeu-
karyotes in oceanic and coastal waters revealed a rich
reservoir of unknown species, as shown by the descrip-
tion of new genera, orders, and classes of autotrophic and
heterotrophic picoeukaryotes (40 -45) .

Figure 1 provides an example from the Northwestern
Mediterranean Sea, near the mouth of the Rhone River. In
contrast to the analysis of offshore waters, it is easy to
discriminate among several size classes and taxonomic
categories of phytoplankton (e.g., cyanobacteria, picoeu-
karyotes, nanoplankton, and cryptophytes) in routine
analyses of coastal samples. In Figure 1a, each discrimi-

nated phytoplankton population is characterized by its
mean red fluorescence (proportional to the intracellular
concentration of chlorophyll @) and its mean side scatter
(related to cell size), both normalized to internal standards
(1-pm beads). Cells that are smaller than 2 wm are repre-
sented by two groups of prokaryotes (Prochlorococcus,
Pr, and Synechococcus, S) and picoeucaryotes (Pe); there
also are three groups of increasingly larger eukaryotes
(N1, N2, and N3) and two groups of cryptophytes (C1 and
C2; discriminated on the basis of their green fluorescence,
not shown). In Figure 1b, the same assemblage is charac-
terized by the concentration of cells (ordinate): overall,
the abundance increases with decreasing size, but Pro-
chlorococcus is represented by lower numbers than ob-
served in oligotrophic oceanic waters (0.5-7 10° cells
ml"), as usual in both the Western Mediterranean and
coastal waters. Information from different stations or
times can be used to assess the responses of phytoplank-
ton to environmental changes.

The combination of immunological and nucleic acid
probes with FCM helped to identify and enumerate these
small cells. It also enabled understanding of their roles in
marine waters (46-52).

Collapse of Marine Resources

Almost every month, newspapers report the collapse of
marine stocks that were once sustainable. One of the
fundamental reasons for the failure of traditional fisheries
management is the lack of proper consideration of the
physical and biological environments of exploited stocks
(53). In many countries, there has been a shift from the
traditional management approach to a new discipline,
called fisheries oceanography. With this approach, the
environmental conditions that influence the survival of
young stages are considered to be the main determinant of
exploited stocks (54).

Essential data on the biological environment of ex-
ploited stocks are provided by studies on the structure of
marine pelagic ecosystems. Pelagic ecosystems are domi-
nated by either the herbivorous food web or the microbial
food web or loop (the two expressions are often used as
synonyms in the literature). In the herbivorous food web,
large phytoplankton (>5 wm) are efficiently grazed by
large zooplankton (e.g., copepods), which in turn become
the food of fish. In the microbial food web or loop, small
phytoplankton and heterotrophic bacteria are consumed
by small zooplankton, resulting in high respiration and
little export to the large metazoans. Legendre and Rassou-
Izadegan (55) proposed to assess the trophic pathway that
dominates a pelagic ecosystem (and, therefore, its poten-
tial in supporting renewable resources) by determining
six interconnected ecological ratios: concentration of NH,
to that of NO;, phytoplankton uptake of NH, to that of
NO;, production of small to that of large phytoplankton,
microbial to herbivorous grazing, bacterial utilization of
dissolved organic carbon (DOC) to that of dissolved or-
ganic nitrogen (DON), and bacterial uptake to release of
NH,. The six ratios were defined to be minimum for the
microbial loop and maximum for the herbivorous food
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web. No single ratio provides unambiguous information
on the dominant trophic pathway, but a combination of
several ratios can identify the pathway that dominates a
pelagic ecosystem.

Cytometry-based approaches can contribute to estimat-
ing some of the above ratios. FCM can be used to count
and determine the sizes of microorganisms, including phy-
toplankton (56-58). It is also possible to use FCM for
determining variables related to the production of phyto-
plankton (59 - 63) or bacteria (64). In addition, cell sorting
was used to determine size-specific production of phyto-
plankton (65) or bacteria (66). Finally, the grazing rates of
various microorganisms can also be determined using
FCM (67-71). Hence, FCM provides approaches to facili-
tate the assessment of the trophic pathway that dominates
the water column.

Climate Change

The oceans contain about 50 times as much CO, as the
atmosphere, so that small changes in the ocean carbon
cycle can have large effects on the atmospheric concen-
tration of greenhouse-gas CO,. The photosynthetic and
calcifying activities of the marine biota mediate most of
the transfer of carbon from the ocean surface to its depth
(72), where it is stored for long periods (i.e., from centu-
ries, as CO,dissolved in deep waters, to millions of years,
as biogenic carbon, BC, buried in sediments). Because
phytoplankton photosynthesis (PP) does not increase in
response to increased concentrations of dissolved CO,,
the marine biota do not sequester the additional
CO,resulting from human activities (called anthropogenic
CO,). In oceans, the sequestering of anthropogenic
CO,0ccurs by its dissolution in surface waters. These sink
or are mixed vertically to depth (models indicate that
oceans take up at least one third of the anthropogenic
CO,; 73). Future models concerning the fate of anthropo-
genic CO, must take into account biological processes
because biological feedbacks have the potential to either
offset or amplify chemical and physical effects, and thus to
influence future climate (74). One such feedback is the
production of dimethylsulfide (DMS) by the marine biota.
Its release into the atmosphere favors the formation of
clouds, which in turn affect atmospheric temperatures
5.

