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Foreword

Peter G. Brewer, Monterey Bay Aquarium Research Institute, Moss Landing, USA

Pre-History

The development of the field of ‘Ocean Biogeochemistry’ is a remarkable story, and one
in which the JGOFS program, and the researchers whose work is presented here, have
played critical leadership roles. The term ‘biogeochemical cycles’ became familiar in the
mid 1980s when scientists first tried to describe to the policy world the complex set of
interlocking processes involved in global change. Before then almost wholly physical de-
scriptions were given, of radiative balances, heat fluxes, transport processes etc., and a
few simple ocean or land CO2 terms were added. However when attempts were then made
to add the real effects and feedback terms of land and oceans a view of amazing complex-
ity appeared. The first attempts to communicate this are fondly remembered in the
‘horrendograms’ produced by Francis Bretherton – wiring diagrams of computer chip
complexity showing simultaneous links between warming and respiration, photosynthe-
sis and CO2, ocean circulation and productivity, energy balances and chlorophyll, ocean
gas releases and clouds. The problem was that no one knew how to handle all this, and,
since real knowledge was lacking, all kinds of claims were made for rates, reservoirs
and mechanisms, with no idea as to which one was dominant or even important. It was
messy, clamorous, essential, and wide open. Today it is a powerful discipline, with
measured rates, innovative experiments, complex models, and vigorous testing of ideas.

The use of biogeochemical cycles as a term to describe diagenetic reactions in
sediments had arisen earlier, but it was a total shock to hear in about 1986 that NASA
had formally reorganized its earth science programs to highlight the new discipline.
No one really knew how to react, since well-entrenched physics, chemistry, and biol-
ogy programs were suddenly cast adrift. I well recall a corridor conversation with a
distinguished physical oceanographer the day the news broke. It seemed incompre-
hensible. Today the AGU journal ‘Global Biogeochemical Cycles’ ranks third out of
117 titles in the Geosciences in the 2000 Journal Citation Reports.

The JGOFS program, or more accurately the scientists whose energy, dedication,
and creativity are represented by that acronym, arose almost simultaneously with
this transition, and its success is unassailable. How that happened is a remarkable
story, and one worth telling.

A U.S. Initiative

In the US in the early 1980s the set of ocean observing programs deriving from the large
scale International Decade of Ocean Exploration programs were winding down. Only the
geochemical tracer efforts were truly active on a global scale, and here the first power-
ful measurements of the chlorofluorocarbon tracers were made. In ocean biology a
program examining the processes associated with warm core rings, spun off from the
Gulf Stream, occupied center stage. The first glimpses of ocean color data from space
appeared from the Coastal Zone Color Scanner (CZCS) on Nimbus 7, but this was a
struggle compounded not only by the technical challenge, but also by problems within
the NASA team responsible for the data. The sensor was exceeding its design life, and
beginning to fail. Frankly, it wasn’t an impressive picture. And discussions of plans for
more of the same for the future were received by NASA with little enthusiasm.
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Yet there were opportunities. The unease over global change was being translated,
by Presidential Science Advisor D. Allan Bromley, into a ‘U.S. Global Change Program’
that offered the promise of political support. There were advances being made in trace
metal clean techniques that yielded new insights into ocean biogeochemical processes.
Lively and assertive individuals outside NASA were pressing forward with innovative
CZCS results, and extending observations into blue water far beyond the coastal zones.
New sediment trap techniques were capturing rhythmic fluctuations in the rain of
particles to the sea floor. And the first ice core records of large scale CO2 fluctuations
associated with glaciations, and attributed to linked changes in ocean circulation and
productivity, were appearing.

The leadership to capture these opportunities came first undeniably from John Steele.
John was frustrated by seeing plans emerge within the ocean physics community for a
major observing program, allied to an altimetric satellite, without equivalent planning
for biological and geochemical programs. His own background in marine ecosystem
modeling had not previously exposed him to serious ocean geochemistry, but he sensed
that alone the ocean biology community would not be able to seize the opportunity. A
set of planning meetings of an ‘Ad Hoc Group on Ocean Flux Experiments’ (John Steele,
Jim Baker, Wally Broecker, Jim McCarthy, and Carl Wunsch) took place in 1983–1984
under the auspices of the US National Academy Ocean Sciences Board on Ocean Sci-
ence and Policy, and this led to a major workshop at the NAS Woods Hole Center in
September 1984. The ‘Global Ocean Flux Study’ (GOFS) report from that workshop
provided the impetus for what is now the JGOFS program.

The preface for that report emphasized the need for study of “the physical, chemi-
cal, and biological processes governing the production and fate of biogenic materials
in the sea … well enough to predict their influences on, and responses to, global scale
perturbations, whether natural or anthropogenic …” It went on to draw analogies
between the Pleistocene fluctuations in climate, and “the beginning of a fossil-fuel
CO2-induced super-interglacial period.”

I attended that meeting, and was soon perplexed. Few attendees knew anything of
the assumed linkage to satellite ocean color, and widespread skepticism prevailed (the
language alone of this community was foreign to most, and to me). The failing CZCS
was apparently to be replaced by an Ocean Color Imager in 1985 or so – in practice it
took 15 years of hard work for SeaWIFS to be launched! The busy sediment trap com-
munity were convinced that their technique was central; but trapping particles close
to the euphotic zone was fraught with problems of technique, and mixed layer modeling
was scarcely understood. The reference to paleo-climates ensured that the sediment
record had to be included, but the scale mismatch of those studies with upper water
column chemistry and biology was obvious. And persistent large discrepancies be-
tween productivity estimates from the oxygen balance and 14C uptake, were aggres-
sively debated. It was an interesting mess. Ocean physics was tacitly assumed to be
taken care of somewhere else, most likely through WOCE. And in spite of the strong
reference to the anthropogenic CO2 signals, no one had thought to schedule any
CO2 papers into the meeting.

Building a U.S. Program

The lack of CO2 papers in the GOFS meeting report was fixed very simply by a com-
mittee charged with editing the proceedings of the meeting. Some manuscripts were
simply added. I was asked by Neil Andersen to join that editorial committee (with Ken
Bruland, Peter Jumars, Jim McCarthy) and we met about a week later in Washington,
D.C. It at once became clear that we were to be charged with not simply editing, but
with program creation. We were briefed by Jim Baker that the most urgent item was a
pitch to NASA headquarters for support of an ocean color satellite. None of us knew
how to proceed with turning such a wide-ranging report into a viable and coherent
research program. To break the impasse I suggested we go home, each with an editing
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assignment, and meet a week later to finish the report. We also had homework to do in
the nature of drafting some outline or scheme for pulling the material together into a
comprehensible program. This did not work as I had hoped, for when we reconvened
I was the only one of the group to have prepared any semi-formal material. These were
some results from a very crude North Atlantic mixed layer model comparing physical
and biological forcing of CO2, and comments on extending a similar calculation to the
basin scale with some sense of what could be measured and tested. This was enough,
and I was asked to Chair the group.

A very difficult period then followed. Since the constituency was broad a large com-
mittee was formed, few of whom had any prior collegial contact. But we worked at it,
and I formed a ‘Planning Office’ of one. We had meetings and produced some reports.
After some wrangling a broad plan to implement a strategy of carrying out a global
survey of CO2 and related properties, implementing time series stations, and execut-
ing a set of sophisticated process studies was set in place. It took, and it allowed for
multiple roles for remote sensing on many space and time scales.

In the fall of 1986 a set of key events took place in rapid succession. Planning for
WOCE had reached the point where a large-scale hydrographic program was forming.
A meeting at the U.S. National Academy framed the debate; I had independently dis-
cussed with Carl Wunsch the issue of CO2 measurements, and he felt that these were
not part of the WOCE observing package. But he asked if I would present the case at
the NAS meeting. This went very well, and a compromise was proposed whereby ‘GOFS’
would provide funding, oversight, people and tools, and WOCE would provide bunks
on their cruises and access to samples and supporting data. A handshake sealed the
deal, which was proposed and accepted in about 30 seconds. We could go global.

Secondly Gene Feldman, new at NASA had created the first basin scale chlorophyll
image from CZCS data. It had flaws: dubbed by some as ‘the ocean on fire’ from the
garish orange for high pseudo-chlorophyll levels, or the ‘Pac-Man’ image from an oddly
shaped data gap in Hudson Bay, it nonetheless broke new ground. This image appeared
on the cover of the November 4, 1986 issue of EOS, with the AGU Fall Meeting ab-
stracts and brief papers by the GOFS committee, and the NASA team. It was a coveted
slot, and it had great impact.

And since the WOCE connection had been made, and WOCE was formally interna-
tional, we had the impetus to move beyond the U.S. This had always been intended, but
without a formal opening or partially defined plan to propose, real progress had not been
made. Within an hour or two of the WOCE handshake deal a letter to SCOR was drafted,
and hand carried to Tasmania the next day. The letter requested that SCOR take up the
challenge of sponsoring a major new initiative on an Ocean Flux Program, and cited the
progress made. It was well received, and work began at once on an enabling meeting.

Creation of JGOFS

The first SCOR-sponsored meeting was held in Paris, at ICSU House, February 17–20,
1987. Gerold Siedler, as President of SCOR, kept a careful eye on proceedings, Jim Baker
acted as Chair, and Elizabeth Gross facilitated. Roger Chesselet helped secure the su-
perb location. We had all learned some hard lessons about preparation: Gene Feldman
had now created the first global chlorophyll image, and this was first shown to me in
dim dawn light at the luggage carousel in De Gaulle airport by Jim Baker the day be-
fore the meeting. It was superb. I had written a discussion paper especially for the
meeting on the comparative North Atlantic heat, CO2, and nutrient budgets, with David
Dyrssen. It illustrated what we might gain from a survey, and an abbreviated version
was later backed up by some measurements and published in Science.

There was no real understanding of how international logistics might work, but as we
went round the room it was clear that the desire to create a novel and important program
was strong. Jim Baker proposed a ‘J’ for the program; everyone said yes. Gerold Siedler
nominated Bernt Zeitschel as the Chair, and this was agreed upon. It all happened quickly,
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and the real work began. Hugh Livingston had joined the U.S. Planning Office, and was
superb in science and diplomacy in this role. Liz Gross guided the multi-national effort
with grace and skill. Neil Andersen kept the thread of funding and agency sponsorship
alive and well. The U.S. JGOFS Newsletter was born, and thrived. And a succession of
excellent reports cataloged the evolution of scientific planning and understanding.

Fast Forward

History is fun, and important. But what did all this start up effort achieve?
There are now volumes of papers to testify to this, but perhaps I can pick on a few

highlights. The 1989 multi-national North Atlantic Bloom Experiment was put together
with extraordinary speed, and it combined ships and aircraft observations in new ways.
U.S., German, U.K., Canadian and Dutch ships and scientists co-operated in the field.
This set the tone for a whole series of successful process studies. The 1990 Fasham-
Ducklow-McKelvie paper on modeling upper ocean production and the microbial loop
laid the ground for a decade long renaissance in ocean biogeochemistry. The 1988
establishment of the Hawaii and Bermuda Time series Stations was essential. Critics at
the time pointed to two sub-tropical locations as a deficiency: the separate signals
evolving so beautifully there answer the challenge. The global CO2 survey was a heroic
effort. From that we now see the penetration of fossil fuel CO2 to well below 1 km
throughout the ocean, and the detection of sea floor carbonate dissolution from the
20th century chemical invasion. There were problems. An ocean color satellite did not
fly until 1997: a full decade late, and only after endless effort. The linkage of the oce-
anic CO2 problem with biogeochemical measurements and models had amazing birth
pains. Most ocean chemists had no real knowledge of microbial processes; and all (so
far as I could tell) ocean biologists were in disbelief that the fossil fuel CO2 invasion
was a purely inorganic/physical phenomenon. Very few people looked far to the fu-
ture, say to an ocean at the end of the 21st century where the CO2 maximum may be at
the surface, and essential biogeochemical cycles may be profoundly changed. The first
US JGOFS response to John Martin’s proposal of an iron fertilization field experiment
(at a meeting I did not attend) was to vote it down! However, funding was obtained
from the DOE and the resulting iron fertilization experiments were a brilliant success.

The papers in this volume show how far we have come. Satellite ocean color images
pervade the literature. Sophisticated models of biogeochemical cycles are routinely used.
All participants are fluent in the CO2 connection. Ready access to more than a decade of
time series data is taken for granted. Synthesis and modeling efforts are supported, and
are productive. And iron fertilization science has a strong international community.

The goals of JGOFS were carefully negotiated, and they included the need “To de-
termine on a global scale the processes controlling the time varying fluxes of carbon
and associated biogenic elements in the ocean …”, and “To develop the capability to
predict on a global scale the response of oceanic biochemical processes to anthropo-
genic perturbations, in particular those related to climate change.” This knowledge is
urgently required, for mankind’s influence on the carbon cycle is proceeding far faster
than we usually acknowledge. In 1984, at the time of the first U.S. ‘GOFS’ meeting,
atmospheric CO2 levels were 344 ppm, or 64 ppm above the pre-industrial baseline.
Today they are 372 ppm, or 92 ppm above the pre-industrial levels – a 43% increase
while we have been planning and carrying out our research. Over these 18 years the
ocean has taken up some 131 billion tons of CO2 gas.

International ocean science of a new kind evolved with JGOFS. It is created by the
efforts of individuals who do not see boundaries, only opportunities. A thriving com-
munity of students and Post Docs. emerges each year, and happily spreads across in-
ternational borders seeking excellence. And they often find it in the laboratories of
scientists whose work is represented here.
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Chapter 10
Temporal Studies of Biogeochemical Processes
Determined from Ocean Time-Series Observations During the JGOFS Era

David M. Karl  ·  Nicholas R. Bates  ·  Steven Emerson  ·  Paul J. Harrison  ·  Catherine Jeandel  ·  Octavio Llinás
Kon-Kee Liu  ·  Jean-Claude Marty  ·  Anthony F. Michaels  ·  Jean C. Miquel  ·  Susanne Neuer  ·  Y. Nojiri  ·  Chi Shing Wong

10.1 Introduction

A comprehensive understanding of the global carbon
cycle is required to address contemporary scientific is-
sues related to the atmospheric accumulation of green-
house gases and their cumulative effects on global envi-
ronmental change. Consequently, detailed in situ inves-
tigations of terrestrial and marine ecosystems are nec-
essary prerequisites for developing a predictive capabil-
ity of future environmental variability and the effects of
human-induced perturbations. These investigations need
to address broad questions regarding the distribution,
abundance, diversity and control of key plant, animal and
microbe populations and their interactions with their habi-
tats. They must be conducted with an explicit recognition
of the interdisciplinary connections between physics,
chemistry, biology and geology in each ecosystem. Ide-
ally, these field studies should be conducted at strategic
sites that are representative of large biomes or in regions
that are likely to exhibit substantial interannual variability
over large areas. However, it is more important that the
unique features of each site elucidate representative proc-
esses that underpin the dynamics of the wider ocean. Fur-
thermore, these field investigations should be conducted
for at least several decades, in order to distinguish natu-
ral variability from that induced by human activities.

