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Not for Citation or Circulation
This is a draft report for peer review by experts and stakeholders. The draft report compiles and synthesizes available scientific information on the possible impacts of geo-engineering techniques on biodiversity, including preliminary information on associated social, economic and cultural considerations. The report also includes options on definitions and understandings of climate-related geo-engineering relevant to the Convention on Biological Diversity. The final report will take into account peer review comments as well as the views and experiences of indigenous and local communities and other stakeholders. The report is being prepared in response to CBD Decision X/33, paragraph 9(l). 

EXECUTIVE SUMMARY / KEY MESSAGES(
Climate-related geo-engineering technologies

Climate-related geo-engineering may be defined as a deliberate, large scale, technological intervention in the planetary environment to counteract anthropogenic climate change through inter alia solar radiation management or removing greenhouse gases from the atmosphere. This does not include carbon capture and storage from fossil fuels when carbon dioxide is captured before it is released into the atmosphere. There is a range of alternative definitions and understandings of the term (Section 2.1)(.

Solar radiation management (SRM) techniques aim to counteract warming by reducing the incidence and subsequent absorption of incoming solar radiation. They would take a few years to have an effect on climate if deployed at a global scale, SRM techniques would not treat the root cause of anthropogenic climate change arising from greenhouse gas concentrations in the atmosphere and therefore they would not address ocean acidification or CO2 fertilization. Moreover, they would introduce a novel balance between the warming effects of greenhouse gases and the cooling effects of SRM with highly uncertain results. SRM techniques include:

1. Space-based approaches: reducing the amount of solar energy reaching the Earth by positioning sun-shields in space to reflect or deflect solar radiation;

2. Changes in stratospheric aerosols: injecting sulphates or other types of particles into the upper atmosphere, in order to increase the scattering of sunlight back to space;

3. Increases in cloud reflectivity: whitening clouds in the lower atmosphere, through increasing the density of cloud-condensation nuclei; 

4. Increases in surface albedo: brightening crops and/or other modified or natural land surfaces, or the ocean surface, in order to reflect more solar radiation. 

To be effective, the reduction in absorbed solar radiation would need to fully balance the radiative forcing at the Earth’s surface. For example, a doubling of the CO2 concentration would require a reduction in total incoming solar radiation by about 4 Wm-2 (watts per square meter) as a global average. Not all of the above mentioned techniques would be able to achieve these levels. (Section 2.2.1)

Carbon dioxide removal (CDR) involves techniques to address the root cause of climate change by removing CO2, a major greenhouse gas, from the atmosphere, allowing outgoing long-wave (thermal infra-red) heat radiation to escape more easily.  In principle, other greenhouse gases (such as NOx, CH4 and CFCs), could also be removed from the atmosphere, but such approaches have yet to be developed. Types of CDR approaches include:

1. Ocean Fertilization: the enrichment of nutrients in marine environments with the principal intention of stimulating primary productivity in the ocean, and hence CO2 uptake from the atmosphere, and the deposition of carbon in the deep ocean; 

2. Enhanced weathering: artificially increasing the rate by which carbon dioxide is naturally removed from the atmosphere by the weathering (dissolution) of carbonate and silicate rocks;

3. Increasing carbon sequestration through ecosystem management: through, for example: afforestation, reforestation or the enhancing soil carbon;

4. Sequestration of carbon as biomass and its subsequent storage; and
5. Capture of carbon from the atmosphere and its subsequent storage, for example, in geological formations or in the deep ocean.

CDR approaches involve two steps: (1) carbon sequestration or removal of CO2 from the atmosphere; and (2) storage of the sequestered carbon. In the first three techniques, these two steps occur in an integral way; in the fourth and fifth, sequestration and storage may be separated in time and space. Ecosystem-based approaches such as afforestation, reforestation or the enhancing soil carbon are already employed as climate change mitigation activities and are not regarded by some as geo-engineering technologies. To have a significant impact on the climate, CDR interventions would need to involve the removal from the atmosphere of several Gt C/yr, maintained over decades and more probably centuries. It is very unlikely that such approaches could be deployed on a large enough scale to alter the climate quickly. (Section 2.2.2)

Climate change and ocean acidification, and their impacts on biodiversity

The continued increase in atmospheric greenhouse gases has profound implications for global and regional average temperatures, and also precipitation, ice-sheet dynamics, sea-level rise, ocean acidification and the frequency and magnitude of extreme events. Future climatic perturbations could be abrupt or irreversible, and potentially extend over millennial time scales; they will inevitably have major consequences for natural and human systems, severely affecting biodiversity and incurring very high socio-economic costs (Section 3.1).
Since 2000, the average rate of increase in global greenhouse gas emissions has been ~2.5% per year. As a result, it has become much more challenging to achieve a stabilization target of 450 ppm CO2eq. Avoidance of high risk of dangerous climate change therefore requires an urgent and massive effort to reduce greenhouse gas emissions. If such efforts are not made, geo-engineering approaches will increasingly be postulated to offset at least some of the impacts of climate change, despite the risks and uncertainties involved (Section 3.1.2).
Even with strong climate mitigation policies, further climate change is inevitable due to lagged responses in the Earth climate system. Thus a further increase in global mean surface temperature of about 0.6oC is expected to occur within the next century even if the atmospheric concentration of greenhouse gases were to be stabilized immediately. (Section 3.1.2)

Climate change poses an increasingly severe range of threats to biodiversity and ecosystem services. Temperature, precipitation and other climate attributes strongly influence the functioning of ecosystems and associated distribution and abundance of species and their interactions Whilst previous, naturally-occurring climate change (e.g. during geologically-recent ice age cycles) has allowed gradual vegetation shifts, population movements and genetic adaptation the scope for such responses is now reduced by other anthropogenic pressures on biodiversity, including over-exploitation; habitat loss, fragmentation and degradation; the introduction of non-native species; and pollution, and by the rapid pace of projected climate change. Thus anthropogenic climate change carries a higher extinction risk, since the abundance (and genetic diversity) of many species is already reduced. (Section 3.2.1)

Marine species and ecosystems are increasingly subject to ocean acidification. Such a process is an inevitable consequence of the increase in atmospheric CO2: this gas dissolves in sea water to form carbonic acid; subsequently concentrations of hydrogen ions and bicarbonate ions increase, whilst levels of carbonate ions decrease. While an atmospheric CO2 stabilization target of 450 ppm could be expected to avert catastrophic pH change, it would still risk large-scale and ecologically significant impacts. Tropical corals are especially vulnerable to ocean acidification impacts since they are also subject to temperature stress (coral bleaching), coastal pollution (eutrophication and increased sediment load) and sea-level rise. (Section 3.2.3)

The biosphere plays a key role in climate processes, especially as part of the carbon and water cycles. Carbon is naturally sequestered and stored by terrestrial and marine ecosystems, through biologically-driven processes. About 2,500 Gt C is stored in terrestrial ecosystems, compared to approximately 750Gt C in the atmosphere.  An additional ~37,000 Gt C is stored in the deep ocean (in layers that will only feed back to atmospheric processes over very long time scales) and ~1,000 Gt in the upper layer of the ocean.  On average ~160 Gt C cycle naturally between the biosphere (both ocean and terrestrial ecosystems) and atmosphere. Thus, proportionately small changes in ocean and terrestrial carbon stores, caused by changes in the balance of exchange processes, can have large implications for atmospheric CO2 levels. (Section 3.2.4)

Potential impacts on biodiversity of SRM geo-engineering techniques

Many of the proposed geo-engineering technologies are expected to have negative impacts on biodiversity. At the same time, actions to reduce the negative impacts of climate change, if effective, would be positive for biodiversity. Thus if a proposed geo-engineering measure can be shown to be likely feasible and effective in reducing the negative impacts of climate change, these projected positive impacts need to be considered alongside any projected negative impacts of the geo-engineering measure. (Chapter 4 – Introduction)
Uniform dimming of sunlight through an unspecified generic SRM technique, to compensate for the temperature increase from a doubling of CO2 concentrations, would be expected to reduce the greenhouse-gas induced temperature change experienced by most areas of the planet, but increase the temperature changes in a few areas. Overall, this would be expected to reduce some of the impacts of climate change on biodiversity. However, only very limited modelling work has been done and many uncertainties remain concerning the side effects of SRM techniques on biodiversity. It is therefore not possible to predict the net effect with any degree of confidence. (Section 4.1.1)
SRM would introduce a novel balance, with unknown stability, between the heating effects of greenhouse gases and the cooling effects of SRM.  The Earth’s previous history of abrupt climate change due to natural causes cannot yet be replicated in global climate models, in part because processes are not sufficiently well-understood and in part because models have built in stability. Therefore the precise effects that many SRM interventions would have on the climate system remain very uncertain. (Section 4.1.2) The combination of changes – more diffuse light, unpredictably altered precipitation patterns, potentially high CO2 concentrations – would be unlike any known combination that extant species and ecosystems have experienced in their evolutionary history. However, it is not clear whether the novel environment of the SRM world would be more or less challenging for today’s species than that caused by the climate change that it would be seeking to counter. (Section 4.1.3)

SRM does not address increasing atmospheric CO2 concentrations, and therefore would not reduce ocean acidification. As such, marine biodiversity will continue to be vulnerable to the negative impacts of this phenomenon. SRM also would not address the effects of high CO2 concentrations on terrestrial ecosystems. (Section 4.1.4)

Termination of SRM, following its introduction, would almost certainly have very large negative impacts on biodiversity and ecosystem services that would be far more severe than those resulting from gradual climate change. The cessation of SRM would result in very large and rapid climatic changes. There is no ‘exit strategy’ for SRM that has been deployed for a number of years and is masking a high degree of warming, other than reduced atmospheric CO2 concentrations from emission reductions combined with CDR approaches. (Section 4.1.5) 

Stratospheric aerosol injection, using sulphate particles, would likely affect atmospheric acidity, stratospheric ozone depletion, and the overall quantity and quality of light reaching the biosphere, with knock-on effects on biodiversity and ecosystem services. Increased ozone depletion, would cause an increase in the amount of ultra violet (UV) radiation reaching the Earth, which would affect some species of plants more than others. Stratospheric aerosols would decrease the amount of photosynthetically active radiation (PAR) reaching the Earth, but would increase the amount of diffuse (as opposed to direct) radiation. This would be expected to affect community composition and structure. It may lead to an increase of gross primary productivity (GPP) in certain ecosystems. However, the magnitude and nature of effects on biodiversity are likely to be mixed, and are currently not well understood. Ocean productivity would likely decrease. (Section 4.2.1)
Cloud brightening could cause atmospheric and oceanic perturbations with possibly significant effects on terrestrial and marine biodiversity and ecosystems. However there is a high degree of inconsistency among findings. Cloud brightening is expected to cause localized cooling, the effects of which are poorly understood. (Section 4.2.2)

If surface albedo changes were large enough to have an effect on the global climate, they would have to be deployed across a very large area – with consequent impacts on ecosystems – or would involve a very high degree of localized cooling. For instance, covering deserts with reflective material on a scale large enough to be effective in addressing the impacts of climate change would probably have significant negative ecological effects, for instance on species richness and population densities. (Section 4.2.3)

Potential impacts on biodiversity of CDR geo-engineering techniques

Effective and feasible CDR techniques would be expected to reduce the negative impacts on biodiversity of climate change and, in some cases, of ocean acidification. By removing carbon dioxide (CO2) from the atmosphere, CDR techniques reduce the concentration of the main causal agent of anthropogenic climate change. Depending on the technique employed, ocean acidification may be reduced as well. However, as noted in chapter 2, these effects are generally slow acting. Moreover, several of the techniques are of doubtful effectiveness. In addition, any positive effects from reduced impacts of climate change and/or ocean acidification due to reduced atmospheric CO2 concentrations may be offset by the direct impacts on biodiversity of the particular CDR technique employed (Section 5.1).

Individual CDR technologies have impacts on terrestrial and/or ocean ecosystems. In some biologically-driven processes, (ocean fertilization; afforestation, reforestation and soil carbon enhancement) carbon sequestration or removal of CO2 from the atmosphere and storage of the sequestered carbon occur together or are inseparable. In these cases impacts on biodiversity are confined to marine and terrestrial systems respectively. In other cases the steps are discrete, and various combinations of sequestration and storage options are possible. Carbon sequestered as biomass, for example, could be either: dumped in the ocean as crop residues; incorporated into the soil as charcoal; or used as fuel with the resultant CO2 sequestered at source and stored either in sub-surface reservoirs or the deep ocean. In these cases, each step will have different and additive potential impacts on biodiversity, and potentially separate impacts on marine and terrestrial environments (Section 5.1).

Ocean fertilization involves increased biological primary production with inevitable changes in phytoplankton community structure and species diversity and implications for the wider food-web. Ocean fertilization may be achieved through the external addition of nutrients (Fe or N or P) or, possibly, by modifying ocean upwelling and downwelling. If carried out on a climatically significant scale, changes may include an increased risk of harmful algal blooms, and greater densities and biomass of benthos. Increases in net primary productivity in one region will likely be offset by decreases in adjacent areas. Ocean fertilization is expected to increase biogeochemical cycling which may be associated with increased production of methane and nitrous oxide, significantly reducing the effectiveness of the technique. Ocean fertilization may slow near-surface ocean acidification but would increase acidification of the deep ocean  (Section 5.2.1).

Enhanced weathering would involve large-scale mining and transportation of carbonate and silicate rocks, and the spreading of solid or liquid materials on land or sea with major impacts on terrestrial and coastal ecosystems and, in some techniques, locally excessive alkalinity in marine systems. Carbon dioxide is naturally removed from the atmosphere by the weathering (dissolution) of carbonate and silicate rocks. This process could be artificially accelerated through a range of proposed techniques that include releasing calcium carbonate or other dissolution products of alkaline minerals into the ocean or spreading abundant silicate minerals such as olivine over agricultural soils (Section 5.2.2).

