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T
he modern era of biological
oceanography arguably began in
1978 with the successful launch
of the Coastal Zone Color

Scanner on the Nimbus 7 satellite. Al-
though limited by today’s standards, the
Coastal Zone Color Scanner provided the
first glimpse of the complex, beautiful, and
difficult-to-sample interactions between
single-celled phytoplankton and the tur-
bulent mixing of the surface ocean. In the
intervening decades, oceanographers have
made tremendous advances, with more
and better ocean color sensors such as the
Sea-viewing Wide Field-of-view Sensor,
Moderate Resolution Imaging Spectro-
radiometer, and Medium Resolution Im-
aging Spectrometer. The PNAS report
by d’Ovidio et al. (1) shows us how much
further we need to go and provides
a glimpse into the true complexity of the
surface ocean and the mechanisms driving
this ecological landscape.
Three decades of satellite ocean color

measurements have led to fundamental
observations and discoveries about the
role of the microscopic unicellular algae in
regulating the biogeochemistry of our
planet. We routinely make maps of both
terrestrial and ocean plant and algae bio-
mass, using the photosynthetic pigment
chlorophyll as a proxy, and link this to the
biogeochemical cycling of carbon through
estimates of net primary production (2).
Although there is certainly room for im-
provement in these estimates (3), these
nearly synoptic measurements show the
oceans respond to basin-scale decadal
oscillations, such as El Niño and the At-
lantic and Pacific Decadal Oscillations
(4), and have helped to identify both the
short- (decadal) and long-term (centu-
ries) response of the oceans to climate
change (5, 6).
Despite the many advances in ocean

color, we still rely almost exclusively on
estimates of bulk biomass as chlorophyll.
Unlike the most simple microscope, chlo-
rophyll alone tells us almost nothing about
the individual types of phytoplankton, or
the role these groups play in the ocean
ecosystem. The report by d’Ovidio et al.
(1) begins to unpack this black box by
applying a new ocean color method that
partitions the bulk optical signal retrieved
from satellites into major phytoplankton
functional types using a numerical algo-
rithm called PHYSAT (7). PHYSAT takes
advantage of the subtle biooptical differ-
ences between major groups of phyto-
plankton, or functional types, to identify

the dominant types of phytoplankton from
ocean color. Currently, these functional
types include diatoms, coccolithophores,
nanoeukaryotes, Phaeocystis, Synecho-
coccus-like cyanobacteria, and Prochloro-
coccus. Other researchers have developed
similar approaches for both phytoplankton
size (8) and additional phytoplankton
groups such as the nitrogen-fixing cyano-
bacteria Trichodesmium (9), demonstrat-
ing that this approach could be extended
to at least a few more phytoplankton
functional types.

d’Ovidio et al. (1) apply PHYSAT to
a region of intense physical mixing, where
the Brazil and Malvinas currents interact
in the southern hemisphere. They com-
bine the results of PHYSAT with altim-
etry data from a suite of satellite sensors
to estimate sea surface height, from which
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Fig. 1. The introduction of chlorophyll maps from satellites provided a view of the often-complex in-
teractions between phytoplankton and physics in the surface ocean. The large panel (A) provides an
example of this complexity for coastal California, depicting ocean chlorophyll concentrations from the
Sea-viewing Wide Field-of-view Sensor with some typical physical features annotated. The Inset (B) is an
adaptation of the Mandala of Margalef (17), who attempted to map phytoplankton functional types
into physicochemical environmental space. Blue functional types were included in the original concep-
tual diagram. As noted by others (18), the Mandala breaks down for many phytoplankton functional
types because the physicochemical control is often more complicated than two factors (i.e., dimensions)
can portray. d’Ovidio et al. (1) provide a method for mapping these functional types geospatially using
a combination of ocean color and satellite altimetry. This may ultimately allow researchers to move
beyond simple chlorophyll maps (A) by tracking fluid dynamical niches that integrate the biological
response of groups of phytoplankton to their environment, thereby capturing the multidimensional
forcing shaping the ocean landscape.
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they derive the surface current structure
of the ocean corresponding to the ocean
color measurements. By combining these
two remote sensing methods, the authors
link the biological landscape from
PHYSAT with the physical landscape
from altimetry, allowing them to define
what they call fluid dynamical niches
where the phytoplankton assemblages
interact with distinct physicochemical
environments. It is thus possible to ex-
amine the submesoscale (i.e., tens to
hundreds of kilometers) interactions be-
tween physics and biology using the syn-
optic capabilities of modern oceano-
graphic satellites.
Why is this important? First, we can