In response to a growing awareness of the ocean’s role
in climate and global change research and the need for
comprehensive oceanic time-series measurements, the
International Geosphere-Biosphere Programme: A Study
of Global Change (IGBP) was established in 1986. One of
the essential core components of IGBP, the Joint Global
Ocean Flux Study (JGOFS) project, was established in 1987
to improve our understanding of the oceanic carbon cy-
cle. More formally stated, “JGOFS seeks to determine and
understand, on a global scale, the processes controlling the
time-varying fluxes of carbon and associated biogenic el-
ements in the ocean, to evaluate the related exchanges with
the atmosphere, sea floor and continental boundaries, and
to develop a capability to predict the response of oceanic
biogeochemical processes to anthropogenic perturbations,
in particular those related to climate change.” To achieve
these goals, four separate program elements were de-

fined: (1) process studies designed to capture key, regu-
lar events; (2) time-series observations at strategic sites;
(3) a global inventory of carbon dioxide (CO2) concen-
trations in the surface ocean; and (4) vigorous data syn-
thesis, data assimilation and modeling efforts.

Long-term biogeochemical studies in oceanography are
predicated on the relatively straightforward notion that
certain processes, such as climate-driven changes in com-
munity structure and productivity, and natural or anthro-
pogenic changes in nutrient loading and habitat changes,
are long-term processes and must be studied as such. If
the phenomena of greatest interest are episodic, rare,
complex or characterized by thresholds or feedback con-
trol mechanisms, then long-term observations are
mandatory (Risser 1991). Despite this need and strong jus-
tification, there are relatively few long-term biogeochemical
studies of the world’s ocean. This paucity of robust ob-
servations, especially in the remote regions of the open
ocean, has led to an incomplete mechanistic understand-
ing of the global carbon cycle, especially for key issues re-
lated to carbon sequestration in the ocean’s interior. Dur-
ing the past two decades several ocean time-series pro-
grams have emerged and the data sets provided by these
studies have collectively contributed to our increasing
understanding of biogeochemical processes in the sea.

This chapter will focus on the ocean time-series com-
ponents of JGOFS, especially the relationships between
nutrient dynamics and productivity, and the relation-
ships between productivity and carbon export. We will
focus on the time-series program similarities, while ac-
knowledging the important differences. Numerous pa-
pers have already been written on these topics, includ-
ing at least four special issues of Deep-Sea Research,
Topical Studies in Oceanography (Karl et al. 1996; Boyd
and Harrison 1999a; Siegel et al. 2001; Marty et al. 2002).
Our goal here is to report significant cross-ecosystem
comparisons of the important processes of carbon pro-
duction, export and remineralization and to investigate
and understand the underlying mechanisms controlling
carbon sequestration in the sea. This will be achieved
by the presentation of sample data sets, and several bio-
geochemical ‘case studies’. The structure, efficiency and
controls of the ocean’s various biological pumps will be
a common theme in this comparative study.
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10.2 The Oceanic Carbon Cycle
and the Biological Carbon Pump

The large and dynamic oceanic reservoir of carbon, ap-
proximately 4 × 1019 g, is distributed unequally among
dissolved and particulate constituents with various re-
dox states and plays an important role in global biogeo-
chemical cycles. These pools include dissolved inorganic
carbon (DIC = [H2CO3] + [CO2] + [HCO3

–] + [CO3
2–]),

and the less oxidized pools of mostly uncharacterized
dissolved organic carbon (DOC) and partially charac-
terized particulate organic carbon (POC). The latter pool
includes both living organisms and non-living particulate
organic detritus; particulate inorganic carbon (PIC),
mostly calcium carbonate (CaCO3), is also present as a
component of both living and non-living particulate
matter. A chemical disequilibrium between oxidized
DIC and reduced organic matter is produced and main-
tained by biological processes. The reversible, usually
biologically-mediated, inter-conversions between dis-
solved and particulate carbon pools in the sea collec-
tively define the oceanic carbon cycle.

The global distributions and movements of carbon
in the sea are governed by two major processes with
independent controls (Fig. 10.1). The solubility carbon
pump, which transports DIC, is mediated by physical
processes such as vertical mixing, advection and diffu-
sion which are only partially understood. In particular,
DIC pool dynamics in relation to mesoscale and sub-

mesoscale features and the importance of horizontal
processes are not well resolved. Likewise, the air-to-sea
exchange of CO2, especially the importance of short-
term variability in wind speed, is not well constrained.
Similarly, the key processes of the biological carbon
pump are only partially understood.

The observed vertical distribution of DIC in the sea
cannot be accurately reproduced by existing circulation
models without the inclusion of biological processes.
Furthermore, it is well known that the rate and efficiency
of the oceanic uptake of atmospheric CO2 can be dra-
matically affected by the structure and dynamics of the
phytoplankton community. Because most, if not all, eco-
logical interactions are non-linear, they are not easily
studied or modeled. We consider it axiomatic that an
explicit understanding of the biological carbon pump
is required to understand and to model carbon dynam-
ics in the sea. To adequately resolve the biological pump,
we must know the individual mechanisms, the rates and
controls, the regional and temporal variations and the
sensitivities of the various biological pump components
to habitat perturbations, including global environmen-
tal change. These are, we believe, the most important
and as yet unresolved components of the ocean’s car-
bon cycle.

Primary conversion of oxidized DIC to reduced or-
ganic matter (both DOC and POC) and CaCO3 is gener-
ally restricted to the euphotic zone of the world ocean
via the process of photosynthesis. The annual rate of glo-
bal ocean primary production, about 90–92 Pg C yr–1

(1 Pg = 1015 g), is nearly 50 times the amount of carbon
entering the ocean from CO2 build-up in the atmosphere
which (estimated to be ~2 Pg C yr–1). The supply of reduced
carbon and energy required to support subeuphotic zone
metabolic processes is ultimately derived from the upper
ocean and is transported downward by advection and dif-
fusion of dissolved organic matter (Hansell et al. 1997),
gravitational settling of particulate inorganic and organic
matter (McCave 1975), and by the vertical migrations of
pelagic animals (Longhurst and Harrison 1989) and phy-
toplankton (Villareal et al. 1993). These diverse processes
collectively define the biological carbon pump.

In theory, the export flux of carbon from the euphotic
zone includes both dissolved and particulate matter.
However, as Margalef (1978) has so eloquently stated,
“any atom is more likely to travel downwards when in a
particle than in solution.” This predicts a more signifi-
cant role for processes that favor export of particulate
matter. The ability of larger phytoplankton to aggregate
(the diatom branch; Fig. 10.2) and sink out of the euphotic
zone is, perhaps, the most efficient means of carbon ex-
port. As we shall see later, there are variations on this
theme that can further enhance net carbon sequestra-
tion. Alternatively, when the phytoplankton assemblage
is dominated by small picoplankton (the Prochlorococcus
branch; Fig. 10.2) export is reduced. Most models of the

Fig. 10.1. A schematic view of the ocean’s carbon pump showing
the interactions between the surface ocean and the atmosphere
above, and the surface ocean and the deep sea below. There are
both physical and biological components of the ocean’s carbon
pump; the latter involve a complex set of poorly constrained eco-
logical processes, some of which are discussed in more detail in
the chapter (redrawn from SCOR (1990))
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biological carbon pump assume that short food chains
lead to high new production and high export, whereas
complex microbial food webs lead to high recycling and
low export.

Not all plankton carbon is created equal. The two
major classes are: (1) organic carbon (Corg.), which it-
self is quite diverse, ranging from small lipid molecules
containing only carbon and hydrogen to nucleic acids
containing carbon, nitrogen, hydrogen, phosphorus
and oxygen in varying proportions, and (2) inorganic
carbon (Cinorg.), which is present mainly as CaCO3 pri-
marily in the skeletons of coccolithophorids, foramini-
fera and pteropods. The production of organic matter
during photosynthesis removes CO2 in an equimolar
carbon stoichiometry (CO2 + H2O ←→ CH2O + O2),
whereas the production of biogenic CaCO3 in the
pelagic realm releases CO2 and reduces alkalinity
(Ca2+ + 2HCO3

– → CaCO3 + CO2 + H2O). During mas-
sive surface blooms of coccolithophorids, the net car-
bon balance can swing towards net CO2 production if
the Corg. :Cinorg. ratio in the exported particulate mate-
rials is <1.0 (e.g., Bates et al. 1996a). Theoretically, these
two carbon-containing phases have different bulk den-
sities, chemical behaviors including solubility, and
subeuphotic zone remineralization length scales. How-
ever, in reality, the biogenic CaCO3 is associated with
organic carbon which affects its predicted chemical re-
activity. Nevertheless, Cinorg. is generally exported to
greater depths in the water column than Corg., so the
Corg. :Cinorg. ratio tends to decrease with depth. Further-
more, the ratio of Si-to-Ca or, more formally, the opal
(biogenic Si) to calcium carbonate ratio in exported
particulate matter, provides information on the struc-
ture of the phytoplankton assemblage in the euphotic
zone. The diatom, or silicate mode, vs. the cocco-
lithophorid, or carbonate mode is a key variable of the

biological pump. Even in low nutrient, low chlorophyll
(LNLC) regions where the phytoplankton assemblage
is dominated by prokaryotic picoplankton, these larger
eukaryotes determine the tempo and mode of particulate
export (Fig. 10.2). Among the various diatom species,
maximum growth rate, iron requirements and propen-
sity to form large blooms and subsequently aggregate
are all key variables. In the Southern Ocean for exam-
ple, two congeners, Chaetocerous dichaeta and C. brevis
have adopted different ecological strategies: the former
has a rapid growth potential and blooms episodically
in response to the pulsed atmospheric deposition of iron
(Fe), whereas the latter grows best, but slowly, under the
climatological Fe-deficient conditions of these high nu-
trient, low chlorophyll (HNLC) habitats (Timmermans
et al. 2001). Community structure does matter, perhaps
even down to the species level, both on the short-term
and over much larger time scales.

When particulate carbon export from the euphotic
zone is expressed as a proportion of contemporaneous
primary production, this value is termed the export ra-
tio or ‘e-ratio’ (Baines et al. 1994). Results from broad-
scale, cross-ecosystem analyses suggest that the e-ratio
in oceanic habitats is a positive, non-linear function of
total integrated primary production (Suess 1980; Pace
et al. 1987; Martin et al. 1987; Wassman 1990), with val-
ues ranging from less than 0.10 in oligotrophic waters
to greater than 0.50 in productive coastal regions. It
should be emphasized, however, that the field data from
which the existing export production models were de-
rived are extremely limited and that open ocean habi-
tats, in particular, are under-represented. It is impor-
tant to understand the mechanisms that control the bio-
logical carbon pump in a variety of functionally dis-
tinct biomes so that accurate and meaningful predic-
tions of the response of the oceanic carbon cycle to glo-

Fig. 10.2.
Flows of chemical energy and
materials through a hypotheti-
cal pelagic food web showing
two major branches: diatom-
dominated and Prochlorococcus-
dominated biomes. Branch
points, indicated by diamonds,
were called ‘hydrodynamic
singularities’ by the original
authors (Legendre and Le Fèvre
1989). Branches to the left indi-
cate a higher probability for
export and branches to the
right favor local regeneration
and, hence, low export. The two
major fates of carbon are ex-
port (triangles) or accumula-
tion (circles) (redrawn from
Cullen et al. (2002))
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bal environmental change can be made. This was a stated
JGOFS goal in 1987.

Each year, the biological pump removes an estimated
7–15 Pg C from the surface waters of the world ocean, a
value that is equivalent to ~10% of the annual global ocean
primary production (Martin et al. 1987; Karl et al. 1996;
Laws et al. 2000). Microbial transformation of sinking par-
ticles in the thermocline that gives rise to increased C:N
and C:P ratios with depth can potentially drive a net at-
mosphere-to-ocean flux of CO2 in the surface ocean. Epi-
sodic flux ‘events’ carry to the deep sea large amounts of
‘fresh’ organic matter (Lampitt 1985; Smith et al. 1996).
These events may represent the bulk of the material reach-
ing depths greater than 1 000 m (Anderson and Sarmien-
to 1994), making processes within the main thermocline
also dependent upon the biological carbon pump.

After more than a decade of JGOFS research, we now
realize that there are at least three fundamentally dif-
ferent biological carbon pumps, each with independent
controls and fundamentally distinct biogeochemical
consequences (Fig. 10.3):

1. ‘Redfield Ratio – Dissolved/Particulate Carbon Pump’
wherein the C :N: P stoichiometry of the exported
material exactly balances the C:N:P stoichiometry
of the subeuphotic zone supply of inorganic nutri-
ents: Partitioning of the exported carbon into sepa-
rate dissolved and particulate matter components is
crucial because these two separate pools generally
have different bulk stoichiometries, and different
remineralization rates and fates. However, only
particulate matter fluxes can be directly measured
in the field. A characteristic of this pump is the verti-
cal attrition of particulate matter mass, which can
be modeled as a normalized power function of the
form Fz = F150 m (Z / 150)b, where Z is water depth and
F and F150 m are fluxes at depth Z and 150 m, respec-
tively (Martin et al. 1987; Knauer et al. 1990; Karl et al.
1996). In this model, the regeneration length scales
of C vs. N and P are critical to the carbon sequestra-
tion process (Christian et al. 1997). If there is no spa-
tial or temporal separation between C and the ex-
port of the production rate limiting nutrients N and
P, there can be no net carbon sequestration. Even
though the Redfield pump operates worldwide and
is probably a dominant component of the ocean’s
carbon cycle, it largely sustains a bi-directional re-
flux of bioelements, rather than net export. In other
words, even though there is a measurable downward
flux of carbon and associated bioelements (e.g., N
and P) from the euphotic zone, there is a stoichio-
metrically equivalent importation of regenerated
nutrients from below which over the long term
(months to years) cancels out. As we shall see below,
other export mechanisms may be more important
for net carbon sequestration in the sea.

