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Executive Summary

The ocean is one of the largest natural reservoirs of carbon, storing about 20 times more CO2 than the terrestrial biosphere and soils, and playing a significant role in climate moderation.  Globally, the oceans have accumulated up to one third of the total CO2 emissions from burning fossil fuels, land use change and cement production within the last 250 years.  Anthropogenic emissions of CO2 continue to significantly increase atmospheric CO2 concentration, which in turn is expected to bring about significant global temperature increases with both predicted and unforeseen negative consequences for humans and the environment.  
There is a clear need to reduce CO2 emissions to limit climate change to an acceptable level, necessitating the uptake of clean air technologies, supported by a range of mitigation and adaptation measures.  Ocean fertilization has been proposed as one such mechanism to sequester carbon dioxide from the atmosphere in order to temporarily stabilize atmospheric CO2 concentrations.  Ocean fertilization is based on a scientific hypothesis of artificially increasing the natural processes by which carbon is sequestered from the atmosphere into marine systems, through the stimulation of primary production in surface ocean waters with macro or micro nutrients.  
The induction of phytoplankton biomass production through ocean fertilization has been consistently demonstrated in certain nutrient deficient areas of the oceans via experimentation.  However the downward transport of the captured carbon into the interior of the ocean, following the decline of the phytoplankton bloom, has not been substantiated.  
The natural variability and fluctuations in biogeochemical processes within the oceans, coupled with an incomplete understanding of the linkages and drivers within this complex system, prevents the extrapolation of experimental observations to the temporal and spatial scales predicted for carbon sequestration by ocean fertilization.  Sparse baseline information in the areas suitable for fertilization, and significant costs and logistical constraints of open ocean field monitoring, also prevents the accurate observation of impacts to marine biodiversity resulting from the intentional alteration of chemical and biological processes, and places an emphasis on unconfirmed modeled simulations to establish the longer term impacts.  
Given the present state of knowledge, significant concern surrounds the unintended impacts of ocean fertilization on marine ecosystem structure and function, including the sensitivity of species and habitats and the physiological changes induced by micro nutrient and macro nutrient additions to surface waters.  Consequences at the ecosystem scale may include an alteration of global ocean food chains caused by changes in phytoplankton communities, which favour the proliferation of opportunistic, less commercially viable species; changing patterns of primary productivity globally by reduced availability of nutrients in surface waters; enhanced acidification of the oceans with significant impacts for shell producing organisms; and the future influence of the oceans on the global radiative budget and climate control.  

Ocean fertilization has been highly publicized as a cost effective strategy for mitigating climate change. However, these costs do not effectively account for the observed shortcomings in sequestration efficiency, nor the total economic value of ecosystem function which might be lost due to ocean fertilization, and have been significantly underestimated.  

The uncertainties surrounding the viability of ocean fertilization as a carbon sequestration technique and the consequences of large scale fertilization for species, habitats and ecosystem function add significant weight to the case for the international oversight for all ocean fertilization activities, alongside the wide adoption of an assessment framework for the careful validation of side effects, and legitimate scientific research to advance our collective understanding of biogeochemical processes within the vast global oceans.  An integrated and coordinated response from the relevant international organizations/bodies is required to ensure that ocean fertilization activities do not jeopardize human health or breach the protection, conservation, and sustainable management of the marine biodiversity and ecosystems.  
I. Background
The oceans hold around 38,000 gigatonnes of carbon (Gt C).  They presently store about 50 times more carbon dioxide (CO2) than the atmosphere and 20 times more than the terrestrial biosphere and soils.  Before industrialization, the ocean was at a state of near equilibrium in terms of carbon efflux and influx and not a CO2 sink; it released about 0.6 Gt C annually to the atmosphere, while approximately the same amount of carbon entered the oceans from the terrestrial biosphere as organic matter flowing in from rivers
.  This has since changed.  Globally, the oceans have accumulated carbon in the range of 112-118 (+/- 17-19) Gt C since the beginning of the industrial era, corresponding to an uptake of about 29% of the total CO2 emissions from burning fossil fuels, land use change and cement production within the last 250 years
 
.  Driven by the difference in the partial pressure of CO2 between the atmosphere and seawater, a portion of the atmospheric CO2 dissolves in the surface layer of the sea and is finally transported into the deep sea by ocean currents.  Furthermore, a proportion of dissolved CO2 in sunlit ocean surface waters is fixed into biomass through photosynthesis, and may sink to the deep sea by gravity.  As a result, the ocean is the second largest sink for CO2 produced from anthropogenic activities, after the atmosphere itself
, and plays a significant role in the long-term storage of atmospheric CO2.
Anthropogenic emissions of CO2 have significantly increased atmospheric CO2 concentrations during the last century, which in turn is expected to bring about significant global temperature increases with both predicted and unforeseen negative consequences for humans and the environment
 
.  There is a clear need to reduce CO2 emissions to limit climate change to an acceptable level, necessitating a range of adaptation and mitigation measures.  This has led to a portfolio of geo-engineering proposals and options to remove CO2 from the atmosphere.  To be successful, a significant amount of CO2 must be removed from the atmosphere for many decades, in a verifiable manner, and without causing deleterious side effects
.  In past decades, there have been a number of geo-engineering proposals to utilize and increase the functions of the oceans as a sink for atmospheric CO2, including the proposal to artificially increase phytoplankton growth by fertilizing suitable areas of the oceans.

Large scale fertilization of the oceans using micronutrients such as iron has been the subject of recent commercial interest as a potential strategy for carbon sequestration.  This interest, and the insufficient knowledge about the efficacy and potential environmental impacts of such sequestration activities raises important questions about the longer term implications on ocean processes, marine biodiversity, food security and human health, leading a number of international organizations and UN agencies to adopt statements, agreements and recommendations for the control and proper management of ocean fertilization activities
.

Subsequently, in 2008, the Conference of the Parties to the Convention on Biological Diversity, in its ninth meeting, adopted decision IX/16 (Biodiversity and climate change).  In Part C (Ocean Fertilization), paragraph 4 of this decision, the Conference of the Parties “…requests Parties and urges other Governments, in accordance with the precautionary approach, to ensure that ocean fertilization activities do not take place until there is an adequate scientific basis on which to justify such activities, including assessing associated risks, and a global, transparent and effective control and regulatory mechanism is in place for these activities; with the exception of small scale scientific research studies within coastal waters.  Such studies should only be authorized if justified by the need to gather specific scientific data, and should also be subject to a thorough prior assessment of the potential impacts of the research studies on the marine environment, and be strictly controlled, and not be used for generating and selling carbon offsets or any other commercial purposes;..”.
.

Furthermore, in its decision IX/20 (Marine and coastal biodiversity), the Conference of the Parties to the Convention on Biological Diversity “Taking into account the role of the International Maritime Organization, requests the Executive Secretary to seek the views of Parties and other Governments, and, in consultation with the International Maritime Organization, other relevant organizations, and indigenous and local communities, to compile and synthesize available scientific information on potential impacts of direct human-induced ocean fertilization on marine biodiversity, and to make such information available for consideration at a future meeting of the Subsidiary Body on Scientific, Technical and Technological Advice prior to the tenth meeting of the Conference of the Parties.”
.

The issue of ocean fertilization was addressed at the 30th Consultative Meeting of Contracting Parties to the Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter (London Convention) and 3rd Meeting of Contracting Parties to the London Protocol (London, 27 – 31 October 2008).  This meeting agreed, inter alia, that “the scope of work of the London Convention and Protocol included ocean fertilization, as well as iron fertilization; the London Convention and Protocol were competent to address this issue due to their general objective to protect and preserve the marine environment from all sources of pollution (Article I of the Convention and Article 2 of the Protocol); they would further study the issue from the scientific and legal perspectives with a view to its regulation.”  The meeting also adopted Resolution LC-LP.1 (2008) on the Regulation of Ocean Fertilization
. 
Carbon and CO2 Unit Conversion Table

Climate change mitigation measures often refer to the natural uptake or engineered capture and storage of carbon (C) while in the context of greenhouse gas emissions it is referred to the gaseous form of carbon, carbon dioxide (CO2).  The relation between the two is as follows: 

1 ton of carbon corresponds to 3.67 tonnes of carbon dioxide
(i.e. 3.67 tonnes of carbon dioxide contain 1 ton of carbon).

In this report, total carbon stores are provided in gigatonnes of carbon (Gt C) and stores per area in tonnes of carbon per m2 (t C m2).  Carbon fluxes are presented in tonnes of carbon per year (t C per yr) or tonnes of carbon per m2 per year (t C m2 per yr). 

1 Gt C of carbon corresponds to 109 t C.
A. Objectives of the report
This report presents a review and synthesis of existing literature and other scientific information on the potential impacts of direct human-induced ocean fertilization on marine biodiversity, pursuant to CBD COP 9 decision IX/20, paragraph 3.  The final report takes into consideration comments and feedback submitted by Parties, other Governments and organizations as well as the inputs from international scientific experts who kindly peer-reviewed the report.

In accordance with the requirements set out in decision IX/20, the output of this work shall be submitted to the 14th meeting of the Subsidiary Body on Scientific, Technical and Technological Advice, scheduled for May 2010, for consideration.  .

The research for this report was conducted in collaboration with the UNEP-World Conservation Monitoring Center with kind financial support from the Government of Spain.

B. Definition(s) of Ocean Fertilization
Despite a wealth of ocean fertilization literature, descriptions and statements, there are few internationally agreed definitions of the term.  This synthesis uses the definition agreed by the Parties to the London Convention and London Protocol for the purpose of Resolution LC-LP.1 (2008) on the Regulation of Ocean Fertilization, which defines ocean fertilization as: any activity undertaken by humans with the principal intention of stimulating primary productivity in the oceans, not including conventional aquaculture, or mariculture, or the creation of artificial reefs11.
It should be noted that the above definition of ‘ocean fertilization’ excludes other human activities which might cause fertilization as a side effect, for example by pumping cold, deep water to the surface for cooling or energy-generating purposes (Ocean Thermal Energy Conversion – OTEC).  The latter utilizes the significant temperature difference between shallow and deep waters to produce renewable energy. 

Furthermore, the definition of ocean fertilization in resolution LC-LP.1 (2008) does not cover all processes that might be explored through the addition of material to the marine environment, e.g. (1) the addition of iron to the ocean to study geochemical aspects; and (2) the addition of materials that would cause organic matter to adhere to and sink.  The following suggestions for a revised definition of ocean fertilization were offered for consideration by the Intersessional Technical Working Group on Ocean Fertilization at their first meeting in February 2009
:

Proposal 1:  Ocean fertilization is any human activity undertaken that results in the deliberate addition or redistribution to the photosynthetic layer of micronutrients such as iron and macronutrients such as nitrogen or phosphorus; or

Proposal 2:  Ocean fertilization is any human activity undertaken in full or in part to add or redistribute to the photosynthetic layer micro nutrients such as iron and macronutrients such as nitrogen and phosphorus.