The impacts on biodiversity of ecosystem carbon storage through afforestation, reforestation, or the enhancement of soil carbon depend on the method and scale of implementation. If managed well, this approach has the potential to increase or maintain biodiversity. Since afforestation, reforestation and land-use change are already being promoted as climate change mitigation options, much guidance has already been developed. For example, the CBD has developed guidance to maximize the benefits of these approaches to biodiversity and to minimize the disadvantages and risks (Section 5.2.3).
Production of biomass for carbon sequestration on a scale large enough to be climatically significant would likely entail competition for food and other crops and/or large-scale land-use change with significant impacts on biodiversity as well as greenhouse gas emissions that may partially offset, eliminate or even exceed the carbon sequestered as biomass. However, the coupling of biomass production with its use as bioenergy in power stations equipped with effective carbon capture at source and storage has the potential to be carbon negative. The net effects on biodiversity and greenhouse gas emissions would depend on the approaches used. The storage or disposal of biomass may have impacts on biodiversity separate from those involved in its production. Removal of organic matter from agricultural ecosystems may have negative impacts on agricultural productivity and biodiversity (Section 5.2.4.1) 
The impacts of long-term storage of charcoal in soils (“biochar”) on the structure and function of soil itself, as well as on crop yields, mycorrhizal fungi, soil microbial communities and detritivores are not yet fully understood (Section 5.2.4.2.2)
Ocean storage of biomass (eg crop residues) would have highly uncertain impacts on biodiversity. Deposition of ballasted bales would likely have significant local physical impacts on the seabed due to the sheer mass of the material. Wider chemical and biological impacts are likely through reductions in oxygen and potential increases in H2S, CH4, NO2 and nutrients arising from the degradation of the organic matter. Longer-term indirect effects of oxygen depletion and deep-water acidification could be regionally significant if there is cumulative deposition, and subsequent decomposition, of many gigatonnes of organic carbon. Ocean storage of biomass in areas of naturally high sedimentation, such as off the mouths of major rivers, would likely exacerbate problems of eutrophication and anoxia from existing anthropogenic, land-derived nutrient inputs, and could damage fisheries (Section 5.2.4.2.1).

Capture of carbon dioxide from ambient air through physico-chemical methods (“artificial trees “) may involve an increased demand for fresh water, but otherwise would have relatively small direct impacts on biodiversity. However, capturing CO2 from the ambient air (where its concentration is 0.04%) is much more difficult and energy intensive than capturing CO2 from exhaust streams of power stations (where it is about two orders of magnitude higher) and is unlikely to be viable without additional carbon-free energy sources.  CO2 that has already been extracted from the atmosphere must be stored either in the ocean or in sub-surface geological reservoirs with additional potential impacts (Section 5.2.5.1).

Ocean CO2 storage will necessarily alter the local chemical environment, with a high likelihood of biological effects. Effects on mid-water and deep benthic fauna/ecosystems is likely through the exposure, primarily of marine invertebrates and possibly unicellular organisms, to pH changes of 0.1 to 0.3 units.. Total destruction of deep seabed biota that cannot flee can be expected if lakes of liquid CO2 are created. The scale of such impacts would depend on the seabed topography, with deeper lakes of CO2 affecting less seafloor area for a given amount of CO2. However, pH reductions would still occur in large volumes of water near such lakes. The chronic effects on ecosystems of direct CO2 injection into the ocean over large ocean areas and long time scales have not yet been studied, and the capacity of ecosystems to compensate or adjust to such CO2 induced shifts is unknown (Section 5.2.5.2.1).

Leakage from CO2 stored in sub-surface geological reservoirs, though considered of low risk, would have biodiversity implications. CO2 storage in sub-surface geological reservoirs is already being implemented at pilot-scale levels (Section 5.2.5.2.2).

Social, economic, cultural and ethical considerations of climate-related geo-engineering (preliminary compilation)
There is as yet little information on the perspectives of indigenous peoples and local communities on geo-engineering, especially in developing countries. Considering the role these communities play in actively managing ecosystems this is a major gap (Section 6.1).
There is a growing discussion and literature on ethical considerations related to geo-engineering, including issues of “moral hazard”; intergenerational issues of submitting future generations to the need to maintain the operation of the technology or suffer accelerated change; the possibility to use geo-engineering technologies as weapons of war; as well as the question of whether it is ethically permissible to remediate one pollutant by introducing another (Section 6.3.1)
Land-based albedo changes, biomass production and afforestation may reduce land available for other uses such as the production of food crops, medicinal plants or the exploitation of non-timber forest products, which could increase social tensions unless addressed by national and local institutions. In addition, changes in land use may impact indigenous peoples’ cultural and spiritual values of natural forest areas, sacred groves and water shades important for healing, fortune telling, forecasting, cohesion and governance of the local people. In the marine environment, experimentation or deployment of geo-engineering proposals could impact traditional marine resource use (Section 6.3.1).
In cases in which geo-engineering experimentation or interventions affect (or are suspected to affect) areas beyond national jurisdiction, geopolitical tensions could be created if assumed without international agreement. Furthermore, many declarations and positions from civil society organizations express explicit opposition to geo-engineering experiments and deployment (Section 6.3.1).
CHAPTER 1: MANDATE AND SCOPE OF WORK
At the tenth meeting of the Conference of the Parties (COP-10) to the Convention on Biological Diversity (CBD), Parties adopted a decision on climate-related geo-engineering and its impacts on the achievement of the objectives of the CBD. Specifically, in decision X/33 (paragraph 9(l)) the COP requested the Executive Secretary to: compile and synthesize available scientific information, and views and experiences of indigenous and local communities and other stakeholders, on the possible impacts of geo engineering techniques on biodiversity and associated social, economic and cultural considerations, and options on definitions and understandings of climate-related geo-engineering relevant to the Convention on Biological Diversity and make it available for consideration at a meeting of the Subsidiary Body on Scientific, Technical and Technological Advice (SBSTTA) prior to the eleventh meeting of the Conference of the Parties. 
Accordingly, this draft paper has been prepared by a group of experts and the CBD Secretariat following discussions of a liaison group convened thanks to financial support from the Government of the United Kingdom of Great Britain and Northern Ireland, and the Government of Norway 
. 
Scope of Work
There is a range of views as to what should be considered as climate-related geo-engineering relevant to the CBD. Approaches may include both hardware- or technology-based engineering as well as natural processes that might have a measurable impact on the global climate, depending on the spatial and temporal scale of interventions. Some approaches that may be considered as geo-engineering could also be considered as climate change mitigation. 
This study takes an inclusive approach without prejudice to the definition of geo-engineering that may be agreed under the Convention or elsewhere. Examination of an intervention in this study does not indicate that the secretariat or the experts involved necessarily consider that the intervention should be regarded as within the scope of the term geo-engineering. 
In particular it should be noted that COP excluded from the scope of its guidance on geo-engineering (decision X/33, paragraph 8(w)) carbon capture and storage from fossil fuels when it captures carbon dioxide before it is released into the atmosphere. However some of the component technologies are included in this study, where relevant
While, in line with the mandate, the study includes social, economic and cultural considerations associated with the possible impacts of geo engineering techniques on biodiversity, related legal and regulatory matters are treated in a separate study.
Accordingly, the scope of the study is limited and should not be taken as a comprehensive analysis of all matters related to geo-engineering.
Structure of the Document 

The range of techniques considered as “geo-engineering” is briefly reviewed in Chapter 2. This chapter also presents options on possible definitions for geo-engineering as it relates to the CBD based on a compilation and summary of existing definitions. 

Geo-engineering techniques are being proposed to offset at least some of the negative impacts of climate change, including impacts on biodiversity. Therefore, Chapter 3 provides a summary of projected climate change (and ocean acidification) and the consequent impacts on biodiversity. 

The range of potential impacts on biodiversity of geo-engineering techniques are reviewed in the next two chapters. Chapters 4 considers the potential impacts of generic Solar Radiation Management (SRM) approaches and of specific SRM techniques. Chapter 5 considers the potential impacts of Carbon Dioxide Removal (CDR) techniques. 

The two chapters consider the potential impacts of geo-engineering deployed at scales intended to either sequester a climatically significant amount of CO2 from the atmosphere or reduce solar radiation to make a significant effect on global warming, on all levels of biodiversity, including impacts on ecosystem, , where information is available, on ecosystem services. 

A preliminary review of some of the possible social, economic and cultural impacts associated with the impacts of geo-engineering on biodiversity is provided in Chapter 6

Finally, some general conclusions are considered in Chapter 7.

Key Sources of Information
The study builds on past work on geo-engineering, climate change and biodiversity including information available from the Intergovernmental Panel on Climate Change
, the Royal Society
 the report of the IGBP workshop on Ecosystem Impacts of Geo-engineering
, the Technology Assessment of Climate engineering by the US Government Accountability Office
, and CBD Technical Series reports
,
. However, it should be noted that the per-reviewed literature is rather limited and many uncertainties remain.

While the liaison group focused on recent literature it is important to note that the concept of engineering the climate is not new
,
,
.  The main focus of ideas developed in the 1950s and 1960s was however to increase, not decrease, temperatures (particularly in the Arctic), or increase rainfall on a regional basis. Examples of additional historic examples of climate control are presented in table 1 below (a more extensive table is available as table 1.1 in the report of the U.S. Government Accountability Office
). 
Concerns over the use and impacts of geo-engineering are also not new. For example, in 1955, John von Neumann warned against climate control; responding to proposals on using weather control as a weapon and discussions on modifying the climate of the Arctic, he expressed concern over “rather fantastic effects” on a scale difficult to imagine and impossible to predict
. Manipulating the Earth’s heat budget or the atmosphere’s general circulation, he claimed, “will merge each nation's affairs with those of every other more thoroughly than the threat of a nuclear or any other war may already have done.” In his opinion, attempts at weather and climate control could disrupt natural and social relations
. Further supporting this notion, in 2003, Sheila Jasanoff referred to the concept of ‘technologies of hubris’ calling for an increased balance between the concept that technology can solve problems and the concern over whether technological approaches are the best option when considering social and ethical considerations
. 
Table 1: Historical examples of proposals for climate related geo-engineering
	Date
	Who
	Proposal

	1877

	N. Shaler
	Re-routing the Pacific’s warm Kuroshio Current through the Bering Strait to raise Arctic temperatures by around 15°C

	1958
	M. Gorodsky and 
V. Cherenkov

	Placing metallic potassium particles into Earth’s polar orbit to diffuse light reaching Earth and thereby thaw permafrost in Russia, Canada, and Alaska and melt polar ice

	1960s
	M. Budyko and others
	Melting of Arctic sea-ice by adding soot to its surface

	1977
	C. Marchetti
	Disposal of liquid CO2 to the deep ocean, via the Mediterranean outflow

	1990
	J. Martin
	Adding iron to the ocean to enhance CO2 drawdown

	1992

	NAS Committee on Science, Engineering, and Public Policy
	Adding dust to the stratosphere to increase the reflection of sunlight


Finally, there has already been considerable public discussion and enunciation of social, economic and cultural issues as well as ethical considerations raised outside of scholarly journals, for example, by civil society organizations, indigenous communities as well as in popular books. Some reference to this debate is also included in the document.

CHAPTER 2: DEFINITIONS AND FEATURES OF GEO-ENGINEERING APPROACHES AND TECHNIQUES
2.1 Definitions of Climate-Related Geo-engineering Relevant for the Convention on Biological Diversity
There is a broad range of definitions available for geo-engineering (annex 1). Many of these definitions contain common elements but within different formulations. A starting point is the interim definition adopted by the Conference of the Parties to the CBD:

“Without prejudice to future deliberations on the definition of geo-engineering activities, understanding that any technologies that deliberately reduce solar insolation or increase carbon sequestration from the atmosphere on a large scale that may affect biodiversity (excluding carbon capture and storage from fossil fuels when it captures carbon dioxide before it is released into the atmosphere) should be considered as forms of geo-engineering which are relevant to the Convention on Biological Diversity until a more precise definition can be developed. It is noted that solar insolation is defined as a measure of solar radiation energy received on a given surface area in a given hour and that carbon sequestration is defined as the process of increasing the carbon content of a reservoir/pool other than the atmosphere.” 
Based on the above, and consistent with the definitions listed in Annex, options for a concise definition are included in the following formulation:

Climate-related Geo-engineering: A deliberate (large scale) (technological) intervention in the planetary environment to counteract anthropogenic climate change (through inter alia solar radiation management or removing greenhouse gases from the atmosphere).
The above options include both solar radiation management (SRM) and carbon dioxide removal (CDR) techniques with the implication that the intervention could, in principle, be carried out on a scale large enough to have a significant effect on the Earth’s climate, comparable in magnitude to anthropogenic climate change. Unlike some other definitions, these options include the removal of greenhouse gases other than carbon dioxide. However such approaches are not further examined in this report due to limited peer reviewed literature on the methods and their potential impacts. Further proposed methods are potentially also covered by the above but are not given detailed attention for the same reasons. All options in the above continue to exclude carbon capture and storage from fossil fuels when it captures carbon dioxide before it is released into the atmosphere
.
As noted above, there is currently a range of views concerning the inclusion or exclusion within the definition of geo-engineering of a number of activities involving bio-energy, afforestation and reforestation, and changing land management practices.
There are also a range of views concerning the inclusion or exclusion within the definition of geo-engineering of weather modification technologies, such as cloud seeding. Proponents argue that the history, intention, institutions, technologies themselves, and impacts are closely related to geoengineering.