Fig. 10.3. The three major variations of the biological carbon pump
in the sea. a The Redfield ratio – dissolved/particulate carbon
pump with a balanced C : N : P stoichiometry for imported and
exported materials. The PHYTO-1 assemblage is a diverse mix-
ture of eukaryotic and prokaryotic algae and bacteria. Under these
hypothetical conditions of a Redfield balanced ocean, the flux of
C, N and P out of the euphotic zone is balanced by the importa-
tion of regenerated C, N and P from below, so there is no net car-
bon export. b The N2-primed prokaryote carbon pump with a por-
tion of the new N derived from dissolved N2 gas. The PHYTO-2 as-
semblage has selected for potentially diverse free-living (unicel-
lular and filamentous) and symbiotic N2-fixing prokaryotes ca-
pable of surviving under conditions of fixed N depletion. Under
these conditions the exported particulate matter is characteristi-
cally enriched in C and N, relative to P, and there is an imbalance
between the import and export nutrient balance in favor of net C
removal. c The event-driven, Fe-stimulated diatom aggregation
carbon pump driven by the stochastic atmospheric delivery of
bioavailable Fe. The PHYTO-3 assemblage has selected for large
diatom species which use the Fe to assimilate nitrate or, in certain
cases, to stimulate the metabolism of intracellular N2-fixing sym-
biotic cyanobacteria who then manufacture fixed N for the host.
The latter would be expected to occur in habitats that are both Fe-
and fixed N-stressed (e.g., central gyres). Following nutrient (Fe,
P or Si) exhaustion, the diatoms aggregate and sink carrying car-
bon to the abyss (see also diatom branch; Fig. 10.2). If N2-fixation
and Fe-stimulation co-occur, then the production stoichiometry
also favors C export see b, above. This combined Fe-stimulated,
N2-fixing diatom pump is likely to be the most efficient means for
sequestering atmospheric CO2 in the world ocean
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2. ‘N2-primed Prokaryote Carbon Pump’ wherein micro-
biological fixation of N2 temporarily relieves the eco-
system of fixed-N limitation resulting in P (or Fe)
control of new and export production: Under these
new habitat conditions, there is a selection for the
growth of microorganisms with altered ecological stoi-
chiometry, one which produces dissolved and particu-
late matter with elevated C:P ratios (>250–300 : 1) rela-
tive to the expected Redfield ratio (C:P = 106). Ex-
port of this non-Redfield organic matter provides a
mechanism for the net, long-term (centennial to
millennial) sequestration of carbon into the meso-
pelagic zone, or deeper (Fig. 10.3b). The time scales
of this sequestration will be determined by the bal-
ance between N2 fixation and denitrification and the
time-scale for ventilation of the midwater zones
where some of the denitrification occurs. Variability
in this process will depend upon the stability of the
climate parameters that encourage the growth of the
N2-fixing prokaryotes, and on a continued supply of
bioavailable P and Fe or to the physiological limits
in the non-Redfield stoichiometry. A re-supply of P
and, perhaps, Fe could be satisfied by vertically-mi-
grating, N2-fixing microorganisms like Trichodes-
mium (Karl et al. 1992). A biogeochemical effect similar
to that described here for the N2-primed Prokaryote
Carbon Pump (i.e., net removal of C from the sur-
face water relative to N/P upwelled from depth) can
also occur by the selective subeuphotic zone remin-
eralization of N/P relative to C in the absence of N2
fixation. However, it is unlikely that this differential
remineralization process could ever result in effec-
tive C:P ratios as high as those produced by the N2-
primed prokaryote carbon pump mechanism.

3. ‘Event-driven, Mass Sedimentation Carbon Pump’
wherein a specific physical or biological perturbation
to the biogeochemical steady-state results in a rapid
pulse of export to the sea floor. This is most often char-
acterized by Fe-stimulated diatom aggregations where
atmospheric deposition of Fe-rich dust results in the
rapid growth of large chain- or aggregate-forming
diatoms followed by mass export. Massive blooms of
filter-feeding planktonic animals, like salps, will have
the same flux impact. A characteristic feature of these
rapid growth-export events is the efficient delivery
of fresh organic matter to the deep sea floor (the so
called phytodetritus pulse). Even if the stoichiom-
etry of these exported materials conforms to the
Redfield ratio, there is a net removal of carbon from
the ocean’s surface on time scales of a few decades to
centuries and, hence, net carbon sequestration. Al-
though aggregation events have been reported to
occur in both coastal and open ocean habitats the
physical, chemical and biological controls are poorly
understood. While the diatom bloom events were
once thought to be coupled to the turbulent-driven

supply of new nutrients by deep mixing events or
eddy-induced upwelling, it is now evident that
diatoms can propagate, aggregate and sink even
from stable open ocean waters (Scharek et al. 1999b;
Cullen et al. 2002). These latter, stratified open ocean
blooms are likely to be manifestations of the conver-
gence of the N2-primed prokaryote and diatom
aggregation pump processes (Fig. 10.3c), effected
through endo-symbiotic associations between N2-
fixing cyanobacteria and oceanic diatoms (e.g.,
Rhizosolenia-Richelia associations; Martinez et al.
1983). In this regard, the endosymbiont-containing
diatoms facilitate the utilization of diatomic N and
should be called ‘diatomic-diatoms’ to distinguish
them ecologically from the more common nitrate-
utilizing diatom populations.

Of these three separate biological carbon pumps, only
the first has been studied or modeled in any detail. Un-
fortunately, it is the most predictable of the three and,
for many reasons, the least important for variations in
the ocean’s carbon cycle. It now appears that the non-
Redfield carbon pumps may be important in many open
ocean habitats. If the N2-primed Prokaryote Carbon
Pump and the Event-driven, Mass Sedimentation Car-
bon Pump are found to be present in other regions of
the global ocean, we may need to alter our most basic
dogma on nutrient biogeochemistry in the sea.

Carbon export from the upper regions of the euphotic
zone can be measured directly using surface-tethered,
free-drifting, particle-interceptor traps (PITs; Knauer
et al. 1979), or indirectly using oxygen mass balance es-
timation (Jenkins 1982, and subsequent papers e.g.,
Emerson et al. 1991; and Michaels et al. 1994), dissolved
inorganic carbon isotope mass balance estimation
(Zhang and Quay 1997) or 238U-234Th disequilibrium
measurements (Coale and Bruland 1987; Buesseler 1998;
Benitez-Nelson et al. 2001). Each approach has funda-
mental advantages and limitations, and each measures
a slightly different set of ecosystem processes. For ex-
ample, PITs cannot assess the rates of downward diffu-
sion of DOC or active vertical migration processes, so
this approach will tend to underestimate total down-
ward carbon flux. PITs can also suffer from hydrody-
namic collection bias, especially in high turbulent re-
gions. Net oxygen production, carbon isotope mass bal-
ance and 234Th scavenging are all indirect surrogates for
carbon flux, so model assumptions must be applied.
Most of these indirect methods also suffer from a gen-
eral lack of distinction between particulate and dis-
solved organic matter export; only PITs provide a re-
turn sample for quantitative chemical, microscopic or
molecular/biochemical measurement. However, taken
together, this suite of carbon export techniques can pro-
vide complementary, redundant information and a ro-
bust constraint on the carbon export process.
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10.3 Global Inventory of JGOFS Time-Series Programs

During the JGOFS era eight ocean time-series programs
were initiated (Fig. 10.4): Bermuda Atlantic Time-series
Study (BATS), European Station for Time-series in the
Ocean, Canary Islands (ESTOC), Dynamique des Flux
Atmosphériques Méditerranée (DYFAMED), Hawaii
Ocean Time-series (HOT), Kerguelen Point Fixe
(KERFIX), Kyodo Northwest Pacific Ocean Time-series
(KNOT), Ocean Station Papa (OSP) and the Southeast
Asia Time-series (SEATS) programs. Other JGOFS-
relevant programs, some pre-dating the official com-
mencement of JGOFS in 1987, also exist, including
hydrographic and biological monitoring programs es-
tablished at marine laboratories, autonomous bottom-
moored sediment traps, physical-biogeochemical
moorings and underway data collected during repeat
transits of merchant or military vessels. This chapter
will focus on the eight JGOFS-sponsored research ef-

forts (Fig. 10.5). These ecosystem-based studies include
measurements of nutrient and population dynamics,
primary and secondary productivity rates and controls,
as well as seascape structure and variability, including
climate. Each program has unique roots, experimental
design, organizational structure and local-to-global
connectivity. Despite these fundamental differences,
they do share common JGOFS objectives and implemen-
tation procedures, including standard core measure-
ments and protocols (Table 10.1). However, it should
be pointed out that not all of the ‘recommended’
JGOFS core measurements are conducted at every
site (e.g., 14C primary production, ‘new production’
by 15N uptake, microzoo-plankton herbivory rates
are not conducted at many sites). Likewise, some of the
most exciting emergent data sets from selected JGOFS
time-series programs (e.g., temporal changes in the
N: P stoichiometry of total dissolved and particulate
organic matter, rates of N2 fixation and atmospheric Fe
deposition rates) were not even recommended as key

Fig. 10.4.
The global distribution of
JGOFS ocean time-series
stations and related biogeo-
chemical programs. Shown at
top are the positions of se-
lected study sites in relation
to the surface distribution of
Chl as determined from the
SeaWiFS color satellite
(http://seawifs.gsfc.nasa.gov/
SEAWIFS.html). The JGOFS
sites discussed in this chapter
are shown as solid circles; the
solid triangles and solid rec-
tangles show the locations of
non-JGOFS, fixed-point bio-
geochemical ocean time-se-
ries sites or regional surveys,
respectively. Shown at the
bottom are the potential tem-
perature-salinity relation-
ships for each of the JGOFS
sites showing the characteris-
tic water mass structures for
each site
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variables at the start of the JGOFS program. This is
clearly ‘work in progress.’

10.3.1 Bermuda Atlantic Time-Series Study (BATS)

Location: The primary station is located at 31° 50' N,
64° 10' W approximately 82 km SE of St. David’s Light,
Bermuda in 4 500 m of water. The BATS sampling site is
near, but not co-located with, Hydrostation ‘S’ (32° 10' N,
64° 30' W), one of the longest running hydrographic-
chemical ocean time-series stations in existence. The BATS
time-series station is intended to be representative of the
western North Atlantic subtropical gyre (Sargasso Sea).

Inauguration and present status: BATS field sampling
began in October 1988 and has continued to the present
(Fig. 10.5). The current JGOFS sampling program builds
on the Hydrostation ‘S’ program that was initiated in
June 1954, but current BATS sampling is conducted at a
new station approximately three times the distance from
shore to eliminate any biogeochemical influences of the
coastal zone. A bottom-moored sediment trap program
located near the current BATS site began in 1976 (Deuser
1986; Conte et al. 2001), and independent physical-bio-
geochemical mooring and atmospheric sampling pro-
grams presently complement the BATS sampling pro-
gram (Dickey et al. 2001).

Objectives: (1) to observe and interpret hydrographic,
chemical and biological variations that occur on time
scales ranging from subseasonal to decadal, (2) to esti-

mate the dynamics of gaseous, dissolved inorganic, dis-
solved organic and particulate organic carbon pools,
(3) to determine the impact of mode water intrusion on
biogeochemical processes, and (4) to understand the
linkages between the atmospheric delivery of nutrients
and organic matter export processes.

Sampling frequency and methods: Approximately bi-
weekly to monthly field observations are conducted us-
ing the UNOLS vessel R/V Weatherbird II which is based
in Bermuda and operated by the Bermuda Biological
Station for Research, Inc. (BBSR). The interdisciplinary
station work includes physical, chemical and biological
observations and rate measurements.

Logistical management and funding sources: BATS is
maintained by scientists and staff from the BBSR as well
as several key guest investigators. Funding is provided
primarily from the US National Science Foundation.

Data availability and key contact persons: All BATS
core measurement data are publicly available approxi-
mately 1 year after collection (http://www.bbsr.edu),
or by request from the US National Oceanic Data
Center. Annual Data Reports are published and dis-
tributed through the US JGOFS-Planning Office
in Woods Hole, MA. The principal contact persons
are A. Knap (knap@sargasso.bbsr.edu) and N. Bates
(nick@sargasso.bbsr.edu).

Key references: Michaels and Knap (1996), Steinberg et al.
(2001).

Fig. 10.5.
Timelines for the eight JGOFS
ocean time-series stations dis-
cussed in this chapter. Shown
as coded horizontal lines are
the periods of ship-based bio-
geochemical sampling and
the deployments of bottom-
moored sediment traps (ST)
and surface meteorological-
biogeochemical moorings
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10.3.2 Dynamique des Flux Atmosphérique
en Méditerranée (DYFAMED)

Location: The primary station is located at 43° 25' N,
7° 52' E in the northwestern sector of the Mediterranean
Sea (Ligurian Sea) approximately 45 km south of Cape
Ferrat, France, in 2 350 m of water. This region is believed
to be free from coastal zone fluxes, but it does receive a
significant atmospheric input from the deserts of North
Africa and from the industrialized countries bordering
the Mediterranean Sea. These atmospheric fluxes are
measured at nearby Cape Ferrat.

Inauguration and present status: Field sampling began
in 1986, pre-JGOFS, with a sediment trap mooring and
atmospheric deposition survey (Miguel et al. 1994;
Migon et al. 2002) that were enhanced with a ship-based
biogeochemistry measurement program and benthic
survey in 1991 (Guidi-Guilvard 2002); all three compo-
nents have continued to the present.

Objectives: (1) to study variations of hydrography and
biogeochemistry at the seasonal and interannual scale,
(2) to investigate the ecosystem response to atmospheric
deposition events and to long-term environmental/cli-
mate forcing, (3) to investigate and understand the eco-
logical effects of meteorological forcing, especially the
transition in community structure from spring meso-
trophy to summer oligotrophy and (4) to estimate the
air-to-sea exchange of carbon dioxide.

Table 10.1. Selected core measurements made at the JGOFS ocean time-series sites1

1 JGOFS has established a suite of biogeochemical measure-
ments that has been recommended as the core parameters
necessary for a comprehensive investigation of the ocean’s
carbon cycle. Nevertheless, the exact list of core  measure-
ments and specific analytical methods used varies consid-
erably from site to site, and has even changed within a given
site over time. Furthermore, some sites routinely measure
parameters that are not part of the ‘JGOFS core’ (e.g., inher-
ent and apparent optical properties, natural CN isotopes,
radionuclides, atmospheric deposition, etc.). The program
objectives and the science questions should always be the
motivation behind the sampling and measurement pro-
grams.

Parameter Technique, instrument

Continuous CTD-based measurements

Temperature Thermistor(s) on CTD

Salinity Conductivity sensor(s) on CTD

Depth Digiquartz pressure sensor on CTD

Dissolved oxygen Oxygen electrode on CTD

Fluorescence Fluorometer on CTD

PAR Scalar irradiance sensor on CTD

Discrete measurements

Salinity Conductivity, using a salinometer

Oxygen Winkler titration with automated photometric or potentiometric endpoint detection

Total CO2 Manual or automated coulometric analysis

Alkalinity High precision acid titration with potentiometric endpoint detection

Nitrate, phosphate, silicate Autoanalyzer

Dissolved organic C High-temperature combustion-oxidation

Total dissolved N and P UV or chemical oxidation, autoanalyzer

Particulate C High-temperature combustion, CHN analyzer

Particulate N High-temperature combustion, CHN analyzer

Particulate biogenic silica Chemical digestion, autoanalyzer

Fluorometric chlorophyll a Acetone extraction, fluorescence detection

Phytoplankton pigments HPLC, fluorescence detection

Bacteria Fluorescence microscopy or flow cytometry

Zooplankton Net tows, wet and dry weights, CHN analyzer

Rate measurements

Primary production Trace-metal clean, in situ incubation, 14C uptake

Particle fluxes
Mass
Total carbon
Total nitrogen

Free-drifting cylindrical sediment traps (PITs)
Gravimetric analysis
CHN analysis
CHN analysis
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Sampling frequency and methods: Approximately
monthly field observations are conducted using the
French R/V Tethys II which is operated by the Centre
National de la Recherche Scientifique (CNRS) Institut
National des Sciences de l’Univers (INSU) and based in
Marseille, France. The interdisciplinary station work
includes physical, chemical and biological observations
and rate measurements. In March 1999, a meteorologi-
cal buoy was deployed with plans to add in-water opti-
cal and biogeochemical sensors in the near future.

