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Abstract. Some of the two-way interactions between ocean biota and climate are
mediated by biogeochemical cycles that link the different components of the climate
system. As suggested by proxy records extracted from ice and ocean cores, by recent
measurements, and by numerical models, such two-way interactions were likely
major players in past climate variability on glacial–interglacial timescales, and may
act to amplify or moderate an anthropogenically induced climate change in the near
future. At present, our lack of understanding of these interactions hampers our
ability to anticipate the consequences of possible anthropogenic climate change. In
this article, we highlight some of the possible feedbacks between ocean biota and
climate, reviewing some key biogeochemical processes and discussing mechanisms
of two-way interactions. We also outline the need and strategies for continuing
research aimed at advancing our understanding of these feedbacks and discuss their
significance.

1. INTRODUCTION
There is a coupling between ocean biota (in particular
plankton, such as is illustrated in Fig. 1) and their physi-
cal and chemical environment on a wide range of spatial
and temporal scales. Oceanic biological activity is influ-
enced by the physical environment in a number of ways.
One important influence is the role of ocean circulation
and mixing processes that regulate the availability of
nutrients and light for photosynthesis.1 In turn, ocean
biota can affect the physical environment. Phytoplank-
ton modulate the penetration of solar radiation in the
upper ocean, controlling to some extent the buoyancy
distribution and local stratification (or resistance to mix-
ing) of the surface ocean.2 In addition, oceanic biologi-
cal activity acts to sequester carbon in the ocean and
away from the atmosphere (see Section 2) and also
affects the number of sulfate particles and of cloud
condensation nuclei (CCN, particles that provide seeds
on which cloud droplets may form) in marine clouds by
producing dimethyl sulfide (DMS; see Section 3), both

of which influence the radiative balance of the atmo-
sphere. Thus, ocean biota can influence temperature and
its gradients in the atmosphere and the ocean, and the
hydrological cycle.

Hence there is a capacity for two-way interactions,
or feedback loops, between marine biota and climate
(Fig. 2). Changes in the atmospheric concentration of
CO2 and DMS could induce changes in global tempera-
ture, wind patterns, and ocean circulation, which, in
turn, effect a further change in ocean biochemistry ei-
ther reinforcing or opposing the initial perturbation. The
direction of such closed feedback loops is still far from
clear,3,6,34 but is of major societal and scientific interest.

In this article, we discuss some of the interactions
between ocean biota and climate that may be significant
on the global scale, focusing on aspects of the bio-
geochemical cycles of carbon and sulfur. We briefly
review some of the relevant biogeochemical processes,
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longer timescales, interactions with very large geologi-
cal reservoirs become significant. In order to consider
the possible development of the carbon system over the
next decades and centuries, it is important to understand
the mechanisms of the ocean carbon cycle.

In the next subsection, we outline a brief and simpli-
fied view of the carbonate system in seawater (more
comprehensive discussions can be found in chemical
oceanography texts and numerous review articles, in-
cluding Sarmiento,14 Zeebe and Wolf-Gladrow,15b and
Pilson15a). Next, we review the processes that control the
distribution of carbon in the ocean, demonstrating how
the ocean biota are intimately linked to the carbon cycle
and affect the CO2–carbonate equilibrium. We discuss
possible interactions between ocean biota and the cli-
mate system mediated by the carbon cycle in Sections
2.3 and 2.4.

2.1. The Carbonate System in Seawater
The direction of the local air–sea flux of CO2 is

determined by the difference in the partial pressure of
CO2 (pCO2) in seawater and in the overlying atmosphere.
pCO2 in seawater depends on its solubility, α, and the
concentration of dissolved CO2, denoted [CO2], such
that pCO2 = [CO2]/α. The solubility is inversely related
to temperature and salinity.16

When CO2 is dissolved in water, some of the molecules

Fig. 1. Phytoplankton, like the Emiliania huxleyi in this photo,
might seem so small as to be insignificant (scale bar = 1 micron).
However, they are so abundant that by taking an active part in
the carbon and sulfur cycles, they may significantly affect the
Earth’s climate. Image courtesy of Patrick Holligan (from the
Ehux website http://www.soc.soton.ac.uk/SOES/STAFF/tt/
ehux.html).
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Fig. 2. A schematic representation of the connections between
ocean biota and climate indicating the potential for feedback
loops, or two-way interactions. The state of the Earth’s climate
may influence oceanic biological activity through modulation
of ocean circulation and the transport of essential nutrients.
Oceanic biological activity influences the atmospheric partial
pressure of carbon dioxide and possibly cloud properties.
These, in turn, affect the radiative balance in the atmosphere
and the climate system. In this article, we focus on some
biogeochemical processes that link oceanic biological activity
and the radiative properties of the atmosphere.

the current understanding from fieldwork, laboratory,
and modeling studies, and their potential climate inter-
actions. Only a subset of the possible feedback pro-
cesses is discussed here; other possible mechanisms
have been considered. Previous reviews of feedbacks
between ocean biota and climate include those by
Denman et al.,4 Watson and Liss,5 Falkowski et al.,6,7

Holligan,8 Whitfield,9 and Taylor.10

In Sections 2 and 3, we review aspects of the ocean
carbon and sulfur cycles, respectively. We focus on the
possible role of these biogeochemical cycles as mediators
of climate feedbacks. We go on to discuss (Section 4)
current ability to assess, model, and evaluate the sensi-
tivity of the climate system to these feedbacks, and
review research directions that may advance our under-
standing in this area.