The exchanges of several climate-related gases between
the lower atmosphere and the surface ocean are con-
strained by the functioning of the marine pelagic food
web. This is because the pelagic biota determines the
fluxes of matter into, within, and out of the upper ocean.
The most important greenhouse gas, CO,, is used as ex-
ample. The local balance between PP and respiration by
the pelagic community (CR) sets the direction of the
physiologically controlled exchange of CO,between the
atmosphere and the ocean, i.e., PP > CR drives a CO,flux
into the ocean (net autotrophy), whereas CR > PP creates
an efflux (net heterotrophy). When PP > CR, there is
downward export (E) of BC from the surface ocean (E =
PP — CR), which may lead to BC sequestration at depth.
Because heterotrophic bacteria are responsible for much

Phytoplankton (77%)

Bacteria (21%)

Free viruses (1%)

Particles (4%)
Zooplankton

Macroorganisms
(2%) (6%)

Fi6. 2. FCM-based marine papers published between 1989 and 1999.
Distribution among the main groups of marine organisms.

of the CR in the water column, it follows that bacterial
respiration (BR) is often almost equivalent to CR.

Cytometry-based approaches can be used in the above
context to determine phytoplankton production. FCM
thus contributes to the assessment of carbon fluxes of
into, within, and out of the upper ocean.

Another effect of human activity that is publicized
widely is the reduction of stratospheric ozone, especially
over the polar regions. This has led to increased ultraviolet
radiation at ground level. The higher UV radiation may
have negative effects on terrestrial and marine biota. FCM
approaches were used to assess the effects of UV radiation
on the physiology of marine microorganisms (76-78) and
on the structure of marine microbial communities (30,79).
FCM has not been used to study the effects of UV on cell
cycles at sea.

FLOW CYTOMETRY IN BIOLOGICAL
OCEANOGRAPHY: 1989-1999 TRENDS

In order to assess numerically the main trends of FCM
studies in biological oceanography that occurred since the
review of Legendre and Yentsch (1), we assembled a data
base of 302 papers dealing with FCM studies of marine
organisms (80). References concerning the use of FCM in
fresh waters or of image cytometry were not included.
The data base is analyzed from different angles, including
the four environmental problems discussed above.

Figure 2 illustrates the distribution of FCM-based papers
published during the last decade. Phytoplankton were the
main target of FCM studies (77%), followed by heterotro-
phic bacteria (21%). The other categories of organisms
each accounted for less than 6%. There has been a steady
increase in the total number of papers published and the
proportion of studies devoted to heterotrophic bacteria
(Fig. 3). The latter reflects methodological developments
and the progressive understanding of the role of hetero-
trophic bacteria in marine biogeochemical cycles.

Table 1 provides the distributions (percentages and
total numbers) of in situ and in vitro studies of phyto-
plankton and heterotrophic bacteria and lists papers ac-
cording to focus. The first four topics (environment, biodi-
versity, structure, and flux) correspond to the four
environmental problems (contaminants, biodiversity, re-
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Fic. 3. FCM-based marine papers published between 1989 and 1999.
Total number of papers (dashed line) and temporal changes in distribu-
tion among the main groups of marine organisms.

sources, and climate), respectively. For the two groups of
organisms, studies with an environmental or biodiversity
focus were mostly conducted in vitro. In the first case,
toxicity tests and experimental studies on the biological
effects of environmental variables are done under con-
trolled conditions. The second case is somewhat more
surprising, i.e., how could microbial biodiversity be stud-
ied in vitro? The explanation is that most studies with a
biodiversity focus have been of methodological nature,
their application to the field being for the future. Papers
on the structure of microbial communities and fluxes
(e.g., production and grazing) are evenly distributed be-
tween the laboratory and the field. As expected, most of
the studies with methodological and physiological focuses
were conducted in vitro.

The overall proportion of in vitro versus in situ studies
on phytoplankton and heterotrophic bacteria has changed
(data not shown). There were more in vitro than in situ
papers until 1996, after which the trend reversed. Recent

field studies on bacteria (1997-1999) were conducted
mostly in coastal waters (10 of 16), as a response to coastal
eutrophication (see above). For phytoplankton, there was
a drastic change over the same period, e.g., from 14 of 31
(1996) to 27 of 34 (1999). A significant proportion of
recent FCM field studies on phytoplankton were con-
ducted in the Equatorial Pacific (13 of 27 studies), where
there was a major international sampling effort related to
the changing global climate (see above).

Among the 302 FCM-based studies published between
1989 and 1999, 130 were conducted at sea. Of these, 46
were in the North Atlantic Ocean, 36 in the Pacific Ocean,
20 in the Mediterranean Sea, 14 in the Indian Ocean and
only 7 in sub-polar and polar waters. The studies in the
North Atlantic, Pacific, and Indian Oceans were con-
ducted within the framework of the international Joint
Global Ocean Flux Study (JGOFS).

Phytoplankton and heterotrophic bacteria are the two
main targets of FCM-based studies. Overall, 62% of the
papers on phytoplankton and bacteria published between
1989 and 1999 focused on community structure and
fluxes (Table 1).