These proposed definitions and other scientific, technical and legal aspects related to ocean fertilization have been (or will be) further discussed under the auspices of the London Convention and Protocol, inter alia, at the 1st Meeting of the LP Intersessional Legal and Related Issues Working Group on Ocean Fertilization (London, 11 – 13 February 2009)
, and the 32nd meeting of the Scientific Group under the London Convention and the 3rd meeting of the Scientific Group under the London Protocol (Rome, 25-29 May 2009).  The outcomes of these meetings will be reported to the 31st Consultative Meeting of Contracting Parties to the London Convention and 4th Meeting of Contracting Parties to the London Protocol (London, 26 - 30 October 2009), which will address ocean fertilization under Agenda Item 4.
C. Scientific hypothesis for Ocean Fertilization
The ocean is one of the largest natural reservoirs of carbon, and as such plays an important role in climate variability.  The gas equilibrium at the ocean-atmosphere interface facilitates the exchange of gases in both directions.  Biological, chemical and physical processes within the ocean maintain a steep gradient of CO2 between the atmosphere and the deep ocean, driving the dissolution of additional CO2 from the atmosphere into surface ocean waters
.  The ocean has absorbed approximately one-third of the CO2 released from all human activities between 1800 and 1994, leading to an increase in the total inorganic carbon content of the oceans in the range of 112 to 118 (+/- 17-19) Gt during this period2 3.  
Thermal and density stratification separates the shallow surface water layers (~ a few hundred meters deep) from the deep water layers (~ a few kilometers deep) across the global oceans, except in polar regions.  Large scale, three dimensional ocean circulation creates pathways for the transport of dissolved gases, heat, and freshwater from the surface ocean into the density-stratified deeper ocean, thereby isolating them from further interaction with the atmosphere for several hundreds to thousands of years, and influencing atmospheric CO2 concentrations over glacial, inter-glacial, and anthropogenic timescales
.

The overall capacity of the ocean carbon sink is predicted to diminish with increasing CO2
.  Carbon models have shown that the rate of natural uptake of CO2 by the ocean may be reduced by 9% as a consequence of climate change impacts
.  For the Southern Ocean, a weakening of the carbon sink has been observed during the last two decades.  Whether this trend will continue or reverse at some point is uncertain
.  A rapid decline in the CO2 buffering capacity has been reported from the North Sea and models suggest it is likely that the capacity in the Gulf Stream/North Atlantic Drift regions may also be in decline
.

The Biological Pump
A fraction of the surface ocean, a few tens of meters, is sufficiently sun lit to support photosynthesis by marine plants, termed the euphotic zone.  Macro algae and rooted plants are confined to shallow coastal waters, while phytoplankton is the dominant form of plant in the open ocean.  Using sunlight for energy and dissolved inorganic nutrients, phytoplankton convert dissolved inorganic carbon (DIC) in seawater into bio-available organic matter through photosynthesis, driving global marine food webs, and prompting the ‘draw down’ of additional carbon dioxide from the atmosphere to restore the gas equilibrium.  
In oceanic biogeochemistry, the ‘Biological Pump’ is the sum of a suite of biologically mediated processes that transport carbon from the surface euphotic zone to the ocean’s interior.  The concept of ocean fertilization is based on artificially increasing the natural processes by which carbon is sequestered from the atmosphere into marine systems, through the stimulation of primary production in surface ocean waters.  
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Figure 1: Together with the 'solubility pump' (right), which is driven by chemical and physical processes, it maintains a sharp gradient of CO2 between the atmosphere and the deep oceans where 38 [image: image2.png]


1018 g of carbon is stored.  Using sunlight for energy and dissolved inorganic nutrients, phytoplankton convert CO2 to organic carbon, which forms the base of the marine food web. As the carbon passes through consumers in surface waters, most of it is converted back to CO2 and released to the atmosphere. But some finds its way to the deep ocean where it is remineralized back to CO2 by bacteria. The net result is transport of CO 2 from the atmosphere to the deep ocean, where it stays, on average, for roughly 1,000 years. The food web's structure and the relative abundance of species influences how much CO2 will be pumped to the deep ocean. This structure is dictated largely by the availability of inorganic nutrients such as nitrogen, phosphorus, silicon and iron. (Figure modified from a graphic by Z. Johnson.). 
Source: Chisholm, S. W. (2000). Oceanography: Stirring times in the Southern Ocean. Nature 407. pp. 685-687
Primary production, and the associated rate of carbon sequestration into the ocean interior is limited by light availability and the supply of essential nutrients for growth (nitrate, phosphate, silicic acid), which restricts the distribution of phytoplankton to the shallow euphotic zone.  The eventual export of dissolved organic carbon (DOC) to the ocean interior, is reliant on the vertical mixing of the water
.  

Increasing sea surface temperatures and enhanced freshening enhances the thermal stratification of the ocean and reduces vertical mixing, which translates into warm surface waters that are less soluble for carbon dioxide, and a concurrently reduced nutrient supply from deeper ocean layers
.  

Recent research predicts a dramatic decline in the nutrient supply to the euphotic layer in the coming century
.  These factors combined will likely result in decreased primary productivity - and therefore carbon uptake – and a decline in the efficiency of the biological pump.  While it can be argued that the resupply of nutrients to surface waters may be addressed by ocean fertilization, the same could not be said for thermal stratification, which remains a limiting factor for effective carbon sequestration.  

Much of the carbon ‘fixed’ within the phytoplankton during photosynthesis is converted back to CO2 and released to the atmosphere by the respiration of phytoplankton, bacterioplankton and grazing zooplankton in the mixed surface layers.  Particulate organic carbon (POC), particulate inorganic carbon (PIC) and dissolved organic carbon (DIC) is exported in the planktonic debris to deeper waters at a rate of ~10PgC per year
, but much of the organic matter not consumed by macrofauna is remineralized into DIC by microbial degradation within the top 500m of the water column, becoming available for further photosynthesis.  A proportion of the POC will sink into the density stratified deeper ocean before it decays, where it will remain, isolated from further interaction with the atmosphere for an estimated 1,000 years14, until deep ocean currents and upwelling processes return the deep water to the surface7 
.  It is estimated that only a very small amount of the planktonic debris (0.1%) ever reaches the ocean sediments and is lithified to form hydrocarbon deposits (Fig 1)
.

Recent research
 
 indicates that marine viruses (which are by far the most abundant ‘life forms’ in the oceans and infect all marine organisms, including plankton and bacteria) affect and control the composition of planktonic communities and the efficiency of the biological pump.  The ‘viral shunt’, i.e. the lysis of viral infected plankton cells and microbes releases a large amount of carbon and nutrients in form of dissolved and particulate matter, which increases the respiration and decreases the amount of carbon sinking to the deep sea (Fig 2).

[image: image3.emf]
Figure2: Viruses as catalysts for biogeochemical cycling. Source: Suttle, C. A., 2005
[image: image4.emf]
Figure 3: Viruses can affect the efficiency of the biological pump. Source: Suttle, C. A., 2005.

Solubility Pump
CO2 reacts with water and carbonate to form bicarbonate ions.  The sum of bicarbonate ions, CO2 and carbonate is DIC
.  The more DIC the ocean water contains, the heavier it gets, whereby the DIC loaded water sinks down to the deep ocean.  In lower latitudes, ocean upwelling drives water from the deep ocean back to the surface, the water warms up during its rise, reducing the solubility of the CO2 it holds and consequently causing the release of some of it back to the atmosphere.  The overall process of carbon uptake, down-welling, up-welling and out-gassing is termed the “solubility pump”.  

The solubility of CO2 in water correlates negatively with water temperature16.  Increasing sea surface temperatures as a result of climate change therefore decrease the solubility of CO2 in the water.  Different climate models predict ocean temperature increases throughout the century
.  This means that less CO2 can be absorbed at the surface in the formation of deep and bottom water and more is released in upwelling areas.  Model outcomes suggest that not only surface water temperature, but also mean deep ocean temperatures are highly correlated with the strength of the solubility pump
.  In the long term, climate change impact on the solubility of CO2 may slow down, or in the worst-case even interrupt, the ocean’s solubility pump.  This would seriously influence the ocean’s carbon uptake capacity and lead to a still more rapid increase of the concentration of CO2 in the atmosphere.
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Figure 4: Biological and Physical pumps of carbon dioxide. Source: Hannes Grobe, 2006, Alfred Wegener Institute for Polar and Marine Research
High Nutrient –Low Chlorophyll (HNLC) regions
The physiological nutrient and trace element requirements of marine phytoplankton must be met from within the water column.  The mean elemental ratio of marine organic particles supporting phytoplankton growth, known as the Redfield ratio, is 106C/16N/1P by atoms and is highly conserved
.  The world’s oceans contain vast reservoirs of nutrients, however these are found primarily at depths below 200 meters, where there is insufficient light for (net) photosynthesis to occur.  Nutrient fluxes from deep waters are low in open ocean areas, and one of the nutrients essential to photosynthesis is almost always exhausted at some time during the growing cycle.  The relief of limitation by one nutrient will normally allow production to increase only to the point where it is limited by another
.

Over 20% of the world’s open ocean surface waters are characterized by the presence of adequate nitrate, phosphate and silicate in the euphotic zone, but a relatively low corresponding phytoplankton biomass.  These areas, termed high-nutrient, low-chlorophyll (HNLC) areas, are observed in the equatorial and subarctic Pacific Ocean, the Southern Ocean, and in some strong upwelling regimes, such as off central and northern California.  Grazing pressure from herbivores has been suggested as a mechanism which prevents the phytoplankton from fully utilizing the available nutrients, alongside strong turbulence (at higher latitudes) which may mix the phytoplankton below the critical depth, resulting in light limitation of growth
.

In addition to these factors, Martin and co-workers predicted and later validated via bottle incubations and meso-scale iron (Fe) enrichment experimentation, that micronutrients, such as Fe, which are catalytic components in a wide variety of electron transport and enzymatic systems, are a limiting factor in phytoplankton photosynthesis
.  Subsequent experimentation has supported the proximate control of biological productivity by iron (The ‘Iron Hypothesis’), suggesting that iron availability may regulate ocean production in HNLC areas, thus influencing the associated uptake of carbon over large areas of the ocean.  The Southern Ocean is the largest HNLC area of the global ocean, and is of significant importance in the regulation of the global climate system due to its potential as a carbon sink.  

Low Nitrate – Low Chlorophyll (LNLC) regions

The surface waters of sub tropical and tropical marine habitats have low sea surface concentrations of nitrate (NO3-) and chlorophyll, and are characterized by low rates of organic matter production and export of DOC to the ocean interior.  As the magnitude of fluxes in the carbon cycle of these habitats is determined by the supply of inorganic nutrients, these low nitrate, low-chlorophyll (LNLC) areas represent the global ocean minima in carbon sequestration potential.  In well illuminated and stratified NO3- depleted regions, the addition of Fe should enhance the growth of nitrogen fixing organisms (diazotrophs) and promote N2 based carbon export and sequestration.  Alternatively the addition of PO43- to Fe-containing, P-depleted waters also should stimulate N2 fixation.  These characteristics are observed in oligotrophic waters downwind from continental dust sources or areas impacted by hydrothermal inputs of Fe from shallow underwater volcanoes
.

Natural Oceanic Iron Sources
Natural inputs of Fe are supplied to the marine environment via a range of sources: river runoff; the re-suspension of sediments in shallow marine environments; melting sea ice; aerosol deposition of soluble iron; and via vertical mixing and upwelling processes15.  Windblown terrestrially derived dust, mainly from the great deserts of the world, is a major source of external Fe input for the open oceans.  Dust particles are transported over scales of thousands of kilometers, creating strong deposition gradients across the oceans.  It has been estimated that 26% of the total global dust produced each year (1,700Tg/year-1) is deposited in the oceans, with the South Atlantic, South Pacific and Southern Ocean receiving the smallest aeolian dust inputs (Fig 5)
. 