2. THE OCEAN CARBONATE SYSTEM AND
MARINE BIOTA

CO2 is a major greenhouse gas, and the unprecedented
anthropogenic increase of CO2 in the atmosphere is a
cause of concern.11 Because about 98% of the combined
atmosphere–ocean carbon inventory is in the ocean,12,13

on century to millennial timescales, small changes in the
large oceanic inventory of carbon can have a significant
impact on the atmospheric partial pressure. On even
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hydrate to form carbonic acid, H2CO3, which further
dissociates to bicarbonate and carbonate ions (H2CO3

–

and CO3
2–):

[CO
2
] + [H

2
O] ⇔ [H

2
CO

3
] ⇔ [HCO

3
–] + [H+]

                                                [CO
3
2–] + [H+] (1)

Here, [CO2] represents the concentration of un-
hydrated free CO2 molecules in the solution. For practi-
cal reasons, it is common to treat [CO2] and [H2CO3]
together, and represent them as [CO2*].15

These chemical reactions occur on timescales that
are very rapid relative to most relevant oceanographic
processes. Hence, for practical purposes, we often as-
sume equilibrium between these species, and the parti-
tioning of carbon between them is described by empiri-
cally determined dissociation constants, k1 and k2, which
are functions of temperature and salinity (numerous
evaluations and the dependencies values are avail-
able16,17).

  
k 1 =

HCO3 H+

CO2*
, k 2 =

CO3
2— H+

HCO3
—

(2)

The total CO2 (ΣCO2), or dissolved inorganic carbon,
in seawater may be defined as

ΣCO
2
 = [CO

2
*] + [HCO

3
–] + [CO

3
2–] (3)

Since [CO2*] is typically small in seawater, relative
to [HCO3

–] and [CO3
2–], we can make the following

simplifying approximation:18,19

ΣCO
2
 ≈ [HCO

3
–] + [CO

3
2–] (4)

However, to completely define the carbonate system,
i.e., the concentration of each species, and especially
pCO2, we also need to know either the pH or the total
alkalinity (AT) of the water.15

The total alkalinity is determined by the concentra-
tion of strong ions (including Ca2+) in the water. It is a
measure of the buffer capacity and represents the capac-
ity of substances in seawater to react with hydrogen ions
during titration with strong acid to the point where
essentially all the carbonate species are protonated. The
global mean alkalinity is determined by the fluxes of
salts into and out of the ocean. As a first approxima-
tion,18 we can write

A
T 
≈ 2 [CO

3
2–] + [HCO

3
–] (5)

The four equations (2), (4) and (5) have four un-
knowns ([CO2*], [HCO3

–], CO3
2–], and [H+]) that we

may solve for in terms of k1, k2, AT, and ΣCO2. Hence,

the partial pressure of CO2 in seawater may be approxi-
mated as a function of the local dissolved inorganic carbon
and alkalinity (at constant temperature and salinity):

   
pCO2 ∝ 2ΣCO2

— AT

2

AT
— ΣCO2

(6)

We will use this relationship to illustrate the effect on
pCO2 of marine biological processes. If a local air–sea
gradient of pCO2 exists, there is a net flux across the sea
surface, and the surface ocean mixed layer will come to
equilibrium with the atmosphere on a timescale of about
a year (depending upon various physical factors). Thus,
on timescales of a few years, the partial pressure of CO2

in atmosphere and global surface oceans can
approach an equilibrium in accord with eq 6; i.e., the
mean surface ocean and global atmospheric pCO2 be-
come very close. However, surface ocean ΣCO2 and AT

may be moved away from this equilibrium by ex-
changes with the large, deep ocean reservoirs (and ulti-
mately sedimentary and geologic interactions). Over
some thousands of years, the deep ocean, surface ocean,
and atmospheric reservoirs of carbon adjust towards a
steady state. Ocean biological activity affects the verti-
cal distributions of both ΣCO2 and AT and also has the
capacity to modulate upper ocean and atmospheric
pCO2.

2.2. Biological Influences on the Ocean Carbon Cycle
There are three main ways in which the ocean’s

physical state and biochemical processes affect ΣCO2,
alkalinity, and therefore affect pCO2:12,20,21

i. The solubility pump (abiotic). The solubility of CO2

in seawater is inversely related to temperature and
salinity. Hence, at equilibrium with a particular
overlying atmospheric partial pressure of CO2,
cooler waters are richer in ΣCO2 than warm. Partly
because of this, the cool, deep waters of the ocean
are rich in carbon relative to the warm surface. This
effect has been termed the “solubility pump” of
carbon.20 The solubility pump was probably a
minor player in glacial–interglacial CO2 variations,
since the large, deep-water reservoirs of carbon
could not have cooled enough to dominate since
they are quite close to freezing even today.22,23 The
solubility pump may, however, act to amplify
global warming since warmer waters have lower
solubility, reducing their capacity to sequester car-
bon dioxide away from the atmosphere. We do not
discuss the solubility pump further here, but focus
on biologically mediated processes.

ii. The soft tissue pump. Phytoplankton utilize carbon
during photosynthesis to produce organic soft
tissue material, reducing ΣCO2 in seawater but not

⇔
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significantly affecting the alkalinity. A fraction
of the organic material produced is ultimately
exported to the deep ocean (after participating in
the complex food web), where it is mostly re-
mineralized by bacterial activity. In this process,
carbon is pumped from the surface to deep waters
by the combined effect of photosynthesis, sinking,
and respiration, thus increasing the vertical gradient
of ΣCO2, reducing pCO2 in the surface ocean, and
drawing down CO2 from the atmosphere. We depict
this schematically in Fig. 3.