In Table 1, studies on the structure of phytoplankton
communities concerned the abundance (number of cells)
of different taxa. Few studies addressed the use of FCM
variables to obtain cell size (e.g., light scatter; 81), so that
phytoplankton biomass is obtained by multiplication of
cell numbers by a conversion factor. The phytoplankton
taxa most studied belonged to prokaryotic picophyto-
plankton, more specifically, the cyanobacteria Synecho-
coccus and Prochlorococcus. The number of papers pub-
lished on picophytoplankton has increased steadily. In
1999, almost 80% of papers on the structure and fluxes of
phytoplankton communities were devoted to these organ-
isms (Fig. 4). Of the 77 studies on phytoplankton fluxes,
31 concerned the estimation of production and growth,
27 the estimation of grazing by various organisms, and 22
the cell cycles. In these flux studies, FCM is either an
essential tool (cell cycles) or an alternative or complemen-
tary technique to the more usual approaches (growth
production, grazing).

Table 1
FCM-Based Papers on Marine Phytoplankton and Heterotrophic Bacteria Published
Between 1989 and 1999*

Phytoplankton Heterotrophic bacteria
Focus In vitro In situ Total In vitro In situ Total
Environment 83% 17% 24 100% 0% 12%
Biodiversity 83% 17% 23 — — 0%
Structure 50% 50% 50 41% 59% 22%
Fluxes 57% 43% 77 50% 50% 16%
Methodology 86% 14% 58 79% 21% 14%
Physiology 77% 23% 31 94% 0% 17%
Total no. 182 81 263 56 25 81%

*Percentages and total numbers of in situ and in vitro studies, according to the focus of the paper. It must
be noted that the total number of studies in the Table (344) is higher than the total number of papers
published (302), because some papers address both phytoplankton and bacteria or different focus.

111puOD pue SWR | 8y} 885 *[9202/60/90] U0 Aiq8ulUO A3]IMW ‘(PePILES Bp OLBISIUIN) UOSIADL] [UO RN BURIGO0D USILedS AQ 9-2:00'0°E<B0TTOLAD-QIV::¥9T>E ¥1(T0L0T00Z)0ZE0-L60T/200T OT/10p/w0d" 3| 1mAsiq1jeut|uo//sdny woi papeojumoq ‘€ ‘T00C ‘0ZE0L60T

ol o

P

5UB01] SUOWILIOD BATERID 3]gEd1idde a1 Aq POUBAB 3.6 SPILE YO ‘38N 0S|I 10} ARIGITBUIUO AB]IAA UO (SUOTIPL



FLOW CYTOMETRY IN OCEANOGRAPHY 1989-1999 169
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Years Oceanography is moving fast toward the instrumented

Fig. 4. FCM-based papers on marine picophytoplankton published be-
tween 1989 and 1999. Numbers and percentages of all studies on phyto-
plankton.

Studies on the structure of bacterial communities were
often conducted simultaneously for phytoplankton (7 of
22 studies) . Most of the papers dealt with the total
number of bacteria, but a few studies discriminated
among bacterial populations on the basis of light scatter
and concentration of nucleic acids (fluorescent probes;
82-806). This approach does not resolve taxa, but it iden-
tifies ecologically functional populations. Some FCM vari-
ables were also used to estimate components of bacterial
fluxes, e.g., the proportion of metabolically active cells (5
of 16 studies) and predation on bacteria (6 of 16 studies).

There were no bacterial papers on field biodiversity and
there were more bacterial than phytoplankton studies on
environmental quality and physiology. For the latter two
topics, most of the references dealing with heterotrophic
bacteria concerned the survival of continental bacteria in
marine waters. FCM provides a very efficient tool in this
respect, being the survival of pathogenic bacteria in
coastal waters is a major public health concern.

CONCLUSIONS: FUTURE CONTRIBUTIONS OF
CYTOMETRY TO BIOLOGICAL OCEANOGRAPHY

Future progress in the biological oceanographic use of
FCM could fall into two categories, i.e., applications
where FCM will be combined with the development of
other methods and those where FCM will be the main
analytical tool.

Concerning the first category of possible applications
(combination of FCM with the development of other
methods), the main advantage of FCM is its ability to
determine simultaneously and rapidly several cell proper-
ties on a large number of cells. For the environmental
aspect, one major development would be the detection of
organisms that are rare in natural assemblages, but are
important because of their effects on public health, e.g.,
pathogenic bacteria (continental origin) and toxic phyto-

observation of the ocean. Sensors mounted on moored
buoys or drifting floats already record data on a number of
variables, which are transmitted by satellite to land sta-
tions. The basic oceanographic data so monitored include
water temperature, salinity, and in vivo fluorescence (as
an index of in situ chlorophyll @ concentration, and there-
fore of phytoplankton photosynthetic biomass). Other
variables acquired routinely include horizontal and verti-
cal current velocities, light-beam transmission (as an index
of particle concentration), pH, dissolved O,, and dissolved
inorganic nutrients. The next step in global ocean obser-
vation is the Argo Network, which consists of the deploy-
ment of 3,000 floats in all oceans. The floats will drift at a
typical depth of 2,000 m and rise to the surface every 10
days. As they rise, they will record the temperature and
salinity of the water column. At the surface, each float will
radio its data and position to an orbiting satellite, before
returning to depth for another 10-day cycle. The coming
years and decades will see the increased deployment of
automatic buoys and floats and the development of ocean-
ographic sensors. The latter could allow the in situ cyto-
metric determination of phytoplankton abundance, e.g.,
the in situ flow cytometer for automatic and autonomous
operation (CytoBuoy; 92).