[image: image6.emf]
Figure 5: Average Dust Deposition (g/m2/year).  Jickells et al. 2005

Contemporary ocean observations support the theory that natural iron fertilization elevates biomass.  In 2001, chlorophyll retrievals from NASA’s SeaWiFS satellite and two robotic Carbon Explorer floats observed the rapid growth of phytoplankton in the upper layers of the North Pacific Ocean in response to a passing storm which deposited iron-rich dust from the Gobi Desert into surface waters.  An increased particulate organic carbon (POC) loading was observed in the mixed surface layer 5 days after the dust input, with POC levels exceeding by a factor of two to four those recorded in previous ship based observations23.  The robotic floats provided high frequency, continuous monitoring data of the upper ocean for a period of 8 months in 2001, facilitating for the first time, the direct observation of the biological response to an episodic natural fertilization event.

The examination of aeolian dust particles obtained from ice and sediment cores suggests that during glacial periods the supply of Fe to the world oceans was higher than during interglacial periods.  Martin and co-workers proposed that increasing iron supply from dust during glacial periods stimulated primary productivity, which in turn led to a decrease in atmospheric CO2 levels and further global cooling 33.  It is estimated that this increase in Fe induced productivity could have accounted for 30% of the 80 ppm drawdown in atmospheric CO2 observed during glacial maxima
.  This ‘iron hypothesis’ has sparked much interest in the potential of specific ocean regions to mitigate further climatic warming by improving the efficiency of the biological pump to draw down CO2 from the atmosphere, through the intentional fertilization of ocean surface waters with relatively small quantities of macro and micro nutrients.

Removal of Atmospheric CO2
To maintain CO2 in the atmosphere and the resultant climate change to an acceptable level, considered to be ~450ppm, carbon emissions must be dramatically reduced7.  For carbon sequestration technologies to be considered effective, they should be capable of removing atmospheric CO2 for a minimum period of 100 years, and stabilizing net CO2 emissions at 500ppm to provide a buffer period for the reduction of global CO2 emissions, and the global uptake of clean fuel infrastructure and technologies.  
Laboratory culture based estimations of fertilization efficiency, defined as the ratio of carbon export to the amount of iron supplied, have suggested that ocean fertilization with iron could remove 3-5 Gt of C from the atmosphere each year, representing 50% of current global atmospheric emissions.  Although it is by no means proven, modelling studies have predicted that the sustained fertilization of HNLC areas (~30% of the global oceans), over decadal timescales, could temporarily sequester at most 0.5Gt C yr-1.  Oligotrophic (LNLC) areas (~50% of the global oceans) offer further potential to enhance carbon sequestration in the ocean by enhancing the growth of phytoplankton or by stimulating nitrogen fixation
.  
These efficiency estimates however have not been reflected by the open ocean observations to date, which have required more than twice the predicted amount of Fe to trigger a phytoplankton bloom, leading to the estimation that to sequester approximately 30% of the annual anthropogenic CO2 emissions, an area of 109km2 corresponding to more than an order of magnitude larger than the size of the entire Southern Ocean would need to be fertilized each year
.  These conservative estimates suggest that even with sustained fertilization of open oceans, only a minor impact on the increase in atmospheric CO2 will be possible
 41
II. Review of Ocean Fertilization Approaches and Potential Impacts on Marine Biodiversity
The role of iron and macronutrients in carbon cycling has been assessed to date using laboratory and ship-based incubations, mesoscale fertilization experiments and model simulations of the dynamic ocean environment.  The findings of these studies have established the fundamental role of iron limitation and advanced scientific understanding of ocean biogeochemistry.  However, direct experimental demonstration that ocean fertilization induces an increased downward transport of biogenic carbon has remained largely elusive
.  

The verification of the exact quantities of carbon that would be sequestered in deep ocean sediments presents significant scientific and technical challenges, and cannot be measured by any simple means.  Ship dependent ocean observations of biogeochemical processes and carbon dynamics have to date been conducted over short timeframes of days to weeks and over a limited scale, precluding the accurate extrapolation of results to the larger ocean basin or global scales required for carbon sequestration by ocean fertilization23.  

Assessment of the long term, large scale processes affected by ocean fertilization is only feasible through detailed modelling of the physical oceanography and biogeochemistry of the fertilized and downstream waters.  The current state of knowledge is insufficient to place much confidence in the predictions of available models, which have yielded significantly different scenarios for the effect of ocean fertilization in the global oceans.  Recent research also highlights the role of observational field studies in further reducing experimental limitations and improving the accuracy and predictions of existing model simulations
. 

Overestimations of fertilization efficiency have propelled the notion of ocean fertilization technology as a rapid and low cost climate mitigation strategy, most marked in commercial proposals for ocean fertilization technologies.  These inefficiencies present significant cost implications for the scaling up of ocean fertilization from scientific (test) experiments to commercial scale operations, and raise concerns for the unintended impacts on marine ecosystem structure and dynamics, including the sensitivity of species and habitats and the physiological changes induced by micronutrient and macronutrient additions to surface waters. 

Currently a number of commercial enterprises are championing large scale open ocean fertilization technologies, ultimately with the purpose of trading carbon credits.  A range of ocean fertilization methods using the addition of iron, nitrogen, phosphate, and silica, are considered below in the context of the fate of and alterations caused by these added substances and processes within the marine environment, the biogeochemical changes, organism responses and ecosystem considerations of fertilized and downstream water for each fertilization method.

A. Iron fertilization

Scientific experiments
A total of 12 mesoscale iron fertilization studies have been undertaken over time and space scales of weeks and km’s, between 1993 and 2007 in polar, sub polar and tropical HNLC areas (Fig 4).  The results of these experiments (Annex 1) have confirmed a direct biological response of HNLC regions to iron enrichment through increased phytoplankton biomass.  Early experiments were conducted and monitored over very short timeframes (just 9 days in IRON EX I in 1993), and were conducted principally to understand the nature of the controls of primary production and ecosystem function in HNLC waters, not to assess the potential of carbon sequestration in climate manipulation33.  Subsequent experimentations have tested the ‘iron hypothesis’ across more HNLC areas, adapted experimental methodologies in response to limitations, and attempted to monitor carbon export flux into deeper waters and the impacts on local nutrient concentrations. 

In March 2009, a larger scale Fe fertilization experiment, LOHAFEX was conducted in the Southern Ocean, releasing six tonnes of dissolved Fe into a fertilized patch of 300km2.  The bloom was followed by observers for a period of 39 days
.

[image: image7.emf]
Figure 6. Approximate site locations of 12 mesoscale Fe fertilization experiments (white crosses) relative to annual surface mixed-layer nitrate concentrations in units of mmol liter−1.  Shipboard Fe experiments (red crosses), and a joint Fe and P enrichment study of the subtropical LNLC Atlantic Ocean (FeeP; green cross). FeAXs shown are SEEDS I and II (northwest Pacific; same site but symbols are offset), SERIES (northeast Pacific), IronEX I and II (equatorial Pacific; IronEX II is to the left), EisenEx and EIFEX (Atlantic polar waters; EIFEX is directly south of Africa), SOIREE (polar waters south of Australia), SOFEX-S (polar waters south of New Zealand), SOFEX-N (subpolar waters south of New Zealand), and SAGE (subpolar waters nearest to New Zealand). FeNX sites shown are the Galapagos Plume (equatorial Pacific), Antarctic Polar Front (polar Atlantic waters), and the Crozet and Kerguelen plateaus (Indian sector of Southern Ocean; Crozet is to the left of Kerguelen). Source. Boyd et al, 2007
Overviews of ocean iron fertilization experiments
The following tables provide summaries of key data about the iron fertilization experiments carried out so far.  Further information about these experiments is given in Annex 1.

Table 1. Summary of the amounts and scales of previous iron fertilization activities
	
	Initial size of dispersal area
	Amount of Fe supplied
	Temporal Nature
	Injection Frequency
	Duration of monitoring

	Past Activities
	64-1000 km2
	350 kg (SEEDS I)
-2000kg (LOHAFEX)43
	Days-weeks
	Single (e.g. IRON Ex I) and pulsed injection of Fe (0 ,3, 7 days) (e.g. SOIREE)
	Maximum of 2 months


Table 2. Summary of potential materials used in iron fertilization
	
	Typical Sources*
	Typical Physical Forms
	Typical Impurities
	Typical Ancillary input materials for verification or monitoring

	Ferrous Sulphate
	Manufactured
	Powder
	· Doped with phosphate

· Trace Elements

· Trace Organics
	SF6

	Fe-chelate (organically complexed)
	Manufactured
	
	
	

	Iron Sulphide
	Manufactured
	
	
	

	Hematite dust
	(i) Manufacturing process

(ii) Naturally occurring
	Fine powder or nano-particle
	
	

	Propriety nutrient supplements
	Not readily known
	
	
	


Source:
Report of the 31st Meeting of the Scientific Group of the London Convention and the 2nd Meeting of the Scientific Group of the London Protocol, 2008 

 *The purity of the iron compound being used for fertilization should also be known to ensure that it does not introduce concentrations of other elements of organic compounds that would endanger marine ecosystems.

Commercial interest
Commercial companies such as the Climos Corporation and the Planktos Corporation (which suspended operations in 2008) have proposed the fertilization of the open ocean on significantly larger scales of 40,000 km2 and have attracted controversial media attention over the potential impacts of such activities.  The Planktos Corporation proposed to fertilize an area of ocean 560 km west of the biologically diverse Galapagos Islands using 90 tonnes of hematite, and monitor the resulting bloom for up to 6 months
.  However the experiment (planned for May 2007) could not go ahead due to an inability to raise sufficient funds.  Planktos is currently continuing operations as Planktos Science (www.planktos-science.com).
Synthesis of Observed and Predicted Impacts of Iron Fertilization on Marine Biodiversity

A literature review revealed the following information on observed or predicted impacts of iron fertilization on marine biodiversity.

Table 3. Summary of observed and predicted impacts of iron addition to the marine environment (Source 45)
	
	Observed or Predicted impacts to Fertilized Area
	Observed or Predicted Downstream Impacts

	Organism responses
	Diatoms have responded to Fe additions with the greatest increase in biomass in 5 out of 12 experiments (Boyd et al, 2008). Diatoms have a siliceous shell and a strong tendency to sink out of the surface waters driving sequestration.
	Depletion of silicic acid from surface waters limits further diatom production despite the availability of other macronutrients and Fe (Boyd et al, 2007).

	
	Diatoms did not proliferate during the LOHAFEX experiment leading to reduced bloom production and limited CO2 draw down (www.awi.de).
	

	Biogeochemical changes
	Fe induced phytoplankton bloom in surface waters confirmed by high chlorophyll levels.
	The absorption of solar radiation by plankton can have a substantial warming effect on the ocean surface in the fertilized area – comparative to the radiative forcing from CO2. (Rayfuse et al 2008).

	
	Depletion of macro nutrients in the surface layer by phytoplankton bloom.
	Reduced availability of nitrates in downstream waters extending for thousands of kilometers (Jin et al, 2008).

	
	Surface nitrate depleted. Reduction of surface dissolved inorganic carbon (DIC) by >30mmol-1 leading to a drop in pCO2 of >40µatm and the drawdown of CO2. (Jin et al, 2008) – model. ROMS-BEC
	Downstream reduction in productivity due to lateral resupply of surface macronutrients to fertilized location.

	
	Below the mixed layer nitrate and DIC increase relative to surrounding water due to remineralization of sinking organic matter. (Jin et al, 2008) ROMS-BEC
	Potential for increased remineralization and bacterial processes to reduce oxygen concentrations within sub surface waters.