iii. The carbonate pump. Some planktonic species also
produce calcium carbonate skeletal material (e.g.,
coccolithophores, as illustrated in Fig. 1) described
schematically by the following reaction:

Ca2+ + 2HCO
3

– ⇒  CaCO
3
 + CO

2
 + H

2
O

While this process consumes additional ΣCO2, it also
affects the alkalinity (through the consumption of the
Ca2+ ion) at a ratio of 1:2. Alkalinity is reduced and the
capacity of seawater to hold carbon is decreased. Hence,
the formation of this skeletal material acts to increase
pCO2 in surface water (reduce the denominator in eq 6),18

counteracting the effect of the soft tissue pump. How-
ever, since much more soft tissue is produced than
CaCO3, the net effect of the biological processes is to
remove carbon from the surface water, thus reducing
pCO2 in surface water and in the atmosphere.

Thus, the net effect of the biological activity in the
ocean is to increase the carbon content of the deep ocean
at the expense of the surface ocean and atmosphere.12

Model results suggest that for a lifeless ocean, the pre-
industrial atmospheric concentration of CO2 would have
been 450 ppm, while a fully efficient biological pump,
i.e., where all surface nutrients are instantly consumed
by biota, would result in an atmospheric concentration
of 160 ppm.13

If the system were in a stationary state, the total
biogenic fluxes to the deep water and into the sediments
would have been compensated by an upward flux of
dissolved inorganic carbon due to upwelling, and by
fluxes from land (e.g., river run-off). Variations in these
fluxes may result from, or cause, climate changes.13

Indeed, measurements from air trapped in polar ice
cores showed that the atmospheric concentration of CO2

has undergone significant and fairly regular variations
on a timescale of 100 kyr during at least the last four
glacial–interglacial cycles,24 with concentrations during
glacial periods being about 80 ppm less than during
warmer interglacial periods. Proxies of temperature
from the same ice-cores show a close correlation with
atmospheric CO2. It is not yet clear if one drives the
other or if there are significant feedbacks between CO2

and climate variations.25

2.3. Modulation of the Biological Carbon Pumps
What processes might lead to changes in these

biological pumps of carbon and the ocean–atmosphere
partitioning of carbon? Here we describe two of a
number of possible mechanisms: Climate change could
stimulate a biogeochemical response through alteration
of ocean circulation and nutrient supply to the surface
ocean, or by inducing changes in ecosystem structure
with biogeochemical implications.

2.3.1. Change in Macro/Micronutrient Supply
and Utilization

In order to produce organic matter, in addition to a
supply of light and carbon, the organisms need other
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Fig. 3. Schematic representation of the oceanic “soft tissue
pump” of carbon, a biologically mediated process. Macro-
nutrients (phosphate or nitrate) and carbon are depleted in the
surface ocean (N–, C–), where they are consumed during
photosynthesis. They pass through the food chain, biota are
here denoted B, and are “exported” into the deep ocean as
sinking particulate or dissolved organic matter where they are
remineralized to dissolved inorganic form, continually enrich-
ing the deep waters. Inorganic nutrients and carbon are re-
turned to the sunlit surface ocean by ocean circulation and
mixing processes. The net effect of this cycle is to sequester
carbon in the deep ocean at the expense of the upper ocean and
atmosphere. The amount of carbon stored in the deep ocean in
this way depends upon the relative efficiency of the physical
transport and biological export of nutrients from the surface
ocean. The reduction of atmospheric carbon dioxide by this
mechanism would be maximized if all nutrients supplied to the
surface ocean could be exported to depth as organic matter,
though this is not currently the case.
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macronutrients (such as phosphate and nitrate) and mi-
cronutrients (such as iron). In large areas of the ocean,
such as the subtropical gyres, biological productivity
appears to be limited by the major nutrients, nitrate and
phosphate.19 In other regions (termed HNLC, High Nu-
trients Low Chlorophyll), notably the Southern Ocean,
nitrate and phosphate are plentiful (Fig. 4) and other
factors, probably light or iron availability,26 limit phy-
toplankton growth (although other hypotheses exist9,27).
All of these nutrients can be limiting in different regions
or at different times.

The supply of biologically essential elements (such
as nitrate and phosphate) to the surface ocean—where
there is sufficient light for photosynthesis—is largely
due to transport of nutrient-rich waters from depth (see
Fig. 3), with a smaller contribution from riverine input,
atmospheric deposition, or fixation of nitrogen gas.29

Iron is perhaps more complex than nitrate or phosphate
in this regard. Upwelling of dissolved iron probably
provides a significant supply (e.g., Archer and Johnson30)
but, since iron is scavenged from the water column,
deposition from the atmosphere is important. If patterns

and rates of ocean circulation and mixing change, so
must the rate of transport of nutrients to the surface
ocean, rates of ocean productivity, and ultimately the
large-scale oceanic distribution of nutrients and carbon.
Any resulting change in global surface ΣCO2 and AT will
lead to an adjustment of surface ocean (and therefore
atmospheric) pCO2 following eq 6. Likewise, changes
in atmospheric iron transport may modulate the biologi-
cal carbon pumps. Notably, it has been hypothesized
that increased iron supply may have enhanced the effi-
ciency of the Southern Ocean biological carbon pump in
glacial periods.31