2.2 Features of Solar Radiation Management and Carbon Dioxide Removal Mechanisms
Based on the definitions of geo-engineering proposed in section two, this study considers a range of both solar radiation management (SRM) techniques and carbon dioxide removal (CDR) methods.
When considering the potential effectiveness of such approaches, the report examines the spatial and temporal scales at which the proposals can potentially operate in light of projections of climate change examined in chapter 3. In particular, the report bases the assumption of scope and scale on the intervention required to offset the projected changes from the scenarios for anthropogenic emissions of greenhouse gases developed by the Intergovernmental Panel on Climate Change (IPCC) as Special Report Emissions Scenarios (SRES) (see chapter 3, section 3.1) 
2.2.1 Solar Radiation Management (SRM)
Description
Solar radiation management (SRM) techniques aim to counteract warming by reducing the incidence and subsequent absorption of incoming solar (short-wave) radiation (often referred to as insolation). SRM methods are designed to make the Earth more reflective by increasing the planetary albedo, or by otherwise diverting incoming solar radiation
. This provides a cooling effect, to oppose the warming influence of increasing greenhouse gases.  
Solar radiation management would take only a few years to have an effect on climate if deployed at a global scale. However, SRM techniques do not treat the root cause of anthropogenic climate change arising from greenhouse gas concentrations in the atmosphere and therefore, they would not address ocean acidification8 or CO2 fertilization. Moreover, as discussed further in chapter 6, they would introduce a novel balance between the warming effects of greenhouse gases and the cooling effects of SRM with highly uncertain results.
SRM techniques considered in this document comprise four main categories:
5. Space-based approaches: reducing the amount of solar energy reaching Earth by positioning sun-shields in space to reflect or deflect solar radiation;
6. Changes in stratospheric aerosols: injecting a wide range of types of particles into the upper atmosphere, in order to increase the scattering of sunlight back to space;
7. Increases in cloud reflectivity: whitening clouds in the lower atmosphere, through increasing the number of cloud-condensation nuclei (CCN) per unit volume; 
8. Increases in surface albedo: brightening crops and / or other modified or natural land surfaces, or the ocean surface, in order to reflect more solar radiation. 
Scope in terms of the scale of the responses
The aim of SRM is to balance the positive radiative forcing of greenhouse gases with a negative forcing as a result of reducing the amount of absorbed solar radiation. To be effective, the reduction in absorbed solar radiation would need to fully balance the radiative forcing at the Earth’s surface. For example, a doubling of the CO2 concentration would require a reduction in total incoming solar radiation by about 1.8% and the absorbed heat energy by about 4 Wm-2 (watts per square meter) as a global average. 
The impact on radiative forcing of a given SRM method is dependent on altitude (whether the method is applied at the surface, in the atmosphere, or in space), as well as the geographical location of its main deployment site(s). Other factors that need to be taken into account include the negative radiative forcing of other anthropogenic emissions such as sulphate and nitrate aerosols, that together may provide a forcing of up to –2.1 Wm-2 by 2100
. Such uncertainties and interactions make it difficult to assess the scale of geo-engineering that would be required, although quantitative estimates of the effectiveness of different techniques have been made
.
2.2.2 Carbon Dioxide Removal (CDR)
Description
Carbon dioxide removal (CDR) involves techniques to address the root cause of climate change (and ocean acidification) by removing CO2, a major greenhouse gas, from the atmosphere, allowing outgoing long-wave (thermal infra-red) heat radiation to escape more easily
.  In principle, other greenhouse gases (such as N2O, CH4 and CFCs), could also be removed from the atmosphere, but such approaches have yet to be developed. 
Carbon Dioxide Removal (CDR) geo-engineering approaches actually involve two steps:

(1) carbon sequestration or removal of CO2 from the atmosphere; and 

(2) storage of the sequestered carbon. 

In some biologically- and chemically-driven processes these steps occur together or are inseparable. This is the case in ocean fertilization techniques and in the case of afforestation, reforestation and soil carbon enhancement. In these cases the whole process, and their impacts on biodiversity, are confined to marine and terrestrial systems respectively.

In other cases the steps are discrete, and various combinations of sequestration and storage options are possible. Carbon sequestered in terrestrial ecosystems as biomass, for example, could be disposed either in the ocean as plant residues or incorporated into the soil as charcoal. It could also be used as fuel with the resultant CO2 sequestered at source and stored either in sub-surface reservoirs or the deep ocean. In these cases, each step will have their advantages and disadvantages, and both need to be examined. 

CDR removal techniques considered in this document include:
1. Ocean Fertilization: the enrichment of nutrients in marine environments with the principal intention of stimulating primary productivity in the ocean, and hence CO2 uptake from the atmosphere, and the deposition of carbon in the deep ocean.  Two techniques may be employed with the intention of achieving these effects:
(a) Direct ocean fertilization: the artificial addition of limiting nutrients from external (non-marine) sources. The approach includes addition of the micronutrient iron, or the macronutrients nitrogen or phosphorus (Activities carried out as part of conventional aquaculture are not included, nor is the creation of artificial reefs.); 
(b) Up-welling or down-welling modification: for the specific purpose of enhancing nutrient supply, and hence biologically-driven carbon transfer to the deep sea. (This 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);
2. Enhanced weathering: artificially increasing the rate by which carbon dioxide is naturally removed from the atmosphere by the weathering (dissolution) of carbonate and silicate rocks. including; 

(a) Enhanced ocean alkalinity adding the dissolution products of alkaline minerals (e.g. calcium carbonate and calcium hydroxide) in order to chemically enhance ocean storage of CO2; it also would buffer the ocean to decreasing pH, and thereby help to counter ocean acidification;
(b) Enhanced weathering of rocks reacting silicate rocks with CO2 to form solid carbonate and silicate minerals and spreading abundant silicate minerals such as olivine over agricultural soils
3. Increasing carbon sequestration through ecosystem management
:
(a) Afforestation: direct human-induced conversion of land that has not been forested (for a period of at least 50 years) to forested land through planting, seeding and/or the human-induced promotion of natural seed sources;
(b) Reforestation: Direct human-induced conversion of non-forested land to forested land through planting, seeding and/or the human-induced promotion of natural seed sources, on land that was previously forested but converted to non-forested land. (For the first commitment period of the Kyoto Protocol, reforestation activities will be limited to reforestation occurring on those lands that did not contain forest on 31 December 1989);
(c) Enhancing soil carbon: through improved land management activities including retaining captured CO2 so that it does not reach the atmosphere  and enhancing soil carbon via livestock management;
4. Sequestration of carbon as biomass and its subsequent storage – this consists of two discrete steps, with various options for the storage step:
(a) Production of biomass 

(b) Bio-energy carbon capture and storage (BECCS): Bioenergy with CO2 sequestration combining existing technology for bioenergy / biofuels and for carbon capture and storage (geological storage); 
(c) Biochar: the production of black carbon, most commonly through pyrolysis (heating, in a low- or zero oxygen environment) and its deliberate application to soils
; 

(d) Ocean biomass storage: depositing crop waste or other terrestrial biomass onto the deep ocean seabed, possibly in high sedimentation areas;

5. Capture of carbon from the atmosphere and its subsequent storage – this consists of two discrete steps with various options for the storage step: 
(a) Carbon capture from ambient air (artificial trees). 
(b) Sub-surface storage in geological formations.  
(c) Ocean CO2 storage: ocean storage of carbon by adding liquid CO2 (e.g. as obtained from air capture) into the water column (i) via a fixed pipeline or a moving ship, (ii) through injecting liquid CO2 into deep sea sediments at > 3,000 m depth or (iii) by depositing liquid CO2 via a pipeline onto the sea floor.  At depths below 3,000 m, liquid CO2 is denser than water and is expected to form a “lake” that would delay its dissolution CO2 into the surrounding environment;

As mentioned above, there is a range of views whether activities such as large-scale afforestation or reforestation should be classified as geo-engineering. These approaches are already widely deployed, albeit on a relatively small scale, for climate change mitigation as well as other purposes, and involve minimal use of novel technologies 
.  For the same reasons, there is debate over whether biomass-based carbon should be included. However, for the sake of completeness, all of these approaches are discussed in this report without prejudice to any subsequent discussions within the CBD on definitions or policy on geo-engineering.  
Scope in terms of the scale of the response
The terrestrial biosphere naturally takes up about 3 GtC (gigatons of carbon) per year from the atmosphere, although this is partially offset by carbon dioxide emissions of about 1.5 GtC per year from tropical deforestation. In comparison, the current CO2 release rate from fossil fuel burning alone is about 8.5 GtC/yr (gigatons of carbon per year)
, so to have a significant impact one or more CDR interventions would need to involve the removal from the atmosphere of several GtC/yr, maintained over decades and more probably centuries. It is very unlikely that such approaches could be deployed on a large enough scale to alter the climate quickly, and so they would be of little help if there was a need for ‘emergency action’ to cool the planet on a short time scale. The time over which CDR approaches are effective is also related to the lifetime of the initial anthropogenic perturbation in atmospheric CO2 concentration, that is much longer than the residence time of any individual molecule (of the order of hundreds of years). 
2.2.3 Comparison between SRM and CDR Techniques
Although described above separately, it is possible that, if geo-engineering were to be undertaken, a combination of SRM and CDR techniques could be used, alongside mitigation through emission reductions, with the objective of off-setting at least some of the impacts of changes to the climate system from past or ongoing emissions. While SRM and CDR interventions would both have global effects, since climate operates on a global scale, some of the proposed SRM interventions (e.g., changing cloud albedo) could result in strong hemispheric or regional disparities, e.g. with regard to changes in the frequency of extreme events.  Under conditions of rapid climate change, the unequivocal separation of impact causality between those arising from the SRM intervention and those that would have happened anyway would not be easy. Likewise, CDR techniques will ultimately reduce global CO2 concentrations but may affect local to regional conditions more in the short term.
In general, SRM techniques can have a relatively rapid impact on the radiation budget once deployed, whereas the effects of many of the CDR processes are relatively slow.  Furthermore, while SRM techniques offset the radiative effects of all greenhouse gases, they do not alleviate the potential impacts of changes in atmospheric chemistry, such as ocean acidification. In contrast, most (but not all) CDR techniques do address changes in atmospheric CO2 concentrations, but they do not address the radiative effects of increased atmospheric concentrations of non-carbon dioxide greenhouse gases (e.g., methane, nitrous oxide, tropospheric ozone, halocarbons) and black carbon22. Furthermore, whilst some CDR techniques would reduce ocean acidification, that benefit is compromised to varying degrees if the CO2 removed from the atmosphere is subsequently added to the ocean.
To facilitate further comparison between techniques, Tables 2.1 and 2.2 summarize SRM and CDR approaches respectively and provide a simplified assessment of their effectiveness, cost readiness, risks and reversibility. The assessments are based upon those provided in the Royal Society Report with further details provided in the legend to the tables.
 

It should be noted that the estimates provided for each of the criteria in these assessments are relative. With regard to readiness, for example, the GAO report ranks all geo-engineering technologies as immature (low technology readiness level (TRL 2 or 3 on a scale of 1 to 9).
 

Clearly, interventions that are deemed to be safe are highly preferable, but, given the high levels of uncertainty associated with geo-engineering, in case the safety evaluation is incorrect, then interventions with a relatively short time to reverse any adverse effects are, by many, deemed preferable because the unintended consequences can be reversed relatively quickly.  
However, it should be noted that for any listed geo-engineering technique to be effective over the long-term it would need to be continued for decadal to century timescales (and potentially for millennia), or until such time as the atmospheric levels of greenhouse gases have been stabilised at levels that no longer present unacceptable danger to ecosystems, food production and economic development (possibly to below current levels). This ‘treadmill’ problem is particularly acute for SRM interventions, whose intensity would need to be progressively increased unless other actions are taken to stabilise greenhouse gas concentrations.  The cessation of SRM interventions would also be a highly risky process, likely to result in a rapid increase in the solar radiation reaching the Earth’s surface, and associated very rapid increase in surface temperature – up to 20 times greater than present-day rates
. Thus high reversibility should not be equated with high desirability as such a characteristic could result in even more rapid climate change. 
Table 2.1: Classification of SMR techniques and summary of features.

	Technique(s)
	Effectiveness
	Cost
	Readiness
	Risks
	Revers-ibilty

	
	Mechan-ism
	Scale
	OA?
	
	To deploy
	To Act
	Known
	Unknown
	

	Notes to the columns (see below)
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)

	Space-based reflectors
	Good
	Large
	No
	V.High
	V.Low
	Moderate
	Moderate
	Moderate
	Medium

	Stratospheric aerosols
	Good
	Large
	No
	Low
	Moderate
	Fast
	High
	High
	Fast

	Cloud reflectivity
	Medium
	Medium
	No
	Moderate
	Moderate
	Fast
	
	High
	Fast

	Surafce albedo
	Built environment
	Good
	Small
	No
	V.High
	Moderate
	Fast
	Low
	Low
	Medium

	
	Crops 
	Good
	Medium
	No
	Moderate
	Moderate
	Fast
	Low 
	Medium
	Fast

	
	Deserts
	Good
	Large
	No
	V.High
	Moderate
	Fast
	V.High
	V.High
	Medium

	
	Ocean bubbles
	Unknown
	Unknown
	No
	Unknown
	Unknown
	Unknown
	Unknown
	Unknown
	Unknown


Notes to the columns of tables 2.1 and 2.2:
Effectiveness: a measure of the potential of geo-engineering  techniques to offset impacts of climate change and, specifically, for SRM techniques to modify solar radiation and for CDR techniques to sequester CO2 from the atmosphere. Three sub-criteria are provided:

(1) The degree of evidence that the mechanism would actually work, based on theoretical understanding and, where approporiat, experimental results;

(2) The potential scale of operation: For CDR, ‘High’ is several GtC per year; ‘Medium’ is about 1 GtC per year; and ‘Low’ is less than 0.1 GtC per year. For SRM, ‘High’ is several Wm-2; ‘Medium’ is about 1 Wm-2; and ‘Low’ is less than 0.1 Wm-2. Very low is ......

(3) Whether or not the technique also addresses the problem of ocean acidification;

Cost (4) estimate of the cost of deploying the technology on a significant scale;

Readiness: including 

(5) a measure of whether a technique to either affect solar radiation or reduce the atmospheric concentration of CO2, and hence impact on the earth’s climate, can be deployed on a large-scale within 10 years. This measure refers purely to technical readiness, and excludes what is economically, socially and politically possible. A technology might be ready to deploy tomorrow, but impossible to deploy due to economic, social or political obstacles.

(6) How quickly the technology, once deployed, would act to offset climate change effects on a significant scale:

Risk: a measure of the potential for adverse effects of a technique, including:
(7) risk of anticipated negative effects and the magnitude of those effects

(8) risk of unanticipated negative effects (uncertainty)

Reversibility:  (9) the degree to which the impact of a geo-engineering intervention is safely reversible if it is found to have unintended adverse environmental consequences. As with the ‘Readiness’ measure, ‘Reversibility’ reflects a purely technological point of view, regardless of the termination effect. A geo-engineering technology might be technically reversible, but impossible to reverse due to economic, social and political concerns (e.g. employment, vested interests, etc.).

Table2.2: Classification of CDR techniques and summary of features.

	Technique(s)
	Location of Impacts
	Effectiveness
	Cost
	Readiness
	Risks
	Revers-ibilty

	
	Capture
	Storage
	Mechan-ism
	Scale
	OA?
	