	Biogeochemical Fluxes
	The increase of dimethylsulphonopropionate (DMSP) and dimethylsulphide (DMS) production which can affect cloud formation and the reflective properties of clouds was seen in IronEx II, SOIREE, and EisenEx (Levasseur et al, 2006).


	During SERIES a minor increase in DMS concentration was observed with subsequent decline to 1 order of magnitude below surrounding unfertilized waters creating a sink for atmospheric DMS (Law, 2008).

	
	An increase in N2O production of 7% was observed in upper pycnocline in the SOIREE experiment, while an increase in N2O of 8% was observed between 30-50 meters in the SERIES experiment (Law, 2008). 
	N2O, a greenhouse gas with greater warming potential than that of CO2 can offset any benefits obtained from atmospheric CO2 drawdown. (Rayfuse et al 2008).



	
	
	Observed release of Isoprene, an ozone precursor, which may have a substantial effect on clouds through the formation of secondary aerosols. (Rayfuse et al 2008).



	Ecosystem considerations
	No evidence of Harmful Algal Bloom (HAB) production in any of the 12 enrichment experiments.
	


Laboratory experiments demonstrated that the addition of iron to seawater samples stimulated the growth of phytoplankton, especially diatoms.  A shift in the phytoplankton community from one dominated by smaller planktonic species to one dominated by diatoms was observed in 5 out of the 12 iron addition experiments as detailed in Annex 1.  The enhanced phytoplankton bloom proliferates for a limited duration prior to decline, for example 37 days in EiFEX44.
As the phytoplankton bloom progresses, essential nutrients phosphates, nitrates and silicates are utilized in the surrounding surface waters.  Mesoscale iron experiments have exhibited a wide range of nutrient uptakes, with the lowest rates observed in polar regions.  Global ocean models have suggested that the evolution of the bloom over time will continue to deplete the downstream water column of macronutrients.  In the case of a decadal model simulation for the tropical eastern Pacific - which combined a Regional Oceanic Modelling System (ROMS) with a Biogeochemical Elemental Cycling (BEC) model - depletion of nitrates in the surface waters of the fertilized area led to reduced nitrate concentrations downstream for several thousand kilometers41.  This means that if iron-addition can stimulate phytoplankton growth in HNLC areas, it could lead to a reduction of nutrients (and thereby phytoplankton production) in other areas.

During two mesoscale iron fertilization experiments, the remineralization and sinking of particulate organic matter during the bloom decline caused an increase in trace gas emissions of Nitrous Oxide (N2O) and other greenhouse gases such as methane.  Secondary organic aerosols formed by the oxidation of phytoplankton produced isoprene during a bloom, can influence cloud formation and thus affect the Earth’s radiation budget and climate
.  The production of these gases has the potential to affect climate and air quality, thereby offsetting any benefits obtained from atmospheric CO2 drawdown.

Early global ocean models also predicted wide areas of the subsurface ocean would become anoxic under large scale continuous iron fertilization.  As the export efficiency of fertilization has been shown to be significantly lower than predicted, the magnitude of the projected oxygen impact has decreased.  However, concern remains that large areas of hypoxic conditions may prevail across the oceans
.  This impact could potentially lead to a further increase in ‘dead zones’
, especially in the deeper waters and the sea floor around the fertilization site(s), as the demersal and benthic communities in HNLC areas are adapted to low inputs of organic matter, and therefore ill equipped to utilize any large amount of sinking phytoplankton material.  A further increase in hypoxic conditions in large parts of the oceans could have significant impacts for marine biodiversity and food security.

B. Phosphorus fertilization
Nearly 80% of the surface waters of the global ocean are considered nitrate depleted.  Chronic NO3- limitation in the upper layer of the water column where light is available to support photosynthesis favours the growth of microorganisms that are able to utilize dissolved organic nitrogen or dissolved N2 in cellular processes, termed diazotrophs.  The nitrogen fixation by these organisms requires an ample supply of iron and phosphorous.  To date there have been two open ocean field trials designed to assess the Fe/P fertilization effects on microbial assemblages and elemental fluxes:

1/. The Cycling of phosphorus (CYCLOPS) project, which added PO43- to a Fe-sufficient portion of the eastern Mediterranean Sea; and
2/. The FeeP project, which added Fe and Fe/PO43- to a region in the Northeast Atlantic Ocean to investigate if N2-fixing phytoplankton are simultaneously limited by Fe and P.
Overviews of ocean phosphorous fertilization experiments
The following tables provide summaries of key data about the phosphorous fertilization experiments carried out so far.  Further information about these experiments is given in Annex 1.

Table 4. Summary of the amounts and scales of previous ocean fertilization activities. 

	
	Initial size of dispersal area
	Amount of Phosphate added
	Temporal Nature
	Injection Frequency
	Duration of monitoring

	CYCLOPS

	16km2 
	No data
	Days to weeks
	Single release
	9 days

	FeeP

	2 patches of 25km2
	(i) 20 tonnes P

(ii) 5 tonnes of Fe followed by 20 tonnes P
	Days to weeks
	2 stage release
	3 weeks


Table 5. Summary of potential materials used in phosphorus fertilization (Source 45)
	
	Typical Chemical Compounds
	Typical Sources
	Typical Physical Forms
	Typical Impurities
	Typical Ancillary input materials for verification or monitoring

	Phosphorus
	Phosphoric acid

Anhydrous monosodium phosphate
	unknown
	Solid, liquid or dissolved in solution
	· Mixed with other limiting nutrients

· Trace metals and organics
	SF6


The export rate of particulate matter to the deep sea was not measured during either the CYCLOPS or FeeP experiments and thus the potential impact on CO2 sequestration from these fertilization experiments and the enhanced N2 fixation triggered is unknown35.

Commercial interest
So far, there have been no proposals for fertilizing the oceans with phosphorous with a commercial purpose.
Synthesis of observed and predicted impacts of phosphate fertilization on marine biodiversity

A literature review revealed the following information on observed or predicted impacts of phosphorous fertilization on marine biodiversity.

Table 6.  Summary of observed and predicted impacts of phosphorus addition to the marine environment
	
	Observed or Predicted impacts to Fertilized Area
	Observed or Predicted Downstream Impacts

	Organism responses
	40% decrease in chlorophyll-a observed in the fertilized CYCLOPS patch following addition of PO43-. 
	

	
	Decrease in primary production and phytoplankton (Picopytoplankton and nanophytoplankton) growth rates.  Increase in bacterial production and copepod egg abundance inside the patch (CYCLOPS).
	Differential access to pools of the next limiting nutrient can cause unexpected community shifts. 

	Biogeochemical changes
	Increase in particulate Phosphate observed during CYCLOPS. 
	

	
	Microbial phosphate uptake and nitrogen fixation increased by up to 6 times and 4.5 times during both FeeP additions51.
	Potential for increased bacterial processes to reduce oxygen concentrations within sub surface waters.

	Biogeochemical Fluxes
	DMS was observed to decrease during the first nutrient addition of the FeeP study51. 
	

	Ecosystem considerations
	
	Copepods are thought to bridge microbial food webs to commercially important fish species.


Source : Thingstad, T. F., et al (2005). Nature of Phosphorus Limitation in the Ultraoligotrophic Eastern Mediterranean. Science, Vol. 309:1068-1070.
The phosphate addition to surface waters in an ultraoligotrophic area of the Mediterranean during the CYCLOPS experiment resulted in an unexpected decline in primary production from phytoplankton and an increase in bacterial production and copepod (egg) abundance of copepods (small, mostly planktonic, crustaceans).  Ammonium addition via on-deck microcosm experiments with water from inside the fertilized patch induced a phytoplankton bloom, suggesting that the natural system was co-limited by N and P in non-diazotrophic taxa35, despite an excess of N in surface waters.  Thingstad et al (2005) suggest that phosphorus may have ‘bypassed’ the phytoplankton through the microbial food web directly to copepods.  This unexpected response may indicate a coupling of copepods to lower trophic levels, and has important implications for phosphate additions on ecosystem food web dynamics50.

C. Nitrogen fertilization
This fertilization concept is based on the observation that in certain regions of the oceans the lack of sufficient nitrogen is the main factor limiting phytoplankton growth, which therefore might be enhanced by adding nitrogen (in form of urea, ammonia or nitrate).

Overviews of proposed ocean nitrogen fertilization experiments
The following tables provide summaries of key data about proposed nitrogen fertilization experiments. Further information about these experiments is given in Annex 1.

Table 7. Summary of the amounts and scales of proposed ocean fertilization activities
	
	Initial size of dispersal area
	Amount of addition
	Temporal Nature
	Injection Frequency
	Duration of monitoring

	Proposed Activities
	20km2
	500 tonnes
	Sustained fertilization
	30 day period
	No data


Source – www.atmocean.com
Table 8. Summary of potential materials used in Nitrogen fertilization

	
	Typical Chemical Compounds
	Typical Sources
	Typical Physical Forms
	Typical Impurities
	Typical Ancillary input materials for verification or monitoring

	Nitrogen
	Urea

Ammonia

Nitrate
	Manufactured commercially
	Solid, liquid or dissolved in solution
	· Mixed with other limiting nutrients

· Trace metals and organics
	SF6


Source 50
Commercial interest
The business community is exploring nitrogen fertilization as an engineered solution to climate change in regions where the limiting nutrient is nitrogen
.  In 2007, the Ocean Nourishment Corporation (ONC) announced plans to disperse 500 tonnes of granulated urea into the nitrogen limited waters of the Sulu Sea, off the coast of the Philippines, via underwater pipes as part of a carbon sequestration and ocean enrichment experiment.  ONC suggested that each tonne of urea could sequester 12 tonnes of CO2, and predicted export efficiencies of 8 million tonnes of CO2 per year through the sustained fertilization of an area of 20km
.  While the experiment has not yet been implemented, Glibert et al (2008) have predicted some potential environmental implications, based on marine ecosystem responses to enrichment from nitrogen based fertilizers (Table XX).

Synthesis of observed and Predicted Impacts of Nitrogen Fertilization on Marine Biodiversity

Table 9.  Summary of observed and predicted impacts of nitrogen addition to the marine environment
	
	Observed or Predicted impacts to Fertilized Area
	Observed or Predicted Downstream Impacts

	Organism responses
	Alteration in species composition of stimulated bloom. Loss of phytoplankton diversity.
	

	
	Enhanced production of cyanobacteria, picoeukaryotes and dinoflagellates.
	Enhanced microbial loop where nutrients and carbon are not effectively transferred across the food chain.

	
	Potential for ammonium/ammonia toxicity to fish. 
	Implications for food security and human health.

	Biogeochemical changes
	Stoichiometry limit to biomass production from Nitrogen enrichment.
	

	Biogeochemical Fluxes
	Many cyanobacteria and dinoflagellates are positively buoyant and do not easily sink from the euphotic zone limiting sequestration potential.
	CO2 may also be produced in the manufacture of ammonia from coal or petroleum based materials.

	Ecosystem considerations
	Large scale biomass concentrations may reduce light levels required to support sustained productivity in the euphotic zone.
	

	
	Potential for eutrophication due to heavy N2 loading as observed in coastal areas.
	Nitrogen loading in coral reef areas can lead to community shifts towards algal overgrowth of corals and ecosystem disruption.

	
	Potential for increase in toxin producing dinoflagellates and HAB production raising food chain and human health concerns.
	Ammonia can be volatilized to the atmosphere and carried from the site of original application and re-deposited with precipitation.