Recent research suggests that increasing atmospheric
CO2 is likely to result in changes to both ocean and
atmospheric circulation,32,33 which, in turn, would affect
the supply of nutrients to the surface oceans. Many
climate models predict increased stratification (and
weaker upper ocean vertical mixing rates) due to surface
warming at low latitudes and freshening at high lati-
tudes with increasing atmospheric CO2.34,35 This has two
competing influences; reduced vertical transport of nu-
trients and increased light utilization efficiency36 (i.e.,
plankton are less likely to be mixed down out of the
sunlit zone). In an observed, regional example in the
California current system, an increase in stratification
resulting from a 1.5 degree warming during recent de-
cades seems to have caused a significant decline in new
production.37 While we should be cautious because of
the regional dependence of the relative importance of
these competing effects, and the crude parameteriz-
ations of biological processes in current global models,
preliminary model results suggest that their sum is a
reduction in the export of organic nutrients and carbon
from the surface in response to a global warming.36,38

There are other effects of climate change that can
affect the oceanic inventory or utilization of nutrients.
For example, an increase in sealevel will expand the
area of continental shelf. These regions are generally
more productive than the open ocean area,3 and are
regions of denitrification. Reduced sea ice cover can
enhance biological production by increasing the avail-
able photosynthetically active radiation in polar regions,
where light, rather than nutrients, is likely to be the
factor limiting primary production.3

2.3.2. Ecological Change
It has been estimated that for every four carbon atoms

removed from the surface water as soft organic tissue,
one atom is removed as calcite.19 This ratio of organic to
inorganic carbon is known as the “rain ratio”. Calcifica-
tion affects both ΣCO2 and alkalinity, and changes in the
rain ratio may have a significant influence on global
biogeochemistry and climate.18,21 Some authors have

Fig. 4. Annual climatology of the ocean distribution of nitrate
at 10 m depth. Contours are at three micromolar intervals from
zero, with the addition of the one micromolar contour (clima-
tology of Conkright et al.28). The subtropical surface oceans
are very depleted in nitrate, suggesting that biological produc-
tivity there is limited by the rate of nutrient supply. In other
regions, notably the Southern Oceans, nutrients such as nitrate
and phosphate are plentiful. Why doesn’t biological produc-
tivity utilize them more efficiently? Current opinion favors the
limitation of biological productivity (and nutrient and carbon
drawdown) in the Southern Oceans by iron. Iron is scavenged
from the oceans’ deep waters by sinking particles. Upwelling
waters are thus typically depleted in iron relative to nitrate and
phosphate. In order to completely utilize the macronutrients
sufficient iron must be supplied through atmospheric dust
deposition. However, in the remote regions of the ocean, the
atmospheric deposition of iron may not be sufficient to
achieve this.26
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implicated past changes in the rain ratio as a leading
influence on glacial–interglacial CO2 variations.18,39,40

While nowadays this is not considered likely to have
been a major contributor to the glacial–interglacial CO2

variations,22,23 an ecological change which would alter
the global mean of this ratio could be significant under
the right circumstances.

A few studies convincingly suggest that the rate of
calcification of both coccolithophorids41 and coral
reefs42 is lower in the presence of higher CO2 and
warmer Sea Surface Temperature (SST),43 implying a
negative feedback on increasing atmospheric CO2 by
increasing the alkalinity—see eq 6.41,44 Riebesell et al.41

estimated the upper limit of this increased storage ca-
pacity to more than 30 GtC (compared to annual emis-
sion of approximately 7 GtC per year13) by the end of the
century. However, this damping effect might be weak-
ened, or reversed, since higher levels of ΣCO2 in the
water also shift the carbonate system to a state where
more CO2 is released per mole of CaCO3 precipi-
tated.18,45

Another potentially important ecological effect in-
volves changes to the stoichiometry of biological pro-
cesses. Redfield et al. noted that the ratio of dissolved
inorganic nutrients in seawater closely reflects the ratio
in bulk oceanic organic matter, with ratio of nitrate to
phosphate, N:P = 16:1.46 This ratio, the Redfield ratio,
reflects the relative need for each element in living
matter. The fact that the oceanic dissolved nutrient pool
mimics organic matter in this way suggests that the
oceanic dissolved nutrient pools have evolved under
the influence of biological processes (reviewed by
Falkowski47). Carbon is also generally utilized in a con-
stant ratio relative to the other elements. The classical
evaluation46 suggests C:N:P = 106:16:1. Other studies
of the composition of seawater48  suggest slightly differ-
ent average values. Hence, it is currently often assumed
for modeling purposes that for each atom of phosphorus
used during primary production of phytoplankton, 16 of
nitrogen and 106 of carbon are also consumed. The
efficiency of the biological pump of carbon from the
surface to the deep ocean is highly sensitive to the
“Redfield ratio”.21 However, this ratio represents bulk
oceanic organic matter and is not necessarily true on a
species by species basis. A significant shift in the eco-
logical structure stimulated by climatic shifts might
possibly affect the relative consumption and export of
nutrients and carbon, and feedback on the biological pump
of carbon in the ocean. Could ecological change really
lead to a modulation of this ratio on significant scales?