	To deploy
	To Act
	Known
	Unknown
	

	Notes (see legend to Table 2A and below)
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)

	1. Ocean Fertilization
	direct external fertilization
	Fe
	– Ocean –
	Poor
	Small
	No
	Low
	Medium
	Slow
	High 
	V.High
	Medium

	
	
	N / P
	– Ocean –
	Poor
	V.Small
	No
	Moderate
	Medium
	Slow
	High
	V.High
	Medium

	
	up/downwelling modification
	– Ocean –
	V. Poor
	Unknown
	No
	Unknown
	V. low
	Unknown
	V.High
	V.High
	Unknown

	2. Enhanced weathering
	Ocean alkalinity (ocean)
	– Ocean+ –
	Good
	Large
	Yes
	High
	Low
	Slow
	Moderate
	Moderate
	None

	
	Spreading of base minerals
	– Land+ –
	Good
	Large
	Yes
	High
	Low
	Slow
	Moderate
	Moderate
	None

	3. Terrestrial Ecosystem management
	Afforestation
	– Land –
	Good
	Small
	Yes
	Moderate
	High
	Medium
	Low
	Low
	Medium

	
	Reforestation
	– Land –
	Good
	Small
	Yes
	Moderate
	High
	Medium
	
	
	Medium

	
	Soil carbon enhancement
	– Land –
	Good
	Small
	Yes
	Moderate
	High
	Slow
	
	
	Medium

	4. Biomass
	Biomass Production
	Land
	na
	Medium
	Medium
	Yes
	
	High
	Slow
	
	
	Medium

	
	Biofuels with CCS 
	na
	Sub-S
	Medium
	Medium
	na
	High
	Medium
	Low
	Moderate
	Moderate
	Slow

	
	Charcoal storage
	
	Land
	Medium
	Small
	
	Moderate
	Medium
	Low
	Moderate
	Moderate
	Slow

	
	Ocean biomass storage
	
	Ocean
	Poor
	Small
	
	High
	Low
	Low
	High
	High
	None

	5. Air Capture & CO2 Storage
	Air capture
	Either
	na
	High
	
	Yes
	V.High
	Low
	Medium
	Low
	Low
	

	
	Ocean CO2 storage
	na

	Ocean
	Low
	Medium
	na
	High
	Low
	Low
	V. High
	High
	None

	
	Sub-surface CO2 reservoirs
	
	Sub-S
	Good
	Medium
	
	High
	Low
	Low
	Moderate
	Moderate
	


CHAPTER 3: OVERVIEW OF CLIMATE CHANGE AND OCEAN ACIDIFICATION AND OF THE THEIR IMPACTS ON BIODIVERSITY
Geo-engineering techniques are being proposed to offset at least some of the negative impacts of climate change, including impacts on biodiversity. This chapter therefore provides an overview of climate change (Section 3.1) and impacts on biodiversity (Section 3.2), in order to provide context, and a possible baseline, which can be taken into account, when the impacts of geo-engineering techniques are reviewed in later chapters.

3.1 Overview of projected climate change and ocean acidification.
Human activities have already increased the concentration of greenhouse gases, such as CO2, in the atmosphere.  These changes affect the Earth’s energy budget, and are considered to be the main cause of the ~0.7°C average increase in global surface temperature that has been recorded since the end of the 19th century.  The continued increase in atmospheric greenhouse gases has profound implications not only for global and regional average temperatures, but also precipitation, ice-sheet dynamics, sea-level rise, ocean acidification and the frequency and magnitude of extreme events
. Future climatic perturbations could be abrupt or irreversible, and potentially extend over millennial time scales; they will inevitably have major consequences for natural and human systems, severely affecting biodiversity and incurring very high socio-economic costs. 
3.1.1 Scenarios and Models 
The Intergovernmental Panel on Climate Change (IPCC) developed future scenarios for anthropogenic emissions of greenhouse gases in its Special Report on Emissions Scenarios (SRES). These were grouped into four families (A1, A2, B1 and B2) according to assumptions regarding the rates of global economic growth, population growth, and technological development
.  The SRES A1 family includes three illustrative scenarios relating to dependence on fossil fuels (A1FI, fossil fuel intensive; A1B, balanced; and A1T, non-fossil energy sources); the other families each have only one illustrative member. While none of these scenarios explicitly includes climate change mitigation policies, the B1 scenario does assume the rapid introduction of resource-efficient technologies, together with global population peaking at 8.7 billion in 2050. 
The IPCC’s fourth assessment report (AR4) used the six SRES illustrative scenarios discussed in a suite of climate change models to estimate a range of future global warming of 1.1 to 6.4°C by 2100, with ‘best estimate’ range of 1.8 to 4.0°C (Figures 1 and 2, Table 3)30.  A 7th scenario assumed that atmospheric concentrations of greenhouse gases remain constant at year 2000 values.
Figure 3.1: Illustrative scenarios for greenhouse gas annual emissions from 2000 to 2100
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Left:  Six illustrative scenarios for greenhouse gas annual emissions from 2000 to 2100, as gigatonnes of CO2 equivalent. Greenhouse gases include CO2, CH4, N2O and F-gases.  The gray shaded area shows the 80﻿th percentile range of other scenarios published since the IPCC Special Report on Emission Scenarios; the dashed lines [labelled post-SRES (max) and post-SRES (min)] show the full range of post-SRES scenarios.  Right:  Vertical bars show range of temperature increases and best estimates for IPCC’s six illustrative emission scenarios, based on multi-model comparisons between 1980-1999 and 2090-2099.  Temporal changes in global surface warming also shown graphically for scenarios A2, A1B and B1 (red, green and dark blue lines respectively), with pink line showing temperature change if atmospheric concentrations of greenhouse gases could be held constant at year 2000 values.  
Figure 3.2: Projected patterns of temperature increase and precipitation change
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Projected increase in annual mean temperature (upper map) and percentage precipitation change (lower maps; left, December to February; right, June to August) for the SRES A1B scenario, based on multi-model comparisons between 1980-1999 and 2090-2099.  White areas on precipitation maps are where <66% of the models agree in the sign of the change; for stippled areas, >90% of the models agree in the sign of the change.
Table 3:  Projected global average surface warming (best estimate) and sea level rise (likely range and model- based range) at the end of the 21st century.
	IPCC scenario
	Best estimate temperature increase (°C)
	Sea level rise (m)

	
	
	Likely range
	Model-based range excluding future changes in ice flow

	B1
	1.8
	1.1 – 2.9
	0.2 – 0.4

	A1T
	2.4
	1.4 – 3.8
	0.2 – 0.5

	B2
	2.4
	1.4 – 3.8 
	0.2 – 0.4

	A1B
	2.8
	1.7 – 4.4
	0.2 – 0.5

	A2
	3.4
	2.0 – 5.4
	0.2 – 0.5

	A1FI
	4.0
	2.4 – 6.4
	0.3 – 0.6

	No further increase in greenhouse gases 
	0.6
	0.3 – 0.9
	Not available


Projections for the six IPCC illustrative SRES scenarios, based on multi-model comparisons between 1980-1999 and 2090-2099.  Projection also given for atmospheric greenhouse gases remaining at 2000 levels. 
The broad pattern of climate change observed since ~1850 has been consistent with model simulations, with high latitudes warming more than the tropics, land areas warming more than oceans, and the warming trend accelerating over the past 50 years.  Over the next 100 years, interactions between changes in temperature and precipitation (Figure 3.2) will become more critical: these effects are likely to vary across regions and seasons, although with marked differences between model predictions.  By 2050, water availability may increase by up to 40% in high latitudes and some wet tropical areas, while decreasing by as much as 30% in already dry regions in the mid-latitudes and tropics
.  Additional analyses
 of 40 global climate model projections using the SRES A2 scenario indicate that Northern Africa, Southern Europe and parts of central Asia could warm by 6-8°C by 2100, whilst precipitation decreases by ≥10%. 
The IPCC SRES scenarios can be considered inherently optimistic, in that they assume continued improvements in the amounts of energy and carbon needed for future economic growth.  Such assumptions have been questioned
; if such improvements are not achieved, emissions reductions would need to be up to three times greater than estimated in AR4.
 

A new generation of emission scenarios giving greater awareness to such issues is currently under development
 for use in the IPCC fifth assessment report (AR5).  These will include both baseline and mitigation scenarios, with emphasis on Representative Concentration Pathways (RCPs) and cumulative emissions to achieve stabilization of greenhouse gas concentrations at various target levels, linked to their climatic impacts.  For example, stabilization at 450, 550 and 650 ppm CO2eq (carbon dioxide equivalent; taking account of anthropogenic greenhouse gases in addition to carbon dioxide), would provide around a 50% chance of limiting future global temperature increase to 2°C, 3°C and 4°C respectively. 
3.1.2 Current Trajectories for Climate Change
The overall objective of the United Nations Framework Convention on Climate Change is to prevent dangerous anthropogenic interference in the climate system. For the political and technical debate on what ‘dangerous climate change’ means, it may prove useful to reiterate the UNFCCC Objective (Article 2 of the Convention), which reads:
The ultimate objective of this Convention and any related legal instruments that the Conference of the Parties may adopt is to achieve, in accordance with the relevant provisions of the Convention, stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous anthropogenic interference with the climate system. Such a level should be achieved within a time frame sufficient to allow ecosystems to adapt naturally to climate change, to ensure that food production is not threatened and to enable economic development to proceed in a sustainable manner.
However, there are both political and technical difficulties in deciding what ‘dangerous’ means in terms of equivalent temperature increase and other climate changes (and hence CO2eq stabilization value). The Copenhagen Accord
 recognized “the scientific view that the increase in global temperature should be below 2°C”, which some equate with a target of 450 ppm CO2eq and the European Union considers this to be achievable
. Lower stabilization targets have also been proposed, on the basis that 2°C represents the threshold between dangerous and extremely dangerous
; thus CO2 levels of around 350 ppm (already exceeded, by ~45 ppm) have been advocated
,
,
.  The potential effects of such changes on biodiversity are discussed in Chapter 5. 
Since 2000, the average rate of increase in global greenhouse gas emissions has been ~2.5% per year (Figure 3.4), matching or exceeding the rates of the highest IPCC SRES scenarios for that period (A1B, A1FI and A2) despite the Kyoto Protocol and the global economic downturn of 2008-09.  As a result, it has become much more challenging to achieve the 450 ppm CO2eq target. For example, for ~50% success in reaching that target, it has been estimated that peak emissions would need to be in the period 2015-2020, with an annual reduction of emissions of >5% thereafter,
. Whilst such achievements are not unrealistic for some developed countries, at the global level the necessary planning (and political will) for radical changes in energy infrastructure and associated economic development is not yet in place.  Avoidance of high risk of dangerous climate change therefore requires an urgent and massive effort to reduce emissions, together with an economic paradigm shift towards sustainability
. If such efforts are not made, geoengineering approaches will increasingly be postulated to offset at least some of the impacts of climate change, despite the risks and uncertainties involved, given the knowledge that if no action is taken at all (or insufficient action is taken) then the impacts of climate change will reach dangerous levels.
Figure 3.4.  Global emissions of CO2 for 1980-2010 in comparison to IPCC SRES emission scenarios for 2000-2025
.  
[image: image4.emf]
The average rate of increase of CO2 emissions since 2000 has been ~2.5% per year, tracking the highest IPCC emission scenarios used for AR4 climate projections.
Climate-carbon-cycle feedbacks were not included in the main set of climate models used for AR4.  Subsequent ensemble-based analyses
 of the A1FI scenario with such feedbacks matched the upper end of the AR4 projections, indicating that an increase of 4°C relative to pre-industrial could be reached as soon as the early 2060s.   The wider omission of non-linearities, irreversible changes
 and tipping points
 from global climate models makes them more stable than the real world.  Evidence for that greater stability is provided by models being unable to simulate previous abrupt climate change due to natural causes
.
Even with strong climate mitigation policies, further climate change is inevitable due to lagged responses in the Earth climate system (so-called unrealized warming). Thus a further increase in global mean surface temperature of about 0.6oC is expected to occur within the next century even if the atmospheric concentration of greenhouse gases were to be stabilized immediately (Table 3).   Due to the long residence time of CO2 in the atmosphere, it is an extremely slow and difficult process to return to a stabilisation target once this has been exceeded.  Figure 3.5 shows the modelled decline in atmospheric CO2 concentrations based on the assumption that emissions could be reduced to zero in either 2012 (unrealistic), 2050 (unlikely) or 2100.  On a more likely scenario that CO2 stabilisation will be achieved on a timescale of 100-300 years, temperatures will continue to rise for several centuries, whilst increases in sea level will continue for more than a thousand years due to thermally-driven expansion and ice-melt (Figure 3.6).  
Such lag effects have particular importance for ocean acidification. Thus changes in surface ocean pH (due to the solubility of CO2, and the formation of carbonic acid) have to date closely followed the ~35% increase in atmospheric CO2 since pre-industrial times (Figure 3.7).  However, penetration of such pH changes to the ocean interior is very much slower, depending on the century-to-millennium timescale of ocean mixing
,
.  
Figure 3.5:  Decline of CO2 concentrations based on emission cessation in 2012, 2050 and 2100
[image: image5.emf]
Based on SRES A2 scenario (black line) based on emission cessation in 2012, 2050 and 2100, as simulated with the HadCM3LC model17
Figure 3.6: Climatic effects of increased atmospheric CO2
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Generic figure for timescale of temperature and sea-level responses for CO2 stabilisation between 450-1000 ppm within ~200 years.  Since the scale of response depends on the stabilisation level, units are not shown on the vertical axis.
Figure 3.7: Timescale of ocean acidification
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Left, century-scale changes in surface ocean pH due to increasing atmospheric CO2 
. Right:  millennial-scale projected changes in pH in the ocean interior, based on mid-range IPCC emission scenarios
. 
3.2 Observed and Projected Impacts of Climate Change and Ocean Acidification on Biodiversity
3.2.1 Overview of Climate Change Impacts on Biodiversity
Temperature, rainfall and other components of climate strongly influence the distribution and abundance of species; they also affect the functioning of ecosystems, through species interactions. Whilst vegetation shifts, population movements and genetic adaptation have lessened the impacts of previous, naturally-occurring climate change (e.g. during geologically-recent ice age cycles)
, the scope for such responses is now reduced by other anthropogenic pressures on biodiversity, including over-exploitation; habitat loss, fragmentation and degradation
; the introduction of non-native species; and pollution, and the rapid pace of projected climate change. Thus anthropogenic climate change carries a higher extinction risk
, since the abundance (and genetic diversity) of many species is already much depleted. Human security may also be compromised by climate change
,
 , with indirect (but potentially serious) biodiversity consequences in many regions
Whilst some species may benefit from climate change, many more will not. Observed impacts and adaptation responses arising from anthropogenic climate changes that have occurred to date include the following
:
· Shift in geographical distributions towards higher latitudes and (for terrestrial species) to higher elevations
. This response is compromised by habitat loss and anthropogenic barriers to range change;
· Phenological changes relating to seasonal timing of life-cycle events;
· Disruption of biotic interactions, due to differential changes in seasonal timing; e.g. mismatch between peak of resource demand by reproducing animals and the peak of resource availability;
· Changes in photosynthetic rates and primary production in response to CO2 fertilization and increased nutrient availability (nitrogen deposition and coastal eutrophication).  Overall, gross primary production is expected to increase, although fast growing species are likely to be favoured over slower growing ones, and different climate forcing agents (e.g. CO2, tropospheric ozone, aerosols and methane) may have very different effects
.
As noted above, the AR4 estimates future global warming to be within the range 1.1°C to 6.4°C by 2100.  Five reasons for concern (RFCs) for a similar temperature range had been previously identified in the IPCC’s third assessment report
, relating to risks to unique and threatened (eco)systems; risks of extreme weather events; disparities of (human) impacts and vulnerabilities; aggregate damages to net global markets; and risks of large-scale discontinuities. These RFCs were re-assessed using the same methodology
, with the conclusion that smaller future increases in global mean temperature – of around 1°C – lead to high risks to many unique and threatened systems, such as “coral reefs, tropical glaciers, endangered species, unique ecosystem, biodiversity hotspots, small island States and indigenous communities” (Figure 3.8).  
Figure 3.8: Predicted impacts of global warming, as “reasons for concern”
[image: image8.emf]
Updated “reasons for concern” plotted against increase in global mean temperature
.  Note that: i) this figure relates risk and vulnerability to temperature increase without reference to a future date; ii) the figure authors state that the colour scheme is not intended to equate to ‘dangerous climatic interference’ (since that is a value judgement); and iii) there was a marked worsening of the authors’ prognosis in comparison to an assessment made 7 years earlier, using the same methodologies. 
The relatively specific and quantifiable risk of rate of extinction was assessed by the Second Ad hoc Technical Expert Group on Biodiversity and Climate Change, with the estimate that ~10% of species will be at risk of extinction for every 1°C rise in global mean temperature
.  A recent meta-analysis provides an estimate of similar magnitude, although slightly lower (extinction likely for 10-14% of all species by 2100)
. Irreversible losses at such scales must inevitably lead to adverse impacts on many ecosystems and their services
, with negative social, cultural and economic consequences.  Nevertheless, there is still uncertainty about the extent and speed at which climate change will impact biodiversity, species interactions
 and ecosystem services, the thresholds of climate change above which ecosystems no longer function in their current form
, and the effectiveness of potential conservation measures
,
  