FCM provides a unique tool for studying cell cycles at
sea. Progress will likely be in two directions. First, the
information on cell cycles will be used to estimate growth
rates (59 - 63) for taxa with distinct cytometric signatures
(e.g., Prochlorococcus marinus) and for well-defined cell
cycles. Second, changes in cell cycles will be used to
assess detrimental environmental effects caused by chem-
icals (e.g., for cells of metazoans, 9; no application yet to
phytoplankton) or UV radiation (79).

Cytometric and imaging systems could be combined to
assess the overall effects of marine food webs on BC fluxes
in oceans. Following Legendre and Le Fevre (93) and
Legendre and Michaud (94), the potential effect of pelagic
organisms on BC fluxes can be assessed from their sizes
and those of their prey items. This approach requires
knowledge of the numbers and sizes of pelagic organisms
in a given environment and of their taxonomic categories
in order to determine (from the literature) the sizes of
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their prey items. Cytometry could be used for the smallest
organisms (e.g., 0.5-20 pm) and it could be combined
with other systems to extend the range of recognized and
counted organisms up to 200 wm and above (e.g., the
imaging-in-flow system of Sieracki et al., 25). In order to
achieve the above objective, the approach must be able to
detect the (autofluorescent) autotrophic and mixotrophic
organisms, as well as the (nonfluorescent) heterotrophs.
The rapid development of cytometric and imaging sys-
tems could lead to the automatic assessment of food-web
effects on the water-column BC flux.

The combination of FCM and automatic sorting of nat-
ural organisms, followed by analyses on the sorted frac-
tions, may develop in different directions. One approach
may be sorting based on cell size followed by character-
ization of activity (e.g., uptake of radioactive substrates),
in order to study allometric relationships. This approach
has been applied to heterotrophic bacteria (66) and phy-
toplankton (19), but seldom has been used until now (65).
Another approach could be sorting based on both cell size
and autofluorescence (phytoplankton) followed by char-
acterization of biochemical composition (95), in order to
study the responses of organisms to environmental con-
ditions. Finally, there could be sorting based on physio-
logical characteristics (e.g., metabolically active versus
inactive cells) followed by characterization of taxa (96 -
98), in order to determine the physiological activity or
status of taxa in the natural environment.

Overall, it is expected that FCM and other cytometric
approaches will improve the ability of biological ocean-
ography to address the major environmental challenges
that are confronting human societies.

LITERATURE CITED

1. Legendre L, Yentsch CM. Overview of flow cytometry and image
analysis in biological oceanography and limnology. Cytometry 1989;
10:501-510.

2. Yentsch CM, Pomponi SA. Strategies for flow cytometric analysis of
marine microalgae and sponge cells. Methods Cell Biol 1994;42:523-
538.

3. Le Gall Y, Asensi A, Marie D, Kloareg B. Parthogenesis and apospory
in the Laminariales: a flow cytometry analysis. Eur J Phycol 1996;31:
369-380.

4. Coury DA, Brzezinski MA, Polne-Fuller M, Gibor A. Analysis of viabil-
ity and cell types of macroalgal protoplasts using flow cytometry.
J Appl Phycol 1995;7:413-420.

5. Ford SE, Ashton-Alcox KA, Kanaley SA. Comparative cytometric and
microscopic analyses of oyster hemocytes. J Invert Pathol 1994;64:
114-122.

6. Oltz EM, Pollack S, Delohery T, Smith MJ, Ojika M, Lee S, Kustin K,
Nakanishi K. Distribution of tunichrome and vanadium in sea squirt
blood cells sorted by flow cytometry. Experientia 1989;45:186-190.

7. Vitturi R, Libertini A, Panozzo M, Mezzapelle G. Karyotype analysis
and genome size in three Mediterranean species of periwinkles
(Prosobranchia: Mesogastropoda). Malacologia 1995;37:123-132.

8. Breuil G, Vassiloglou B, Pepin JF, Romestand B. Ontogeny of IgM-
bearing cells and changes in the immunoglobulin M-like protein level
(IgM) during larval stages in sea bass (Dicentrarchus labrax). Fish
Shellfish Immunol 1997;7:29 - 43.

9. Bickham JW, Mazet JA, Blake J, Smolen MJ, Lou Y, Ballachey BE. Flow
cytometric determination of genotoxic effects of exposure to petro-
leum in mink and sea otters. Ecotoxicology 1998;7:191-199.

10. Porter J, Deere D, Hardman M, Edwards C, Pickup R. Go with the
flow — use of flow cytometry in environmental microbiology. FEMS
Microbiol 1997;24:93-101.

11. Robinson JP. Current protocols in cytometry. 1999. New York: John
Wiley & Sons.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.
36.

37.

38.

. Reckermann M, Colijn F. Aquatic flow cytometry: achievements and
prospects. Sci Mar 2000;64:117-268.

Vives-Rego J, Lebaron P, Nebe-von Caron G. Current and future
applications of flow cytometry in aquatic microbiology. FEMS Micro-
biol Rev 2000;24:429 - 448.

Marie D, Brussaard CPD, Thyrhaug R, Bratbak G, Vaulot D. Enumer-
ation of marine viruses in culture and natural samples by flow cytom-
etry. Appl Environ Microbiol 1999;65:45-52.

Robertson BR, DK Button. Characterizing aquatic bacteria according
to population, cell size and apparent DNA content by flow cytometry.
Cytometry 1989;10:70-76.

