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INTRODUCTION
The ocean plays a central role in our earth’s
climate system and also provides a range
of important ecosystem services, includ-
ing food, energy, transport, and nutrient
cycling. Marine biogeochemistry focuses
on the study of complex biological, chem-
ical, and physical processes involved in the
cycling of key chemical elements within
the ocean, and between the ocean and
the seafloor, land and atmosphere. The
ocean is increasingly perturbed by human
induced alterations to our planet, includ-
ing anthropogenic emissions of nitrogen,
phosphorus, carbon and trace elements,
and climate change. The establishment
of a detailed understanding of biogeo-
chemical processes, including their rates, is
essential to the identification and assess-
ment of climatic and chemical feedbacks
associated with changes in the chemi-
cal and physical environment that are
mediated through ocean biology, chem-
istry and physics. Important research areas
in marine biogeochemistry involve the
cycling of organic and inorganic forms
of carbon, nitrogen and phosphorus, the
cycling and biological roles of essential
trace elements, and the fate and climatic
impact of marine produced trace gases.

GREENHOUSE GASSES
The concentrations of atmospheric green-
house gases (GHGs; primarily CO2, CH4

and N2O) are currently ca. 40% higher
for CO2, 150% for CH4 and 19% for
N2O compared with pre-industrial lev-
els (Myhre et al., 2013), and surpass
levels seen over the past 650,000 years
or more. Furthermore, there is no paleo
analogue available for the present rate of
increase in the atmospheric GHG con-
centrations. The anthropogenic inputs of
the GHGs interact with their natural

cycles in the oceans and troposphere,
resulting in climate feedbacks and impacts
on the environment. The ocean takes up
about one quarter of the anthropogenic
CO2 emissions (ca. 10 Pg C per year)
(Canadell et al., 2007), and as a conse-
quence the accumulation in the atmo-
sphere is reduced (Le Quere et al., 2009).
Whilst our understanding of the oceanic
carbonate system is well developed at a
fundamental level, there are still important
questions about the regional, seasonal, and
multi-annual variability of ocean uptake of
CO2, and the biological and physical pro-
cesses that determine this uptake and their
variability. On-going observational studies
with improved methodologies, including
novel autonomous carbonate chemistry
sensors (e.g., Martz et al., 2010; Rérolle
et al., 2012), will provide answers to
these questions over the coming years.
Furthermore, we can expect an improved
knowledge of the role of biological pro-
cesses in oceanic CO2 uptake from a com-
bined use of ocean color remote sensing
tools, in-situ observations and modeling
activities, (e.g., Friedrich and Oschlies,
2009).

An important step-change in our
understanding and quantification of the
physical air-sea transfer of CO2 and other
GHGs is required, as the current modeling
of this key process is underdeveloped and
primarily driven through dependencies
on windspeed only. New measurement
approaches for GHGs are becoming avail-
able, such as eddy-covariance (Miller
et al., 2010) which, with improved physical
parameterization will lead to new insights
and improved quantification of physical
air-sea exchange of GHGs. Surface active
components (surfactants) of the sea sur-
face microlayer influence air-sea exchange
through acting as a physicochemical

barrier and through modifications of
the sea surface hydrodynamics (Cunliffe
et al., 2013). A major uncertainty in the
determination of the air-sea exchange
lies in the unknown role of biologi-
cally produced surfactants in modifying
gas transfer, which can be suppressed
by 5–50% as a result of natural phyto-
plankton exudates (Frew et al., 1990).
Work is required in different biogeo-
chemical regimes and over seasonal cycles
and varying wind strengths to compare
the effects of different surfactant levels
and compositions on air-sea exchange
of GHGs.

Our understanding of the global cycles
of N2O and CH4 is less developed com-
pared with CO2, which is a concern as
these GHGs have significantly stronger
effects on radiative forcing than CO2.
Changing oceanic conditions, in terms
of warming, water column stratifica-
tion, nutrient status, acidification, and
de-oxygenation, will potentially result in
changes in oceanic emissions of these
GHGs (e.g., Nevison et al., 2003; Berndt
et al., 2014). However, our understanding
of the production and removal of these
gases is only just emerging, as are global
maps of their emissions which currently
only concern a 20 year old effort on N2O
by Nevison et al. (1995), and no climatol-
ogy for CH4 yet. Increased research efforts
are therefore underway and for exam-
ple promoted by Scientific Committee on
Ocean Research (SCOR) working group
143 (Working toward a global network of
ocean time series measurements of N2O
and CH4).