There is already evidence that climate change can
significantly affect the structure of ecosystems on
decadal timescales,37,49 with implications for nutrient

drawdown stoichiometry. Recent time-series observa-
tions of the biogeochemical environment near Hawaii
have shown a local trend in favor of nitrogen-fixing
organisms, with higher than Redfield N:P ratios, over
the past decade.50 (Nitrogen fixation has supported as
much as half of local biological export production in this
period.) Observations in the Southern Ocean show that
local stratification dictates the dominant phytoplankton
species. The difference in the relative drawdown of
carbon and nutrients between these phytoplankton spe-
cies can be more than 50%, with the higher C:P ratio
species associated with species in less stratified water.51

2.4. Two-Way Interactions Between the Biological
Carbon Pumps and Climate

We have described some of the biologically medi-
ated mechanisms by which carbon is sequestered in the
oceans, away from the atmosphere, and indicated how
these processes may be affected by changes in the physi-
cal environment. The potential for two-way interactions
and feedbacks between the ocean carbon cycle and cli-
mate comes from the radiative properties of CO2 in the
atmosphere. Changing atmospheric CO2, through fossil
fuel burning, for example, may lead to significant
changes in atmospheric climate, ocean circulation, and
mixing (e.g., Manabe et al.,32 and Sarmiento et al.34).
Ocean biogeochemical cycles may be affected through
altered macro- and micronutrient supply to the euphotic
(sunlit) zone or through changes in plankton community
structure. In turn, these processes modulate the oceans’
biological pumps of carbon and, ultimately, feedback on
the atmospheric carbon dioxide concentration.

Would such feedback be positive or negative? Would
it be significant relative to the initial forcing? Some
idealized coupled climate and biogeochemistry model-
ing studies (using models of varying complexities, from
box-models52 to general circulation models38) relating to
anthropogenic CO2 emissions53 and glacial–interglacial
change52 indicate an overall positive feedback in both
cases. In the study of Joos et al.,53 increased stratifica-
tion and weakened overturning of the ocean associated
with a global warming leads to an enhanced biological
soft-tissue pump, counteracting to some extent the over-
all positive feedback largely attributable to solubility
effects. In the model of Gildor and Tziperman,52 while
the glacial–interglacial CO2 variations are induced by
the oscillation of the physical climate system, which
leads to increased stratification and reduced vertical
mixing in the Southern Ocean, these CO2 variations do
significantly amplify the glacial oscillations. Similarly,
an experiment with a coupled climate–carbon general
circulation model suggests an acceleration of global
warming by reduced ocean CO2 uptake.38
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While these models apparently give a consistent pic-
ture, it must be noted that they all use highly simplified
descriptions of the effects of marine biological pro-
cesses. The response of ocean ecosystems is, as yet,
unknown. We do not yet sufficiently understand the
oceanic ecosystem, or its response to changes in exter-
nal forcing, to confidently predict its response, and the
consequences for the ocean carbon cycle, to a changing
climate.7,34

3. DMS AND CLIMATE
Here we review another potential climate–biogeochem-
istry feedback that is, as yet, even less constrained than
that discussed in the previous Section: the feedback
between ocean biota, sulfur compounds, and the radia-
tive properties of clouds.

Dimethyl sulfide (DMS, (CH3)2S) is thought to origi-
nate from the decomposition of dimethyl sulfonio-
propionate (DMSP, (CH3)2S+CH2CH2COO–) produced
by marine organisms, in particular phytoplankton.54,55

The initial efforts to measure DMS, and speculations on
its role in climate were stimulated by the Gaia hypoth-
esis when Lovelock tried to “close” the global sulfur
cycle.56 DMS escapes from the ocean to the atmosphere,
where it forms sulfate aerosol. Charlson et al.57 sug-
gested a climatic link between algae and climate
through the sulfur cycle. Sulfate aerosols (both biogenic
and anthropogenic) are thought to exert, after green-

house gases, the next largest influence on the atmo-
sphere, by bringing about both absorption and scattering
of solar radiation (direct effect) and through changes in
the number of cloud condensation nucleii (CCN) and,
hence, cloudiness that, in turn, alters radiative transfer
(indirect effect). The basic components of this DMS–
climate connection are depicted in Fig. 5.

Since then, there has been a substantial effort to asses
and quantify the role of DMS in the climate system.55,58

Significant advances have been made and described in
numerous review articles,54,59,60 and although we still
lack fundamental understanding of the factors control-
ling DMS production, its conversion to CCN, and its
effect on climate,58 some parts of the feedback loop are
better understood.55

To understand the role of DMS in climate is an even
more difficult task than to understand the role of CO2.
First, it is necessary to identify and understand the
sources and sinks of DMS in the water column. We need
to know what controls the flux of DMS to the atmo-
sphere and its subsequent evolution into aerosol and
CCN. Next, we have to understand how the aerosol and
clouds affect radiative transfer. Finally, what is the re-
sponse of the ocean ecosystem to the changes in irradi-
ance and ocean temperature,61 and how does this impact
upon DMS production? At present, it is not possible to
predict if or how the interaction between the climate
system and marine biota might feedback on any climate
change due to variation in DMS emission.5

Here, we summarize some of the current understand-
ing of the system and outline the speculative DMS–
climate feedback mechanisms that have emerged. We
try to emphasize the parts of the feedback loop that are
better established and point out some of the open ques-
tions. More detailed reviews of the relevant physiology
of algae and the chemistry can be found elsewhere.54,59,60