begin to move beyond bulk biology (chlo-
rophyll biomass) and start to assign eco-
logical niches to different water masses.
This is important because not all phyto-
plankton are equal—some, such as dia-
toms, disproportionately contribute to
fisheries and export of organic material to
the ocean’s depths, whereas coccolitho-
phorids can impact the carbon chemistry
of the surface ocean through the forma-
tion of calcium carbonate tests or shells.
Other groups distinguished by PHYSAT
such as Phaeocystis produce dimethyl sul-
fide, molecules that act as cloud conden-
sation nuclei and thus may alter the heat
balance of the surface ocean. The ability to
identify these phytoplankton functional
types from satellites is a tremendous step
forward; coupling this to the physical
landscape will provide a better under-
standing of what organisms bloom where,
and why (Fig. 1).
Second, these results can provide ob-

servational data on spatial and temporal
scales appropriate for comparison with
sophisticated biological–physical models
that also track or predict the distribution
of major phytoplankton functional types
(10, 11). Although recent models have
allowed as many as 78 phytoplankton
functional types to interact in a virtual
(numerical) ocean (10, 12), it is difficult to
validate these models using traditional

oceanographic sampling. By combining
observational data such as presented by
d’Ovidio et al. (1) with the results of these
coupled physical–biological models, we
can begin to detangle the physical and bi-
ological time scales driving phytoplankton
communities, and ultimately the bio-
geochemistry, in the surface ocean. The
combination of empirical methods with
models also provides an important reality
check on both sets of results. For example,
both Barton et al. (12) and d’Ovidio et al.
(1) identify regions of horizontal stirring
as areas of high biological diversity by
providing “ecological windows” for distinct
phytoplankton functional types to thrive,
so long as the physical landscape continues
to support that biological niche.
A fundamental paradox that has chal-

lenged oceanographers for decades is how
the ocean, which, superficially at least, is
relatively homogenous, can support so
much diversity; this concept was formal-
ized as the “paradox of the plankton” by
G. Evelyn Hutchinson (13). We now know
that this paradoxical diversity is supported
at least in part by spatial and temporal
heterogeneity of factors influencing
plankton (e.g., light, nutrients, turbulence)
that result in a mosaic of shifting niches
rather than a homogenous ocean (Fig. 1)
(12, 14). d’Ovidio et al. (1) provide evi-
dence for how this occurs at the meso-
scale, and present a possible solution to
how the interaction of physical and bi-
ological space and time scales both selects
for certain types of organisms, allowing
for nearly monospecific blooms and re-
current seasonal structure, and also allows
for the emergence of seemingly random
patterns of phytoplankton succession.
The authors argue that the ocean’s eco-
logical landscape produces stable fluid
dynamical niches within which there is
a quasi-homogenous physicochemical en-
vironment. This allows a particular group
of organisms to thrive, as the submeso-
scale patches are stable on the same time
scale (days to weeks) as phytoplankton
bloom development, but this same land-

scape will ultimately destroy these patches
through mixing, resulting in competition
and succession of the newly mixed phyto-
plankton functional types. Within this
paradigm, the authors argue that pre-
viously well-studied examples of physical–
biological systems with defined phyto-
plankton communities, such as mesoscale
eddies (15), are simply a special case of the
more general phenomenon described in
this contribution.
The satellite-based methods used by