Logistical management and funding sources: DYFAMED
is maintained by scientists from the Laboratoire
d’Océanographie de Villefranche and of IAEA Marine
Environment Laboratory in Monaco. Funding is pro-
vided by INSU/CNRS.

Data availability and key contact persons: Most DYFAMED
data sets can be obtained at: http://www.obs-vlfr.fr/jgofs2/
sodyf/home/htm. The principal contact person is J.-C. Marty
(marty@obs-vlfr.fr).

Key reference: Marty et al. (2002).

10.3.3 European Station for Time-Series
in the Ocean Canary Islands (ESTOC)

Location: The primary station is located at 29° 10' N,
15° 30' W approximately 100 km north of the islands of
Gran Canaria and Tenerife in 3600 m of water. This time-
series station is intended to be representative of the east-
ern boundary regime of the Northeast Atlantic Ocean.

Inauguration and present status: ESTOC field sampling
began in February 1994 and has continued to the
present.

Objectives: (1) to investigate the long-term changes of
stratification and circulation on seasonal and inter-
annual time scales, and (2) to investigate biogeochemical
cycles in this region to understand controls on flux of
carbon and associated bioelements on seasonal and
interannual time scales.

Sampling frequency and methods: Approximately
monthly field observations are conducted using the
Spanish R/V Taliarte which is operated by the Instituto
Canario de Ciencias Marinas and based in Telde, Gran
Canaria. German research vessels have complemented
these baseline observations. These latter cruises also
maintain two long-term moorings; one deep-sea moor-
ing supports current meters and thermistors and the
other supports sediment traps. The interdisciplinary sta-
tion work includes physical, chemical and biological
observations and rate measurements.

Logistical management and funding sources: ESTOC is
maintained by a consortium of four institutions: (1) In-
stituto Canario de Ciencias Marinas, Telde Gran Canaria,
Spain (ICCM), (2) Instituto Español de Oceanografia,
Madrid, Spain (IEO), (3) Institut für Meereskunde, Kiel,
Germany (IFMK) and (4) Fachbereich Geowissenschaf-
ten, Universität Bremen, Germany (UBG). ESTOC has
received funding in part from the German Ministry for
Education and Research (BMBF).

Data availability and key contact persons: Most ESTOC data
sets can be obtained at: (1) http://www.iccm.rcanaria.es/
estocing.htm, (2) http://www.ifm.uni-kiel.de/general/
estoc.htm and (3) http://www.pangea.de/Projects/
ESTOC/. Key contact persons include O. Llinás
(ollinas@iccm.rcanaria.es), G. Siedler (gsiedler@ifm.uni-
kiel.de) and G. Wefer (gwefer@marum.de).

Key references: Neuer et al. (1997), Davenport et al. (1999)
and Freudenthal et al. (2001).

10.3.4 Hawaii Ocean Time-Series (HOT)

Location: The primary deep ocean station, Sta. ALOHA
(A Long-term Oligotrophic Habitat Assessment), is lo-
cated at 22° 45' N, 158° W approximately 100 km north of
Kahuku Point, Oahu, in 4 740 m of water. A coastal sta-
tion is also maintained at a location approximately 10 km
offshore from Kahe Point, Oahu in 1 500 m of water. Sta.
ALOHA is believed to be representative of the North Pa-
cific Subtropical Gyre biome.

Inauguration and present status: HOT field sampling began
in October 1988 and has continued to the present. A bot-
tom-moored sediment trap program was added in June 1992,
and between January 1997 and June 2000 a meteorologi-
cal-physical-biogeochemical mooring was deployed for
high frequency atmospheric and in-ocean observations.

Objectives: (1) to document seasonal and interannual
variability in water mass structure, (2) to relate water
mass variations to gyre fluctuations, (3) to develop a cli-
matology of biogeochemical rates and processes includ-
ing microbial community structure, primary and export
production and nutrient inventories and (4) to estimate
the annual air-to-sea flux of carbon dioxide.

Sampling frequency and methods: Approximately monthly
field observations are conducted primarily using the
UNOLS vessel R/V Moana Wave, based in Honolulu and
operated by the University of Hawaii (1988–2000) and the
State of Hawaii owned vessel R/V Kaimikai-O-Kanaloa
(2000 to present). Over the 13-year lifetime of HOT at least
10 different public and private research vessels have been
employed in the field effort. The sediment trap mooring is
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serviced annually from these same vessels. The interdisci-
plinary station work includes physical, chemical and bio-
logical observations and rate measurements.

Logistical management and funding sources: HOT is
maintained by scientists from the University of Hawaii.
Funding derives primarily from the US National Science
Foundation and the State of Hawaii.

Data availability and key contact persons: All HOT core
measurement data are publicly available approximately
1 year after collection (http://hahana.soest.hawaii.edu), or
by request from the US National Oceanic Data Center. An-
nual data reports are published and distributed through the
US JGOFS Planning Office in Woods Hole, MA, or as down-
loadable PDF files at the above referenced website. The prin-
cipal contact persons are D. Karl (dkarl@soest.hawaii.edu)
and R. Lukas (rlukas@soest.hawaii.edu).

Key references: Karl and Winn (1991), Karl and Lukas
(1996) and Karl (1999).

10.3.5 Kerguelen Point Fixe (KERFIX)

Location: The primary station is located at 50° 40' S,
68° 25' E, approximately 100 km southwest of Kerguelen
Islands in 1 700 m of water. This site, south of the polar
front, is characteristic of the Permanently Open Ocean
Zone (POOZ) of the Southern Ocean. A second site (Bio-
Station) located 24 km off Kerguelen was also used for
selected biological rate measurements.

Inauguration and present status: KERFIX field sampling
began in January 1990 and was terminated as a JGOFS ef-
fort in March 1995. Since the end of KERFIX, a new hydro-
graphic (temperature and salinity) sampling program
called CLIOKER (CLImat Océanique a KERguelen; Y Park,
Principal Investigator) has emerged at the KERFIX site as
a component of the international CLIVAR program. The
biogeochemical studies, with a special focus on air-to-sea
CO2 gas exchange have continued under the OISO (Océan
Indien Service d’Observation; N. Metzl, Principal Investi-
gator), but with only two cruises per year.

Objectives: (1) to parameterize the air-sea flux of CO2
and O2, (2) to understand the physical and biological
processes that control these exchanges and (3) to ob-
serve and interpret the seasonal and interannual vari-
ability in production, flux and decomposition of car-
bon and associated elements.

Sampling frequency and methods: Approximately monthly
field observations were conducted using the French R/V
La Curieuse which is operated by the French Polar Insti-
tute (IFRTP) and based in Port-aux-Français (Kerguelen).

From April 1993 to March 1995 a mooring was also in place
for continuous measurements of the downward flux of
particulate matter and current velocity and direction. The
mooring deployments and maintenance were supported
by the R/V Marion Dufresne which is operated by IFRTP
and based in Port-aux-Français.

Logistical management and funding sources: KERFIX is
supported locally by staff from the Biologie Marine
(BIOMAR) on Kerguelen, with financial support from
the Scientific Mission of the Terres Australes and
Antarctiques Francaise (1990–1992), and subsequently by
the Center National de la Recherche Scientifique (INSU/
France-JGOFS; 1991–1995) and the IFRTP (1992–1995).

Data availability and key contact persons: Additional in-
formation on KERFIX can be obtained at http://
www.obs-vlfr.fr/jgofs/html/bdjgofs.htm. KERFIX was ini-
tiated by A. Poisson (LPCM, Paris) and since 1993 has
been led by C. Jeandel (Catherine.Jeandel@cnes.fr).

Key references: Jeandel et al. (1999) and Louanchi et al. (1999).

10.3.6 Kyodo Northwest Pacific Ocean Time-Series (KNOT)

Location: The primary station is located at 44° N, 155° E,
approximately 400 km northeast of Hokkaido Island, Ja-
pan in 4 900 m of water. This time-series station is intended
to be representative of the southwestern subarctic gyre.

Inauguration and present status: KNOT field sampling
began in June 1998 and was terminated in October 2000.
Research at this site evolved from a previous (1988–1991)
sediment trap experiment at the same location (Noriki
1999). The establishment of KNOT was a joint JGOFS-
Japan and JGOFS-NPTT (North Pacific Task Team) ef-
fort. Kyodo is the Japanese word for collaboration.

Objectives: (1) to investigate the inorganic carbon system
dynamics in response to variations in hydrography and
biological processes, (2) to investigate the response of the
biological pump to climate forcing and (3) to provide a
data set from the western subarctic Pacific gyre for com-
parison to OSP in the eastern subarctic Pacific gyre.

Sampling frequency and methods: Approximately monthly
field observations were conducted using the Japanese
vessels T/S Hokusei Maru of Hokkaido University, R/V
Bosei Maru of Tokai University, R/V Mirai of JAMSTEC,
R/V Hakuho Maru of Tokyo University, and the Hakurei
Maru II of the Metal Mining Agency of Japan.

Key contact person: Y. Nojiri (nojiri@ees.hokudai.ac.jp).

Key reference: Tsurushima et al. (1999).
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10.3.7 Ocean Station Papa (OSP or Sta. P)

Location: The primary station is located at 50° N, 145° W,
approximately 1 500 km due west from the approaches
to the Juan de Fuca Strait at 125° W in 4 200 m of water.
JGOFS relevant sampling is also periodically conducted
along the transect from Vancouver to OSP at several lo-
cations along ‘line P.’ Conditions at OSP are believed to
be representative of the northeast subarctic Pacific
Ocean (southern edge of the Alaska gyre).

Inauguration and present status: JGOFS relevant research
at OSP evolved from the co-located Canadian weather-
ship sampling program (1956–1981), the Subarctic Pa-
cific Ecosystem Research (SUPER) program (1984–1988)
and the Canadian JGOFS program commencing in 1992
and terminating in 1997. From 1998 to the present, the
Department of Fisheries and Oceans, Canada (DFO) has
continued to support two or three cruises to OSP per
year to continue the previous decades of seasonal sam-
pling. A bottom-moored sediment trap program at OSP
began in 1983 and ran through 1994. A deep-sea moor-
ing was deployed from 1995 to 1997 which recorded T, S,
light and solar-induced fluorescence at ~30 m.

Objectives: (1) to document seasonal, interannual and
decadal variations in hydrographic and key bio-
geochemical parameters and determine their relation-
ship to carbon export, (2) to investigate the role of at-
mospherically-deposited iron on ecosystem dynamics,
including carbon dioxide drawdown and (3) to deter-
mine the impact of El Niño events on biogeochemical
cycling.

Sampling frequency and methods: Ship-based field ob-
servations at OSP were obtained approximately three
times per annum using the Canadian Coast Guard ves-
sel John P. Tully based in Victoria, British Columbia,
Canada. These cruises were usually in the periods Feb-
ruary, May–June, and August–September to coincide
with winter, late spring and late summer periods, re-
spectively. Line ‘P’, 12 stations from Victoria to OSP, oc-
cupied from 1959–1981, was also re-occupied during the
JGOFS campaign.

Logistical management and funding resources: The sci-
entific programs at OSP are maintained by scientists and
technical support in the Ocean Science and Productiv-
ity Division of the DFO. Salary and shiptime are pro-
vided by DFO. Research and time-series activities are
funded by the Panel for Energy Research and Develop-
ment (PERD) of Natural Resources Canada under pro-
grams of Time-series and Oceanic CO2 Uptake. Moni-
toring of water properties is funded by the Ocean Cli-
mate Program of DFO.

Data availability and contact persons:
C.S. Wong (WongCS@pac.dfo-mpo.gc.ca) and
P.J. Harrison (pharrisn@unixg.ubc.ca).

Key references: Whitney et al. (1998), Wong et al. (1995),
Wong et al. (1999) and Harrison et al. (1999).

10.3.8 South East Asia Time-Series Station (SEATS)

Location: The primary station is located at 18° N, 116° E
about 700 km southwest of Taiwan (Shiah et al. 1999).
The SEATS time-series station is in the South China Sea
(SCS), the largest ice-free marginal sea in the world (the
ice-covered Arctic Sea is the largest). It has a wide con-
tinental shelf to the south, significant runoff from sev-
eral large rivers, including the Mekong River and the
Pearl River, and a deep (>3 000 m) basin. The SCS is
subject to physical forcing of the alternating southeast-
ern Asian monsoons (Shaw and Chao 1994), typhoons,
strong internal waves (Liu et al. 1998) and ENSO (Chao
et al. 1996). SEATS is potentially sensitive to climate
change because of its locality between the third pole of
the world, namely the Tibet Plateau, and the western
Pacific warm pool, which are two of the most impor-
tant heat engines of the earth’s climate.

Inauguration and present status: The pilot study of the
SEATS project began in August 1998 (Shiah et al. 1999).
A suite of stations just west of the Luzon Strait was occu-
pied on bimonthly cruises between August 1998 and
June 1999. Because the hydrography of these stations are
strongly influenced by the Kuroshio intrusion through
the strait as well as the monsoon driven upwelling off
northwest Luzon (Shaw et al. 1996), the location of SEATS
was changed to the site mentioned above in August 1999.
The observational program, including shipboard meas-
urements and moored instruments for physical and bio-
geochemical measurements, is yet to be fully developed.

Objectives: (1) to understand how monsoonal forcing con-
trols biogeochemical cycles in the SCS and how ENSO
modulation of the monsoon strength influences it, (2) to
monitor how the episodic events, such as typhoons or
mesoscale eddies, affect biogeochemical processes in the
upper water column, and (3) to link the present day bio-
geochemical processes with paleorecords preserved in
sediment cores taken by IMAGES and the Ocean Drilling
Project for better understanding of the effect of climate
change on the ocean biogeochemistry in the marginal sea.

Sampling frequency and methods: Ship-based hydro-
graphic and biogeochemical surveys are conducted
every 2–3 months. Moored ADCP and thermister chains
have been deployed since 1997. Moored light sensors and
fluorometers have been deployed since October 2001.
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Logistical management and funding sources: SEATS is
maintained by scientists and staff from the National
Center for Ocean Research (NCOR), Taipei. Funding is
provided by the National Science Council, Republic of
China (ROC).

Data availability and key contact persons: The data ar-
chive of SEATS is being compiled and will be available
from NCOR (http://www.ncor.ntu.edu.tw). The princi-
pal contact person is K. K. Liu (kkliu@ccms.ntu.edu.tw).

