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Productivity in the
ocean depends on
light and nutrients

The major nutrients
are N and P



Physical processes have a major influence

Sverdl:u.p’s (1955) map (.)f Global productivity estimated
productivity based on vertical from remole sensing

convection, upwelling and .
e o (Falkowski et al. 1998).

As presented by John McGowan (Oceanography Mag., 2004)

John Cullen: Agouron Institute 2013



Global productivity from SeaWiFS ocean color (NASA/GSFC)



Incomplete utilization of nutrients:
HNLC = High Nutrient Low Chlorophyll Waters

Concentration of nitrate at the surface (umol kg-')






[ron 1s an important nutrient, required in trace amounts
Required for:
e synthesis of chlorophyll

e utilization of nitrate
* nitrogen fixation



Cellular Concentration
Relative to Iron (atoms)

300,000

250,000

200,000

150,000

100,000

50,000

A little bit of iron can
support a lot of plant material

Phosphorus

Nitrogen

Carbon



But...

Iron is not very soluble in seawater, so it was
long thought to be a potential limiting nutrient

However...
Very difficult to measure without contamination

So...

Little progress was made until the 80’s



Bottle effects?
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GLACIAL-INTERGLACIAL CO9 CHANGE:
THE IRON HYPOTHESIS

John H. Martin

Moss Landing Marine Laboratories
Moss Landing, California

Abstract. Several explanations for the
200 to 280 ppm glacial/interglacial change
in atmospheric COp concentrations deal
with variations in southern ocean phyto-
plankton productivity and the related use
or nonuse of major plant nutrients. An
hypothesis is presented herein in which
arguments are made that new productivity
in today s southern ocean (7.4 X 1013 g

) is limited by iron deficiency, and
hence the phytoplankton are unable to take

advantage of the excess surface nitrate/
phosphate that, if used, could result in
total southern ocean new production of

2-3 X 1013 g C yr As a consequence of
Fe-limited new productivity, Holocene
interglacial CO9 levels (preindustrial)
are as high as they were during the last
interglacial (s 280 ppm). In contrast,
atmospheric dust Fe supplies were 50 times
higher during the last glacial maximum
(LGM). Because of this Fe enrichment,
phytoplankton growth may have been greatly
enhanced, larger amounts of upwelled
nutrients may have been used, and the
resulting stimulation of new productivity
may have contributed to the LGM drawdown
of atmospheric COy to levels of less than

200 ppm. Background information and
arguments in support of this hypothesis
are presented.



Martin’s “Iron Hypothesis” had support in the record of
global climate change

Text

From Strong et al., Oceanography, 2009



Ocean Cycle of
Life and Death

— At the Balance Point —
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Biological Reason for Elevated
CO, in the Deep Sea:

Decomposition of Organic Matter

co,

upwelling
and mixing

Nutrients < Organic Matter




CO, is elevated in the

deep ocean

because nutrients are
depleted at the surface
and regenerated at depth

16

from a slide by Dave Karl
Cullen C-MORE 2013



The magnitude of the biologically
mediated deep accumulation of
CO2 is related to P depletion in
the surface layer

co,

upwelling
and mixing

Nutrients < Organic Matter




Increased utilization of
nutrients in the surface layer

will lead to higher
concentrations of CO2 in the deep ocean

b

upwelling
and mixing

Nutrients ‘€<— Organic Matter




“give me half a tanker of iron, and 1
will give you the next ice age”

... John Martin

Over beer, on the Redfield patio,
Woods Hole Oceanographic
Institution, July 1988



May 20, 1990

First
surge of
publicity



February
1991

Scientists
tackle the
ISsue
head-on



1991 Consensus Resolution:
Synopsis

® Research —

®* Geoengineering —

lankton (7) — Cullen and Maclintyre



The ocean geoengineering controversy has lived on

Today’s topic is the science.



Focus on microbial ecology

LIMNOLOGY Decmer 1991
AND

Volume 36

OCEANOGRAPHY | ™™

WHAT CONTROLS PHYTOPLANKTON
PRODUCTION IN NUTRIENT-RICH
AREAS OF THE OPEN SEA?

American Society of Limnology and Oceanography Symposium
22-24 February 1991
San Marcos, California

Sallie W. Chisholm and Frangois M. M. Morel, Editors

During the symposium In the special issue and
other papers published in the early
1990’s



Limitations of bottle experiments were recognized

GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 4, NO. 1, PAGES 5-12, MARCH 1990

IRON DEFICIENCY LIMITS PHYTOPLANKTON GROWTH
IN ANTARCTIC WATERS

John H. Martin, Steve E. Fitzwater
and R. Michael Gordon
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Fig. 2. Chlorophyll and nitrate concentrations versus experiment day at
Stations 1 to 4 (see Figure 1) with added Fe or Mn versus control. Station 2
and 3 chlorophyll values for the three samples with added Fe were averaged;
means and standard deviations are shown. Solid lines in nitrate figures are
from Table 1 linear regressions.