3.3.2 Terrestrial Ecosystems at Risk
The geographical locations where greatest terrestrial biodiversity change might be expected has been assessed using multi-model ensembles and SRES A2 and B1 emission scenarios to predict the appearance or disappearance of new and existing climatic conditions
 (Figure 3.9).  The A2 scenario indicates that, by 2100, 12-39% of the Earth’s land surface will experience novel climates (where the 21st century climate does not overlap with 20th century climate); in addition, 10-48% will experience disappearing climates (where the 20th century climate does not overlap with the 21st century climate).  
Figure 3.9:  Novel and disappearing terrestrial climates by 2100.
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Model projections of novel (upper) and disappearing (lower) terrestrial climates by 2100.  Left-hand maps: based on A2 emission scenario; right-hand maps: based on B1 emission scenario.  Novel climates are projected to develop primarily in the tropics and subtropics. Disappearing climates are concentrated in tropical montane regions and the poleward portions of continents.  Scale shows relative change, with greatest impact at the yellow/red end of the spectrum.
Montane habitats (e.g. cloud forests, alpine ecosystems) and endemic species have also been identified24 as being particularly vulnerable because of their narrow geographic and climatic ranges, and hence limited – or non-existent – dispersal opportunities. Other habitats considered to be at high risk include coral reefs, mangroves, tropical forests and Arctic ecosystems.  For several of these, rising sea level is likely to be an additional environmental stress.
A more physiological approach to assessing climatic vulnerability and resilience found that temperate terrestrial ectotherms (cold-blooded animals, mostly invertebrates) might benefit from higher temperatures, whilst tropical species, already close to their optimal temperature, would be disadvantaged even though the amount of change to which they will be exposed is smaller (Figure 3.10)
.  More limited data for vertebrate ectotherms (frogs, lizards and turtles) demonstrated a similar pattern indicating a higher risk to tropical species from climate change.  In temperate regions, insect crop pests and disease vectors would be amongst those likely to benefit from higher temperatures (with implications for food security and human health), particularly if their natural predators are disadvantaged by climate change. 
In general, vulnerability to climate change across species will be a function of the extent of climate change to which they are exposed relative to the species’ natural adaptive capacity.  This capability varies substantially according to species biology and ecology, as well as interactions with other affected species. Species and ecosystems most susceptible to decline will be those that not only experience high rates of climate change (including increased frequency of extreme events), but also have low tolerance of change and poor adaptive capacities
.
Figure 3.10:  Predicted impact of projected future warming (for 2100) on the fitness of terrestrial ectotherms


Latitudinal impacts of climate change, based on thermal tolerance. A) and B), insect data; map shows negative impacts in blue, positive impacts in yellow/red. C), comparison of latitudinal change in thermal tolerance for insects with more limited data for turtles, lizards and frogs29.
Given their importance in the carbon cycle, the response of forest ecosystems to projected climate change is a critical issue for natural ecosystems, biogeochemical feedbacks and human society
; however, such responses are also subject to uncertainty.  Key unresolved issues include the relative importance of water availability, seasonal temperature ranges and variability, the frequency of fire and pest abundance, and constraints on migration rates.  Whilst tropical forests are clearly at risk
, recent high resolution modelling has given some cause for optimism
, in that losses in one region may be offset by expansion elsewhere.
3.2.3 Climate Change, Ocean Acidification and Marine Biodiversity
For the marine environment, future surface temperature changes (with the exception of the Arctic) may not be as great as on land (Figure 3.2).  Nevertheless, major poleward distributional changes have already been observed; for example, involving population movements of thousands and hundreds of kilometres by plankton
 and fish
 in the North East Atlantic. Increases in marine pathogenic bacteria have also been ascribed to climate change
. 
For temperate waters, increases in planktonic biodiversity (in terms of species numbers) have recently occurred in response to ocean warming
.  Such changes do not, however, necessarily result in increased productivity nor benefits to ecosystem services, e.g. fisheries. In the Arctic, the predicted loss of year-round sea ice this century
 is likely to enhance pelagic biodiversity and productivity, but threaten the survival of charismatic mammalian predators.  The loss of ice will also re-connect the Pacific and Atlantic Oceans, with potential for major introductions (and novel interactions) for a wide variety of taxa via trans-Arctic exchange
.
As discussed earlier (Figure 3.6), marine species and ecosystems are also increasingly subject to an additional – yet closely linked – climatic threat: ocean acidification.  Such a process is an inevitable consequence of the increase in atmospheric CO2: this gas dissolves in sea water, to form carbonic acid; subsequently concentrations of hydrogen ions and bicarbonate ions increase, whilst levels of carbonate ions decrease.  
By 2100, a 0.5 fall in pH, corresponding to a 300% increase in hydrogen ions, is predicted under SRES scenario A1FI
. This may benefit small-celled phytoplankton (microscopic algae and cyanobacteria), but could have potentially serious implications for many other marine organisms, including commercially-important species that may already be subject to thermal stress
. Whilst experiments on ocean acidification impacts have given variable results, with some species showing positive or neutral responses to lowered pH, a recent meta-analysis
 of 73 studies showed that laboratory survival, calcification and growth were all significantly reduced when a wide range of organisms was exposed to conditions likely to occur in 2100 (Figure 3.11) .
Figure 3.11:  Meta-analysis of experimental studies on effect of pH change predicted for 2100.
[image: image11.emf]
Mean effects (with 95% confidence limits) of pH decrease of 0.4 units on laboratory survival and rates of calcification, growth, photosynthesis and reproduction for a wide taxonomic range of marine organisms. Vertical scale is the log-transformed response ratio, with negative values indicating inhibition. Number of studies used for each analysis given below each range bar, * statistical significance; Q, significant heterogeneity within mean effect34.  
The threshold for ‘dangerous’ ocean acidification has yet to be formally defined at the governmental or intergovernmental level, in part because its ecological impacts and economic consequences are currently not well quantified
,
. Whilst an atmospheric CO2 stabilisation target of 450 ppm could be expected to avert catastrophic pH change, it would still risk  large-scale and ecologically-significant impacts. Thus, at that level: 11% of the surface ocean would experience a pH fall of >0.2 relative to pre-industrial levels and only 8% of present-day coral reefs would experience conditions considered optimal for calcification, compared with 98% at pre-industrial atmospheric CO2 levels
; around 10% of the surface Arctic Ocean would be aragonite-undersaturated for part of the year (resulting in dissolution of most mollusc shells)
; and potentially severe local impacts could occur elsewhere in upwelling regions and coastal regions
, with wider feedbacks
. 
Tropical corals are especially vulnerable to ocean acidification impacts since they are also subject to temperature stress (coral bleaching), coastal pollution (eutrophication and increased sediment load) and sea-level rise. Population recovery time from bleaching would be prolonged if growth is slowed due to acidification (together with other stresses), although responses are variable and dependent on local factors
. The biodiversity value of corals is extremely high, since they provide a habitat structure for very many other organisms; they protect tropical coastlines from erosion; they have significant biotechnological potential; and they are highly-regarded aesthetically.  More than half a billion people are estimated to depend directly or indirectly on coral reefs for their livelihoods
.
3.2.4 Interactions between Biodiversity and Climate Change
Biodiversity is not a passive ‘victim’ of climate change. The biosphere plays a key role in climate processes, especially as part of the carbon and water cycles. Therefore, feedbacks between ecosystems and the climate systems cannot be ignored when assessing the impacts of climate change on biodiversity. Furthermore, the conservation and restoration of natural terrestrial, freshwater and marine biodiversity are essential for the overall goal of the UNFCCC, on account of ecosystems’ role in the global carbon cycle and in supporting adaptation to climate change.  
Carbon is naturally sequestered and stored by terrestrial and marine ecosystems, through biologically-driven processes. About 2,500 Gt C is stored in terrestrial ecosystems, compared to approximately 750Gt C in the atmosphere
.  An additional ~37,000 Gt C is stored in the deep ocean (in layers that will only feed back to atmospheric processes over very long time scales) and ~1,000 Gt in the upper layer of the ocean
.  On average ~160 Gt C cycle naturally between the biosphere (both ocean and terrestrial ecosystems) and atmosphere. Thus, proportionately small changes in ocean and terrestrial carbon stores, caused by changes in the balance of exchange processes, can have large implications for atmospheric CO2 levels. Such a change has already been observed: in the past 50 years, the fraction of CO2 emissions that remains in the atmosphere each year has slowly increased, from about 40% to 45%, and models suggest that this trend was caused by a decrease in the uptake of CO2 by natural carbon sinks, in response to climate change and variability
.
It is therefore important to improve our understanding of the role of biogeochemical feedbacks (frequently driven by microbes, in the soil and ocean) in the Earth’s climate system. Such effects need to be much better represented in climate models – and the beneficial feedbacks, from the human perspective, safeguarded in the real world. 
CHAPTER 4: POTENTIAL IMPACTS ON BIODIVERSITY OF SOLAR RADIATION MANAGEMENT GEO-ENGINEERING TECHNIQUES.
As summarised in Chapter 3, if climate change continues unchecked, it will pose an increasingly severe range of threats to biodiversity and ecosystem services. Effective actions to reduce the negative impacts of climate change would, by definition, be expected to have positive impacts on biodiversity that may or may not be augmented or offset by the additional positive or negative proximate impacts of the measure itself. Thus if a proposed geo-engineering measure can be shown to be likely to be feasible and effective in reducing the negative impacts of climate change, these projected positive impacts need to be considered alongside any projected negative impacts of the geo-engineering measure.

This chapter explores whether and how SRM techniques – in general and individually – might be able to reduce climate-imposed threats to biodiversity and ecosystem services. It also examines the potentially damaging side effects of SRM techniques, as well as the uncertainties surrounding their impacts. 
Carbon Dioxide Reduction (CDR) techniques are examined in Chapter 5.