Source – Glibert et al (2008).

Nitrogen stimulates the production of phytoplankton biomass, where light and other nutrients are in adequate supply.  The efficiency of nitrogen fertilization to sequester carbon from the atmosphere will depend on the species composition of the stimulated bloom.  Urea enrichment is likely to result in a loss of phytoplankton biodiversity.  Furthermore, urea is preferentially used as a N2 source by some cyanobacteria, dinoflagellates, and pelagic picoeukaryotes in sub-tropical areas.  These groups have been associated with harmful or toxic algal blooms (HABs) observed in the vicinity of urea and nitrogen runoff from agricultural lands.

Urea is an organic compound commercially derived from ammonia (NH3) and carbon dioxide (CO2).  Large quantities of CO2 are produced in the manufacture of ammonia from coal or petroleum-based raw materials, creating downstream impacts for CO2 emission budgets.

Nitrogen fertilization bears the risk that nitrogen can reach coastal areas, where it is known to cause eutrophication.  Such nitrogen loading in sensitive areas such as coral reefs stimulates the proliferation of algae and the overgrowth of corals, with significant implications for the continued provision of ecosystem services.

D. Upwelling of deep sea water
It has been suggested that purposeful delivery of deep water nutrients to the euphotic zone, via controlled or artificial upwelling, might enhance primary production and export production, thereby constituting an effective mechanism for CO2 sequestration in the open ocean
.  

Overviews of upwelling of deep sea water experiments
To test this theory, five ship based experiments were conducted in the North Pacific Ocean in 2003, in which nutrient replete water was obtained from below 700 meters and mixed with nutrient poor mixed layer water
.  The following tables provide summaries of key data about these experiments.  Further information about these experiments is given in Annex 1.

Table 10. Summary of the amounts and scales of previous ocean fertilization activities
	
	Initial size of dispersal area
	Amount of addition
	Temporal Nature
	Injection Frequency
	Duration of monitoring

	Past Activities
	Total Water Volume 25dm-3
	5% - 10% deep sea water. 
	Days to Weeks
	Single
	5-7 days


Source – McAndrew et al (2007). 
Table 11. Summary of potential materials used in fertilization via controlled upwelling

	
	Typical Chemical Compounds
	Typical Sources
	Typical Physical Forms
	Typical Impurities
	Typical additional consideration

	Deep Water
	Relatively high nutrient, total inorganic carbon, certain trace metals
	Deep water from between 100-1000 depth
	Liquid, dissolved
	Trace metals 
	Sources and materials of physical devices e.g. Pipes


Source 54
Commercial interest
Atmocean Incorporated (http://www.atmocean.com) has proposed to enhance the natural upwelling of nutrient rich deep waters using wave powered “ocean pumps” placed vertically within the water column and reaching down to a depth of 300 meters.  The pumps will supply sufficient nutrient rich water to support a fertilized patch of 4km2.  Atmocean suggests that 2 billion tonnes of carbon per year could be sequestered using this method, however this would require pumps to be placed every 2 km across 80% of the world’s oceans.  These efficiency predictions are not supported in peer reviewed scientific literature.  Atmocean also suggests to use the artificial upwelling of cold, deep water for the preservation of coral reefs (i.e. to counteract high seas surface temperatures causing coral bleaching), to reduce hurricane intensity (i.e. by placing pumps in hurricane pathways to cool the ocean surface) and to increase plankton growth in support of open ocean aquaculture.
Synthesis of observed and predicted impacts of fertilization by controlled upwelling on Marine Biodiversity

Table 12.  Summary of observed and predicted impacts of controlled upwelling to the marine environment
	
	Observed or Predicted impacts to Fertilized Area
	Observed or Predicted Downstream Impacts

	Organism responses
	Bloom of diatoms supported by NO3- followed by subsequent N2 fixing bacterial bloom 
	Organic matter production and bacterial remineralization will control the carbon sequestration effectiveness of this bloom.

	
	Proliferation of cyanobacteria observed at Station ALOHA – a natural upwelling site 
	Potential for increased remineralization and bacterial processes to reduce oxygen concentrations within sub surface waters.

	Biogeochemical changes
	Excess dissolved inorganic carbon (DIC) brought into surface waters
	May result in a net transfer of CO2 from the ocean to atmosphere.



	
	Acidification


	

	Biogeochemical Fluxes
	Additional nitrogen fixation by micro organisms.
	The production of Nitrous Oxide via N2 fixation-nitrification, a greenhouse gas with greater warming potential than that of CO2 is possible.

	
	
	The aerobic production of Methane (CH4), a potent greenhouse gas is possible.

	Ecosystem considerations
	Toxin production by diatoms and diazotrophs is possible.
	


Source – Karl & Letelier.
During all five ship based experiments a consistent increase in phytoplankton biomass and primary production increase was observed following fertilization, with a demonstrated shift in phytoplankton communities from small to large diatom cells.  These observations are supported by long term study of Station ALOHA, a LNLC area of natural upwelling.  Karl and Letelier (2008) later hypothesized that the controlled upwelling of low NO3-:PO43- seawater from below 300 meters in LNLC areas will trigger a two stage phytoplankton bloom; the first stage characterized by NO3- supported diatoms, and the second stage by a N2 fixing bacterial bloom, leading to enhanced N2 fixation, organic matter production and net carbon sequestration of 32.7mmol C m-3 up-welled water35.  

The biogeochemical consequences of sustained upwelling of this nature are uncertain.  Deep waters are known to contain high concentrations of dissolved inorganic carbon (DIC) derived from long term decomposition of sinking particulate matter, causing most natural upwelling sites to result in a net ocean to atmosphere transfer of CO235.  However due to the regional and seasonal variations in deep water DIC concentrations, the observed impacts will be site and depth specific.

The artificial up-welling of deep waters also bears the risk of increasing ocean acidification and degassing of CO2.  Colder deep waters absorb larger amounts of CO2 (cf. section on solubility pump above, and separate synthesis on ocean acidification), which decreases the pH and the calcium carbonate saturation of these waters.  Recent hydrographic surveys along the continental shelf of western North America from central Canada to northern Mexico have shown seawater that is undersaturated with respect to aragonite upwelling onto large portions of the continental shelf, reaching depths of ~40 to 120 meters along most transect lines and all the way to the surface on one transect off northern California.  Although seasonal upwelling of the undersaturated waters onto the shelf is a natural phenomenon in this region, the ocean uptake of anthropogenic CO2 has increased the areal extent of the affected area
.  The artificial up-welling of undersaturated deep water would accelerate the spreading of ocean acidification into areas which so far have not yet been impacted.  Also, if carried out in tropical areas, the CO2 sequestered by increased phytoplankton growth would be offset by the CO2 released to the atmosphere due to the warming of the deep waters reducing the CO2 solubility.

III. Synthesis of findings

Organism Responses

Iron fertilization has been shown to change the composition of phytoplankton communities in the small scale enrichment experiments conducted to date.  All types of phytoplankton potentially benefit from the addition of iron, however smaller species are more rapidly consumed by predators, favouring the bloom of larger diatom species
 
.  Diatoms have responded to iron additions with the greatest increase in biomass in five (out of the twelve) iron enrichment experiments.  Diatoms, which require silicate for growth, have a strong tendency to sink from surface waters, and are believed responsible for much of the carbon export from the surface to the deep sea44.

The depletion of surface water silicate by diatoms, however, is likely to limit the longevity of blooms and inhibit further productivity, despite the availability of other macro nutrients and iron, indicating that an increased Fe supply as observed during glacial periods may not have been the only prerequisite to sustain blooms of siliceous algae
.  Furthermore, the influence of silicic acid depletion may negate the impact of repeated iron enrichment on diatom stocks59.  More information is needed on the long term stability of phytoplankton community structure (e.g. diatom species succession) in order to predict the impact of sustained fertilization on productivity and the macronutrient inventory44.

Boyd et al (2007) noted little observed change in the grazer community within the timescale of mesoscale iron enrichment experiments
.  However heavy grazing pressure by macrozooplankton has been observed in upwelling regions where a continuous (months) nutrient supply maintains high productivity systems.  The 2009 LOHAFEX experiment also observed that the phytoplankton community stimulated was rapidly limited by the heavy grazing pressure of zooplankton Themisto gaudichaudii, an important food source for squid and fin whales in the South West Atlantic.  Diatoms did not proliferate following fertilization in LOHAFEX, due to the depletion of silicic acid in the surface waters by previous natural blooms, leading to reduced productivity and low atmospheric CO2 draw down.  This suggests that other algal groups are not able to sustain blooms equivalent to those of diatoms43.  

The increase of dinoflagellates and cyanobacteria populations, as predicted through the enrichment of surface waters with urea, may be less effective in influencing carbon sequestration due to the neutral or positive buoyancy of these organisms44.  Furthermore, many cyanobacteria and dinoflagellates are considered to be poor quality food for zooplankton grazers that support oceanic food webs.  Highly efficient nutrient and carbon cycling within the microbial community can prevent the effective transfer of essential components up the food chain.  However given the current status of knowledge, the extent of impacts is hard to predict44.  

Changes to phytoplankton and bacterial communities could have unpredictable pathways and consequences for the global ocean food chains, favouring for example the proliferation of opportunistic, less commercially viable species such as jellyfish and algae
.

Well designed and comprehensive nutrient perturbation experiments that examine all aspects of microbial metabolism likely to be influenced by for example, controlled upwelling, need to be conducted in order to determine whether diazotroph manipulation can be promoted as a potential climate mitigation strategy35.

Recent studies confirmed that marine viruses play a crucial role in the marine food web and the biogeochemical cycling / flows of carbon and nutrients. It is as yet unknown whether and how marine viruses would respond to the changes and impacts caused by ocean fertilization.

Harmful Algal Blooms (HABs)

Some species of toxic dinoflagellates, responsible for fish kills and the accumulation of toxins in fish and shellfish, can proliferate in areas of high urea loading.  The Philippines suffered massive fish kills as a result of a dinoflagellate (Cochlodinium spp) bloom in 2005, and has experienced over 2000 intoxication events and 123 human deaths as a result of contaminated seafood consumption between 1983 and 200544.  

There has been no evidence of such blooms arising from fertilization experiments, however a shift in the plankton community composition to favour heterotrophic dinoflagellates was observed during the SEEDS iron enrichment experiment44.  Potentially toxic dinoflagellates known to form red tide blooms off the coast of California have been shown to utilize and be supported by urea and its degradation product, ammonium.  Even if urea is not immediately used by toxic dinoflagellates, these organisms may proliferate over time through the production of cysts which may initiate new blooms in isolation of fertilization, germinating from bottom sediments.  If cyst forming species were to proliferate following ocean fertilization experiments, the probability of future blooms of toxic species will increase with significant implications for human health and food security52.

Dinoflagellate blooms have been found in association with cyanobacteria blooms and are thought to benefit from the dissolved organic nutrients released by the latter.  These downstream effects are an important consideration in relation to urea enrichments52.  Cyanobacteria responded to nutrient enrichments in the FeeP Fe/PO43-, enrichment experiment35.