CHANGING OCEANS
The polar regions are strongly influenced
by climate change and will be subject to
intensive research activities in future years.
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The Arctic region faces dramatic changes
including rapid sea ice loss, alterations
to CO2 exchange, acidification, increased
freshwater inputs with associated carbon
supply through terrestrial run off (e.g.,
Stroeve et al., 2007; Manizza et al., 2013).
Whilst our understanding of the produc-
tivity in the contemporary Arctic Ocean is
underdeveloped, for example, in relation
to primary productivity in sea ice systems
(Arrigo et al., 2012), future changes to pri-
mary and bacterial productivity will be
challenging to predict. Upcoming research
activities will need to provide detailed
insights into the functioning of biogeo-
chemical processes and ecosystems in the
Arctic Ocean and thereby facilitate projec-
tions under future climate conditions.

The Southern Ocean plays a central role
in the earth climate system as a global
hub in overturning circulation (Marinov
et al., 2006), and a key region for ocean
CO2 uptake (Le Quere et al., 2009). This
ocean region is facing important changes
with reported warming of waters up to ca.
1100 m (Levitus et al., 2005), and shifts
in wind patterns which involve strength-
ening of mid-latitude westerlies related to
an increasingly positive Southern Annular
Mode Index (Marshall et al., 2004). The
changing wind patterns are postulated
to enhance upwelling of relatively warm
circumpolar deep waters (CDW) and
flooding of Antarctic continental shelves
(Jacobs, 2006), resulting in glacier melt
(e.g., Pine Glacier) (Holland et al., 2008;
Jacobs et al., 2011; Dutrieux et al., 2014)
and associated sea level rise. The more
pronounced upwelling of CDW near the
Antarctic continent is also thought to
enhance primary productivity through
increased Fe supply to high nitrate low
chlorophyll (HNLC) waters (Planquette
et al., 2013). The shifts in wind patterns
and associated changes in mixing, up-
and downwelling patterns may change the
Southern Ocean CO2 sink, thereby pro-
viding unknown climatic feedbacks. The
implications of changes to the Southern
Ocean carbon cycle are very important
to the earth climate system, but the cur-
rent uncertainties are significant. Major
future research efforts are foreseen in
the high latitude oceans. The Arctic and
Southern Ocean are currently undersam-
pled with significant challenges of data
collection using vessels due to inhospitable

conditions in autumn and winter peri-
ods, when important transfers of CO2 to
deep waters occur. The more widespread
deployment of autonomous platforms
(e.g., gliders/Argo floats) with biogeo-
chemical sensors is envisioned within
the next years and would transform our
observational capabilities (Johnson et al.,
2009).

Climate change is considered to result
in the expansion of the low nitrate low
chlorophyll (LNLC) regions (Steinacher
et al., 2010), which currently occupy
ca. 60% of the world’s ocean and are
characterized by chlorophyll a concen-
trations <0.07 mg.m−3, but nevertheless
play an important role in the global car-
bon cycle (Lomas et al., 2010; Steinacher
et al., 2010). Deposition of aerosols to
these regions forms a key supply of nutri-
ents (e.g., N, P) and also trace ele-
ments (e.g., Fe, Co, Mn, Zn) to surface
ocean microbial communities. Whereas
the atmospheric supply of Fe to HNLC
regions has been a focus of attention
in recent years (Jickells et al., 2005),
this focus is shifting toward the LNLC
regions. Indications are that the sup-
plies to these regions are incorrectly
represented in models, with the pulsed
aerosol supplies providing more pro-
nounced effects on dinitrogen fixation and
heterotrophy than the continuous supply
currently assumed (Guieu et al., under
review). Therefore, improved long-term
observations of aerosol inputs to LNLC
regions, in combination with measure-
ments of surface water chemistry and
microbial community diversity and micro-
bial rates are required. This will allow
improved parameterizations of ocean bio-
geochemical models for LNLC regions and
facilitate projections of climate change
related alterations to aerosol inputs on
ocean productivity, nitrogen, and carbon
cycles.

Shelf seas have been receiving increased
attention in recent years, partly due to
the recognition of their importance for
ecosystem services. They comprise only
about 5% of the global ocean, yet support
15–20% of global primary productivity
(Simpson and Sharples, 2012) and form an
important interface between the land and
the ocean. On a global scale, ca. 30% of
the air-to-sea CO2 flux occurs in shelf seas
(Chen and Borges, 2009), and the shelves

are estimated to contribute to >40%
of particulate carbon sequestration
(Muller-Karger et al., 2005; Regnier et al.,
2013). The exact mechanisms responsi-
ble for these processes are not fully clear,
which hampers our ability to project the
effects of future climate change, and other
anthropogenic pressures, on the ability
of these systems to absorb CO2 (Regnier
et al., 2013). The pressures on the coastal
seas include overfishing, rising water
temperatures, pollution inputs, acidifica-
tion, eutrophication, and de-oxygenation
(Rabalais et al., 2009). Therefore, further
efforts are required to constrain the car-
bon fluxes in the contemporary shelf seas
with a view to allow predictions of fluxes
under future climate conditions.