Yentsch CM, Horan PK, Muirhead K, Dortch Q, Haugen E, Legendre
L, Murphy LS, Perry MJ, Phinney DA, Pomponi SA, Spinrad RW, Wood
M, Yentsch CS, Zahuranec BJ. Flow cytometry and cell sorting : a
technique for analysis and sorting of aquatic particules. Limnol
Oceanogr 1983;26:1275-1280.

Chisholm SW, Olson RJ, Zettler ER, Goericke R, Waterbury J,
Welschmeyer N. A novel free-living prochlorophyte abundant in the
oceanic euphotic zone. Nature (Lond) 1988;334:340 -343.

Courties C, Vaquer A, Troussellier M, Lautier J, Chrétiennot-Dinet M-J,
Neveux J, Machado C, Claustre H. Smallest eukaryotic organism.
Nature (Lond) 1994;370:255.

Li WKW. Experimental approaches to field measurements: methods
and interpretation. Can Bull Fish Aquat Sci 1986;214:251-286.
Whiteley AS, Burkill PH, Sleigh MA. Rapid method for cell cycle
analysis in a predatory marine dinoflagellate. Cytometry 1993;14:
909-915.

Dubelaar GBJ, Groenewegen AC, Stokdijk W, van den Engh G]J, Visser
JWM. Optical plankton analyser: a flow cytometer for plankton anal-
ysis, II: specifications. Cytometry 1989;10:529 -539.

Cunningham A. A low-cost portable flow cytometer specifically de-
signed for phytoplankton analysis. J Plank Res 1990;12:149 -160.
Hiiller R, Glossner E, Schaub S, Weingirtner J, Kachel V. The macro
flow planktometer: a new device for volume and fluorescence anal-
ysis of macro plankton including triggered video imaging in flow.
Cytometry 1994;17:109-118.

Balfoort HW, Berman T, Maestrini SY, Wenzel A, Zohary T. Flow
cytometry: instrumentation and application in phytoplankton re-
search. Hydrobiologia 1992;238:89-97.

Sieracki CK, Sieracki ME, Yentsch CS. An imaging-in-flow system for
automated analysis of marine microplankton. Mar Ecol Prog Ser 1998;
168:285-296.

Barcina I, Lebaron P, Vives-Rego J. Survival of allochtonous bacteria in
aquatic systems: a biological approach. FEMS Microbiol Ecol 1997;
23:1-9.

Cid A, Fidalgo P, Herrero C, Abalde J. Flow cytometry determination
of acute physiological changes in a marine diatom stressed by copper.
Microbiologia 1995;11:455-460.

Jenner NK, Ostrander GK, Kavanagh TJ, Livesey JC, Shen MW, Kim
SC, Holmes EH. A flow cytometric comparison of DNA content and
glutathione levels in hepatocytes of English sole (Paraphyrs vetulus)
from areas of differing water quality. Arch Environ Cont Tox 1990;
19:807-815.

Bihari N, Batel R, Zhan RK. Flow cytometry in marine environmental
research. Period Biol 1999;101:151-155.

Mostajir B, Demers S, Mora de S, Belzile C, Chanut J-P, Gosselin M,
Roy S, Villegas PZ, Fauchot J, Bouchard J, Bird D, Monfort P, Levas-
seur M. Experimental test of the effect of ultraviolet-B radiation in a
planktonic community. Limnol Oceanogr 1999;44:586 -596.
Hofstraat JW, van Zeijil WJM, Peeters JCH, Peperzak L. Flow cytom-
etry: fast and quantitative characterization of particles in suspension.
Anal Chim Acta 1994;290:135-145.

Shapiro LP, Campbell L, Haugen EM. Immunochemical recognition of
phytoplankton species. Mar Ecol Prog Ser 1989;57:219 -224.
Hofstraat JW, Zeijl van WJM, Vreeze de MEJ, Peeters JCH, Peperzak L,
Colijn F, Rademaker TWM. Phytoplankton monitoring by flow cytom-
etry. J Phytoplank Res 1994;19:1197-1224.

Peperzak L, Vrieling EG, Sandee B, Rutten T. Immuno flow cytometry
in marine phytoplankton research. Sci Mar 2000;64:165-181.

Bergh O, Borsheim KY, Bratbak G, Heldal M. High abundance of
viruses found in aquatic environments. Nature 1989;340:467-468.
Fuhrman JA. Marine viruses and their biogeochemical and ecological
effects. Nature 1999;399:541-548.

Johnson PW, Sieburth JM. Chroococcoid cyanobacteria in the sea : a
ubiquitous and diverse phototrophic biomass. Limnol Oceanogr
1979;24:928-935.

Waterbury JB, Watson SW, Guillars RRL, Brand LE. Widespread oc-
currence of a unicellular, marine, planktonic cyanobacterium. Nature
1979;277:293-294.

111puOD pue SWR | 8y} 885 *[9202/60/90] U0 Aiq8ulUO A3]IMW ‘(PePILES Bp OLBISIUIN) UOSIADL] [UO RN BURIGO0D USILedS AQ 9-2:00'0°E<B0TTOLAD-QIV::¥9T>E ¥1(T0L0T00Z)0ZE0-L60T/200T OT/10p/w0d" 3| 1mAsiq1jeut|uo//sdny woi papeojumoq ‘€ ‘T00C ‘0ZE0L60T

ol o

P

5UB01] SUOWILIOD BATERID 3]gEd1idde a1 Aq POUBAB 3.6 SPILE YO ‘38N 0S|I 10} ARIGITBUIUO AB]IAA UO (SUOTIPL



39.
40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

FLOW CYTOMETRY IN OCEANOGRAPHY 1989-1999 171

Norton TA, Melkonian M, Andersen RA. Algal biodiversity. Phycologia
1996;35:308 -326.