Direct toxicity from urea degradation products (ammonium and ammonia) in fish is also a potential side effect of urea fertilization. Toxicity of NH3 to fish increases with concentration (and associated oxygen decrease), with effects more marked in juveniles compared to adults.  Cultured fish are especially vulnerable given the low oxygen environments around culture cages, and their inability to escape from the immediate environment52.
Biogeochemical Changes

Oxygen

The evolution and decline of a phytoplankton bloom is likely to increase oxygen demand in the underlying waters due to the consumption and degradation of organic matter.  A decrease in oxygen concentrations can lead to increases in anoxic bacterial processes such as denitrification, SO42- reduction, and methanogenesis, the latter of which could lead to additional release of methane from the ocean
.  The mesoscale iron enrichment studies did not record oxygen concentrations throughout the water column.  However, model predictions have indicated the potential for oxygen to decline in the sub surface ocean as a result of fertilization.  The extent of such hypoxia would be dependent on the duration of fertilization, the intensity of productivity induced, the extent of sinking, and the depth distribution of the decaying organic matter62.  However, anoxic conditions have not been observed in connection with major natural iron fertilization events in the past
.

Global occurrences of hypoxic and anoxic environments are increasing due to eutrophication and pollution by organic matter, and are likely to be exacerbated by global climate change and pervasive ocean stresses
.  To date, there is no evidence that systems can recover from persistent hypoxia and anoxia
.  The development of anoxia even over short timescales would have direct, significant implications for the organisms within the affected zone and has been shown to lead to major loss in biodiversity.  Surviving organisms may also suffer reduced growth and reproduction rates, physiological stress, forced migration, the reduction of suitable habitat, and the disruption of life cycles following decreased oxygen concentrations64.  

The small scale and limited observation of sub surface oxygen concentrations in ocean fertilization experiments to date does not allow extrapolation to accurately predict the impacts of large scale commercial enrichment applications on oxygen concentrations throughout the water column and on the sea floor.

Nutrients

Observations have shown that iron alters the uptake ratio of nitrate and silicate at very low levels.  It is thought that this is caused by the differing reproduction rates of phytoplankton and zooplankton communities, and an increase in nitrate uptake rates relative to silica
.  The shift in ratios of N:P or N:Si may create an imbalance in production and consumption at larger trophic levels, or could contribute to altered species composition and the geographical and temporal expansion of harmful algal blooms.

It is necessary to determine the quantity of the natural macronutrient stores that are used up in the fertilized patch during the phytoplankton bloom evolution, as these would no longer be available for photosynthesis in downstream ocean regions.  This requires complex ocean models relating large scale physical processes, and the predicted impacts cannot be validated through small perturbations such as patch experiments
.  Some models have predicted that Southern Ocean fertilization would change patterns of primary productivity globally by reducing the availability of N and P in the equatorial Pacific.  

Deep water forms in certain high latitude regions by the sinking of highly saline, cold surface waters, driving the “conveyor belt” ocean circulation processes.  Increased surface nutrient depletion in areas where deep water is formed can lower the concentration of preformed nutrients in the sinking water masses
.  Thus, the reduction of nutrients in surface waters could re-emerge to challenge the sustainability of future primary productivity, thousands of kilometers away from the fertilized site and many years after experimentation, as deeper waters recirculate to the surface layer (Powell, 2008).  Projections by Gnanadasikan et al (2003), Aumont & Bopp (2006), and Zahariev et al (2008) all indicate a reduction in primary production and in biological export of carbon on the multi-decadal to century timescale, due to the reduction in available macronutrients returning to the surface ocean, which (taking into account the large time scales over which commercial ocean fertilization activities would have to be carried out) could represent a significant reduction in harvestable marine resources7. 

Ocean Acidification

The oceans are naturally alkaline with an average pH of 8.2.  The uptake of anthropogenic carbon since 1750 has led to the ocean becoming more acidic with an average decrease in pH of 0.1 units
, which equals an increase of 30 per cent in hydrogen ions
.  The continued increase in atmospheric CO2 concentrations will reduce ocean pH further in the forthcoming decades, and influence the depth distribution of remineralization back to dissolved inorganic carbon (DIC), which in turn will reduce biocalcification in shells, bones and skeletons of marine organisms and could result in potentially severe ecological changes.  Initial estimations indicate that the Southern Ocean and subarctic Pacific Oceans will become undersaturated with respect to aragonite by 2100
.  However, new models show that certain parts of the Arctic Ocean will be undersaturated as early as 2016
.  Ocean fertilization activities which seek to intentionally increase the amount of CO2 stored within the ocean have the potential to accelerate ocean acidification, with significant and unforeseen feedbacks for ocean ecosystems and the global community.
Climate Active Gases

N2O: The production of trace gases such as Nitrous oxide (N2O) is influenced by the remineralization of sinking particulate matter during the phytoplankton bloom decline and export phase, and as such responds to ocean fertilization on large temporal and spatial scales.  Elevated mid-water remineralization and oxygen consumption as observed during the fate of induced phytoplankton blooms supports accelerated nitrogen cycling and N2O production, and can lead to anoxia62.  The N2O produced is ultimately ventilated to the atmosphere, where it is long lived and has a global warming potential of between 290 - 310 times that of CO262.  N2O is also recognized as contributing to ozone depletion
.  

As highlighted in Annex 1, few ocean fertilization experiments to date have recorded N20 concentrations and emissions.  However, positive emissions of N2O to the atmosphere were observed during SOIREE and SERIES iron enrichment experiments73.  Extrapolation of N20 responses to predict the downstream consequences of iron addition experimentation is complicated by the paucity of data, and the natural spatial variability of N2O in the water column.  However, models have provided some insight into the longer term effects of ocean fertilization and have predicted that the remineralization of carbon fixed during the SOIREE experiment subsequently produced 2.1 to 4.1 t of N2O which, in light of its high global warming potential, would offset the reduction in radiative forcing achieved by at least 6-18 %73. 
Cautions have also been expressed that small scale and or shorter term fertilization may not reduce N2O production and emissions proportionally; that the cessation of fertilization will not bring N2O production back to baseline levels in the short term; and that N2O production hotspots may relocate.  The verification of the N2O response should be a priority in any future ocean fertilization experimentation73.  

Dimethysulphide (DMS): Dimethylsulphide is released by several species of marine phytoplankton into the atmosphere, where it becomes oxidized to sulfate (SO4), an important component of aerosols, thought to influence the nucleation, lifetimes, and optical properties of clouds.  DMS is supersaturated in surface waters and emission to the atmosphere by marine phytoplankton has been proposed to reduce the radiative flux to the Earth’s surface
.  However, the complex logistics of monitoring DMS cycling has prevented its effective characterization62.  

The production of DMS and its precursor dimethylsulphonopropionate (DMSP) were measured on 9 of the 12 iron fertilization experiments.  Early experiments confirmed a trend of rapidly increased DMSP and DMS production in the fertilized patch within days to weeks after the fertilization event73.  Following the 5-fold increase in DMS observed during the SOFeX experiment, scientists estimated that a 2% iron fertilization of the Southern Ocean could increase DMS production by 20% and influence a temperature decrease of 2°C in surface waters
.  However, no significant change was observed in DMS concentrations between the iron enriched patch and surrounding waters in the SEEDS experiment in the northwest Pacific.  Also, further variation was noted in the SERIES experiment in the northeast Pacific, where elevated levels of bacterial production and associated sulphur demand resulted in the utilization of DMSP and DMS inside the fertilized patch.  The results demonstrate fundamentally different trends in biogenic sulphur cycling between various HNLC regions and highlight that iron addition to HNLC waters may not always lead to conditions that are more favourable to mitigating climate change74.  

CO2 : Ocean fertilization methods must account for carbon emissions generated in the process of creating reductions, termed ‘leakage’ (e.g. fuel used to transport Fe to site), and they must also account for any greenhouse gases generated as a result of fertilization
.  As noted in Table 9, the manufacture of ammonia (used in nitrogen based fertilization) from coal or petroleum based materials causes a significant leakage of CO2 to the atmosphere, especially when produced in the volumes required for repeated commercial scale fertilization of the open oceans52.
Methane : Methane is produced in reducing sediments on the continental shelf and slope.  Methane has a higher global warming potential than CO2.  An increase in methane production, as may occur during nitrogen fertilization, may offset the benefits of CO2 drawdown from the atmosphere.

Other gases : Ocean fertilization may also influence the production of volatile methyl halides (CH3Cl, CH3Br, CH3I).  These compounds photolyze to produce reactive halogens which are believed to contribute to depletion of stratospheric ozone
.  

Temperature : Concern has been raised of the potential of ocean fertilization to directly affect the atmosphere, i.e. the ocean system radiative budget.  Scientists suggested that extreme scenarios of long term (100 years) fertilization over 30% of the world’s oceans would require a sustained increase in photosynthetic energy equivalent to ~1.5W/m2 over the fertilized region.  Photosynthesis is an endothermic process and thus could result in the transfer of this energy as heat to the ocean’s surface waters through respiration, with corresponding sea surface temperature change
.  

Long Term Considerations
Carbon Export Efficiency

The study of regions of high phytoplankton biomass stimulated by natural iron inputs from shallow topography or islands, such as the Kerguelen Ocean and Plateau Compared Study (KEOPS), has demonstrated carbon efficiencies at least ten times higher than those previously estimated for short term blooms induced by iron addition experiments
.  Blain et al (2007) observed that phytoplankton biomass increased until iron availability was again limiting, and suggest that the efficiency of the KEOPS bloom was linked to the mode and duration of the iron supply (slow and continuous), which differs to purposeful additions79.  The observations of a naturally fertilized bloom during the CROzet natural iron bloom and EXport (CROZEX) experiment also returned a sequestration efficiency of 8,600 mol mol-1, which is 18 times greater than that observed during human induced phytoplankton bloom in the comparable SERIES experiment in the same Southern Ocean region
.  

A comparison of modes of iron supply in Fe and N enrichment experiments and naturally occurring perturbations reveals a wide variety in magnitude residency and spatial and temporal scales of iron supply.  It is hypothesized that the magnitude of iron available to the biota will ultimately be determined by the mode of supply and the mobilization and retention of Fe-ions by upper ocean processes44.  Furthermore, it is suggested that the reduced efficiency of mesoscale experiments is likely a function of the loss of iron via precipitation, physical scavenging, and patch dilution during experimentation.  

Given the Redfield ratios (see section HNLC regions in chapter 2), it is estimated that for each unit of nitrogen that is added to a nitrogen limited region, only ~7 units of carbon biomass will be produced.  In comparison, for each unit of iron that is added, an estimated 1,000,000 units of carbon biomass can be produced52.  In order to use oceanic production to sequester 1% of the anthropogenic carbon produced each year, an estimated 1-2x1013g N per year would be required, equivalent to 10 % of all the nitrogen fertilizers used in agricultural applications globally.  This suggests that the economics of such a strategy would be prohibitive, and would require a corresponding increase in natural gas usage81.

The production of excess bioavailable nitrogen in the form of ammonium and dissolved organic nitrogen, as observed in summer blooms of diazotrophs in LNLC regions, will ensure the efficient scavenging of residual phosphorous and lead to efficient carbon export, provided light and iron are available35.  However, over extended timescales of continuous upwelling, the export and remineralization of particulate organic matter with elevated C:P and N:P ratios may eventually alter the nutrient ratios of the sub euphotic zone, thereby reducing the efficiency of controlled up-welling as a method of carbon sequestration
.

The phosphate fertilization of Fe-sufficient regions may require much larger nutrient loads than the iron fertilization of P-sufficient regions, due to the high P:Fe molar stoichiometry of living organisms.  The addition of PO43- to enhance N2 based carbon export therefore imposes significant logistical constraints and greater costs than iron fertilization35.