MULTIPLE STRESSORS IMPACTING
BIOGEOCHEMICAL PROCESSES
The influence of single forcing factors
on biogeochemical cycles and marine
ecosystems has been an active area of
research over the last decades. This work
includes the influence of macronutri-
ents (Timmermans et al., 2004), cobalt
(Saito et al., 2002) and iron (Nielsdóttir
et al., 2009) additions on the function-
ing and structure of microbial commu-
nities, effects of temperature (Eppley,
1972), light (Falkowski and Raven, 2007)
and CO2 (Hein and Sand-Jensen, 1997)
on primary productivity, and effects of
iron (Schlosser et al., 2014) and CO2

(Hutchins et al., 2007) on dinitrogen fix-
ation. The future ocean is predicted to face
a multitude of changes, including warm-
ing and increased water column stratifi-
cation, reductions in ice cover, enhanced
reactive nitrogen inputs, changes in atmo-
spheric dust deposition, spread and inten-
sification of oxygen minimum zones
and ocean acidification (Gruber, 2011;
Guieu et al., under review). Combined
effects of two or more of these future
changes on ocean biogeochemical cycles
and ecosystems are challenging to pre-
dict as additive, synergistic and antago-
nistic effects may occur in addition to
transitions in oceanic microbial commu-
nities. Research on the effects of mul-
tiple stressors on marine biogeochem-
ical cycles and ecosystems is still in
an initial phase, but will increase in
volume despite significant logistical and
intellectual challenges involved in the
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experimental and interpretation stages.
A number of approaches to achieve
this are currently employed, including
laboratory experiments, mesocosm stud-
ies, and also oceanic observational studies
conducted across strong biogeochemical
and physical gradients. Current research
efforts are focused on the impacts and
feedbacks of combinations of forcing
factors including high pCO2, nutrient
limitation, Fe availability, aerosol dust
addition, oxygen, and temperature. An
important outstanding question involves
the hypothesized decrease in strength
of the biological carbon pump due to
reduced CaCO3 ballasting and decreased
size of phytoplankton cells in a more
acidic, warmer, stratified and increas-
ingly oligotrophic ocean. Furthermore, the
combined effects of ocean acidification,
de-oxygenation, water column stratifica-
tion and (micro-) nutrient supply changes
on dinitrogen fixation, nitrification, den-
itrification, and N2O emissions forms a
key research area due to the central role
of the nitrogen cycle in global ocean
productivity.

BASIN SCALE OBSERVATIONS OF
TRACE ELEMENTS AND ISOTOPES:
GEOTRACES
Major international observational pro-
grammes including GEOSECS, JGOFS,
and WOCE mapped the global oceanic
distributions of the macronutrients N,
P and Si and provided understanding
of the processes involved in their bio-
geochemical cycling. The GEOTRACES
programme (Henderson et al., 2007) is
underway since 2004, with currently about
30 completed cruises, and as main aim
to develop an understanding of the distri-
bution and cycling of trace elements and
isotopes to complement our knowledge
of the macronutrients. This programme
has been made possible by improved trace
metal clean sampling methods and analyt-
ical techniques, and the emergence of high
quality reference seawaters for trace met-
als (Cutter and Bruland, 2012; Anderson
et al., 2014). The publications of this
programme are now emerging, showing
remarkable oceanic distributions of ele-
ments including Zn (Wyatt et al., 2014)
and Fe (Nishioka et al., 2013) which
indicate sources (including hydrothermal
vents, benthic supply and atmospheric

inputs), transport pathways and rela-
tionships with macronutrient cycles. The
programme has also allowed us to under-
stand the observed latitudinal migration of
dinitrogen fixation in the tropical Atlantic,
which is forced by the seasonal shifts of
the Intertropical Convergence Zone and
associated supply of the essential micronu-
trient Fe by wet deposition (Schlosser
et al., 2014). Wet and dry aerosol inputs
form an important but poorly constrained
source of trace metals and nutrients to
the surface ocean (Baker et al., 2007),
with many outstanding questions regard-
ing solubility of elements following aerosol
deposition in the surface waters, (e.g.,
Baker and Croot, 2010). Aerosol col-
lection on the GEOTRACES cruises, in
combination with surface water measure-
ments, will provide unique and impor-
tant new information on the role of
aerosols in marine biogeochemical cycles
and ecosystems.