This chapter first examines the positive and negative impacts that are common to all SRM techniques (section 4.1). Then the impacts specific to particular techniques are reviewed (section 4.2). 
4.1. Potential impacts on biodiversity of a generic SRM approach.
4.1.1. Potential reduction in temperature and other climate change effects from SRM deployment
Computer modelling of future scenarios shows that against a baseline of “2xCO2 world” (a world with doubled atmospheric CO2 concentrations compared with pre-industrial levels), a “sunshade world” in which there is a uniform dimming of sunlight, through an unspecified generic SRM technique, to compensate for the temperature increase from a doubling of CO2 concentrations, most areas of the planet would less temperature change.
 However, a few would suffer more. In this particular model, overall changes to precipitation would not be any worse than the 2xCO2 world, and at best there would be significantly less change. However, the positive impacts of the technique on reducing changes in temperature and precipitation are least in equatorial regions, the most biodiverse regions. These simulations suggest that geo-engineering, if feasible and effective, could reduce the overall changes in temperature and rainfall resulting from climate change but also lead to redistribution of the effects of temperature and rainfall
,
. 
Overall, this would be expected to reduce some of the impacts of climate change on biodiversity. However, only very limited modelling work has been done and many uncertainties remain concerning the side effects of SRM techniques on biodiversity (as noted in the following sections). It is therefore not possible to predict the net effect with any degree of confidence. Scientists are also far from being able to predict which areas might experience greater changes in temperature and precipitation under SRM deployment, and even further from being able to predict which ecosystems, and elements thereof, might be affected, and how. 
The large degree of uncertainty surrounding regional climatic changes in a 2xCO2 world and a 2xCO2 + SRM world stems from the uncertain nature of climate modelling. The specific regional results from individual climate models cannot be relied upon since, as the IPCC’s model inter-comparisons have demonstrated
, different models generate a wide diversity of regional climate projections for high CO2 futures. In some regions results most models converge, giving a relatively high degree of confidence that regional predictions are correct. However, in other regions there is no agreement among climate model predictions. Compounding this problem is the fact that no inter-comparisons have yet been carried out for SRM models, although one is currently underway for stratospheric geo-engineering with sulphate aerosols
. Owing to these modelling uncertainties, it is difficult to conclude on how a uniform deployment of SRM might regionally affect biodiversity and ecosystem services (Section 4.1.3).
Further SRM does not address the problem of ocean acidification (and indeed could make it worse)
 because it does not address CO2 concentrations (section 4.1.4). In fact, as described in section 4.1.2 it introduces a novel balance between the warming effects of CO2 and the cooling effects of SRM. Moreover, the long-term sustainability of SRM techniques is highly questionable given the termination effect described in section 4.1.5 below. 
Figure 4.1: Temperature changes resulting from two experimental simulations
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Panels (a) and (b) show change in mean annual surface temperature and its statistical significance with twice the CO2 concentration of the pre-industrial era, and (c) and (d) show projected temperature change and its statistical significance with a uniform 1.84% reduction of insolation. 
Figure 4.2: Precipitation changes resulting from two experimental simulations[image: image13.jpg]© @
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Panels (a) and (b)show change in total annual precipitation and its statistical significance with twice the CO2 concentration of the pre-industrial era, and (c) and (d) show projected precipitation change and its statistical significance with a uniform 1.84% reduction of insolation. 
4.1.2 Projected impacts of deploying a generic SRM technique on hydrological and nutrient cycles
SRM would not treat the cause of climate change – increasing concentrations of greenhouse gases in the atmosphere.  Instead it would introduce a novel balance, with unknown stability, between the heating effects of greenhouse gases and the cooling effects of SRM.  The Earth’s previous history of abrupt climate change
 due to natural causes cannot yet be replicated in global climate models, in part because processes are not sufficiently well-understood and in part because models have built in stability
. Therefore the precise effects that many SRM interventions would have on the climate system remain very uncertain.
While modelling to date has generally indicated that changes to precipitation are likely to be reduced under SRM deployment (compared with a 2xCO2 world
,
), it is hard to extrapolate what the implications would be for biodiversity and ecosystem services. Precipitation minus evaporation is a much more useful metric of biologically available water than is precipitation alone
,
, with soil moisture the key hydrological variable for healthy terrestrial ecosystems. Under SRM deployment, one might expect soil moisture to decrease as precipitation decreases, soil moisture to increase as insolation decreases (since evapotranspiration would be reduced), and soil moisture to increase as CO2 increases (since plants would use less water). 
Combining these various observations leads to the conclusion that soil moisture would increase overall under SRM, assuming that CO2 levels continue to increase. Such a conclusion is extremely tentative however, given the lack of modelling and model inter-comparisions to date. Conversely, some modelling has indicated that soil moisture would probably decline in the tropics
,
. Changes in soil moisture have implications for terrestrial ecosystem services since they affect Net Primary Productivity (NPP)
,
. 
SRM could have both predictable and unknown side effects on the atmospheric cycling of nutrients and their deposition
. While it is possible that SRM could counteract the changes to nutrient cycles expected in a 2xCO2 world, in the absence of any nutrient cycle modelling, it is impossible to predict with any degree of certainty what the implications for biodiversity and ecosystem services might be. 
4.1.3 Projected impacts of deploying a generic SRM technique on species and ecosystems
Reducing temperature through deployment of SRM might benefit those species identified in Chapter 5 as being particularly vulnerable to the negative impacts of increased tempertature due to climate change, including for example: stranded species; species of arctic ecosystems, mountain ecosystems and the northern extreme of northern islands. Long-lived non-mobile species such as many k-strategist trees, which are poor at adapting to climate change, are also likely to favoured. So too, potentially, are most species that reproduce slowly. It is plausible, although not yet known, that species with temperature-regulated sex determination might also do better under SRM deployment than under climate change alone. 
However, it is important to note that species that are particularly poor at adapting to climate change, and which might therefore benefit most from SRM deployment, are also those most at risk from SRM termination (See section 4.1.5).
Further, current species and ecosystems are not adapted to living in the novel environments resulting from the deployment of SRM (see section 4.1.2).
 The possible combination of changes – more diffuse light, unpredictably altered precipitation patterns, potentially high CO2 concentrations – would be unlike any known combination that extant species and ecosystems have experienced in their evolutionary history. However, it is not clear whether the novel environment of the SRM world would be more or less challenging for today’s species than the 2xCO2 world it would be seeking to counter.  A world of high CO2 concentrations, higher global temperatures and altered weather patterns would also provide living conditions that today’s species are not adapted to living in. As such, it is very difficult to predict the ecological consequences of such an unknown combination of variables.
Overall, if (i) the world behaved the way that it does in most climate models, (ii) there were no secondary socio-political feedbacks to consider and (iii) there were no serious additional side effects, then, in general, uniformly deployed SRM should help to maintain biodiversity relative to a 2xCO2 world without SRM.
However, this may not be true in some localities: although difficult to predict, ecosystems that are already water stressed may continue to be so under SRM, and marine ecosystems suffering from increasing acidity will continue to suffer under SRM. Furthermore, the world is unlikely to conform exactly to climate model predictions, particularly at fine spatial and temporal scales. And finally, of course, SRM deployment would almost certainly entail secondary socio-political feedbacks, and have unexpected side effects. Such projections of the effects and efficacy of SRM deployment must therefore be understood to be fraught with great uncertainties.
4.1.4 Impacts of high CO2 under SRM
It is important to note that because SRM does nothing to address increasing atmospheric CO2 concentrations, it will do nothing to reduce ocean acidification and, as such, marine biodiversity will continue to be vulnerable to the negative impacts of this phenomenon related to climate change. 
Likewise, SRM will not address the effects of high CO2 concentrations on terrestrial ecosystems, such as favouring woody plants over grassy ones, while ecosystems that are already water stressed may continue to be so under SRM. 
4.1.5 Rate of environmental change and the termination effect
It is not just the magnitude, nature and distribution of environmental changes (from climate change or from solar geo-engineering) that will affect biodiversity and ecosystem services, but also the rate at which the changes take place. In general, the faster an environment changes, the greater the risk to species
.  If deployed suddenly, SRM might negatively affect those species that were adapting well to the changed climate.  On the other hand, if deployed gradually to ‘shave the peaks’ off the most extreme warming from climate change, SRM could provide more time to allow species to adapt to new conditions. Arguably, because reductions in greenhouse gas emissions can take decades (or longer) to start reducing the global temperature, deployment of SRM might be a to save some species or ecosystems that cannot adapt to a warming planet
.  
However, in addition to the biological and ecological impacts of SRM identified above, there is an additional issue to consider when evaluating the general effects of all SRM techniques on biodiversity and ecosystem services: the so-called ‘termination effect’. 
SRM would only offset global warming so long as it is continually renewed.  The cessation of SRM would result in very large and rapid climatic changes: all the warming that would have taken place over several decades might take place over a few years. This warming would be particularly marked if SRM was undertaken for many decades to counter increasing greenhouse gas concentrations: the greater the magnitude of climate change that SRM is masking, the greater the magnitude of the termination effect. Therefore there is no ‘exit strategy’ for SRM that has been deployed for a number of years and is masking a high degree of warming, other than reduced atmospheric CO2 concentrations from emission reductions combined with CDR approaches.
SRM termination would almost certainly have very large negative impacts on biodiversity and ecosystem services, ones that would be far more severe than those resulting from gradual climate change. Without any opportunity for species and communities to adapt, many microbial organisms, plants, animals and their interactions could be affected: current rates of anthropogenic climate change are already altering, or are predicted to alter, community structure
, biogeochemical cycles
, and fire risk
. Very rapid warming from SRM termination could also lead to accelerated thawing of the permafrost
. 
An example of sudden warming is provided by the extraordinarily hot summer in Europe in 2003. The July temperature was 6˚C above the long-term mean, and annual precipitation 50% below. The resulting drought-induced reduction of Gross Primary Productivity (GPP) by 30% produced a strong anomalous net source of CO2 to the atmosphere, reversing four years of ecosystem-driven net carbon sequestration
. Significant crop failures also occurred. Much larger anomalies could result from a sudden cessation of SRM.
4.2 Potential impacts on biodiversity of specific SRM techniques.
Thus far this Chapter has only addressed the very general effects on biodiversity that reduced insolation from SRM might have. Now, the chapter looks at the potential benefits and drawbacks associated with three specific SRM techniques – stratospheric aerosol injection, cloud brightening and surface albedo enhancement – since these are the options most frequently proposed. The positive and negative impacts of space-based mirrors are expected to be similar to those of the generic SRM approaches described in section 4.1.

4.2.1 Potential impacts on biodiversity of Stratospheric aerosol injection
In addition to the positive and negative impacts of generic SRM approaches described in section 4.1, this proposed SRM technique could affect atmospheric acidity, stratospheric ozone depletion, and the overall quantity and quality of light reaching the biosphere, with knock-on effects on biodiversity and ecosystem services. It is worth noting that any projected effects on biodiversity associated with atmospheric acidity and ozone depletion/UV radiation would not necessarily occur if aerosols other than sulphates were be used for this SRM technique. However, other particles that have been suggested
 might bring with them their own particular risks. For example use of nano-materials which are under consideration for some SRM approaches, may present additional risks
. 
Increased acidity in atmosphere


Use of sulphate aerosols would marginally increase the negative effects of atmospheric acidity such as acid rain with consequent impacts on ecosystems
. However the size of this effect might not be very large because the suggested quantities of sulphur required for this form of SRM would likely be less than 10% of the global deposition, and possibly as little as 1%
. 
Ozone depletion and increased UV radiation
One proposed method of stratospheric aerosol injection would involve spraying sulphur dioxide to create sulphate aerosols. There is some evidence that an increase in sulphate levels in the stratosphere would lead to increased ozone depletion
. This would, in turn, cause an increase in the amount of ultra violet (UV) radiation reaching the Earth, which would affect some plants more than others. Certain species possess a protective layer on the upper surface of their leaves, making them less susceptible to UV damage. The ecological effects of increased UV radiation also depend on the percentage change in UV radiation under stratospheric aerosol injection, and on the spectral forms (UVA, UVB and UVC) likely to be most affected. Possibly, the increase in UV due to depleted ozone might be partially offset by the attenuation of UV by the aerosols.

The impact of stratospheric ozone injection on the amount of UVB radiation reaching the Earth’s surface (with consequent impacts on biodiversity and ecosystem services) is very difficult to predict. 
Changes in the nature and amount of light reaching ecosystems
Stratospheric aerosols would decrease the amount of photosynthetically active radiation (PAR) reaching the Earth, but would increase the amount of diffuse (as opposed to direct) radiation. The effects that this would have would obviously vary from ecosystem to ecosystem, and from species to species.
For example, the net efficiency of carbon fixation by the forest canopy is increased when light is distributed more uniformly throughout the canopy, as occurs with diffuse light. Diffuse light penetrates the upper canopy more effectively than direct radiation because direct light saturates upper sunlit leaves but does not reach lower leaves. It has therefore been suggested that effects of the (small) reduction in total PAR would be less than the effects of the increase in diffuse radiation giving an net improvement in photosynthetic efficiency leading to  increased primary productivity in terrestrial ecosystems overall. Such may have been the case following the Mt. Pinatubo eruption
, and during the ‘global dimming’ period (1950-1980)
. 
However, the magnitude and nature of effects on biodiversity are likely to be mixed, and are currently not well understood. While the increase in diffuse light as a result of stratospheric ozone injection might increase gross primary productivity (GPP) in certain ecosystems, GPP is not necessarily a good proxy for biodiversity, and increases in GPP could be due to a few species thriving in more diffuse light. In addition, for ecosystems where total light availability is the major growth-limiting factor, the small decrease in total radiation could be harmful while the increase in diffuse radiation is of no net benefit. Complicating this picture is that fact that aerosol-induced cooling would probably slow the rate of organic matter decomposition in the soil, and thus reduce the availability of nutrients to plants. Persistent nutrient limitations may alter plant responses to diffuse light.  One further complication is that while diffuse light is better at penetrating the canopy, sunflecks (bursts of very strong light which penetrate the canopy and reach the forest floor) would be less intense with diffuse light as opposed to direct light
. Changes in the nature and amount of light reaching ecosystems may therefore affect community composition and structure. Further research on impacts of increased diffuse radiation combined with decreased PAR on specific ecosystems
A sensitivity analysis carried out for broadleaf forest shows that simulated GPP reaches a maximum at a diffuse fraction of 0.4, any higher than which it decreases due to a reduction in the total PAR.
 In the absence of deliberate aerosol injection associated with SRM, a probable decline in aerosols before atmospheric CO2 is stabilised will mean the positive effect of diffuse radiation on photosynthesis will decline rapidly to near zero by the end of the 21st century
. 
Analyses of oceanic photosynthesis effects of SRM have not been carried out, but oceanic photosynthesis depends on downward directed PAR, which could be decreased by diffusive effects. Thus ocean productivity could decrease.
4.2.2. Potential impacts on biodiversity of Cloud brightening
In addition to the positive and negative impacts of generic SRM approaches described in section 4.1, this proposed SRM technique could cause atmospheric and oceanic perturbations with possibly significant effects on terrestrial and marine biodiversity and ecosystems. However, few models and studies are available on the impacts of cloud brightening on biodiversity and, of those that are available, there is a high degree of inconsistency among findings.
Cloud brightening is expected to cause localized cooling, the effects of which are very poorly understood. More modeling work could help reduce, but not eliminate, uncertainties. One impact of localised cooling that has been suggested
, though with no degree of certainty, is a decrease in local stratification (which global warming is currently slightly increasing), leading to an increase in upwelling and a higher the degree of nutrient mixing. In turn this could lead to higher ecosystem productivity in localised areas.
Changes to regional precipitation regimes resulting from cloud brightening are expected to increase overland water flow and this may have significant impacts on terrestrial ecosystems.
 Other changes to local weather patterns may have impacts on biodiversity. 
The high degree of localised cooling predicted as a result of cloud brightening has been shown in some modelling studies to perturb meso-scale atmospheric-oceanic systems, such as the West African Monsoon and the El Niño Southern Oscillation. However, results are inconsistent across different studies, or are based on very different parameters (e.g. different spray patterns) and so are not directly comparable
.
4.2.3. Potential impacts on biodiversity of surface albedo enhancement
The specific impacts of surface albedo enhancement on biodiversity and ecosystem services, over and above the impacts of generic SRM approaches described in section 4.1, depend on what method is used. Surface albedo can be increased, for example, through whitening the built environment, use of crops with more reflective foliage, covering deserts (or other lands) with reflective material, and use of micro-bubbles in water bodies. (The albedo of the surface ocean might be enhanced through the introduction of microbubbles (currently called ‘Bright Water’) with claims that the microbubbles are effective at reducing solar radiation even at parts per million levels
.)
In general, if surface albedo changes were large enough to have an effect on the global climate, they would have to be deployed across a very large area – with consequent impacts on ecosystems, or would involve a very high degree of localised cooling.
For instance, covering deserts with reflective material on a scale large enough to be effective in addressing the impacts of climate change would probably have significant negative ecological effects
, for instance on species richness and population densities. .
Introducing bubbles into large expanses of water bodies would probably have negative impacts on ocean biodiversity due to decreased light penetration, with possible impacts on currents and further knock-on impacts on local ecosystems.
Increasing crop albedo through use of crops with more reflective foliage would likely have no  specific effects on biodiversity and ecosystems beyond those cause by the positive or negative impacts of localised cooling. However, if deployed very widely, this approach could result in increased monoculture.
Whitening the built environment would likely have no specific effects on biodiversity and ecosystems beyond those cause by the positive or negative impacts of localised cooling. While the total cooling effect would be moderate at best, local cooling of buildings may reduce energy use for air conditioning. 
The effects of local cooling are poorly understood. While a high degree of localised cooling might help local ecosystems that are being damaged by the effects of climate change, the ‘patchy’ nature of the cooling might change local systems more than the global warming that the schemes are seeking to address.
 More computer modelling studies could reduce, but not eilimnate, the uncertainties. 
4.3. Summary of the impacts on biodiversity of SRM techniques.
Table 4.1 provides a summary of the impacts on biodiversity of SRM techniques prepared by the editors of this report. 