The short observational periods as well as other intrinsic limits and artifacts of the small scale export fertilization techniques have prevented the effective validation of the efficiency of carbon sequestration and preclude extrapolation to longer timescales79.
Scale

Ocean iron fertilization activities have been conducted on spatial scales of between 64-1,000km2, with the addition of 350 – 6,000kg of iron.  However, spatial scale is not a sufficient determinant of impacts, and a broader consideration of factors including rate of addition, amount, concentration, duration and composition of chemical, and time of year, should be recognized as jointly determinative of the oceanic impact45.  The size of the activity must also be considered relative to the geographic location.  For example, fertilization in the (horizontal or vertical) vicinity of vulnerable ecosystems (e.g. coral reefs) could have greater impact that the same activity conducted in the open ocean. 

There is currently no well established definition of “large scale”, and the Scientific Advisory groups to the London Convention and Protocol have used this term in the context of previous experiments to date.  When considered in the terms of physical ocean processes, large scale applies to a length scale of tens of kilometers
.  In scientific literature, large scale ocean fertilization has been defined as additions to an area greater than 40,000km2 for periods of more than one year73.  

The results of small scale experiments (tens of kilometers) are strongly influenced by the dilution of unfertilized water into the patch, which makes it difficult to extrapolate the results to larger scales/timeframes.  Additionally, many of the processes observed do not scale linearly76. This is particularly true for carbon sequestration estimates.  Experimentations in the order of 200 km x 200 km are larger than typical ocean eddies, and may provide more realistic representation of impacts likely from commercial scale fertilization experiments.  The assessment of the influence of surface manipulations on the sinking fluxes of particles may be more effective when the experiments are on this scale82. 

Experimental advances and modeling
Manipulative experiments such as ocean fertilization are important tools in furthering the understanding of the marine environment.  Small scale patch fertilizations have enabled the improved knowledge of ecological and biogeochemical processes, their interrelations, and the validation of ecosystem dynamic models44.  However, experiments to date were not well designed to prove the role of ocean fertilization in CO2 mitigation76, nor to monitor the side-effects and impacts on marine biodiversity resulting from these experiments.  The IOC ad hoc Consultative Group on Ocean Fertilization called for such research to be able to continue with minimum regulatory interference to allow advancement of knowledge82. 
A new model of DMS dynamics was developed during SERIES providing a better understanding of the complex interplay of physical, photochemical and biological processes affecting the evolution of DMS concentrations within the mixed surface layer44.

It has also been suggested that in order to characterize and take into account the seasonal and regional variability in marine DMS, establishing the atmospheric sulphur and aerosol composition is an important pre-requisite for future ocean iron fertilization experiments, so that the origin of regional variations can be determined73.

Simulation models based around phytoplankton ecology have been performed independently for iron enrichment experiments IronEx I, SEEDS, SERIES, and SOIREE.  The individual models vary significantly in design and objectives, and comparison between the models can facilitate their improvement and the development of common scenarios for validation
.
IV. Uncertainties and other Considerations

There are a number of uncertainties and other considerations which have to be taken into account when assessing the impact of ocean fertilization on marine biodiversity.

Location:
Natural fertilization of coastal waters occurs through the upwelling of nutrient rich, deeper waters, or via the aeolian deposition of nutrients into surface ocean waters via dust.  Human induced open ocean fertilization will only work where there are unutilized macro nutrients in the sunlit surface layers of the ocean.  These only occur in large enough quantities in the Southern Ocean, the sub-Arctic North Pacific and in the equatorial Pacific, although the return cycle in the equatorial areas seems to be much shallower and shorter – therefore less attractive7.  Experimental evidence from the LOHAFEX iron fertilization experiment confirmed the importance of co-limitation of nutrients, and suggests that due to the low silicic acid content of surface waters in the sub-Antarctic zone, iron fertilization in this vast region is unlikely to result in the removal of significant amounts of CO2 from the atmosphere43.  
Dependency on local, site-specific conditions:
The physical and biogeochemical conditions vary with location and factors such as mixed layer depth, proximity to oceanic fronts and degree of eddy activity.  The impact of ocean currents and physical transport in diluting signals as the fertilized patch gets larger can make it difficult to detect the byproducts of decaying algal bloom over the background variability of downstream waters42.

Geographic scope/range:
The concept of ocean fertilization works only in certain areas of the oceans where the deficiency of certain micronutrients (e.g. iron or nitrate) is the main factors limiting plankton growth.  However, ocean currents and water mass exchanges will spread the desired effects and potential impacts over time throughout the world’s oceans, especially if ocean fertilization is being carried out on a large scale and repeatedly.

Linkages with other climate change effects in the marine environment:
The effectiveness of ocean fertilization to sequester and store CO2 in the deep sea depends on two main processes, the ‘Biological Pump’ and the ‘Solubility Pump’ (see Chapter 2).  Whether and how these processes will be affected by other climate change impacts in the marine environment (e.g. changes in water temperature, chemistry and density, alterations in local, regional and global ocean current regimes) is still subject to scientific research and debate.  There are indications that especially physical, density-driven mechanisms such as the solubility pump or the cascading of dense shelf water70, will become weaker over the next decade due to an increase of temperature stratification (layering) and a decrease in density gradients between the upper and lower water column, thereby reducing the amount of water (and CO2) reaching the deep ocean.
Viability:
In order to reduce atmospheric CO2 concentrations in quantities large enough to mitigate climate change, large-scale ocean fertilization activities would have to be (i) effective and (ii) repeated on a regular basis.  Early model calculations based on mesoscale experiments significantly overestimated the CO2 / carbon sequestration efficacy 86, which could not be confirmed in field experiments.

Lack of knowledge:
The concept of ocean fertilization utilizes and alters natural processes taking place in the marine environment, such as the ‘biological pump’.  The general components and functions of these processes are known.  However, the more detailed geophysical, chemical and biological factors, sub-processes and linkages to other small and large-scale mechanisms which drive the biological pump (and other relevant processes) are not yet fully understood.  The (unexpected) outcome of the recent LOHAFEX experiment demonstrates this.

Determination of the baseline:
In order to assess the effectiveness and the risks of ocean fertilization activities, a baseline of the physical, chemical and biological parameters which are or could be affected has to be established prior to commencing the ocean fertilization activities.  Most previous ocean fertilization experiments (cf. Annex 1) measured and described the environmental conditions in the upper water column over a short period of time before (= experimental baseline) and after the experiment with a view to determining whether and what effect the experiment had.  However, in most cases the experimental baseline was not determined for the lower part of the water column and the sea bed, including any vulnerable marine biodiversity and ecosystems living there.
Risks:
Ocean fertilization – per definition - intends to change and interfere with natural processes, and thereby bears the likelihood for adverse effects or outcomes on marine biodiversity.  In order to characterize, assess and evaluate the nature, probability and magnitude of potential risks, the physical, chemical and biological parameters (including their natural variability) which are or could be affected have to determined to establish a risk assessment baseline.  The Scientific Committee on Oceanic Research (SCOR) and The Group of Experts on Scientific Aspects of Marine Environmental Protection (GESAMP) agreed that any deliberate large scale addition of nutrients to the ocean must be conducted in such a way that the outcomes of these experiments are statistically quantified and independently verified with respect to the full range of organism and ecosystem changes observed in fertilized and downstream waters
. In addition, there is the uncertainty that ocean fertilization activities could unintentionally affect other elements and processes coupled with the carbon cycle, which play critical roles in climate regulation67.  Compared to the short-term experimental baseline (cf. above), these risks call for the collection of data over a longer (multi-year) period of time, especially to determine any (chronic) impacts from repeated ocean fertilization activities.  Taking into account the lack of knowledge about marine processes and biodiversity in (especially the deeper parts of) the areas suitable for ocean fertilization, this would require substantial, long-term and resource/cost intensive research effort, with detrimental, if not prohibitive, effects on the viability and cost/benefit balance of ocean fertilization.  It should also be noted that even if such a comprehensive baseline could be determined, a certain risk would remain.
Monitoring:
Previous ocean fertilization experiments monitored the environmental conditions for a few days / weeks after the experiment to determine the development and fate of the bloom.  Repeated ocean fertilization activities on a large scale, however, would require the development of a comprehensive, long-term field monitoring approach and strategy.  While certain parameters could be monitored via airborne or satellite-based remote sensing, the impacts on marine biodiversity in the deeper waters and on the seafloor would require repeated ship-based observations and sampling.  The efforts and costs of such a field monitoring programme, especially in remote, offshore locations, would seriously affect the viability and cost/benefit balance of ocean fertilization.
Cost / benefits:
Ocean fertilization, especially iron fertilization, has been highly publicized as a cost effective strategy for mitigating climate change.  However, the cost-benefit ratio of ocean fertilization needs an in-detail comparison with other mitigation strategies, before it can be considered a viable tool for carbon offsets.  A major shortcoming of ocean fertilization cost/benefit analyses
 is that they are based on the assumption that ocean fertilization can be shown to be effective, amenable to verification (“auditing”) at reasonable cost and without significant side-effects.  As regards the former, early estimates of carbon sequestration efficiency were demonstrated to be significantly overestimated by mesoscale experimentation, thus the cost has been underestimated
.  As regards the latter, the costs for assessing side-effects via determining of baselines, risk assessment and monitoring (cf. above) is usually not taken into account.  Another shortcoming is that these cost/benefit estimates do not consider the costs of the potential total economic value (including use and non-use values) of any marine biodiversity and ecosystem function which might be lost due to ocean fertilization.  The true value of marine ecosystem functions, goods and services, especially for the deep-sea, is still hardly known
.  A recent global-scale study revealed an exponential relationship between deep-sea benthic biodiversity and ecosystem functioning.  Such a relationship has never been observed (or predicted) before in terrestrial, freshwater or shallow marine environments, and means that even the loss of very few deep-sea species would cause a huge, exponential loss in deep-sea ecosystem function.

V. Conclusions

The main conclusion which can be drawn from this study is that, despite the amount of literature available on ocean fertilization, sound and objectively verifiable scientific data on the impacts of ocean fertilization on marine biodiversity are scarce.  There are several reasons for this:

(i)
ocean fertilization works only in certain areas of the oceans where the deficiency of certain micronutrients (e.g. iron or nitrate) is the main factor limiting plankton growth.  These areas are usually remote and far offshore, and therefore have not been studied in as much detail as for example coastal areas.  For most potential ocean fertilization areas, there is only limited knowledge available about the natural environmental conditions (including their variability / fluctuations over time) and the organisms and communities which live in the surface layer, the water column and on the seafloor.  This lack of information makes it difficult, if not impossible, to determine baselines against which any short- or long-term changes and impacts resulting from ocean fertilization activities could be measured and monitored.