3.1. Oceanic Sources and Sinks of DMS
The concentration of DMS in seawater is dictated by

numerous biological, physical, and chemical processes
(reviewed by Liss et al.62 and by Malin and Kirst59). In
Fig. 6, we indicate some of the important oceanic pro-
cesses. Production of DMS, and some of its oceanic
removal processes, are biological and the result of com-
plex ecological interactions.55,63 Significant ecological
processes include the production of DMSP, which var-
ies by species, and the viral consumption of DMS. The
concentration of DMS in surface waters is also affected
by the rate of of mixing with deeper water, photo-
oxidation, and air–sea transfer. The latter process ap-
pears to account for only a small fraction (about 10%) of
DMS removed from the surface ocean.54,62,64 Here, we
expand on these points.

aerosols

CCN

mixing

Biota

Ocean

Atmosphere

Surface

DMS

DMS

Deep

Ocean

Fig. 5. Schematic depiction of aspects of the upper ocean–
lower atmosphere sulphur cycle. DMS is produced by phyto-
plankton and transferred across the sea surface. In the atmo-
sphere, it leads to the formation of aerosol and cloud
condensation nuclei. These, in turn, affect the radiative prop-
erties of the atmosphere, which can lead (closing the loop) to
impact upon the climate system and ocean biota.
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3.1.1. Sources and Sinks of DMSP and DMS
The relationship between total biological production

and DMSP concentration is very complex (see
Lawrence61 for a summary of numerous studies). DMSP
production is very species-dependent,54,62 with cocco-
lithophores and dinophyceae among the stronger pro-
ducers.60,61 The production of DMSP also appears to be
dependent on the availability of macronutrients,54,63

though there is currently insufficient data to quantify
this effect,62 and on the ambient physical conditions.59

The addition of iron has been shown to stimulate an
increase in production of DMSP, and hence DMS, by a
significant amount.65 (This might account for the in-
creased concentration of DMS during glacial periods
inferred from some ice cores—see Section 3.3).

DMSP can be converted to DMS both inside and
outside the cells.5,55 Besides being excreted directly to
the water, DMS is produced as a result of grazing by
zooplankton and viral attack.62,66 Not all DMSP (inside
or outside of the cell) is converted to DMS. Consump-
tion of DMSP and of DMS by bacteria is likely to be a
major factor controlling the concentration of DMS ac-
cording to numerous measurements59,62,67 and models.68

DMS may be photo-oxidized by sunlight.54,62

Vertical mixing has long been recognized to remove
DMS from the surface ocean, preventing outgassing to
the atmosphere, and may also play an important role by
affecting the food-web structure.69

It is clear then, that the release of DMS to the atmo-
sphere involves interactions throughout the whole food-
web.55 Any perturbation of the ecological structure that
may result from climate change, such as a change in
vertical mixing in the surface boundary layer of the
ocean,69 a change of sea-surface temperature, or a
change in the distribution of grazers relative to their
phytoplankton prey, could impact the flux of DMS to
the atmosphere.5,64

3.2. DMS in the Atmosphere
The surface ocean partial pressure of DMS is greatly

in excess of atmospheric values,54 driving a flux of DMS
from the ocean to the atmosphere. Once in the atmo-
sphere, DMS reacts mainly with OH and NO3 radicals to
form SO2, methane sulphonic acid (MSA), and other
products.58,70 The dominant product, SO2, is further oxi-
dized, eventually leading to SO4

2– aerosol (for detailed
discussion of the reaction paths, see Seinfeld and
Pandis,70 Andrea,54 and references therein). Such aerosol
particles are the main source of cloud condensation
nuclei in the marine atmosphere.57,60

Numerous studies suggest that both the direct and
indirect effects of sulfate aerosol have potentially sig-
nificant impact on atmospheric radiative transfer,71 with
the magnitude of the direct effect (aerosol) being com-
parable to or stronger than the indirect effect (clouds).72

Although the relationship between the DMS flux and

DMS

Air−sea flux

Bacterial
consumption

Vertical mixing

Plankton
DMSP, DMS

1

2
3

4

Photo−oxidation5

6

viral attack

Grazing

Fig. 6. Some of the processes controlling the DMS concentration in surface seawater, illustrating the complexity involved in
evaluation of the feedbacks through the sulphur cycle: (1) DMS can be produced intracellulary and be excreted directly into the
seawater; (2) DMSP and DMS can be released into seawater as a result of grazing and viral attacks; (3) vertical mixing
downward can dilute DMS both directly by mixing with DMS-poor water, and indirectly by affecting the food-web; (4) bacteria
consume a large fraction of the DMS (and DMSP) available in seawater; (5) photo-oxidation of DMS; (6) air–sea DMS flux.
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the number of CCN can be highly nonlinear (Lawrence61

and references therein) a correlation between the con-
centration of DMS, number of CCN, and reflectivity of
clouds has been established,64,73 at least in the Southern
Hemisphere.74

3.3. The DMS–Climate Feedback
Charlson et al.57 speculated that DMS production will

increase with temperature, implying a negative feed-
back between phytoplankton, DMS, and climate that
can be summarized as follows: Increasing global tempera-
ture enhances DMS production by marine algae and, thus,
emissions of DMS to the atmosphere. This leads to a
larger number of CCN and increased cloud albedo, re-
ducing global temperature—a negative feedback.

A more recent view is that the DMS–climate feed-
back is positive and reinforcing, at least on glacial–
interglacial timescales.5,75 The Vostok ice core76 and an
ocean sediment core from the equatorial Atlantic77 have
been interpreted as indicating that ocean DMS emis-
sions were greater during glacial periods, contrary to the
suggestion of Charlson et al.,57 and it has been suggested
that ocean biota may have amplified the cooling during
glacial times by emitting more DMS.5 However, evidence
from the Greenland ice core suggests a glacial decrease
in DMS production,78 though it is uncertain whether this
ice core record reflects local or global effects.