10.4 Some Practical Lessons Learned
from the JGOFS Time-Series Programs

There is a very broad range of natural ecosystem vari-
ability in the sea. Each part of this variance spectrum is
derived from specific physical, biogeochemical and bio-
logical forcing, and each has unique consequences for
the ocean’s carbon cycle. For example, diel variations are
tied to the daily and seasonal solar cycles and are very
predictable for a given latitude. However, for pho-
totrophic microorganisms in the sea, there can be large
day-to-day variations in total irradiance at a given refer-
ence depth as a result of inertial period oscillations, in-
ternal waves and clouds. On subseasonal time scales there
are discrete nutrient-enhancing upwelling and mixing
events that can occur on mesoscale (100–1 000 km) spa-
tial scales (McGillicuddy et al. 1998, 1999). In the North
Pacific Ocean, there are also decade-scale transitions or
regime shifts such as the Pacific Decadal Oscillation (PDO;
Mantua et al. 1997) that can fundamentally alter commu-
nity structure and nutrient dynamics (Karl et al. 2001a).
In the North Atlantic Ocean, the North Atlantic Oscilla-
tion (NAO) similarly influences upper ocean hydrography
and biogeochemistry at BATS (Bates 2001). Finally, there
are gradual, continuous, unidirectional changes such as
the increasing atmospheric and oceanic burdens of CO2
(Winn et al. 1994; Bates et al. 1996b; Bates 2001).

Ecosystem variance will respond simultaneously, in
a non-linear fashion, to the combination of all these in-
dependent forces. The JGOFS ocean time-series pro-
grams were designed to observe and interpret these
complex interactions on time scales from months to
years. At the very least, these repeat biogeochemical
measurements provide – largely for the first time – the
data necessary to define a mean state or climatology
from which a quantitative anomaly field can be pre-
pared. These anomalies are then used to assess change
in the biogeochemical state variables and carbon fluxes.
The longer the time-series record, the more valid the
climatology and the more relevant and diagnostic the
anomalies. The mission and method of the JGOFS time-
series programs are straightforward, but in practice
these are easier said than done. The large-scale, low-fre-
quency changes, in particular, will likely be the most

difficult to observe and interpret. Another complication
is the assimilation of Eulerian, fixed-point time-series
data into a four-dimensional context with various
mesoscale and submesoscale natural variability (see
McGillicuddy et al. 1998, 1999; Siegel et al. 1999). Never-
theless, we submit that ocean time-series measurement
programs remain the most effective means for study-
ing seasonal, interannual and decadal scale physical-
biogeochemical processes. They also remain the most
cost effective and efficient programs for understanding
local and regional scale ecosystem dynamics and serve
as floating platforms of opportunity for the support of
complementary ocean and atmosphere research.

Sampling should, ideally, be continuous in order to
resolve all relevant high- and low-frequency scales of
habitat variability. Unfortunately, many biogeochemical
parameters and most carbon fluxes cannot be measured
remotely and a continuous human-operated station
would be prohibitively expensive. Consequently, in
JGOFS we have compromised with approximately
monthly-to-quarterly cruises, supplemented with con-
tinuous moored observations to the extent possible.
Despite their recognized importance, comprehensive
ocean time-series field sampling programs are very dif-
ficult to sustain. Sampling during the past 40 years at
OSP is a case in point. During the period 1965–1981,
seawater was collected twice per week; the temporal
resolution was excellent, but the core measurement list
was relatively limited. This initial period of sampling was
well situated for investigating intraseasonal and inter-
annual variability, but the ecological consequences of the
event-scale habitat perturbations that were observed
could not be constrained. As complementary programs
emerged to enhance the core measurement suite, the
weathership program was discontinued. During the
JGOFS era, the two-to-three cruises per year measure-
ment frequency at OSP was insufficient to capture epi-
sodic events despite the comprehensive core measure-
ment program that was assembled for this purpose.

Another frustrating example of the tradeoffs between
time-series sampling design and logistics is the Cali-
fornia Cooperative Oceanic Fisheries Investigation
(CalCOFI). This sampling program began as a physi-
cal-biological observation program in 1949 to study the
factors controlling the abundance of major pelagic fish
stocks in the Southern California Current System. From
1950 to 1960, monthly cruises were conducted with few
interruptions. But in 1961, the sampling frequency was
reduced to approximately quarterly and this frequency
was maintained through 1968. It was soon realized that
this reduced frequency was insufficient for the intended
program objectives, but fiscal resources precluded a re-
turn to the higher-frequency sampling mode. So in 1969,
the CalCOFI sampling reverted back to monthly cruises,
but only every third year (1969, 1972, 1975, 1978, 1981).
This sampling strategy inadvertently imposed serious
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limitations on an otherwise robust data set (Chelton
et al. 1982). For example, the 1976–1977 phase shift in the
PDO occurred during a period of infrequent sampling,
and the major 1982–83 El Niño event was ‘conveniently
scheduled’ between sampling years. From 1984, the spa-
tial grid was reduced significantly as a compromise to
accommodate quarterly cruises every year. This has
been retained as the CalCOFI sampling frequency to the
present. These sampling changes were forced primarily
by financial and logistical considerations, not by science.
Likewise, the North Pacific Ocean Climax time-series
sampling program (Hayward et al. 1983), which lasted
from 1968 to 1985, also had serious logistical constraints.
Of the 22 cruises during the 17-year observation period,
four were in 1973, three in 1985, two each in 1971, 1972,
1974, 1976 and 1983, one each in 1968, 1969, 1977, 1982
and none in 1970, 1975, 1978, 1979, 1981 and 1984. In this
data set, the impact of the major 1982–1983 El Niño event
may have, therefore, been over-represented relative to
the longer term climatology.

There are two points regarding sampling frequency
that are relevant to the JGOFS era time-series programs.
First, of the eight programs discussed in this chapter,
only three (BATS, DYFAMED and HOT) have a continu-
ous, approximately monthly frequency, decade-long
record of core biogeochemical parameters (Fig. 10.5).
One program (SEATS) has just begun, and routine sam-
pling at three of the sites (KERFIX, KNOT and OSP) has
already been terminated as high-frequency biogeo-
chemical sampling programs (Fig. 10.5). Even Hydro-
station ‘S,’ which started in 1954, lost funding for a brief
period (1977–1979), as it was considered not important
science, ‘just monitoring.’ In light of the past lessons
learned, this is unfortunate because it is impossible to
re-sample the past. Adding another year to these emer-
gent records is probably more valuable than starting a
time-series measurement program at a new location, if
funding is the limiting factor. Second, the JGOFS era
(1987–present) has coincided with a period of unprec-
edented El Niño favorable conditions (Karl et al. 2001a),
and warm-phase Pacific Decadal Oscillation and North
Pacific Mode indices (Barlow et al. 2001). The JGOFS era
has also been a period of predominantly positive NAO,
which may have significant implications for the North
Atlantic time-series programs (BATS and ESTOC). To
the extent that these large-scale climate variations im-
pact upper ocean ecosystem dynamics, and there is
strong evidence that they do, then the biogeochemical
data sets collected during JGOFS era may not be wholly
representative of the long-term (century scale) ocean
climatology at these respective sites. The recent shift to
a cold phase of the PDO may create limitations on how
easily these time-series data can be used to understand
future ocean dynamics.

One advantage of the JGOFS time-series data sets may
be their use for evaluating and predicting higher fre-

quency biogeochemical variability, e.g., seasonality. The
systematic repeat core measurements provide unique
data for diagnostic, prognostic and predictive synthe-
ses, and for developing and testing models of biologi-
cal/biogeochemical processes. These model results pro-
vide an interpretational context for extrapolating our
knowledge of key mechanisms to the biomes and re-
gions of interest.

An important research consideration is the statistical
treatment of time-series data sets once in hand. For many
ecological studies, central tendency analyses (e.g., regres-
sion, ANOVA) are employed to estimate the relationships
between dependent or independent variables, or both. If
time-series data sets are available, more sophisticated
statistical analyses are also possible. For ecological and
biogeochemical processes that are characteristically
‘noisy,’ that means that trend analysis is more robust and,
generally, more meaningful. The successful separation
of signal from noise depends on the choice and applica-
tion of any of a number of statistical data filtering or
smoothing techniques that are key elements in the analy-
sis of time-series observations (Diggle 1990). An impor-
tant question still remains. How do we treat data that are
unusual (e.g., fluctuations of more than ±2 or 3 stand-
ard deviations from the mean); flag them? remove them?
focus future studies on them? Single point anomalies,
particularly when they could be significant parts of an
annual signal, may be important. Some of the most sig-
nificant advances in the existing time-series studies
came as the scientists were confronted with repeats of
previous (one-off) patterns from isolated expeditions
and forced to explain these patterns.

Finally, it is essential to emphasize that the combina-
tion of sufficient funding and credible research goals is
a necessary but insufficient condition for the successful
operation of an ocean time-series program. These pro-
grams also require a staff of dedicated, well-trained sup-
port personnel who are not prone to seasickness. These
skilled technicians maintain the high level of data qual-
ity in spite of unexpected and demanding circumstances
and the inevitable doldrums that come from repeated
sampling of the same system. The ocean sciences com-
munity owes a debt of gratitude to these dedicated staff
members. As time-series programs mature, it has become
apparent to the principal investigators that the human
infrastructure is one of the most challenging components
of running and sustaining a time-series program.

10.5 Cross Ecosystem Habitat Comparisons:  Nutrient,
Chlorophyll and Production-Export Relationships

Cross-habitat comparisons of selected state variables
and carbon fluxes have proven invaluable in ecological
research. Key parameters relevant to the functioning of
the ocean’s biological pump include near-surface and
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euphotic zone depth-integrated nitrate and Chl a inven-
tories, and rates of primary, new and export production
(Fig. 10.6–10.9, Tables 10.2 and 10.3).

Due to space limitations and, in part, to the propri-
etary nature of selected data sets we have not attempted
a comprehensive integration or cross-site ecological
interpretation of these biogeochemical data sets; how-
ever, a few general comments are warranted. First, de-

spite the broad geographic range and cross-site varia-
tions in physical forcing and biological community
structure, there is a fairly narrow range in standing
stocks of photoautotrophs (as measured by euphotic
zone Chl a) and in rates of primary production (Ta-
ble 10.2 and Fig. 10.7). Integrated Chl a concentrations
varied by approximately a factor of two and rates of pri-
mary production by, at most, a factor of three. The rate
measurements are harder to compare because of the
different methodologies that were employed; for those
programs utilizing the standard 14C JGOFS measure-
ment protocol (BATS, DYFAMED, HOT and OSP) the
rates of primary production were nearly identical with
values ranging from 416 ±178 mg C m–2 d–1 at BATS to
589 mg C m–2 d–1 at OSP. These values are much higher
than previous (pre-JGOFS) estimates would have im-
plied, which may be a reflection of improved techniques
or, possibly, habitat change.

The measured values for particulate carbon export
from the euphotic zone were more variable, as would
be expected, given the uncertainties and potential bias
of free-drifting sediment traps (Table 10.2 and Fig. 10.8).
Nevertheless, methodology aside, there appears to be a
large variation in the e-ratio both between sites, and over
time at a given site (Fig. 10.8 and 10.9). For example, for
the two most extensive data sets (BATS and HOT;
Fig. 10.9) there are substantial aseasonal, multi-year
changes in the e-ratio of nearly an order of magnitude,
suggesting variations in biogeochemical processes
including, but not limited to, possible changes in com-
munity structure. The means and standard deviations
for the e-ratios at BATS and HOT are 0.072 ±0.038

Fig. 10.6.
Nitrate concentration vs. wa-
ter column depth profiles for
BATS, DYFAMED, HOT, KNOT,
OSP and SEATS time-series
study sites. The data shown
are climatological mean val-
ues and 95% confidence inter-
vals which are generally less
than the size of the symbols
used. Inserts show the depth
variation in the dissolved mo-
lar nitrate-to-phosphate (N: P)
ratios as mean values and 95%
confidence intervals. Note the
high variability in the BATS
N : P data set in the 0–200 m
portion of the water column
and the generally opposing
trends in the N : P ratio pro-
files (i.e., decreasing for BATS
vs. increasing for HOT with
increasing water depth)

Fig. 10.7. Cross-site ecosystem comparisons during the JGOFS era.
Data shown are the euphotic zone depth integrated chlorophyll a
concentrations vs. contemporaneous rates of primary production
presented as mean ±1 standard deviation for most data sets (see
Table 10.2 for values)
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(range = 0.016–0.215; n = 125) and 0.062 ±0.026
(range = 0.020–0.149; n = 89), respectively. The e-ratio
variability at both sites also has a lower frequency sig-
nal with higher than average e-ratios in 1989–1990 and
1997–1999, and lower than average e-ratios in the mid-
decade especially 1991–1992 and 1995–1996 (Fig. 10.7 and

10.8). These changes in e-ratio are driven mostly by changes
in particulate C flux rather than by changes in primary
production; the latter displays distinct seasonality at both
sites, but no secular trend. An accurate estimate of the
annual organic matter export from the zone of net oxy-
gen production of the ocean requires time-series meas-

Table 10.2. A cross-ecosystem comparison of selected JGOFS core parameters. Data presented as minimum and maximum values for
each site. This generally reflects a regular seasonal variation in the parameter noted, e.g., summer-to-winter extremes. However, it is
important to emphasize that the values of the individual parameters do not always align with summer vs. winter. For example, mixed-
layer depth is maximum in winter but temperature and, generally, chlorophyll values are highest in summer. The data presented are
simply the climatological extremes or, in certain data entries, the mean ±1 standard deviation

Fig. 10.8.
Cross-site ecosystem compari-
sons during the JGOFS era.
Data shown are the individual
values of primary production
and contemporaneous carbon
flux for field experiments con-
ducted at BATS, DYFAMED,
ESTOC and HOT sites. Each
graph also shows lines that
are equivalent to e-ratios of
0.20 and 0.01 for comparison.
The particle fluxes, measured
using drifting sediment traps,
are from either 150 m (BATS and
HOT) or 200 m (DYFAMED
and ESTOC). Values are pre-
sented in Table 10.2

Location Mixed layer properties Euphotic zone properties

Depth (m) T (˚C) [NO3
– + NO2

–]
(µM)

Chl a
(µg l–1)

Chl a
(mg m–2)

Primary productiona

(mg C m–2 d–1)
C export
(mg C m–2 d–1)

BATS 10 – 300 19 – 29 <0.05 – 0.5 0.05 – 0.3 20.5 ±8.8 416 ±178 27.2 ±13.9

DYFAMED 10 – 500 12 – 25 0.1 – 2 0.02 – 1.5 27.1 ±13.9 427 ±70 11.5 ±4.5

ESTOC 35 – 150 17 – 24 <0.05 0.05 – 0.4 29.4 ±5.7 456 ±98 4.5 ±2.9

HOT 20 – 100 22 – 30 0.01 – 0.03 0.05 – 0.1 22.5 ±4.5 480 ±129 28.3 ±9.9

KERFIX <50 – 250 1.5 – 4.5 23 – 28 0.3 – 1.5 18 – 80 189 ±110 1.9 – 2.9

KNOT 15 – 60 3 – 7.5 10 – 23 – 28.6 ±2.9 663 ±86 –

OSP 40 – 120 5.5 – 13 8.5 – 16 0.2 – 0.4 13.5 – 20 589 18.2 ±7.2

a Primary production is estimated by: (a) 14C or 13C incubation techniques (BATS, DYFAMED, HOT, OSP), (b) spring-to-summer nutrient
drawdown (KERFIX, KNOT), and (c) bio-optical model that considered both chlorophyll and temperature (ESTOC; S. Neuer, pers. comm.).