(ii)
ocean fertilization purposefully alters both the chemistry and biological processes in the marine environment, which raises a number of fundamental uncertainties and questions, especially as the role of the oceans in the global carbon cycle is still not fully understood.  Changes and impacts on water chemistry (e.g. carbonate concentrations and pH) and abotic parameters follow known stoichiometric, thermodynamic and kinetic reactions, and therefore can be measured, modeled and predicted with reasonable certainty and accuracy.  For example, it would be possible to determine the increase in ocean acidification in relation to the amount of CO2 sequestered by ocean fertilization.  However, the impact on biological processes and marine biodiversity is much more difficult to forecast.  Knowledge of complex and dynamic biogeochemical marine processes (e.g. the ‘biological pump’) is mostly limited to the general components and functions, and does not include the biological sub-processes, linkages and drivers, which ultimately determine whether and how marine biodiversity and ecosystems will be affected;

(iii)
the extend and duration of the impact caused by ocean fertilization on marine biodiversity and ecosystems also depends on how organisms and communities affected by the environmental changes will react.  Again, this is something which at present can only be estimated vaguely (at best) because of the lack of detailed information about the dynamic and functioning of marine ecosystems and processes, including the ecology, life cycles and resilience of marine species and communities.  Short-term (days to weeks) impacts, especially on planktonic organisms and communities in the surface layers around the fertilization site, could be measured by vessel or traced by remote sensing.  However, it would be very costly and resource intensive to measure medium (months to years) to long term (years to decades) impacts, especially in the deeper water column and on the seafloor. There is a necessity for long-term monitoring in these environments to determine any ecological effects, as most deep-sea organisms have a long life time and slow reproduction; and
(iv)
most of the ocean fertilization experiments carried out so far, especially those in the 80s and 90s, had the objective to test the concept of ocean fertilization (i.e. whether it was possible to stimulate plankton growth) and to gain a better scientific understanding of the development and dynamics of the artificially created plankton blooms.  The focus, design and duration of these experiments was not suitable to monitor and provide data on the actual impact of ocean fertilization.

As with all human activities in the marine environment, especially geo-engineering concepts such as ocean fertilization which are purposefully designed to affect and alter natural processes, there are a number of issues to be considered before such activities are being permitted and carried out.
In order to get a better understanding on the actual and potential impacts of ocean fertilization on marine biodiversity, more extensive and targeted field work and better mathematical models of ocean biogeochemical processes are required, not only to confirm that sequestration has taken place, but also to interpret field observations and to provide reliable predictions and answers about the side effects and impacts of large scale fertilization.  There is also a need for research to advance our understanding of marine ecosystem dynamic and the role of the ocean in the global carbon cycle.  Advances of both of these basic research areas are critical to understanding climate change and should be fostered regardless of whether or not ocean fertilization activities contribute to mitigating climate change or not84.
Decision making about the appropriate level and type of global climate change mitigation over time, especially when considering repeated, wide-scale and long-term geo-engineering approaches such as ocean fertilization, involves an interactive risk management process that includes mitigation and adaptation, and takes into account actual and avoided climate change damages as well as co-benefits, sustainability, equity, risks and impacts.  Choices about scale and timing involve balancing the economic costs of more rapid emission reductions now against the corresponding medium and long term risks of delay69.  However, as this report demonstrates, in addition to the “economic costs”, any impacts on marine biodiversity and ecosystems have to be taken into account, as these have potentially huge ecological and socio-economic consequences for marine life, the goods and services which the oceans provide, and life on Earth.
Annex 1. Overview of Biological Parameters ocean fertilization experiments (executed and proposed)44 

	
	Date Year
	Bacterial Biomass Max/initial
	Bacterial Production
	Microzoo-plankton Biomass
	Microzoo-plankton Grazing rate
	Floristic Shift
Phyto-plankton
	Faunistic Shift Microzoo-plankton
	Mesozoo-plankton Biomass
	Mesozoo-plankton Grazing
	Cyano-
bacteria Biomass
	Hapto-phyte Biomass
	Diatom Biomass
	Primary Produc-tion (Max/Min)
	Algal net growth (max per day)
	Algal growth dilution

	Iron Fertilization Experiments

	Iron Ex I
	1993
	n.d.
	n.d.
	1.5
	n.d.
	cyanobacteria to diatoms
	no change
	not measured
	not measured
	n.d.
	n.d.
	n.d.
	4
	0.4
	2.5

	Iron Ex II
	1995
	1.6
	3
	10.3
	3 to 4
	cyanobacteria to diatoms
	heterotrophic nanoflagellates to heterotrophic ciliates
	3
	2 to 3
	2*
	4*
	100
	6
	0.9
	10

	SOIREE
	1999
	1.6
	3
	2.6
	7
	picoeukaryotes to diatoms
	heterotrophic nanoflagellates to heterotrophic ciliates
	no change
	no change
	3*
	6*
	10
	9
	0.15
	3

	EisenEx
	2000
	1.6
	2 to 3
	2.2
	n.d.
	no change
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	5.1
	4
	0.2
	1.5 to 6.1

	SEEDS
	2001
	2.7
	n.d.
	1.7
	n.d.
	green algae to centrics
	heterotrophic nanoflagellates to heterotrophic dinoflagellates
	no change
	18
	n.d.
	n.d.
	50
	4
	0.6
	14

	SOFeX South
	2002
	1.8
	2
	n.d.
	n.d.
	no change
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	6
	0.15
	2.8

	SOFEX North
	2002
	2.1
	4
	n.d.
	n.d.
	flagellates to diatoms
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	10
	0.1
	2.1

	SERIES
	2002
	10.6
	14.9
	11.9
	n.d.
	cyanobacteria to diatoms
	n.d.
	increased
	n.d.
	n.d.
	n.d.
	n.d.
	10
	0.4
	3.5 to 6.7

	EIFEX
	2004
	n.d.
	n.d.
	1.7
	1.5
	no change
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	2.9
	2
	<0.1
	n.d.

	SEEDS II
	2004
	n.d.
	n.d.
	n.d.
	n.d.
	more diatoms
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	SAGE
	2004
	no change
	no change
	n.d.
	n.d.
	no change
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	2
	0
	n.d.

	FEEP
	2004
	n.d.
	n.d.
	n.d.
	n.d.
	no change
	n.d.
	n.d.
	not measured
	n.d.
	n.d.
	n.d.
	n.d.
	0
	n.d.

	CROZEX
	1004
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	LOHAFEX^
	2009
	n.d.
	n.d.
	n.d.
	n.d.
	Diatoms did not proliferate
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	Phosphorus Fertilization Experiments [To be completed]

	CYCLOPS
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	FeeP
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Nitrogen Fertilization Experiments [To be completed]

	Proposed Activities
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Upwelling of Deep-Sea Water Experiments [To be completed]

	Past Activities
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


^Preliminary observations. Findings not yet published.
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	Property
	IronEX I
	IronEX II
	SOIREE
	EisenEx 
	SEEDS I
	SOFEX-S
	SOFEX-N
	EIFEX
	SERIES
	SEEDS
	SAGE
	FeeP 
	LOHAFEX^

	Region
	East equatorial Pacific Ocean
	east equatorial Pacific Ocean
	Southern Ocean (Australian sector)
	Southern Ocean (Atlantic sector)
	Northwest Pacific Ocean
	Southern Ocean (Pacific sector)
	Southern Ocean (Pacific sector)
	Southern Ocean
	Northeast Pacific Ocean
	Western subarctic Pacific
	
	
	South Atlantic

	Year
	1993
	1995
	1999
	2000
	2001
	2002
	2002
	2004
	2002
	
	
	
	2009

	Addition
	Fe
	Fe
	Fe
	Fe
	Fe
	Fe
	Fe
	Fe
	Fe
	FeSO4
	Fe
	Fe
	Fe SO4

	Addition (kg)
	450
	450
	1750
	2350
	350
	1300
	1700
	2820
	490
	350

	1100
	1840
	10,000

	Patch Size (km2)
	64
	72
	
	
	80
	225
	225
	
	
	80
	
	
	300

	Temperature (°C) 
	23
	25
	2 
	3 to 4 
	11
	–1 
	5  
	4 to 5  
	13
	9 to 12 
	11.8
	21
	

	Season
	Fall
	Summer
	Summer
	Spring
	Summer
	Summer
	Summer
	Summer
	Summer
	Summer
	Fall
	Spring
	Spring

	Light climate (mmol quanta m−2 s−1)
	254 (Max) to 230 (Min)
	216 to 108
	59 to 33
	82 to 40
	178 to 39
	103 to 62
	125 to 74
	n.d.
	173 to 73
	n.d.
	59 to 52
	n.d.
	

	Dilution rate (day−1)
	0.27
	0.18
	0.07
	0.04 to 0.43
	0.05
	0.08
	0.1
	n.d.
	0.07 to 0.16
	n.d.
	n.d.
	0.4
	

	Chlorophyll t = 0 (mg m−3),
	0.2
	0.2
	0.2
	0.5
	0.9
	0.2
	0.3
	0.6
	0.4
	0.8
	0.6
	0.04
	

	Chlorophyll max (mg m−3),
	0.6
	3.3
	2.3
	2.8
	23.0
	2.5
	2.4
	3.0
	5.5
	2.4
	1.3
	0.07
	

	Bloom phase (duration days),
	Evolving 

(5)

subducted
	Decline (17)
	Evolving (13)
	Evolving (21)
	Evolving (10)
	Evolving  (28)
	Evolving (27) subducted
	Partial decline, evolving (37)
	Decline (25)
	Evolving (25)
	No bloom
	No bloom
	

	dDIC (mmol m−3)
	6
	26
	17
	14
	58
	21
	13
	n.d.
	36
	n.d.
	n.c
	<1
	

	dDMS (mmol m−3),
	0.8
	1.8
	2.9
	1.3 then to 0†
	n.c.
	n.c.
	Increased
	n.d.
	8.5, then to –5.7†
	n.c.
	n.c.
	n.c.
	

	Dominant phytoplankton
	Mixed
	Diatom
	Diatom
	Diatom
	Diatom
	Diatom
	Mixed 
	Diatom
	Diatom
	Mixed
	Mixed
	Cyanobacteria Prochlorococous
	Themisto gaudichaudii

	Export
	n.c.
	Increase
	n.c.
	n.c.
	n.c. 
	Increase
	Increase
	Increase
	Increase
	n.c.
	n.c.
	n.d.
	

	Mesozooplankton stocks
	Increase‡
	Increase 
	n.c.
	n.c.
	n.c.
	n.c.
	n.c.
	Increase
	Increase
	Increase
	n.c.
	n.c.
	

	Primary production (max/min ratio)
	4
	6
	9
	4
	4
	6
	10
	2
	10
	n.d.
	2
	1.7
	


*Changes in MLD were observed during the study; the maximum MLD is shown (for initial MLD, see table S1). †An initial increase in DMS concentration followed by a decline by the end of the study.  ‡Based on anecdotal evidence.  §Increased export was mainly associated with a subduction event. ^Preliminary observations. Findings not yet published.

[To be completed]
	Property
	CROZEX
	CYCLOPS
	DEEP WATER UPWELLING
	
	

	Region
	Southern Ocean 
	Eastern Mediterranean
	North Pacific Ocean
	
	

	Year
	
	2002
	2003
	
	

	Addition
	
	Phosphoric Acid
	5-10% Nutrient replete Water
	
	

	Addition (kg)
	
	n.d.
	
	
	

	Patch Size (km2)
	
	16
	
	
	

	Temperature (°C) 
	
	
	
	
	

	Season
	
	Spring
	Summer
	
	

	Light climate (mmol quanta m−2 s−1)
	
	
	
	
	

	Dilution rate (day−1)
	
	1.0 to 1.2
	
	
	

	Chlorophyll t = 0 (mg m−3),
	
	0.18
	
	
	

	Chlorophyll max (mg m−3),
	
	0.1
	
	
	

	Bloom phase (duration days),
	
	
	
	
	

	dDIC (mmol m−3)
	
	
	
	
	

	dDMS (mmol m−3),
	
	
	
	
	

	Dominant phytoplankton
	
	Cyanobacteria
	
	
	

	Export
	
	
	
	
	

	Mesozooplankton stocks
	
	
	
	
	

	Primary production (max/min ratio)
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