d’Ovidio et al. (1) are not without their
limitations. Currently, PHYSAT provides
very coarse resolution, with only five phy-
toplankton functional types [versus the
78 or more groups included by Follows
et al. (10) and the thousands of known
marine phytoplankton species]. Analyses
are limited to the spatial and temporal
resolution available from satellite sensors,
and more importantly, represent only the
near surface of the ocean. Submesoscale
variability in the vertical has also been
shown to strongly influence the distribu-
tion of plankton that results from the same
balance between mixing (turbulence) and
the physicochemical environment (16).
Nonetheless, compared with our state of
knowledge before the launch of modern
ocean color sensors, or to the “black box”
approach of tracking bulk chlorophyll,
these are exciting advances. The authors
make a compelling case for tracking these
tangled physical/biological fluid dynamical
niches when we consider the ecological
landscape and the biogeochemical con-
sequences of phytoplankton productivity
in the ocean. Techniques such as these
bring us one step closer to mapping the
ocean’s ecological landscape at appropri-
ate space and time scales, a necessary first
step toward predicting the biogeochemical
processes occurring in the world’s oceans.

ACKNOWLEDGMENTS. Work on ocean color and
biogeochemistry in my laboratory is supported
by National Aeronautics and Space Administration
Grant NNX09AT01G and National Science Foun-
dation Grant OCE-726858.

1. d’Ovidio F, De Monte S, Alvain S, Dandoneau Y, Lévy M
(2010) Fluid dynamical niches of phytoplankton types.
Proc Natl Acad Sci USA 107:18366–18370.

2. Field CB, Behrenfeld MJ, Randerson JT, Falkowski P
(1998) Primary production of the biosphere: integrat-
ing terrestrial and oceanic components. Science 281:
237–240.

3. Kahru M, Kudela R, Manzano-Sarabia M, Mitchell BG
(2009) Trends in primary production in the California
Current detected with satellite data. J Geophys Res
114:C02004.

4. Martinez E, Antoine D, D’Ortenzio F, Gentili B (2009)
Climate-driven basin-scale decadal oscillations of oce-
anic phytoplankton. Science 326:1253–1256.

5. Behrenfeld MJ, et al. (2006) Climate-driven trends in
contemporary ocean productivity. Nature 444:752–755.

6. Boyce DG, Lewis MR, Worm B (2010) Global phyto-
plankton decline over the past century. Nature 466:
591–596.

7. Alvain S, Moulin C, Dandonneau Y, Loisel H (2008) Sea-
sonal distribution and succession of dominant phyto-
plankton groups in the global ocean: A satellite view.
Global Biogeochem Cycles 22:GB3001.

8. Kostadinov TS, Siegel DA, Maritorena S (2009) Re-
trieval of the particle size distribution from satellite
ocean color observations. J Geophys Res 114:C09015.

9. Westberry TK, Siegel DA, Subramaniam A (2005) An im-
proved bio-optical model for the remote sensing of Tri-
chodesmium spp. blooms. J Geophys Res 110:C06012.

10. Follows MJ, Dutkiewicz S, Grant S, Chisholm SW (2007)
Emergent biogeography of microbial communities in
a model ocean. Science 315:1843–1846.

11. Le Quéré C, et al. (2005) Ecosystem dynamics based on
plankton functional types for global ocean biogeo-
chemistry models. Glob Change Biol 11:2016–2040.

12. Barton AD, Dutkiewicz S, Flierl G, Bragg J, Follows MJ
(2010) Patterns of diversity in marine phytoplankton.
Science 327:1509–1511.

13. Hutchinson GE (1961) The paradox of the plankton.
Am Nat XCV:137–145.

14. Roy S, Chattopadhyay J (2007) Towards a resolution of
the ‘paradox of the plankton’: A brief overview of the
proposed mechanisms. Ecol Complex 4:26–33.

15. Benitez-Nelson CR, et al. (2007) Mesoscale eddies drive
increased silica export in the subtropical Pacific Ocean.
Science 316:1017–1021.

16. Omta AW, Kooijman SALM, Dijkstra HA (2008) Critical
turbulence revisited: The impact of submesoscale ver-
tical mixing on plankton patchiness. J Mar Res 66:
61–85.

17. Margalef R (1978) Life-forms of phytoplankton as sur-
vival alternatives in an unstable environment. Oceanol
Acta 1:493–509.

18. Boyd PW, Strzepek R, Fu F, Hutchins DA (2010) Envi-
ronmental control of open-ocean phytoplankton
groups: Now and in the future. Limnol Oceanogr 55:
1353–1376.

18236 | www.pnas.org/cgi/doi/10.1073/pnas.1013175107 Kudela