The “Ecumenical Iron Hypothesis” was developed quickly

Morel, F. M. M., J. G. Rueter, and N. M. Price (1991), Oceanography Mag., 4, 56-61.



Many biological
oceanographers
drew similar
conclusions

...l don’t think
that the original
hypotheses were
far off the mark

Cullen, J. J. (1995), Status of the iron hypothesis after the open-ocean enrichment
experiment, Limnology and Oceanography, 40, 1336-1343.



Cell size matters: bigger cells have lower surface:volume and thus require
higher concentrations of nutrients to grow at the same rage as smaller cells
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Riebesell U, Wolf-Gladrow DA (2002) Supply and uptake of inorganic
nutrients. In: Williams PJL, Thomas DN, Reynolds CS (eds) Phytoplankton
Productivity. Carbon Assimilation in Marine and Freshwater Ecosystems.
Blackwell, Oxford, p 109-140

See also: Chisholm, S.W., 1992. Phytoplankton size. In P.G. Falkowski, A.
Woodhead (Eds.), Primary Productivity and Biogeochemical Cycles in the
Sea (pp. 213-238). New York: Plenum.

Biological Oceanography (4): John Cullen



Cell size matters: smaller cells are grazed by protozoa that can
reproduce very rapidly and control prey populations

MARINE ECOLOGY PROGRESS SERIES

ished February 28
Mar Ecol Prog Ser Published February 2

Vol. 193: 19-31, 2000

What sets lower limits to phytoplankton stocks

in high-nitrate, low-chlorophyll regions of
the open ocean?

Suzanne L. Strom'*, Charles B. Miller?, Bruce W. Frost®

See also:

Banse K (1992) Grazing, temporal changes of phytoplankton
concentrations and the microbial loop in the open sea. In: Falkowski PG,
Woodhead AD (eds) Primary Productivity and Biogeochemical Cycles in the
Sea, Vol 43. Plenum, New York, p 409- 440

Biological Oceanography (4): John Cullen



Event-Scale Forcing —>
<— Succession

Low Turbulence and Low Nutrients

Low Turbulence and High Nutrients
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& SELECTIVE PRESSURE
& TO SEQUESTER NUTRIENTS

X AND MINIMIZE LOSSES

(e.g., NOXIOUS/TOXIC BLOOMS)

SMALLER CELLS LARGER CELLS
HIGH TURNOVER HIGHER BIOMASS
COMPETITION FOR NUTRIENTS TRANSIENT & SELF-LIMITING
RETENTION BY RECYCLING SELECTION FOR
(MICROBIAL LOOP) RAPID GROWTH
(DIATOMS)

LOW BIOMASS
SLOW TURNOVER
ADAPTATIONS FOR

O/ EFFICIENT USE OF
Q LIGHT&NUTRIENTS
/)o (HIGH-LATITUDE

“HNLC”)
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Cullen et
al. 2002,
The Sea



Sustained release from iron limitation could reimpose the low nutrient condition,
still limited by the rate of supply of new nutrients, but with lower residual N and P

http://www.nature.com/scitable/knowledge/library/the-biological-productivity-of-the-ocean-section-70631104
John Cullen: C-MORE 2011



http://www.nature.com/scitable/knowledge/library/the-biological-productivity-of-the-ocean-section-70631104

Do the patterns still make sense?

Global productivity from SeaWiFS ocean color (NASA/GSFC)



Phosphate utilization is
the ultimate driver of

biological carbon storage
in the deep sea

upwelling
and mixing

Nutrients ‘€<— Organic Matter




Surface Nitrate

Really me—>"

oW \

Surface Phosphate



Interpretation from measurements:
Phosphate is not drawn
down in the south Atlantic
because N-fixation is limited
by the supply of iron



A pretty big deal



What is the N-fixation rate in the South Atlantic?

Measurements suggest it is very low




What is the N-fixation rate in the South Atlantic?

Model results are not so categorical

Deutsch et al. Nature 2007

Diagnostic Model



What is the N-fixation rate?

Prognostic models
\ Darwin Project:

Mick Follows (MIT) and colleagues

Coles and Hood Biogeosciences 2007



Can measurements of hydrogen provide clues?

R. Moore et al., JGR Oceans, in review
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R.M. Moore et al., JGR Oceans, in review
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N fixation inferred from H2 flux
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Can measurements of hydrogen provide clues?

R. Moore et al., JGR Oceans, in review



Do the patterns still make sense?

Global productivity from SeaWiFS ocean color (NASA/GSFC)