Andersen RA, Saunders GW, Paskind MP, Sexton JP. Ultrastructure
and 18S rRNA gene sequence for Pelagomonas calceolata gen. et sp.
nov. and the description of a new algal class, the pelagophyceae
classis nov. J Phycol 1993;29:701-715.

Chrétiennot-Dinet M-J, Courties C, Vaquer A, Neveux J, Claustre H,
Lautier J, Machado MC. A new marine picoeucaryote: Ostreococcus
tauri gen. et sp. nov. (Chlorophyta, Prasinophyceae). Phycologia
1995;4:285-292.

Courties C, Perasso R, Chrétiennot-Dinet M-J, Gouy M, Guillou L,
Troussellier M. Phylogenetic analysis and genome size of Ostreococ-
cus tauri (Chlorophyta, Prasinophyceae). J Phycol 1998;34:844 - 849.
Guillou L, Chrétiennot-Dinet M-J, Medlin L, Claustre H, Loiseaux-de
Goér S, Vaulot D. Bolidomonas: a new genus with two species
belonging to a new algal class, the bolidophyceae (Heterokonta). J
Phycol 1999;35:368 -381.

Guillou L, Moon van der Staay SY, Claustre H, Partensky F, Vaulot D.
Diversity and abundance of Bolidophyceae (Heterokonta) in two
oceanic regions. Appl Environ Microbiol 1999;65:4528 - 4536.
Guillou L, Chrétiennot-Dinet M-J, Boulben S, Moon van der Staay SY,
Vaulot D. Symbiomonas scintillans gen. et sp. nov. and Picophagus
flagellatus gen. et sp. nov. (Heterokonta): two new heterotrophic
flagellates of picoplanktonic size. Protist 1999;150:383-398.
Campbell L, Nolla HA, Vaulot D. The importance of Prochlorococcus
to community structure in the central North Pacific Ocean. Limnol
Oceanogr 1994;39:954-961.

Anderson DM. Identification of harmful algal species using molecular
probes: an emerging perspective. In: Lassus P, Arzul G, Erard E,
Gentien P, Marcaillou C, editors. Harmful marine algal blooms. Tech-
nique et Documentation. Lavoisier: Paris; 1995. p 3-13.

Lim EL, Amaral LA, Caron DA, DeLong EF. Application of rRNA-based
probes for observing marine nanoplanktonic protists. Appl Environ
Microbiol 1993;59:1647-1655.

Simon N, LeBot N, Marie D, Partensky F, Vaulot D. Fluorescent in situ
hybridization with rRNA-targeted probes for identifying small phyto-
plankton by flow cytometry. Appl Environ Microbiol 1995;61:2506 -
2513.

Lange M, Guillou L, Vaulot D, Simon N, Amann R, Ludwig W, Medlin
LK. Identification of the class Prymnesiophycae and the genus Phae-
ocystis with rRNA-targeted nucleic acid probes. J Phycol 1996;32:
858-868. }

Simon N, Campbell L, Ornolfsdottir E, Groben R, Guillou L, Lange M,
Medlin LK. Oligonucleotide probes for the identification of three algal
groups by dot blot and fluorescent whole-cell hybridization. J Eu-
karyot Microbiol 2000;47:76 - 84.

Moon van der Staay SY, van der Staay GWM, Guillou L, Vaulot D,
Claustre H, Medlin LK. Abundance and diversity of prymnesiophytes
in the picoplankton community from the equatorial Pacific Ocean
inferred from 18S rDNA sequences. Limnol Oceanogr 2000;45:98 -
109.

Rothschild BJ. Fish stocks and recruitment: the past thirty years. ICES
J Mar Sci 2000;57:191-201.

Dower JF, Leggett WC, Frank KT. Fisheries oceanography: an inte-
grative approach to fisheries ecology and management. In: Harrison
PJ, Parsons TR, editors. Improving fisheries oceanography in the
future. Oxford: Blackwell Science; 2000. p 263-281.

Legendre L, Rassoulzadegan F. Plankton and nutrient dynamics in
marine waters. Ophelia 2000;41:153-172.

Olson RJ, Zettler ER, Anderson OK. Discrimination of eukaryotic
phytoplankton cell types from light scatter and autofluorescence
properties measured by flow cytometry. Cytometry 1989;10:636-
644.

Olson RJ, Chisholm SW, Zettler ER, Armbrust EV. Pigments, size, and
distribution of Synechococcus in the North Atlantic and Pacific
Oceans. Limnol Oceanogr 1990;35:45-58.

Chisholm SW. Phytoplankton size. In: Falkowski P, Woodhead AD,
editors. Primary production and biogeochemical cycles in the sea.
New York: Plenum Press; 1992. p 213-237.

Vaulot D, Marie D, Olson RJ, Chisholm SW. Growth of Prochlorococ-
cus, a photosynthetic prokaryote, in the Equatorial Pacific Ocean.
Science 1995;268:1480-1482.

Liu H, Campbell L, Landry MR. Growth and mortality rates of Pro-
chlorococcus and Synechococcus measured with a selective inhibitor
technique. Mar Ecol Prog Ser 1995;116:277-287.