254 Karl  ·  Bates  ·  Emerson  ·  Harrison  ·  Jeandel  ·  Llinás  ·  Liu  ·  Marty  ·  Michaels  ·  Miquel  ·  Neuer  ·  Nojiri  ·  Wong

Location Measurement
period

Annual N-DIC
rangea (µmol kg–1)

Secular N-DIC change
(µmolkg–1 yr–1)

Annual fCO2
range (µatm)

Secular fCO2
change (µatm yr–1)

Reference

BATS 10/88 to 12/99
(11 yr)

35 – 45 +1.6 60 – 120 +1.4 Bates (2001)

DYFAMED 2/98 to 2/00
(2 yr)

100 – 120 – Copin-Montégut
and Begovic (2002)

ESTOC 10/95 to 12/00
(5 yr)

20 – 25 1.2 ±0.2 60 – 80 +1.1
(±0.2)

Gonzalez-Davila
(unpubl.)

HOT 10/88 to 12/99
(11 yr)

15 – 20 +1.18
(0.79 – 1.58), n = 94

25 – 60 +2.51
(1.59 – 3.44), n = 86

Dore et al. (2002)

KNOT 6/88 to 2/00
(1.5 yr)

107 – – – Nojiri et al.
(unpubl.)

a N-DIC is dissolved inorganic carbon concentration normalized to a constant salinity of 35.0.

Table 10.3. Inorganic carbon pool dynamics at selected JGOFS time-series sites (data are presented as the measured range (minima
and maxima) or as mean and, in parentheses, 95% confidence intervals, as shown. n = number of observations)

Fig. 10.9. Temporal variations of primary production (measured by the 14C technique) and carbon flux (measured using free-drifting
sediment traps positioned at the base of the euphotic zone) for an 11-year period at BATS and HOT time-series sites. Also shown at the
bottom is the corresponding e-ratio (flux ÷ production). The solid symbols represent the individual cruise data for each parameter and
the heavy solid line is the 3-point running mean. Left: BATS data sets showing the climatological mean values (horizontal lines): pri-
mary production = 416 mg C m–2 d–1, carbon flux = 27.2 mg C m–2 d–1, and e-ratio = 0.072. Right: HOT data sets showing the climatological
mean values (horizontal lines): primary production = 480 mg C m–2 d–1, carbon flux = 28.3 mg C m–2 d–1, and e-ratio = 0.062
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urements, and in this regard, the ocean is still dramati-
cally under-sampled.

Just prior to the start of JGOFS there was a somewhat
heated debate regarding the validity of the 14C method, as
generally applied, for the determination of primary pro-
duction. The controversy derived, in part, from estimates
of rates of oxygen utilization in the intermediate depths of
the ocean (Jenkins 1982; Jenkins and Goldman 1985) and
assumptions that were applied to derive estimates of new
and export production under steady-state conditions.
Platt and Harrison (1985) later reconciled the data sets by
concluding that the f-ratio (new / total production) was an
ecosystem variable that positively scaled on ambient ni-
trate concentration. Application of their model to the
4-year nitrate data set (1959–1963) from Hydrostation S
near Bermuda, predicted that the f-ratio could vary from
0.03 to 0.53, with an annual mean of 0.31 (Platt and
Harrison 1985). This variable and higher than previously
assumed mean value, when considered along with meas-
ured rates of primary production, fully accommodated the
export production (assuming new production ≈ export
production) that was needed to balance the subeuphotic
zone oxygen consumption rates. From this analysis, Platt
and Harrison (1985) made a very important conclusion
regarding the biological carbon pump, namely that it is
“untenable to speak about a particular ocean province,
and certainly not the Sargasso Sea, as being oligotrophic
(also see Lipschultz et al. 2002). Rather, a given oceanic
province can be expected, locally in (x, y, z and t), to
manifest a range of characteristics from apparent ex-
treme oligotrophy to eutrophy as evidenced by the nearly
20-fold range in f-ratios.” The data sets from the JGOFS
time-series programs (Fig. 10.8), especially BATS and
HOT (Fig. 10.9) confirm the Platt and Harrison (1985)
prediction of variable e-ratios, and the implied f-ratios.

Below we present four JGOFS case studies that pro-
vide selected vignettes of key oceanic processes that have
been explored at the time-series stations during JGOFS.

10.5.1 Case Study 1:
Estimates of the Biological Carbon Pump
at Ocean Times Series Sites

The mass balance of carbon in the upper ocean includes
the fluxes of DIC, DOC and PC, which are influenced by
numerous physical and biological processes including
gas exchange, upwelling, horizontal advection, eddy dif-
fusion, and the nature of the biological carbon pump.
The strength of the carbon pump can be determined by
a variety of methods at the ocean time-series sites for
comparison to contemporaneous photosynthetic carbon
production (Table 10.4). Net oxygen flux estimates are
derived from periodic (typically monthly) measurements
of dissolved O2, argon (Ar) and nitrogen (N2) and a model
of processes that affect dissolved gas concentrations (gas
exchange, seasonal temperature change, mixing, bubble
collapse). A comparison of O2 and Ar saturation state
can be used to estimate the impact of biological proc-
esses on O2 gas concentration (Fig. 10.10). This is because
O2 is produced by net photosynthesis whereas Ar is bio-
logically inert. For the HOT site, about half of the shal-
low O2 maximum is the result of biological processes
(Emerson et al. 1995). Particle fluxes were determined
from monthly floating sediment trap deployments at
100–200 meters. Other methods include carbon isotope
mass balance, 15N incubations and mass balances of both
particulate and dissolved organic matter.

At Sta. ALOHA the values determined by O2 mass bal-
ance are within the uncertainties (±50%) of those meas-
ured by organic carbon fluxes, and carbon isotope mass
balances (Emerson et al. 1997). At the OSP site the mean
annual organic carbon export rate from O2 mass balance
is about 40% lower than that determined from recent
annual measurements of 14C productivity and 15N uptake
(Boyd and Harrison 1999b; Varela and Harrison 1999b),
which is also likely within the uncertainties of these

Table 10.4. Upper water column carbon fluxes as measured by a variety of techniques: A cross-ecosystem comparison. Total primary pro-
duction and particulate fluxes are from compilations of the time-series data. Net O2 production estimates are from BATS (Spitzer and Jenkins
1989); HOT (Emerson et al. 1997); and OSP (Emerson et al. 1991). Other methods are: BATS, particulate + DOC fluxes (Carlson et al. 1994);
HOT, δ13C mass balance and particulate and organic carbon fluxes (Emerson et al. 1997); KNOT, seasonal NO3 change (Wong et al. 2002); and
OSP, calculated from 14C primary production and a 15N f-ratio measurements (Boyd and Harrison 1999b; Varela and Harrison 1999a)

Location Total primary production
(mol C m–2 yr–1)

Particulate C flux
(mol C m–2 yr–1)

Net O2 production method
(mol C m–2 yr–1)

Other methods

BATS 12.7 0.83 3.3 ±1.1 1.8 ±1.0

DYFAMED 13.0 0.35 – –

ESTOC 13.9 0.14 – –

HOT 14.6 0.86 2.7 ±1.7 1.6 ±0.9,
2.0 ±1.0

KERFIX 5.7 0.07 – –

KNOT 20.2 – – 6– 7

OSP 17.9 0.55 2.0 ±1.1 2.8
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determinations (Table 10.4). This type of closure has not
been achieved for BATS where the O2 mass-balance es-
timates continue to be about a factor of two greater than
that determined from organic matter mass balances
(Carlson et al. 1994). This discrepancy may have to do
with the depths over which each of these techniques
integrate the net carbon export, but this problem re-
mains an open question.

The preliminary results from KNOT are based on the
summertime decrease in nitrate concentration deter-
mined by surface water measurements across the sub-
arctic Pacific on a ship of opportunity 8–9 times per year
since 1995 (Goes et al. 1999; Wong et al. 1999, 2002). This
estimate agrees with independent determinations of new
production in this area based on satellite-determined
Chl a and sea surface temperature and also an east-west
comparison of sediment trap observations (Goes et al.
1999). Other estimates of the net carbon export rate are
presently being determined by a time-series of measure-
ments of 13C primary production and new production
and O2, Ar and N2 measurements (see Fig. 10.10).

Values for the biological pump determined at these
time series sites indicate some very interesting contrasts.
The fact that the export production in the subtropical
and subarctic Pacific are the same to within the error of
our measurements was unexpected based on satellite
color measurements (Falkowski et al. 1998), but may be
partially explained by recent studies of the effect of tem-
perature on carbon export (Laws et al. 2000). The ap-

parent difference in the biological carbon pump between
the western and eastern subarctic Pacific begs the ques-
tion about the processes controlling export at these high
latitudes. Are the very high estimates from the west
caused by greater mixed-layer depths and thus more
efficient nutrient transport from below, or are they due
to the enhanced role of large diatoms caused by the sup-
ply of Fe from the Asian continent?

An estimate of the global net biological carbon ex-
port of 10–15 Gt yr–1 has been made, based on a sum-
mary of these estimates (Table 10.4), including independ-
ent estimates for values in the Equatorial and near shore
regions, and the assumption that these measured values
are representative of their different ocean provinces. This
value is much larger than originally determined by
Eppley and Peterson (1979), but is consistent with the
model-based estimates of Laws et al. (2000) which fall
within this range. A remaining discrepancy in these ap-
proaches, however, is the role of subtropical oceans. If
the measurements at HOT are typical of subtropical val-
ues, up to 40% of the biological pump may be located in
these regions (Emerson et al. 1997). As we shall see be-
low (Case Study 3), biogeochemical conditions at the
HOT site are time-variable and climate-sensitive (also
see Karl et al. 2001a,b). It appears that we are reaching
consensus for the value for the global carbon export flux,
but there are still great uncertainties in the global distri-
bution of the biological pump that will require estimates
from a greater number of time-series stations.

Fig. 10.10.
Dissolved oxygen and argon
data for the upper water col-
umns at the KNOT (left) and
HOT (right) study sites. Data
presented are the difference
in the degree of saturation,
∆ (in %), between oxygen (O2)
and argon (Ar) as a function
of potential density, σθ, indi-
cating a maximum in net
biological O2 production be-
neath the mixed-layer (note:
for KNOT a σθ of 25.0 is ap-
proximately 39 m and for HOT,
a σθ of 24.0 is approximately
100 m) (data from Emerson
et al. (1997) and Wong et al.
(1999))



257CHAPTER 10  ·  Temporal Studies of Biogeochemical Processes

10.5.2 Case Study 2:
A ‘Bermuda Triangle’ Carbon Mystery
with Global Implications

When photoautotrophic microorganisms produce new
organic matter during the process of photosynthesis,
current models predict that they remove dissolved in-
organic C, N, P and other essential bioelements in pro-
portions equivalent to the new organic matter that is
formed. When careful mass balance studies are con-
ducted, the removal of dissolved nutrients has been
shown to equal the sum of newly formed euphotic zone
dissolved and particulate organic matter, plus that which
has been exported from the local source. During the
initiation of the spring bloom in the BATS study area
there is a systematic, simultaneous drawdown of all re-
quired nutrients, which is fully anticipated. The mys-
tery begins to develop after the nitrate, upwelled to the
surface during deep winter mixing events, disappears
from the water column as the annual summer oligotro-
phy returns to Sargasso Sea (Fig. 10.11, top). As the pre-

sumptive rate-limiting nutrient for organic matter pro-
duction, the exhaustion of nitrate should cause an im-
mediate cessation of new primary production and cou-
pled organic matter export.

The continued disappearance of salinity normalized
dissolved inorganic carbon (N-DIC) in the absence of
nitrate was first reported by Michaels et al. (1994). They
reasoned that if nitrate was added by episodic wind
mixing or mesoscale eddy motions, the nitrate would be
delivered along with DIC, so simple enhancements of
nitrate-supported new and export production could not
be responsible for the repeatable summertime N-DIC
disappearance at BATS. They also evaluated, then re-
jected, the potential role of CO2 outgassing during local
warming of the near surface ocean, and the accumula-
tion of nascent carbon-enriched dissolved organic mat-
ter as mechanisms for a net removal of N-DIC (Michaels
et al. 1994; Bates et al. 1996b). More recently the role of
short-term wind variability on air-to-sea CO2 gas ex-
change (Bates et al. 1998) and the vertical migration of
zooplankton (Steinberg et al. 2000) have been suggested
as potentially important processes, but neither flux

Fig. 10.11.
Relationships between carbon
removal and fixed nitrogen in
the surface waters of the sub-
tropical North Atlantic (top:
BATS) and subtropical North
Pacific (bottom: HOT) during
the period of summertime
warming of the sea surface. At
the BATS site, DIC normalized
to a salinity of 35 (N-DIC)
shows a systematic decrease
with increasing temperature
even in the absence of nitrate.
At the HOT site, a similar sum-
mertime N-DIC drawdown in
the absence of nitrate (the sur-
face water nitrate concentra-
tion at Sta. ALOHA during the
summer period is always less
than 0.01 µmol kg–1). Analyses
of salinity-normalized total
dissolved N (N-TDN) also
failed to document a simulta-
neous loss of fixed N from the
much larger pool of dissolved
organic N
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seems large enough to account for the observed upper
ocean carbon imbalance. Regional horizontal gradients
were weak (Bates et al. 1996c) and, therefore, insufficient
for local N-DIC removal (Ono et al. 2001); where is this
substantial pool of carbon (~35–40 µmol kg–1) going,
and what process(es) are responsible for the recurrent
summertime loss of N-DIC in the absence of nitrate?

A summertime drawdown of N-DIC of nearly equiva-
lent magnitude is also observed at the HOT site (Fig. 10.11,
bottom). At this oligotrophic Pacific Ocean Station, the
nitrate is even lower than it is near Bermuda, with sur-
face concentrations always ≤ 10 nM (Karl et al. 2001b).
Because there is a fairly large (5–6 µM) but poorly char-
acterized pool of dissolved organic nitrogen that domi-
nates (>99%) the total dissolved N (TDN) pool at Sta.
ALOHA, it is conceivable that its utilization could sup-
port the summertime drawdown of N-DIC. For a meas-
ured C:N export ratio of 8 at Sta. ALOHA (Karl et al.
1996), the DON pool if fully utilized could support the
removal of approximately 45 µmol DIC kg–1, and could
fully reconcile the ‘mystery.’ However, an analysis of the
N-TDN data set for Sta. ALOHA indicates that the sum-
mertime concentration changes very little, if at all, during
the period of N-DIC disappearance (Fig. 10.11, bottom).