Table 4.1: Summary of impacts on biodiversity of SRM geo-engineering approaches

	Biophysical impact
	Impact on biodiversity and ecosystems
	Impacts on biodiversity‡
	Relevant technologies

	Overall cooling, reducing climate change phenomena
	Temperature intolerant species benefit; less ecosystem change
	Highly positive & uncertain
	All SRM

	Novel balance, changing climate patterns
	Large scale unpredictable changes
	Highly negative & uncertain
	All SRM

	High terrestrial CO2
	Increased productivity, woody plants favoured
	Mostly negative
	All SRM

	High Ocean CO2 (ocean acidification)
	Calcifying organisms harmed with ecosystem wide effects
	Highly negative
	All SRM

	Acid rain
	Changed community structure and composition
	Negative (relatively small)
	SO42- aerosols

	Ozone depletion, increased UV      .
	Some plant species harmed
	Negative
	SO42- aerosols

	Changes in nature and intensity of light in terrestrial ecosystems
	Changed community structure and composition
	Mostly negative
	Aerosols

	Changes in nature and intensity of light in marine ecosystems
	Decreased productivity
	Negative
	Aerosols, water bubbles (albedo)

	Localised cooling
	Range of unpredictable implications
	Negative & uncertain
	Cloud brightening, surface albedo

	Land cover change
	Loss of habitats, crop monoculture
	Negative
	Surface albedo

	
	
	
	


CHAPTER 5: POTENTIAL IMPACTS ON BIODIVERSITY OF CARBON DIOXIDE REMOVAL GEO-ENGINEERING TECHNIQUES
5.1. General features of CDR approaches.
Reducing the impacts of climate change
By removing Carbon Dioxide (CO2) from the atmosphere, CDR techniques reduce the concentration of the main causal agent of climate change. Depending on the technique employed, ocean acidification may be reduced as well. 
By reducing the negative impacts of climate change and ocean acidification on biodiversity (as summarised in Chapter 5) effective and feasible CDR techniques would be expected to have positive impacts on biodiversity. However, as noted in chapter 2, these effects are generally slow acting. Moreover, several of the techniques are of doubtful effectiveness as described in section 5.2. 
In addition, any positive effects from reduced impacts of climate change and/or ocean acidification due to reduced atmospheric CO2 concentrations may be offset (or, in a few cases, augmented) by the direct impacts on biodiversity of the particular CDR technique employed. These are reviewed in section 5.2.
Sequestration and storage
Carbon Dioxide Removal (CDR) geo-engineering approaches actually involve two steps:
(1) carbon sequestration or removal of CO2 from the atmosphere; and 
(2) storage of the sequestered carbon. 
In some biologically- and chemically-driven processes these steps occur together or are inseparable. This is the case in ocean fertilization techniques and in the case of afforestation, reforestation and soil carbon enhancement. In these cases the whole process, and their impacts on biodiversity, are confined to marine and terrestrial systems respectively
In other cases the steps are discrete, and various combinations of sequestration and storage options are possible. Carbon sequestered as biomass, for example, could be either: dumped in the ocean as crop residues; incorporated into the soil as charcoal; or used as fuel with the resultant CO2 sequestered at source and stored either in sub-surface reservoirs or the deep ocean. In these cases, each step will have different and additive potential impacts on biodiversity and both need to be examined. In some of these cases, there will be separate impacts on marine and terrestrial environments. In the case of enhanced weathering also, there will be the impacts of mining of rocks and transport in terrestrial environments as well as proximate impacts in the ocean and/or on the land due to the geo-chemical impacts of the measure.
Impact on ocean acidification
While sequestration of CO2 from the atmosphere will reduce ocean acidification, this benefit will be compromised if the CO2 is stored in the ocean, or leaks into the ocean from geological storage sites or as a result of decomposition of ocean stored biomass. 
Table: Classification of CDR techniques and summary of impacts.

	Technique(s)
	Location of Impacts
	Solves OA?
	Nature of impacts on biodiversity

	
	Capture
	Storage
	
	

	1. Ocean Fertilization
	direct external fertilization
	– Ocean –
	x
	Changes to phytoplankton productivity & diversity, food-webs and biogeochemical cycling; anoxia; acidification in deep sea

	
	up/downwelling modification
	– Ocean –
	x
	

	2. Enhanced weathering
	Ocean alkalinity (ocean)
	– Ocean+ –
	√
	Habitat destruction from mining and transportation on land; localized impacts of excess alkalinity at sea

	
	Spreading of base minerals
	– Land+ –
	x
	

	3. Terrestrial Ecosystem management
	Afforestation
	– Land –
	√
	Negative and positive impacts of land use change; 

	
	Reforestation
	– Land –
	√
	Generally positive impacts on forest ecosystems

	
	Soil carbon enhancement
	– Land –
	√
	Mostly positive impacts of soil carbon enhancements

	4. Biomass
	Biomass Production
	Land
	na
	
	Habitat change; carbon debt

	
	Biofuels with CCS 
	na
	Sub-S
	√
	above + estimated small risk of leakage

	
	Charcoal storage
	
	Land
	√
	above + mostly benign but uncertain impacts on soil condition

	
	Ocean biomass storage
	
	Ocean
	x
	above + damage to benthic environments; euthrophication

	5. Air Capture
	Either
	na
	
	Minor land cover changes; water use; energy use

	6. CO2 Storage
	Ocean CO2 storage
	na

	Ocean
	x
	Damage to deep sea ecosystems; ocean acidification

	
	Sub-surface CO2 reservoirs
	
	Sub-S
	√
	Estimated small risk of leakage


Land and Ocean-based approaches and Potentially Vulnerable Biodiversity 

As noted above, and summarised in Table 5.1, some CDR approaches will impact terrestrial ecosystems, some marine systems and some both.

Ocean-based approaches and Potentially Vulnerable Marine Biodiversity
The impacts of ocean-based CDR will vary greatly according to techniques. Whilst one approach – ocean iron fertilization – has been relatively well investigated through small-scale experiments and models (with several reviews
,
), most other interventions remain theoretical. 
The behaviour of marine ecosystems subject to perturbations is inherently difficult to model and predict due to the complex interactions between marine physical, chemical and biological processes, operating over a wide range of spatial and temporal scales.
Deep sea multicellular organisms have adapted to the energy-limited environment of the deep sea by limiting investment in reproduction, thus most deep-sea species produce few offspring. Deep-sea species tend to invest heavily in each of their eggs, making them large and rich in yolk to provide the offspring with the resources they will need for survival.
Due to their generally low metabolic rates, deep-sea fauna tend to grow slowly and have much longer lifespans than their upper-ocean cousins. For example, on the deep-sea floor, a bivalve less than 1 cm across can be more than 100 years old
. This means that populations of deep-sea species will be more greatly affected by the loss of individual larvae than would upper ocean species. Upon disturbance, recolonization and community recovery in the deep ocean follows similar patterns to those in shallow waters, but on much longer time scales (several years compared to weeks or months in shallow waters)
. 
The deep sea and its sediments also contain high abundances of microbes (bacteria, archaea and protists) for which there is very little information available.
The numbers of non-microbial organisms living on the sea floor per unit area decreases exponentially with depth, probably associated with the diminishing flux of food with depth. On the sea floor of the deepest ocean and of the upper ocean, the fauna can be dominated by a few species. Between 2000 and 3000 m depth, ecosystems tend to have high species diversity, not counting the species present in the water column, with a low number of individuals, meaning that each species has a low population size
. The fauna living in the water column appear to be less diverse than that on the sea floor, probably due to the relative uniformity of vast volumes of water in the deep ocean.
Most experimental studies on CO2 (and pH) sensitivity of benthic and sediment-dwelling organisms have been carried on shallow-water species
 and, in fact, our knowledge of the deep sea is still very limited with new species being discovered regularly
. Whilst cold-water corals currently living close to carbonate saturation horizons (2000m in the North Atlantic; 50-600m in the North Pacific) are likely to be especially vulnerable to CDR-enhanced deepwater pH changes, species living at greater water depths already experience relatively low pH (< 7.4, cf ~8.1 in the upper ocean)
, that will vary according to episodic inputs of organic material from the upper ocean
.  Within sediments, pH can vary by more than 1.7 units within the top few millimetres or centimetres
, with sub-surface values being relatively insensitive to changes in the overlying seawater. 
Land-based approaches and Potentially Vulnerable Terrestrial Biodiversity

Land-based CDR potentially covers a range of proposals, although (as noted in section 1) there is currently disagreement as to whether processes such as bio-energy carbon capture and storage and changes in forest cover and land use should be considered as geo-engineering. In many cases they replicate natural processes or reverse past anthropogenic changes to land and land use. 
The level of information concerning some land-based CDR approaches (as broadly defined here) is relatively well-developed. For example, reforestation and restoration activities reverse previous human-induced land-use changes, and the implications of these activities on biodiversity, ecosystem services, surface albedo and local and regional hydrological cycles are reasonably well known.  Furthermore, there have been long-term site assessments to measure the impacts of biochar on crop yield, nutrient cycles, water availability and other factors
. However, these studies do not necessarily equate to effectiveness and safety if such approaches are applied as geo-engineering interventions, since in some cases the scale of such interventions in order to affect climate change would be far greater than what has been studied thus far.
Because of the range of techniques that can be included under land-based CDR, it is difficult to identify ecosystems and species which will be most vulnerable to possible negative impacts. In discussions on biofuel production, however, Parties to the CBD identified a number of vulnerable components of biodiversity that should be considered in order to avoid significant negative impacts. These include: primary forests with native species; rare, endangered, threatened and endemic species, high biodiversity grasslands and peatlands and other wetlands
.
5.2. Projected Impacts on biodiversity of individual Carbon Dioxide Removal Approaches
5.2.1 Ocean Fertilization techniques
Ocean fertilization involves the addition of nutrients to the marine environment with the aim of enhancing the uptake of CO2 in the oceans through biological processes and the subsequent sequestration (long term storage) of a portion of the additional organic carbon in the deep sea.  This may be achieved through the external addition of nutrients or by modifying ocean upwelling and downwelling (section 5.2.1.2).
5.2.1.1 Direct external ocean fertilization techniques
This section considers direct ocean fertilization by adding external nutrients.  Most attention has been given to iron, an element lacking in some ocean areas (primarily the Southern Ocean and equatorial Pacific), yet only required in small quantities as a micro-nutrient by marine organisms.  Other approaches include manipulations to increase the internal (re-)supply of macro-nutrients such as nitrogen and phosphorus.
There have been 13 field experiments on ocean fertilization over the last 20 years, at the scale of 50-500 km2. Although not designed for geo-engineering purposes, these studies have addressed some of the uncertainties concerning the impacts of ocean fertilization on biodiversity
. Questions do remain, however, with regards to technical feasibility and cost-effectiveness, since much of the enhanced carbon uptake is returned to the atmosphere relatively rapidly, and the costs of monitoring and verification of long-term sequestration seem likely to be very high.
Changes in phytoplankton community structure and diversity and food webs 
For ocean fertilization technique to work, biological primary production (photosynthesis by algae and bacteria) will increase, inevitably involving changes in phytoplankton community structure and diversity
,
, with implications for the wider food-web.   Whilst the duration of those changes will depend on the fertilization method and treatment frequency, the desired outcome would be to closely mimic or enhance natural phytoplankton blooms.  
More permanent changes are however likely if ocean fertilization is sustained, and carried out on a climatically-significant scale. Such changes may include an increased risk of harmful algal blooms, involving increased toxic diatoms
 
. In addition, if the supply of organic matter to deep sea sediments were significantly enhanced, that would lead to greater densities and biomass of benthos
. 
Iron-induced increases in marine productivity and carbon uptake will only occur in those ocean regions where iron is currently lacking yet macro-nutrients are abundant, primarily the Southern Ocean and equatorial Pacific.  However, increases in net primary productivity in these region will be offset by decreases in adjacent areas (Figure 5.1) due to use of macro-nutrients as part of the fertilization process
.
Fish stocks can be expected to generally increase in response to increased phytoplankton (and zooplankton) arising from ocean fertilization.  However, they could also decrease in far field areas where primary production is reduced (Figure 5.1), and in response to altered water quality (increased anoxic zones and lower pH) in mid and deep water. 
Ocean acidification
Although ocean fertilization may slow near-surface ocean acidification, it would increase acidification of the deep ocean
.
Figure 5.1.  Changes in primary production after 100 years of global iron fertilization