Liu H, Nolla HA, Campbell L. Prochlorococcus growth rate and
contribution to primary production in the equatorial and subtropical
North Pacific Ocean. Aquat Microb Ecol 1997;12:39 - 47.

Liu H, Campbell L, Landry MR, Nolla HA, Brow SL, Constantinou J.
Prochlorococcus and Synechococcus growth rates and contributions

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

to production in the Arabian Sea during the 1995 southeast mon-
soons. Deep Sea Res 11 1998;45:2327-2352.

Liu H, Landry MR, Vaulot D, Campbell L. Prochloroccocus growth
rates in the central equatorial Pacific: an application of the fmax
approach. ] Geoph Res 1999;104:3391-3399.

Jellett JF, Li WKW, Dickie PM, Boraie A, Kepkay PE. Metabolic activity
of bacterioplankton communities assessed by flow cytometry and
single carbon substrate utilization. Mar Ecol Prog Ser 1996;136:213-
225.

Li WKW. Primary production of prochlorophytes, cyanobacteria, and
eucaryotic ultraphytoplankton: measurements from flow cytometric
sorting. Limnol Oceanogr 1994;39:169-175.

Servais P, Courties C, Lebaron P, Troussellier M. Coupling bacterial
activity measurements with cell sorting by flow cytometry. Microb
Ecol 1999;38:180-189.

Chrétiennot-Dinet MJ, Vaulot D, Galois R, Spano AM, Robert R.
Analysis of larval oyster grazing by flow cytometry. J Shellf Res
1991;10:457-463.

Monger BC, Landry MR. Size-selective grazing by heterotrophic
nanoflagellates: an analysis using live-stained bacteria and dual-beam
flow cytometry. Arch Hydrobiol Beih Ergebn Limnol 1992;37:173-
185.

Landry MR, Kirshtein J, Constantinou J. A refined dilution technique
for measuring the community grazing impact of microzooplankton
with experimental tests in the central Equatorial Pacific. Mar Ecol
Prog Ser 1995;120:53-63.

Christaki U, Jacquet S, Dolan RJ, Vaulot D, Rassoulzadegan F. Growth
and grazing on Procholorococcus and Synechococcus by two marine
ciliates. Limnol Oceanogr 1999;44:52-61.

Kuipers BR, Witte HJ. Grazing impact of microzooplankton on differ-
ent size classes of algae in the North Sea in early spring and mid-
summer. Mar Ecol Prog Ser 1999;180:93-104.

Volk T, Hoffert MI. Ocean carbon pumps: analysis of relative
strengths and efficiencies in ocean driven CO, changes. In: Sundquist
ET, Broecker WS, editors. The carbon cycle and atmospheric CO,:
natural variations archean to present. AGU Monograph 32. Washing-
ton, DC: American Geophysical Union; 1985. p 99-110.

Schimel D, Enting IG, Heimann M, Wigley TML, Raynaud D, Alves D,
Siegenthaler U. Climate change 1994: intergovernmental panel on
climate change. In: Houghton JT, Meira Filho LG, Bruce J, Lee H,
Callander BA, Haites E, Harris N, Maskel K, editors. CO, and the
carbon cycle. Cambridge: Cambridge University Press; 1995. p 39-
71.

Sarmiento JL, Le Quere C. Oceanic carbon dioxide uptake in a model
of century-scale global warming. Science 1996;274:1346-1350.
Charlson RJ, Lovelock JE, Andreae MO, Warren SG. Oceanic phyto-
plankton, atmospheric sulfur, cloud albedo and climate. Nature 1987;
326:655-661.

Lesser MP. Photobiology of natural populations of zooxanthellae from
the sea anemone Aiptasia pallida: assessment of the host’s role in
protection against ultraviolet radiation. Cytometry 1989;10:653-658.
Buma AGJ, Van Hannen EJ, Veldhuis MJW, Gieskes WWC. UV-B
induces DNA damage and DNA synthesis delay in the marine diatom
Cyclotella sp. Sci Mar 1994;60:101-106.

Buma AGJ, Van Hannen EJ, Roza L, Veldhuis MJW, Gieskes WWC.
Monitoring ultraviolet-B-induced DNA damage in individual diatom
cells by immunofluorescent thymine dimer detection. ] Phycol 1995;
31:314-321.

Chatila K, Demers S, Mostajir B, Gosselin M, Chanut J-P, Monfort P.
Bacterivory of a natural heterotrophic protozoan community exposed
to different intensities of ultraviolet-B radiation. Aquat Microb Ecol
1999;20.59 -74.
www.obs-banyuls.fr/FCM-Oceanography/database.html

Simon N, Barlow RG, Marie D, Partensky F, Vaulot D. Characterization
of oceanic photosynthetic picoeukaryotes by flow cytometry. J Phy-
col 1994;30:922-935.

Li WKW, Jellett JF, Dickie PM. DNA distributions in planktonic bac-
teria stained with TOTO or TO-PRO. Limnol Oceanogr 1995;40:1485-
1495.

Marie D, Partensky F, Vaulot D. Application of the novel DNA dyes
YOYO-1, YOPRO-1 and Picogreen for flow cytometric analysis of
marine prokaryotes. Appl Environ Microbiol 1996;62:1649 -1655.
Lebaron P, Parthuisot N, Catala P. Comparison of blue nucleic acid
dyes for flow cytometric enumeration of bacteria in aquatic systems.
Appl Environ Microbiol 1998;64:1725-1730.