The variability in total N-DIC in seawater is control-
led by at least three processes: photosynthesis/respira-
tion, air-to-sea CO2 gas exchange and vertical and hori-
zontal advection/diffusion. Of these processes, only the
net biological production of organic matter can explain
the Bermuda (and now Hawaii) mystery. There are three
potential sources of new N: (1) N2-fixation, (2) atmos-
pheric deposition, and (3) active transport via vertically
migrating phytoplankton. A careful assessment of these
potential sources at both sites has revealed a significant
role for N2 fixation as a new export and production path-
way (Michaels et al. 2000). This does not necessarily solve
the BATS and HOT disappearing N-DIC mysteries, but
it does provide a hypothesis for future field evaluation.

The consumption of N-DIC in the absence of nitrate
was also observed in the upper portion (0–20 m) of the
water column at the DYFAMED site (Copin-Montégut
2000). The C:N utilization ratio was two to three times
higher than the Redfield ratio, when nitrate concentra-
tion was less than 0.5 µM. As nitrate appeared with in-
creasing water depth (to approximately 6 µM at 40 m),
the C:N utilization ratio approached the Redfield ratio.
Because phosphate was also depleted in surface water,
the hypothesis of N2 fixation seems to be insufficient to
explain DIC consumption at the DYFAMED site unless
the N2-fixing microorganisms are capturing P via ac-
tive vertical migrations (Karl et al. 1992), or by other
means. An alternative explanation for the N-DIC draw-
down in the absence of inorganic nutrients at the
DYFAMED site is the formation of N- and P-depleted
dissolved organic matter, but this mechanism has not
been confirmed.

A recent global ocean analysis of the “disappearing
DIC in the absence of measurable nitrate” has shown it
to be a recurrent feature of all tropical and subtropical
marine habitats (Lee 2001). Application of several fairly
well-constrained assumptions, enable the author to es-
timate a global rate of new carbon production that is
supported by N2 fixation of 0.8 ±0.2 Gt C yr–1 for sub-
tropical and tropical marine habitats. Apparently the
summertime drawdown of N-DIC in the absence of ni-
trate, first reported near Bermuda from the BATS data
sets, is a ubiquitous global phenomenon. This process
takes on an added significance because it can decouple
C, N and P cycles, and provides a mechanism for the net
sequestration of atmospheric carbon as defined by the
N2-primed Prokaryote Carbon Pump (Fig. 10.3b).

10.5.3 Case Study 3:
Decade-Scale, Climate-Driven Changes
in the N2-Primed Prokaryote Carbon Pump

Nutrient dynamics and their role in the stoichiometric
variability of dissolved and particulate organic matter
pools is a central aspect of biogeochemical studies. All
known organisms contain a nearly identical suite of
biomolecules with common structural and metabolic
functions. This biochemical uniformitarianism serves
to constrain the bulk elemental composition of life. In a
seminal paper, Redfield and his colleagues (Redfield
et al. 1963) summarized much of the earlier research on
C, N and P stoichiometry of dissolved and particulate
matter pools in the sea and combined these data sets into
an important unifying concept which has served as the
basis for many subsequent field and modeling studies in
oceanic biogeochemistry. The so-called ‘Redfield,
Ketchum and Richards ratio’ (or simply, the Redfield ra-
tio) of 106C : 16N : 1P has, over the intervening decades,
achieved nearly canonical status in aquatic sciences.

Despite this perceived uniformity, it is well known
that the chemical composition of living organisms can
vary considerably as a function of growth rate, energy
(including light) availability, ambient nutrient (includ-
ing both major and trace elements) concentrations and
nutrient concentration ratios (Sakshaug and Holm-
Hansen 1977; Rhee 1978; Laws and Bannister 1980; Tett
et al. 1985). For example, under conditions of saturating
light and limiting N, certain photoautotrophic organ-
isms can store C as lipid or as carbohydrate, thereby
increasing their C:N and C:P ratios relative to the ex-
pected Redfield ratios of 6.6 : 1 and 106 : 1, respectively.
Likewise, if P is present in excess of cellular demands, it
may be taken up and stored as polyphosphate causing a
decrease in the bulk C: P and N: P ratios. Conversely,
when the bioavailable N: P ratio is greater than that
which is present in ‘average’ organic matter (i.e.,
>16N : 1P by atoms) selected groups of microorganisms
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can reduce their cell quotas of P, relative to C and N, and
effect net biomass production with C:P and N:P ratios
significantly greater than the canonical Redfield ratios
of 106 : 1 and 16 : 1, respectively.

Open ocean ecosystems are characterized by low con-
centrations of fixed, bioavailable N which would appear
to make them a suitable niche for the proliferation of
N2-fixing prokaryotes. In their now classic treatise on
nutrient dynamics in the sea, Dugdale and Goering
(1967) introduced the unifying concept of ‘new’ (i.e.,
nutrients imported to the local environment from sur-
rounding regions) vs. ‘regenerated’ (i.e., nutrients that
are locally remineralized) forms of nitrogen. They were
careful to emphasize that there were several potential
sources of new N for the euphotic zone, each of equal
value but with potentially different ecological conse-
quences. Since there were few data on N2 fixation rates
when their paper was published, importation of nitrate
from below the euphotic zone was considered to pro-
vide the majority of new N in the sea.

Now, thirty years after the new production concept
was introduced, there is increasing evidence that rates
of oceanic N2 fixation may have been systematically
underestimated (see Case Study 2, above), or, perhaps,
have increased in relative importance over time. This
new evidence comes from several independent lines of
investigation. One of the most interesting and provoca-
tive modern data sets is that derived from the applica-
tion of novel molecular methods to detect the presence
and abundance of N2-fixing microbes either by hybridi-
zation or amplification of nitrogenase (nif; the enzyme
system used to reduce N2 to ammonia) genes (Zehr et al.
1998, 2000). Application of these methods to open ocean
biomes in the North Atlantic and North Pacific Oceans
has revealed a spectrum of previously uncharacterized
nif gene phylotypes. Furthermore, significant nif phylo-
type diversity is apparent both within and between open
ocean ecosystems. These novel data sets, when consid-
ered in concert with other recent reports of high rates
of oceanic N2 fixation, support the hypothesis that N2
fixation is a major source of new N over vast regions of
the world ocean (Michaels et al. 1996; Gruber and
Sarmiento 1997; Karl et al. 1997, 2002).

Several lines of evidence from Sta. ALOHA suggest
that N2 fixation is an important contemporary source
of new nitrogen for the pelagic ecosystem of the North
Pacific Ocean. These independent measurements and
data syntheses include: (a) N-DIC drawdown in absence
of nitrate or other forms of fixed N (Case Study 2, above);
(b) Trichodesmium (the putative, dominant open ocean
N2 fixer) population abundances and estimates of their
potential rates of biological N2 fixation; (c) assessment
of the molar N:P stoichiometries of surface-ocean dis-
solved and particulate matter pools and development
of a one-dimensional model to calculate N and P mass
balances; (d) seasonal variations in the natural 15N iso-

topic abundances of particulate matter exported to the
deep sea and collected in bottom-moored sediment
traps; and (e) observations on secular changes in solu-
ble reactive P (SRP), soluble nonreactive P (SNP) and
dissolved organic N (DON) pools during the period of
increased rates of N2 fixation (Karl et al. 1997).

The production, export and remineralization of N-
enriched (relative to P) dissolved and particulate organic
matter (Fig. 10.12) is a diagnostic characteristic of a N2-
supported ecosystem. Following the selection for N2-fix-
ing microorganisms in response to N starvation, the
ecosystem will eventually replenish the fixed N deficit
via the remineralization of high N:P from exported or-
ganic matter. In theory, the N:P ratio in dissolved nu-
trients beneath the euphotic zone will increase above
the Redfield ratio of 16N:1P, and the subsequent replen-
ishment of surface waters with this high N:P ratio wa-
ter will serve to repress further N2 fixation and thereby
select against these populations. Because the residence
time of nutrients in the top of the thermocline of the
North Pacific subtropical gyre is on the order of a few
decades, one might predict an episodic selection for,
followed by selection against N2-fixing microbial assem-
blages. This feedback will be bounded by the, yet un-
known, constraints on the elemental stoichiometry of
the full oceanic ecosystem.

Apparently, the HOT program began at or near the
beginning of one of these 1–2 decade long episodes of
enhanced N2 fixation and may be moving towards the
opposite phase. The best evidence for this comes from
a time-series of the N: P ratio for suspended/sinking
particulate matter and dissolved matter near the top of
the thermocline (200–250 m). The continued produc-
tion and export of particulate matter with a N:P ratio
higher than the Redfield ratio is strong evidence for N2
fixation (Fig. 10.12). However, at the beginning of the
HOT program in 1988, the N:P ratio in the thermocline
was approximately 16, which suggests that the biogeo-
chemical trends observed during the HOT program can-
not be representative of the longer term (100 yr) clima-
tology. During the 1990s, however, the N:P ratio has in-
creased significantly at a sustained increase equivalent
to nearly 3–4 Redfield ‘units’ per decade (i.e., from a
N : P of 16 in 1989 to nearly 20 in 2000). Although
N budget estimates suggest that N2 fixation may pres-
ently supply up to half of the N required to sustain
particulate matter export from the euphotic zone, these
processes are clearly not in steady-state. The relatively
high percentage of N2-supported production may rep-
resent a transient ecosystem state reflecting either oce-
anic variability or, perhaps, an unusual state established
in response to the well-documented, decade-long shift
in North Pacific climate (Karl 1999).

There is now ample evidence to suggest that major
changes in the structure of the NPSG can occur over
decadal time scales (Emerson et al. 2001); both the po-
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sitions and intensities of major ocean currents (e.g.,
Kuroshio Current and extension) and atmospheric cir-
culation features (e.g., Aleutian Low) can have profound
effects on ocean biogeochemical processes. However, the
precise linkages between climate and the biological car-
bon pump are not well documented, in part, due to lack
of relevant time-series data sets on community struc-
ture and carbon fluxes. This altered view of biogeo-
chemical dynamics in the gyre may have a profound
influence on how one models ecosystem processes, in-
cluding the potential impacts of natural or human-in-
duced environmental change and its relationship to car-
bon sequestration.

Trichodesmium, a non-heterocystous filamentous N2-
fixing cyanobacterium with buoyancy regulation capa-
bilities, is a major contributor to global N2 fixation
(Capone et al. 1997), especially in subtropical and tropi-

Fig. 10.12.
The average N:P stoichiometry
of suspended particulate mat-
ter in the upper (0–100 m)
portion of the water column
(top), the average N: P ratio for
exported matter (center) col-
lected at 150 m reference depth,
and the average N: P ratio for
total dissolved matter at the top
of the nutricline (200–250 m
depth interval) for Sta. ALOHA
at the HOT site. Data are pre-
sented as three point running
mean values ±1 standard de-
viation of the mean. The Red-
field ratio (N: P = 16) is shown
as a horizontal dashed line in
all three panels

cal marine habitats. It is well known that rates of N2 fixa-
tion by Trichodesmium, and perhaps other N2 fixing
microorganisms as well, are enhanced under periods of
low turbulence. Massive blooms of Trichodesmium, eas-
ily recognizable from aircraft and satellites, have been
reported during extended periods of low wind and calm
seas (Carpenter and Price 1976; Karl et al. 1992). For the
NPSG, we have used meteorological data from the
NOAA-NDBC buoy #51001 (23° 24' N, 162° 18' W) near Sta.
ALOHA to hindcast periods that would be conducive
for the growth of Trichodesmium. We used diel varia-
tions in sea surface temperature (∆T), defined as the
daily maximum SST (SST-max) minus the minimum
(SST-min), as an indirect measure of the combined in-
fluence of wind, wave height and degree of ocean strati-
fication (Karl et al. 1992). During rough periods,
∆T would be small (<0.2 °C) because of an efficient dis-
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sipation of the daily solar heating. During calm peri-
ods, ∆T can reach values of 2 °C, or greater (Fig. 10.13).
This nearly continuous record reveals the following
trends: (1) SST has a regular seasonal, as well as irregu-
lar interannual and subdecadal trends that are related
to climate variations in the North Pacific and, more im-
portant for the discussion here; (2) the frequency of
large positive ∆T excursions (the frequency of calm seas)
has increased during the period of the HOT program
investigations (Fig. 10.13). These meteorological data
support the biogeochemical data sets and indicate an
enhancement of N2 fixation favorable conditions. While
this discussion has focused on Trichodesmium, the same
mechanism of local habitat stratification, dust depo-
sition and N2-fixing cyanobacterial bloom formation
would also hold for large diatoms with N2-fixing endo-
symbionts as well as for other free-living N2-fixing
picocyanobacteria.

With this new general understanding of the mete-
orological controls on potential rates of N2 fixation in
the NPSG, it may soon be possible to provide forecasts
of N2-based new production and carbon sequestration
by the combined N2-primed prokaryote and Fe-stimu-
lated diatom aggregation carbon pumps. A ‘hypotheti-
cal’ forecast might be: “light trade winds with a diurnal
SST excursion of 3 °C and a 50% probability of signifi-

cant N2 fixation, increasing to 90% during periods of
aperiodic dust (Fe) deposition!”

Dugdale and Goering (1967) were careful to warn that
if N2 fixation was (later) found to be a quantitatively
important pathway for nutrient supply, then a revision
of the new vs. recycled N conceptual framework would
be necessary; it may now be time for a reconsideration
of this paradigm (Karl 2000; Lipschultz et al. 2002). First,
the net rate of CO2 sequestration into the interior por-
tion of the ocean is directly controlled by the source(s)
of new N (Fig. 10.3). If the nitrate flux dominates and
nitrate is completely removed from the surface ocean,
then the bidirectional mass fluxes of C and N would be
nearly in balance as predicted by the new production –
export production model (i.e., the ‘Redfield ratio – dis-
solved/particulate carbon pump’). On the other hand, if
N2 fixation sustains a significant amount of new and
export production in open ocean ecosystems, then net
CO2 will be sequestered (Michaels et al. 2000). Further-
more, N2 fixation in the world’s oceans may be control-
led by the atmospheric deposition of Fe and the degree
of surface ocean stratification, both of which are vari-
able, climate sensitive parameters (see also Case
Study 4). Total atmospheric dust transport is also af-
fected by humankind, including population demo-
graphics, global economies and land use patterns. These

Fig. 10.13. Time-series measurement of sea surface temperature (SST) at the 1 m reference depth in the North Pacific Subtropical Gyre as
observed at the NOAA-NDBC 6-m Nomad buoy at 23° 24' N, 162° 16' W. The panel at the top shows the full data set during the JGOFS (HOT
program) period. In addition to the expected seasonal variability, there are significant interannual differences including the warmer than
normal summers in 1996 and 1997 and the colder than normal summers in 1998–2000. The bottom panel shows the daily temperature
excursions, expressed as ∆T (°C) as determined by daily maximum minus daily minimum SST. The solid horizontal line is the mean ∆T for
the complete data set (0.36 °C) and the dashed lines are the +1 and +2 standard deviations (1 standard deviation = 0.29 °C), respectively
for the 13.5 yr climatology. Also shown are those individual data points that are > +2 standard deviations above the mean ∆T. These large
temperature excursions reflect well-stratified ocean conditions that are known to be conducive for the growth of N2-fixing microorgan-
isms at the HOT site
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complex natural and anthropogenic interactions, with
multiple potential feedback loops, provide a mechanism
for biogeochemical variability in otherwise ‘stable and
homogeneous’ biomes. In this regard, the seascape even
in remote regions may be strongly influenced by the
landscape, and there is no question that the latter has
changed significantly over the past 250 years.