Current thought suggests that increased upper ocean
stratification (reduced vertical mixing) is a likely conse-
quence of global warming, either by warming the sur-
face ocean at lower latitudes or as a result of surface
freshening at the high latitudes33,34—both of which re-
sult in more buoyant surface waters.

Simó and Pedrós-Alió69 analyzed observations from
the subpolar North Atlantic Ocean over a wide range of
sea surface temperatures, and found a correlation
between vertical mixing and the mixed layer depth, and
DMS concentration. Shallow mixed layers (less vertical
mixing) favor greater production rates (in subpolar re-
gions) and higher seawater DMS concentration, perhaps
by modulating the degree of bacterial exposure to radia-
tion (Simó and Pedrós-Alió69 and references therein).
Their work suggests that the response to a warming,
more stratified ocean would be increased DMS produc-
tion at subpolar latitudes, acting as stabilizing, negative
feedback.

In summary, while there is an increasing body of
work on the processes that control DMS production in
the surface ocean, its transfer to the atmosphere, and
subsequent effects, there is still a great deal of uncer-
tainty. Recent studies suggest that the DMS-climate
would be reinforcing to a cooling climate, and stabiliz-
ing to a warming. Given the many uncertainties and

knowledge gaps, these conclusion must be considered
as very speculative for the time being.

4. DISCUSSION
We have briefly reviewed aspects of the global biogeo-
chemical cycles of carbon and sulfur with particular
emphasis on the role of ocean biota and possible plank-
ton–climate feedback mechanisms mediated by these
biogeochemical cycles. What are the inferences for the
climate–ocean biota feedbacks, or two-way interac-
tions, based on current research? What strategies should
be taken in the near future to answer some of the open
questions?

4.1. Is the Climate–Ocean Biota Feedback Positive
or Negative?

The apparent stability and habitability of the Earth’s
surface environment on timescales of billions of years
stimulated the controversial Gaia hypothesis, in which
living organisms and the global environment are
thought to be arranged in a negative feedback loop,
stabilizing the system.79 Such ideas have been extended
to explain the composition of seawater and other phe-
nomena80 in terms of feedbacks between biota and the
environment. (Other, abiotic explanations have also
been proposed.22,81) While attempts to identify negative
feedbacks were fruitful in provoking ideas and identify-
ing the important role played by ocean biota in climate,57

some proxy records and climate models now suggest
that ocean biota may exert a positive feedback on (i.e.,
amplify) climate variations.5,52 As was mentioned
above, ice and ocean core records show that during
glacial times, atmospheric concentration of CO2 was
reduced by about 30% compared to its pre-industrial
value, and DMS emission was probably greater. Both
the reduced CO2 and the increased DMS emission
would suggest that ocean biota amplified the cooling
during glacial times5,52—a positive feedback.

Quantitative estimates of the role of sulfate aerosol
and atmospheric CO2 in the current climate suggest an
effective global cooling of almost 4 °C due to DMS
production, and close to 2 °C for CO2 drawdown by the
oceans’ biological carbon pumps5 (relative to a world
where those processes did not occur). However, the
effect of ocean biota is not limited to its control on
absolute concentrations of atmospheric DMS and CO2.
The impact of anthropogenic release of CO2 depends on
the rate of CO2 increase, and not only on the total
accumulated emission.82 While it is clear that the
ocean’s biological carbon pump could not counteract
the anthropogenic emission of CO2, even with full utili-
zation of available nutrients, its effect on the rate of
accumulation may be significant. These estimates high-
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light the significance of biological activity on our cli-
mate and the need for better understanding of these, and
related, biogeochemical processes and their climatic
implications.

These interpretations are very interesting, but we do
not yet have sufficient data or understanding to specu-
late with any confidence on whether the interaction
between the climate system and marine biota will
amplify or moderate anthropogenically induced climate
change.5,7

Better understanding of the ocean biota–climate in-
teractions, working towards the goal of better quantify-
ing their impacts on past and projected climates, can be
achieved using a combination of models, laboratory and
field experiments, and observations.

4.2. Strategies for Ongoing Research

Data sets. In order to clarify and better constrain the
links between the climate and changes in marine ecosys-
tems, we need to continue (and multiply) ongoing time
series of simultaneous biological and physical measure-
ments.83,84 These data sets are invaluable in providing a
window on climate–biogeochemistry connections through
local, short timescale variations. Two such “time-series”,
one near Hawaii and one near Bermuda, are discussed
by Karl50 and Bates,85 respectively. These data sets can
also be used to provide, test, and calibrate models to be
applied on the broader scale, and have revealed unex-
pected biogeochemical processes.83,84 Continuing time-
series observations have the added advantage that long-
term measurements of physical and biological variables
might prove useful indicators of climate change, since
recent analyses suggest that ecosystem structure may be
a sensitive indicator of climate variations.86

A great deal of understanding has been gained from
shipboard surveys, and they will continue to be a useful
tool. However, it is impractical to conduct such mea-
surements with the spatial and temporal resolution that
we would like. Remote sensing provides promising
tools with which to acquire time-series data, for ex-
ample, of sea surface temperature or ocean color (and
derived surface chlorophyll) on global scales.87 New
remote instruments and interpretation techniques allow
the estimation of variables such as particulate organic
carbon88 and biological production89 from space. As yet,
there is no way to evaluate DMS emission remotely, and
there are insufficient data and understanding to connect
it to total productivity. However, such knowledge and
techniques may emerge.