Gasol JM, Zweifel UL, Peters F, Fuhrman JA, Hagstrom A. Significance
of size and nucleic acid content heterogeneity as measured by flow
cytometry in natural planktonic bacteria. Appl Environ Microbiol
1999;65:4475- 4483.

Troussellier M, Courties C, Lebaron P, Servais P. Flow cytometric

1IPUOD PUE SWi | 34} 395 *[9202/£0/90] Lo ARIGITBUIIUO AB1IM ‘(PEPILES 3P OLBISIUIIN) UOSIAOL [UOEN SLBIYI0D USIUEdS 4G 9-2/00 0'E<B0TTOL AD-QIV: #IT>E v (T0L0T00Z)0ZE0-L60T/200T OT/I0pACY" A1 AIGIRUIIUO//SANY WO14 papeojumod € ‘TO0Z ‘0ZE0260T

ol o

P

5UB01] SUOWILIOD BATERID 3]gEd1idde a1 Aq POUBAB 3.6 SPILE YO ‘38N 0S|I 10} ARIGITBUIUO AB]IAA UO (SUOTIPL



172

87.

88.

89.

90.

91.

92.

discrimination of bacterial populations in seawater based on SYTO 13
staining of nucleic acids. FEMS Microb Ecol 1999;29:319 -330.
Anguish 1J, Ghiorse WC. Computer-assisted laser scanning and video
microscopy for analysis of Cryptosporidium parvum oocysts in soil,
sediment, and feces. Appl Environ Microbiol 1997;63:724-733.
Reynolds DT, Slade RB, Sykes NJ, Jonas A, Ficker CR. Detection of
Cryptosporidium oocysts in water: techinques for generating precise
recovery data. ] Appl Microbiol 1999;87:804 - 813.

Worden AZ, Chisholm SW, Binder BJ. In situ hybridization of Pro-
chlorococcus and Synechococcus (marine cyanobacteria) spp. with
rRNA-targeted peptide nucleic acid probes. Appl Environ Microbiol
2000;66:284 -289.

Dubelaar GBJ, Jonker RR. Flow cytometry: a tool for phytoplankton
analysis. Sci Mar 2000;64:135-156.

Gasol JM, del Giorgio PA. Using flow cytometry for counting natural
planktonic bacteria and understanding the structure of planktonic
bacterial communities. Sci Mar 2000;64:197-224.

Dubelaar GBJ, Guerritzen PL, Beeker AER, Jonker RR, Tangen K.
Design and first results of Cytobuoy: a wireless flow cytometer for in
situ analysis of marine and fresh waters. Cytometry 1999;37:247-254.

93.

94.

95.

96.

97.

98.

LEGENDRE ET AL.

Legendre L, Le Fevre J. Interactions between hydrodynamics and
pelagic ecosystems: relevance to resource exploitation and climate
change. S Afr ] Mar Sci 1992;12:477-486.

Legendre L, Michaud J. Flux of biogenic carbon in oceans: size-
dependent regulation by pelagic food webs. Mar Ecol Prog Ser 1998;
164:1-11.

Minor EC, Eglinton TL, Olson RJ, Boon J. The compositional hetero-
geneity of particulate organic matter from the surface ocean: an
investigation using flow cytometry and DT-MS. Org Geochem 1998;
29:1561-1582.

Courties C, Bernard L, Lebaron P. Tri et diversité des bactéries actives
d’'un peuplement marin méditerranéen. Biofutur 1998;183:8.
Bernard L, Courties C, Servais P, Troussellier M, Petit M, Lebaron P.
Relationships between bacterial cell size, productivity and genetic
diversity in aquatic environments using cell sorting and flow cytom-
etry. Microb Ecol 2000;40:148-158.

Bernard L, Courties C, Duperray C, Schifer H, Muyzer G, Lebaron P.
A new approach to determine the genetic diversity of viable and
active bacteria in aquatic ecosystems. Cytometry 2001;43;314-321.

1IPUOD PUE SWi | 34} 395 *[9202/£0/90] Lo ARIGITBUIIUO AB1IM ‘(PEPILES 3P OLBISIUIIN) UOSIAOL [UOEN SLBIYI0D USIUEdS 4G 9-2/00 0'E<B0TTOL AD-QIV: #IT>E v (T0L0T00Z)0ZE0-L60T/200T OT/I0pACY" A1 AIGIRUIIUO//SANY WO14 papeojumod € ‘TO0Z ‘0ZE0260T

ol o

P

5UB01] SUOWILIOD BATERID 3]gEd1idde a1 Aq POUBAB 3.6 SPILE YO ‘38N 0S|I 10} ARIGITBUIUO AB]IAA UO (SUOTIPL



	ENVIRONMENTAL CHALLENGES: CONTRIBUTIONS OF CYTOMETRY-BASED BIOLOGICAL OCEANOGRAPHY
	FIG. 1.
	FIG. 2.

	FLOW CYTOMETRY IN BIOLOGICAL OCEANOGRAPHY: 1989–1999 TRENDS
	FIG. 3.
	Table 1
	FIG. 4.

	CONCLUSIONS: FUTURE CONTRIBUTIONS OF CYTOMETRY TO BIOLOGICAL OCEANOGRAPHY
	LITERATURE CITED