10.5.4 Case Study 4:
OSP Ecosytem Dynamics and the Role of Iron

During the 25 year weathership era, temperature, salin-
ity, dissolved inorganic nutrients, chlorophyll a (Chl a)
and zooplankton were sampled at OSP. This excellent
temporal coverage firmly established the annual bio-
geochemical cycle. This cycle is presented in detail by
Whitney and Freeland (1999), so only the highlights are
summarized here. In the winter, winds average 12 m s–1

and the surface waters are mixed to about 120 m. Sur-
face temperature reaches a minimum of 5–6 °C and
maximum winter nitrate and silicate are 15.8 ±2.3 and
24.0 ±3.4 µM, respectively; winter Chl a is approximately
0.2 µg l–1. As radiant energy increases in spring, and the
mixed-layer shoals, Chl a increases from 0.2 to 0.4 µg l–1,
but, in contrast to the North Atlantic Ocean, no signifi-
cant ‘spring bloom’ occurs.

OSP is a good example of an HNLC region, poised to
fuel the biological carbon pump, but not currently func-
tioning at maximum capacity. Initially it was thought
that mesozooplankton grazing was responsible for the
lack of a spring bloom, but this hypothesis was tested
and rejected during the SUPER research program (Frost
1987). More recently, it has been suggested that dissolved
Fe, present at a concentration of approximately 0.1 nM
(Martin and Fitzwater 1988), limits the growth of large
bloom forming diatoms and, thereby controls the effi-
ciency of the biological carbon pump. Despite daily sum-
mertime production rates of 500–600 mg C m–2 d–1, the
phytoplankton community consists mainly of nano-
flagellates that utilize primarily ammonium, not nitrate
(Harrison et al. 1999).

At the beginning of the Canadian JGOFS OSP project
in 1992, the issue of Fe limitation was not broadly ac-
cepted (Banse 1990; Miller et al. 1991; Miller 1993). Dur-
ing the early 1990s, further shipboard Fe enrichment
experiments by Boyd and colleagues confirmed that Fe
limitation did limit the drawdown of nitrate in May and
September experiments (Boyd et al. 1996). When Fe was
added in their experiments, mainly large (>18 µm) pen-
nate diatoms (primarily Pseudonitzschia sp.) grew up,
confirming the Martin and Fitzwater (1988) observations.
Iron limitation was also confirmed by an increase in the
molecular biomarker for Fe limitation, flavodoxin
(LaRoche et al. 1996). In February, when Boyd added Fe,
little or no increase in Chl a was obtained after a 5 day

incubation and it was suggested that light may be a co-
limiting factor along with Fe (Boyd et al. 1996). This sug-
gestion was later confirmed by Maldonado et al. (1999)
who demonstrated co-limitation of phytoplankton
growth by Fe and light during winter.

In contrast to the classical phytoplankton-mesozoo-
plankton food chain paradigm of the 1970s, it is now
necessary to have two nitrogen sources and two size
fractions of phytoplankton and zooplankton to explain
the ecosystem dynamics at OSP (Harrison et al. 1999).
The large phytoplankton (mainly pennate diatoms) ex-
hibit bottom-up control by Fe, while the small phyto-
plankton exhibit top down control by microzooplankton
grazing. The large phytoplankton increase quickly when
Fe is deposited and they grow rapidly until nitrate and
silicate are used up. They are not rapidly assimilated
into the food web (Boyd et al. 1999), and therefore they
aggregate and sink out of the euphotic zone after the
limiting nutrient has been exhausted, thereby enhanc-
ing carbon export and sequestration (Fig. 10.2 and 10.3).
Apparently there is an ammonium inhibition of nitrate
uptake by small (<2 µm) phytoplankton cells (Varela
and Harrison 1999a), and an iron limitation of nitrate
uptake by larger (>2 µm) phytoplankton cells, includ-
ing diatoms (Harrison et al. 1999). Fe is not required for
ammonium or urea assimilation, but it is needed for
growth on nitrate. Large diatoms cannot compete with
the smaller cells for the uptake of ammonium and pos-
sibly urea also, so Fe availability controls the metabolic
activity and growth of large diatoms.

Interannual variation in nitrate and silicate has been
well documented in the 1970s due to the weekly sam-
pling by weathership personnel (Whitney et al. 1998).
During the summers of 1972, 1976 and 1979, silicate was
depleted to <1 µM compared to the longer term clima-
tology of about 10 µM (Wong and Matear 1999). Both
1972 and 1976 were high silicate and nitrate utilization
years, while 1976 had low nitrate utilization relative to
silicate utilization. It has been suggested that these pe-
riods of complete removal of silicate and nitrate may be
manifestations of a large, pulsed Fe deposition event,
but no direct evidence is available. The dominant source
of new Fe is atmospheric deposition (Duce and Tindale
1991); episodic storm events over China lead to dust
transport and fallout into the NE Pacific less than one
week later. Because the NE subarctic Pacific is a Fe-lim-
ited ecosystem, pulsed deposition of bioavailable Fe from
atmospheric sources would be expected to result in
pulses of primary production, selection for large diatoms
and a subsequent export pulse of organic matter, includ-
ing biogenic silica. This Fe supply – carbon export pre-
diction was tested by Boyd et al. (1998) using field data
from OSP. While an explicit cause-and-effect could not
be firmly established due to the episodic timing and
short duration of the dust deposition events, historical
data showing an aperiodic, order of magnitude, increase
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in mixed-layer chlorophyll and the flux patterns from
bottom-moored sediment traps (which had a continu-
ous record of pulsed export events) suggest a frequency
of approximately three to five major dust events per
decade. With this superannual frequency, the design of
the field sampling program would need to be carefully
evaluated and reliance on remote, continuous instru-
mentation imperative. While emphasis has been on at-
mospheric inputs of Fe from dust, transport of coastal
waters offshore cannot be ruled out. Even though drifter
studies show that surface water transport at OSP is east-
ward (i.e., shoreward; Bograd et al. 1999), recent TOPEX/
POSEIDON satellite images show that very large eddies
(~200 km in diameter) form near the southwest corner
of the Queen Charlotte Islands and move offshore in the
direction of OSP (Thomson and Gower 1998). These ed-
dies could carry Fe-rich coastal water seaward and they
could explain the increases in Chl a that are occasion-
ally observed along Line P (Harrison et al. 1999).

A warming of 1.2 °C per century and freshening of
0.2 psu per century in the surface waters has been esti-
mated for OSP (Freeland et al. 1997). From these data,
they calculated that the mean mixed-layer depth has also
decreased significantly from 130 m in the 1960s to 100 m
in the late 1990s. Whitney and Freeland (1999) compared
the nitrate and silicate concentrations of the 1970s to
the 1990s and observed that the winter nitrate has de-
creased by 2.5 µM and silicate by 3.6 µM. Their removal
rate between February and September has declined from
7.8 to 6.5 µM NO3 and 8.5 to 6.0 µM Si (Si :NO3 ratio de-
creased from 1.08 to 0.92). The larger decrease in sili-
cate uptake (29%) relative to the decrease in nitrate up-
take (17%) indicates that there was a marked decrease in
diatom growth, suggesting that the supply of Fe to these
latitudes may have also declined during these two dec-
ades, or a shift in diatom community composition to
species having lower Si : N ratios. The decrease in the
mixed-layer depth likely explains the decrease in the
winter nutrient concentrations, but one would expect an
increase in Fe because the atmospherically deposited Fe
would be mixed into a smaller volume of surface water.

The critical role of large, eukaryotic phytoplankton
(especially large diatoms) in the production of export-
able particulate matter cannot be overstated (see Fig. 10.2
and 10.3), and in this context the importance of aperi-
odic, pulsed events is paramount. However, Legendre
and Le Fèvre (1989) have already shown that there is no
a priori direct equivalence between the new production
and export production concepts. The former concerns
particulate matter production by photoautotrophs and
the latter is controlled by the creation of large, relatively
dense sinking particles by numerous trophic levels and
processes. Consequently, the formation of a near sur-
face phytoplankton bloom via natural fertilization by
micro- or macronutrient addition is probably a neces-
sary but insufficient condition to result in pulsed car-

bon export. Documentation of the export phase of the
implied production-export process is as important as
the documentation of the growth phase. Furthermore,
the fate of these export pulses is critical to the geo-
chemical implications of blooms.

At Sta. ALOHA, there also appears to be an episodic,
but recurrent, diatom aggregation-sinking event in late
summer of every year (Scharek et al. 1999a, 1999b). This
could be the manifestation of a N2-primed ‘echo’ bloom
following disappearance, by autolysis, of the seasonally
accumulated, N2-fixing microbial assemblage, or could
be the de novo growth of eukaryotic phytoplankton (in-
cluding diatoms) following the episodic deposition of
bioavailable Fe (e.g., DiTullio and Laws 1991). Regard-
less of the mechanism, the diatom species selected un-
der these oligotrophic conditions (summertime at Sta.
ALOHA) are mostly those with endosymbiotic N2-fix-
ing cyanobacteria. The aggregates that are formed even-
tually, upon nutrient exhaustion (Fe, P or Si) sink rap-
idly (>200 m d–1) and reach the 5 000-m seabed as ‘bio-
available’ organic matter (e.g., Fig. 10.3c). These large,
exportable N2-supported organic aggregates also re-
move bioavailable Fe and P that would otherwise be re-
tained in the euphotic zone by efficient grazing and
remineralization processes. Because of the rapid sink-
ing rates and high percentage of living biomass, these
aggregates also largely escape mesopelagic zone min-
eralization and carry their exported carbon and associ-
ated bioelements to the abyss (Fig. 10.3c). This dramatic
diatomic diatom dump emphasizes the importance of
episodic export in the NPSG, and the complexities of
modeling an ecosystem where high-export cell aggre-
gation and low-export microbial loop processes can
occur simultaneously, and probably in direct competi-
tion.

Natural or artificial Fe fertilization of both HNLC and
LNLC ocean regions could, theoretically, lead to an in-
crease in the ocean’s capacity to assimilate atmospheric
CO2 but by different ecological processes. In high lati-
tude HNLC regions like OSP, the pulsed Fe additions
would lead to the growth and eventual export of large
pennate diatoms, as discussed above. In the LNLC sub-
tropical gyres like HOT, the effect is less direct and is
manifest through a stimulation of N2-fixing microor-
ganisms and a change in the total stock of nitrate in the
ocean. This combined N2-primed prokaryote and Fe-
stimulated diatom aggregation carbon pump (see
Fig. 10.3c) may be one of the most efficient export proc-
esses in the sea.

10.6 Beyond JGOFS: a Prospectus

All biogeochemical processes in the sea reside in a tem-
poral domain and each process has characteristic time
scales of variability. A major achievement of the Joint
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Global Ocean Flux Study (JGOFS) is an improved un-
derstanding of the time-varying fluxes of carbon and
associated biogenic elements, both within the ocean and
the exchanges of carbon between the ocean and the at-
mosphere. This legacy derives, in part, from a network
of ocean time-series stations located in representative
biogeochemical provinces ranging from low-latitude,
subtropical ocean gyres to high latitude coastal and oce-
anic regions. The JGOFS time-series programs were
designed to capture low frequency (>1 year) changes,
stochastic events and complex processes that may have
multiple causes and unconstrained biogeochemical con-
sequences. A basic underpinning of these time-series
programs is the ecosystem concept; by investigating se-
lected habitats and their inhabitants, and by conduct-
ing relevant cross-ecosystem inter-comparisons, a gen-
eral ecological understanding will emerge.

Significant biogeochemical features include varia-
tions in the mechanisms of nutrient supply, especially
the ecological consequences of ‘pulsed’ nutrient deliv-
ery including atmospheric dust (Fe), mesoscale eddy-
induced upwelling of nutrients, and the nutrification of
low latitude regions in the absence of turbulence (e.g.,
enhanced N2 fixation). In this regard, microbial com-
munity structure is one of the most important ecosys-
tem variables for predicting carbon export. Addition-
ally, the bioelemental stoichiometry of exported organic
matter (i.e., the C:N:P :Si :Ca:Fe ratio), and the selec-
tive remineralization of particles beneath the euphotic
zone (i.e., C vs. P regeneration length scales) together
constrain the efficiency the biological pump as a mecha-
nism for the net sequestration of atmospheric carbon
dioxide. The decoupling of primary organic matter pro-
duction, particulate matter export and remineralization
processes in time and space, and the detection of dec-
ade-scale, climate-driven ecosystem perturbations and
feedbacks combine to reveal a time-varying, biogeo-
chemical complexity that is just now becoming evident
in our independent ocean time-series data sets.

A crucial issue as existing time-series programs ma-
ture, is data management as well as timely, user-friendly
data accessibility. A related issue – that of data owner-
ship – is less straightforward but equally important.
Beyond careful archiving and peer review publication,
the long-term data sets should be used to generate new
ideas that serve as the basis for controlled experimen-
tation or other forms of hypothesis testing (Coull 1985).
Generation of hypotheses by systematic analyses of the
collected data is as important as the subsequent hypoth-
esis-testing. Science must be the driving force if any time-
series program is to succeed beyond a few years. As
G. Likens (1983) concluded, “A real danger of long-term
research with reliable funding is that it could become
static, pedantic, generally uninteresting and unproduc-
tive.” These JGOFS era ocean observation programs have

already yielded invaluable ecological insights even with-
out deliberate manipulation or other forms of direct hy-
pothesis-testing. Nevertheless it is apparent that whole
ecosystem experiments would add further to the value
of the field programs, and in this regard their introduc-
tion to these ongoing time-series research portfolios
would be desirable. Furthermore, these sites provide in-
valuable research opportunities for other scientists, and
the ongoing encouragement of extensive ancillary pro-
grams helps to keep the science of these time-series sta-
tions timely and interdisciplinary.

JGOFS did not begin as a field program focused on
Fe control of carbon export, non-Redfield organic mat-
ter production stoichiometry, N2 fixation or the physi-
ological ecology of the recently discovered planktonic
Archaea, but these are important biogeochemical issues
in the twilight of JGOFS era. Quite frankly, without many
of the JGOFS time-series data sets that presently exist,
we would have never questioned the extant ecological
paradigms, or realized that new ecological understand-
ing was even needed. As the JGOFS era of ocean explo-
ration comes to a close, new observational and hypoth-
esis-driven research programs must emerge to assimi-
late and extend these retired and ongoing field studies.
Planning is now underway for the development of a com-
plementary set of integrated measurements including
satellite altimetry (Jason), a global array of profiling
floats (Argo) and a network of fixed point time-series
stations. The eventual establishment of a comprehen-
sive global ocean observation network of key biogeo-
chemical parameters would provide unlimited oppor-
tunities for basic and applied research, ocean climate
prediction and for marine science education. Human-
operated time-series stations will be the intellectual
heart and soul of this new age of ocean exploration.
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