The emerging datasets from the
GEOTRACES programme for trace ele-
ments and their isotopes will provide
pivotal information for modelers to
improve their models of the oceanic
carbon cycle. Present models typically
have at best a rather simple representa-
tion of the key micronutrient Fe, limiting
the accuracy of the models’ response to
drivers involving changes in strengths
of micronutrient supplies and removal
mechanisms. Important future changes in
micronutrient cycles through processes
such as increased continental aridity,
ocean acidification, or decreasing ocean
oxygen levels can only be modeled through
improvements of our representation of
these processes in biogeochemical mod-
els. A key upcoming challenge will be
to improve our understanding of the
scavenging and stabilisation processes of
trace elements (notably Fe) in the ocean.
The emerging full ocean depth datasets
of trace elements and indicators of ele-
mental scavenging [radionuclides 234Th
and 238U (Honeyman et al., 1988)], in
combination with modeling approaches,
will likely allow us to understand and
quantify the scavenging rates in the
global oceans.

CONCLUSION
Progress in marine biogeochemistry is
driven by innovations in observational

capabilities, which yield an improved
assessment of climatic and chemical
feedbacks (e.g., GEOTRACES). There is
currently a drive toward increased use
of biological and chemical sensors on
autonomous platforms, providing large
high frequency temporal and spatial data
sets which will require multi-disciplinary
data convolution approaches, directly
linked to modeling efforts. The revolu-
tion in our data-acquisition approaches
will require training of the new generation
of marine biogeochemists in the statisti-
cal and numerical skills needed to handle
complex chemical, biological, and physical
datasets.

ACKNOWLEDGMENTS
I acknowledge funding by the UK
Natural Environment Research Council,
and the German Research Foundation
Collaborative Research Center 754
(DFG SFB754) Programme on Climate-
Biogeochemistry Interactions in the
Tropical Ocean.

REFERENCES
Anderson, R. F., Mawji, E., Cutter, G. A., Measures, C.

I., and Jeandel, C. (2014). GEOTRACES: changing
the way we explore ocean chemistry. Oceanography
27, 50–61. doi: 10.5670/oceanog.2014.07

Arrigo, K. R., Perovich, D. K., Pickart, R. S., Brown,
Z. W., Van Dijken, G. L., Lowry, K. E., et al.
(2012). Massive phytoplankton blooms under arc-
tic sea ice. Science 336, 1408. doi: 10.1126/sci-
ence.1215065

Baker, A. R., and Croot, P. L. (2010). Atmospheric
and marine controls on aerosol iron solubil-
ity in seawater. Mar. Chem. 120, 4–13. doi:
10.1016/j.marchem.2008.09.003

Baker, A. R., Weston, K., Kelly, S. D., Voss, M.,
Streu, P., and Cape, J. N. (2007). Dry and
wet deposition of nutrients from the tropical
Atlantic atmosphere: links to primary productiv-
ity and nitrogen fixation. Deepsea Res. I Oceanogr.
Res. Papers 54, 1704–1720. doi: 10.1016/j.dsr.
2007.07.001

Berndt, C., Feseker, T., Treude, T., Krastel, S.,
Liebetrau, V., Niemann, H., et al. (2014). Temporal
constraints on hydrate-controlled methane seep-
age off svalbard. Science 343, 284–287. doi:
10.1126/science.1246298

Canadell, J. G., Le Quéré, C., Raupach, M. R.,
Field, C. B., Buitenhuis, E. T., Ciais, P., et al.
(2007). Contributions to accelerating atmospheric
CO2 growth from economic activity, carbon
intensity, and efficiency of natural sinks. Proc.
Natl. Acad. Sci. U.S.A. 104, 18866–18870. doi:
10.1073/pnas.0702737104

Chen, C.-T. A., and Borges, A. V. (2009). Reconciling
opposing views on carbon cycling in the
coastal ocean: continental shelves as sinks
and near-shore ecosystems as sources of

www.frontiersin.org May 2014 | Volume 1 | Article 7 | 3

http://www.frontiersin.org
http://www.frontiersin.org/Marine_Biogeochemistry/archive


Achterberg Grand challenges in marine biogeochemistry

atmospheric CO2. Deep Sea Res. II Top. Stud.
Oceanogr. 56, 578–590. doi: 10.1016/j.dsr2.
2009.01.001

Cunliffe, M., Engel, A., Frka, S., Gašparović, B.,
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