Laboratory and controlled experiments. Laboratory
cultures and experiments can continue to improve our
understanding of the physiology and biogeochemistry

of ocean biota, and provide insight into the ways in
which the ecological system may respond to perturba-
tions. Examples are the controlled experiments of
Nguyen et al.,90 which quantify DMS production during
different phases of phytoplankton bloom, and of Kiene
and Bates,67 which demonstrate the importance of bio-
logical consumption as a sink for DMS.

However, nature is different than a laboratory, and
ocean biota behave differently in a natural environment
than in cultures. Field experiments must supplement
laboratory studies. Deliberate perturbation experiments
in the field have proven extremely instructive, notably
the ocean iron fertilization experiments65,91 that have
demonstrated some of the impacts of an enhanced iron
source in HNLC waters. Such experiments will most
likely be a fruitful source of information if directed at
the ocean sulfur cycle (SOLAS Science Plan, available
at http: //www.ifm.uni-kiel.de/ch/solas/main.html).

Modeling global climate and biogeochemical pro-
cesses. Numerical climate models can be useful tools for
the investigation of climate processes and feedbacks.
Coupled atmosphere–ocean–land–ice models are be-
coming more widely used. However, most climate mod-
els lack any description of ecological systems and bio-
geochemical processes. When included, current
representations of the ecological system and the bio-
geochemical processes are generally highly idealized,
and usually do not permit feedbacks to the climate sys-
tem from ocean biogeochemistry. In order to simulate
the appropriate climate processes, we ultimately need to
incorporate more of the relevant biogeochemical pro-
cesses into global-scale coupled climate models. This
may also help us to improve the physical simulation by
providing additional constraints on the results.84,92

Some studies have been made with fully coupled
climate and biogeochemistry models.38,52,53 The few
models that do enable full coupling between ocean bio-
chemistry and the climate suggest that its effect is not
negligible. Certainly we need more data to reliably
quantify the role of the two-way feedbacks, but a model
simulation of glacial–interglacial cycles using a simple
coupled physical–biochemical box model that includes
CO2 cycle (but not sulfur effects) demonstrated the ampli-
fying effect of the interaction between the ocean biota and
the climate.52 Carbon-cycle feedbacks have also been
shown to accelerate global warming in a general circula-
tion model that tries to predict the evolution of the climate
system under a “business as usual” scenario.38 Clearly,
such two-way interactions have significant potential to
affect our climate and climate predictions.

Due to current uncertainties and knowledge gaps,
modeling DMS feedback processes seems to present
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even greater obstacles than modeling the carbon cycle,
and only few such models have been attempted. Major
obstacles to the ability to create and use appropriate
models of the sulfur cycle and climate interactions are
the present lack of understanding of the biological pro-
cesses involved,61 and similar difficulties in understand-
ing and representing cloud microphysical processes.93

However, the inclusion of the sulfur cycle and the ef-
fects of aerosol in climate models is probably necessary
if we are to represent and understand current changes.94

We must also be cautious about the veracity of ocean
and atmosphere climate and circulation models typically
applied to biogeochemical simulations at coarse resolu-
tion, and parameterizing processes associated with ocean
eddies (on scales of tens to hundreds of kilometers). Ocean
biology is strongly affected by mesoscale and small-
scale ocean motions that may not be well represented by
the parameterizations.95 Current global climate and bio-
geochemistry models do not represent coastal and shelf
processes,8 yet the contribution of these areas to the total
production far exceeds their relatively small area.

Current global biogeochemical models also typically
parameterize the biological export of organic matter
from the euphotic zone, and its subsequent remineral-
ization, using crude empirical relations. If we are to
understand and represent the potential feedbacks
between ocean biota and climate, we need to move
towards more explicit and prognostic representations of
ocean ecology,83,84 including the important microbial
loop.96 Global-scale, explicit ecological models are now
beginning to emerge,97 representing a small number of
“generic” classes of organism. A different strategy,
which might also prove useful for modeling the sulfur
cycle, is to direct the model at a specific organism, such
as the model of Westbroek et al.,98 dealing with
Emiliania huxleyi.

We envisage a continued and vital role for modeling
in the coming years, both in terms of the highly idealized
process modeling (e.g., Gildor and Tziperman52) to illus-
trate mechanisms of the fully coupled system, and also
for more quantitative models38 that aim at more com-
plete and faithful representations of the physical and
biogeochemical processes.

5. CONCLUSION
Understanding the interactions between biota and cli-
mate is a real challenge, described as one of the Hilbert
problems for the geosciences in the 21st century.99 In-
deed, it is quite spectacular how much remains unknown
in contrast to other topics in climatology. This challenge
can be overcome only by a multidisciplinary approach
and by combining field observations, laboratory experi-

ments, and modeling.100 This approach has been adopted
with great success in recent biogeochemical research
programs such as the Joint Global Ocean Flux Study
(JGOFS, http: //ads.smr.uib.no/jgofs/jgofs.htm), and is
being continued in ongoing efforts such as the Surface
Ocean Lower Atmosphere Study (SOLAS, http: //
www.ifm.uni-kiel.de/ch/solas/main.html).

Still, there is a long road ahead. To borrow a phrase
from Lovelock;56 there is a need to break the stratifica-
tion of science in our field!
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