[image: image14.emf]
Projected increases (red, orange and yellow) and decreases (blue) in vertically integrated primary productivity (gC/m2/yr) after 100 years of global iron fertilization.  
Changes in biogeochemical cycling
Ocean fertilization is expected to increase biogeochemical cycling in surface layers (including CO2 uptake and trace gas production) although the extent of long term CO2 drawdown is likely to be variable and difficult to quantify. This increase in biogeochemical cycling is expected to accelerate and enhance the remineralisation of sinking particles with an associated potential production of methane (CH4) and nitrous oxide (N2O)
.  If released in any quantity to the atmosphere, these greenhouse gases could significantly reduce the effectiveness of ocean fertilization as a geo-engineering technique. Whilst enhanced dimethyl sulfide (DMS) emissions from plankton could be considered a ‘beneficial’ unintended outcome of ocean fertilization, due to albedo effects, the scale (and even sign) of this response is uncertain, and the overall linkage between DMS and climate is now considered relatively weak.
5.2.1.2 Ocean fertilization through modification of upwelling and downwelling 
Artificial upwelling is an ocean fertilisation technique that brings cool, deep water (~200 – 1000 m) rich in nutrients up to the surface, for example through some type of pipe, to fertilise the phytoplankton
. There have been some field experiments carried out in the Pacific Ocean
, 
. 
The intended effects of artificial upwelling to stimulate phytoplankton growth and carbon uptake are essentially the same as for ocean fertilization above (section 5.2.1.1) and consequently will not be repeated here. However, there is a major problem with the concept, as the nutrient rich water brought up to the surface also contains high concentrations of dissolved CO2 derived from the degradation of organic material. The release of this CO2 to the atmosphere
, 
 would counteract most (if not all) of the potential climatic benefits from the fertilization of the plankton. 
Upwelling in one area necessarily also involves downwelling elsewhere. Modifying downwelling currents to carry increased carbon into the deep ocean by either increasing the carbon content of existing downwelling or by increasing the volume of downwelling water has also been considered. 
While the view of some authors
 is that “modifying downwelling currents is highly unlikely to ever be a cost-effective method of sequestering carbon in the deep ocean”, lower-cost structural approaches have recently been proposed.
 In order to estimate the number of such structures necessary to achieve global climate impact, the hydrodynamics and biogeochemistry of such systems would need further attention.  However, it is likely to be high, covering a significant proportion of the ocean surface, since – as for other ocean fertilization techniques
 – the geo-engineering requirement is for long-term sequestration of anthropogenic carbon, not carbon uptake per se.  In particular: i) if the increased phytoplankton growth is stimulated by nutrients from deeper water, such water will also contain higher CO2, thus no drawdown of atmospheric CO2 will be achieved; ii) there is considerable variability in the timescale of carbon re-cycling in the ocean interior, determining the rate of return of additional, biologically-fixed CO2 to the atmosphere and iii) enhancement of biological production at the scale required for climatic benefits is likely to significantly deplete mid-water oxygen, resulting in increased CH4 and N2O release.  High costs are therefore likely to be involved in achieving reliable data on long term carbon removal (needed for international recognition of the effectiveness of the intervention), also in quantifying potentially counter-active negative impacts, over large areas (ocean basin scale) and long time periods (10-100 years).
5.2.2. Geo-chemical sequestration of carbon dioxide 
Carbon dioxide is naturally removed from the atmosphere by the weathering (dissolution) of carbonate and silicate rocks. However, the process of natural weathering is incredibly slow: CO2 is consumed at around one hundredth of the rate at which it is currently being emitted
. It has therefore been proposed that in order to constitute a significant means of combating climate change, the natural process of weathering could be artificially accelerated. There is a range of proposed techniques that include releasing calcium carbonate or other dissolution products of alkaline minerals into the ocean (section 5.2.2.1) or spreading abundant silicate minerals such as olivine over agricultural soils (section 5.2.2.2).
5.2.2.1. Enhanced Ocean Alkalinity
This proposed approach is based on adding the dissolution products of alkaline minerals (e.g. calcium carbonate and calcium hydroxide) in order to chemically enhance ocean storage of CO2; it also would buffer the ocean to decreasing pH, and thereby help to counter ocean acidification
. 
Dissolution products of alkaline minerals could be released into the ocean through a range of proposed techniques: CO2-rich gases dissolved in sea water to produce a carbonic acid solution that is then reacted with a carbonate mineral to form calcium and bicarbonate ions
, 
, 
; bicarbonate ions from the electrochemical splitting of calcium carbonate (limestone)
; or magnesium and calcium chloride salts from hydrogen and chlorine ions produced from the electrolysis of sea water to form hydrochloric acid which is then reacted with silicate rocks
.
Each of these techniques involve relatively large volumes, and operational proposals therefore envisage the addition of material through a pipeline into the sea or indirectly through discharge into a river. This limits the application of these techniques to coastal zones, thereby limiting the potential for rapid dilution and increasing the local impacts on ecosystems.
Other proposals involve the direct addition of limestone powder
 or calcium hydroxide
 to the ocean. 
These latter approaches can introduce their material from ships which not only increases flexibility with the sites of application but also can achieve much higher dilution rates to minimise any short-term pH spikes.
Impacts of local excess alkalinity on marine biodiversity
While the chemistry of the processes of enhancing ocean alkalinity is well understood, the impacts on biodiversity are not. In particular, the effects of enhanced Ca2+ ions and dissolved inorganic carbon on biodiversity are not known adequately.  
It is expected that the initial local spatial and temporal pH spike could be harmful to biodiversity; however, this impact is transient and can be minimised through rapid dilution and dispersion and in the case of particulate material, by controlling the dissolution rate of the substance through its particle size. 
The state of knowledge is limited but impacts on ecosystem services are likely if the technique is carried out in continental shelf waters.
There are large unknowns associated with enhanced ocean alkalinity due to limited knowledge of biological impacts. In particular, no field experiments have been carried out and there are a limited number of theoretical papers available. 
It is questionable whether any of the approaches above can be scaled-up sufficiently to make a difference to the global carbon budget without creating environmental impacts (both on land and at sea) due to the bulk of materials
 that would need to be involved (see section 5.2.2.2).
5.2.2.2. Enhanced Weathering of carbonate and silicate rocks
It has been proposed the natural process of weathering could be artificially accelerated, for instance by reacting silicate rocks with CO2 to form solid carbonate and silicate minerals. One proposed method is to spread abundant silicate minerals such as olivine over agricultural soils
. It is estimated that a yearly volume of 7 km3 of such minerals (roughly twice the current rate of coal mining) would remove as much CO2 as we are currently emitting
. 
Even if weathering reactions, such as those described above, were to initially take place in soils, the resultant chemicals would eventually be washed into the oceans. The impacts on biodiversity (many of them unknown) of increased concentrations of bicarbonate, calcium and magnesium ions, and hence enhanced ocean alkalinity, are outlined in section 4.2.3 and so are not repeated here.
Impacts on terrestrial biodiversity
The addition of rock dust to nutrient-deficient soils may increase the productivity of those soils, thereby reducing the incentive to convert previously non-agricultural land into agricultural land. However, in order to have a significant effect on the Earth’s climate, most enhanced weathering proposals would entail large-scale mining and transportation activities
, thus potentially exacerbating habitat degradation and loss which is already threatening numerous species. 
Enhanced weathering techniques such as spreading olivine over fields would increase soil pH, with likely knock-on effects on vegetation and river ecosystems, and ultimately (as already discussed) on ocean biochemistry, as a result of terrestrial reaction products reaching the sea.
Despite confidence in the basic chemical ability of enhanced weathering to reduce atmospheric CO2 concentrations, research into the potential impacts of this geo-engineering technique on biodiversity and ecosystem services is currently severely limited. It is also unknown at present what impact the large-scale dispersal of rock dust might have on planetary albedo.
5.2.3. Afforestation, reforestation, and the enhancement of soil carbon
Although not always viewed as geo-engineering per se, familiar methods such as afforestation, reforestation, and the enhancement of soil carbon can play a small but significant role in moderating climate change
 through increasing carbon sequestration in natural and managed ecosystems (forests, plantations and agricultural lands). 
Afforestation involves the direct and intentional conversion of land that has not been forested (for at least 50 years, for the purposes of the first commitment period of the Kyoto Protocol) into forested land, through planting, seeding and/or the promotion of natural seed sources by humans. Reforestation involves similar techniques, but is carried out on land that was previously forested but converted to non-forested land at a certain point in time (before 31 December 1989, for the purposes of the first commitment period of the Kyoto Protocol). Since both afforestation and reforestation result in increased forest cover, their potential impacts on biodiversity and ecosystem services are discussed collectively below.
A related means of ecosystem carbon storage is the enhancement of soil carbon. This is achieved by improving land management practices; for instance, preventing captured CO2 from reaching the atmosphere, and altering livestock grazing patterns so as to increase root mass in the soil.
Impacts on biodiversity
The impacts on biodiversity of ecosystem carbon storage depend on the method and scale of implementation. If managed well, this approach has to potential to increase or maintain biodiversity. However, if not managed well, it may result in the reduction of the distribution of certain biomes, the introduction of invasive alien species and the conversion of land use (e.g. from grassland to forest) and subsequent loss of species. Since afforestation, reforestation and land use change are already been promoted as climate change mitigation options, much guidance has already been developed. For example, the CBD has developed guidance to maximize the benefits of these approaches to biodiversity and to minimize the disadvantages and risks
,
,
.
In order to maximize biodiversity benefits, ecosystem storage should be based on an environmental impact assessment including impacts related to biodiversity and native species. Interventions should also incorporate resilience to anticipated climate change, and should prioritize climatically-appropriate native assemblages of species. Where such recommendations have not been heeded (e.g. in reforestation projects using non-native eucalyptus in Madagascar), the result has often been monoculture plantations which are unable to support viable population of endemic species
.
Impacts on ecosystem services
Increased soil carbon can increase the amount of water retained in the soil, thereby increasing the resilience of ecosystems and potentially mitigating the water-depleting effects of climate change in arid areas. In addition, increased soil carbon has the potential to enhance crop productivity. This may reduce the incentive to convert previously non-agricultural land into agricultural land, and could therefore help to safeguard biodiversity/gene benefits. As demonstrated by a watershed scale study in Oregon, USA, increasing carbon storage through the introduction of land-use policies can be beneficial to a wide range of ecosystem services
. Moreover, several regional studies have demonstrated that benefits to ecosystem services such as water regulation, biodiversity conservation, and agriculture, can result from integrated land-use planning that delivers enhanced CO2 sequestration
.
However, it is worth noting that while increasing the amount of water retained in the soil as a result of increased soil carbon may have positive effects in certain areas; in other areas increased water retention could lead to more anoxic conditions. 
Moreover, the potential for enhanced soil productivity could lead to adverse ecosystem impacts since productivity would probably be enhanced to a greater extent in fast growing r-selected species, rather than k-selected species. This could lead to shifts in ecosystem composition, interactions between species, and food webs. The potential for increased nitrogen deposition would also affect the cycling of nutrients.
Risks and uncertainties
Large-scale increases in forest cover can have an impact on both planetary albedo and the hydrological cycle, and can create a protecting buffer for neighboring ecosystems against floods and other environmental perturbations. Newly created forests are also likely to emit volatile organic compounds (VOCs), which increase the concentration of cloud condensation nuclei and therefore affect cloud formation. However, the combined effects of increased forest cover on the hydrological cycle, planetary albedo and cloud cover, and the knock-on impacts on biodiversity and ecosystem services, are currently not well understood. This is an area for which further assessment is required
. 
As for soil carbon, it will be necessary to determine whether its enhancement leads to anoxic conditions and methane release in all instances, and if not, which types of soil carbon best enable these adverse side effects to be avoided. It is also currently unclear how a change in soil carbon might affect the community of species dependent on a particular area of soil, and whether biodiversity/gene benefits would ultimately increase or decrease.
5.2.4. Carbon sequestration and storage in biomass.
Biomass approaches to carbon dioxide removal involve two steps: biomass production (section 5.2.4.1) and biomass storage of disposal (section 5.2.4.2).
5.2.4.1. General issues on biomass production 
Biomass-based approaches are based on the assumption that biomass production is either carbon neutral or results in very low greenhouse gas emissions.  However, recent work
,
 shows that this assumption could be seriously flawed and that, in fact, biomass production could incur a carbon debt of several decades or centuries. 
Habitat loss

Production of biomass for carbon sequestration on a scale large enough to be climatically significant would likely entail large changes in land use leading to the significant loss of biodiversity habitats directly, or indirectly as biomass production displaces food crops, which, in turn, leads to encroachment into natural areas. These effects are similar to those resulting from expansion of biofuels.
,
,
. For example, a recent assessment of global “biochar” potential (see section 5.2.4.2.2) indicates that sequestering 12% of annual anthropogenic greenhouse gas emissions would require the 556 million hectares of dedicated biomass plantations, much of it through the conversion of tropical grasslands
.  Besides the impacts on biodiversity, these land use changes would entail net greenhouse gas emissions due to land use change
,
. The production of biomass on previously degraded areas, if well-managed, may be conducted in a way that delivers biodiversity benefits. However,  even here, greater benefits in terms of both biodiversity and net greenhouse gas reductions may be achieved through restoration of natural habitats on these lands. 
, 

A 2009 study
 modelled the environmental consequences of an ambitous global cellulosic biofuels program up to 2050. The study looked at two scenarios: one in which there were no restrictions on deforestation and in which any land would be available for biofuel production as long as it was economically viable ('deforestation scenario'), and the other in which the conversion of natural forests and other 'unmanaged land' was limited to recent regional land conversion rates ('intensification scenario'). The study concluded that the more optimistic 'intensification scenario' would see the loss of 3.4 million km2 of grasslands currently used for grazing, 38% of the natural forest cover and 38% of wooded savannah in sub-Saharan Africa based on 2000 figures. In Latin America, the same scenario would be associated with the loss of 20% of natural forests and savannah in Latin America.  
Other impacts on biodiversity 

Proposals for carbon sequestration of carbon as crop residues in the ocean (see section 5.2.4.2.3) envisage the removal of some 30% of crop residues from agricultural systems
. This may result in negative impacts on soil biodiversity. 
There are clear trade-offs between optimizing land for bioenergy crop yield and for biodiversity benefits as with ecosystem based sequestration, where monocultures and invasive alien species are employed the projected impacts on biodiversity are negative. If however, native assemblages of species are planted on degraded land and managed in a sustainable manner benefits may be positive.  
5.2.4.2. Storage of carbon sequestered in biomass
5.2.4.2.1 Bioenergy Carbon Capture and Storage (BECCS)
Bioenergy carbon capture and storage (BECCS) combines existing or planned technology for bioenergy/biofuels and for carbon capture and storage (CCS). It involves harvesting biomass, using it as a fuel, and sequestering the resulting CO2.
Issues related to bioenergy production are covered under section 5.2.4.1. Issues related to carbon capture and storage are addressed in section 5.2.5 
5.2.4.2.2. Charcoal production and storage (“Biochar”) 
“Biochar” involves the production of black carbon from biomass (charcoal), usually through pyrolysis (decomposition in a low- or zero-oxygen environment), and its storage in soils or elsewhere for up to thousands of years
. 
Issues related to the production of biomass for charcoal production are covered under section 5.2.4.1, while Issues related to the storage of charcoal in soils are addressed here. 
Charcoal production and storage can help to slow the increase in atmospheric CO2 concentrations since it circumvents the natural process of biomass decomposition by micro-organisms, which returns carbon to the atmosphere. Laboratory incubation and modeling studies have shown biochar to be inherently stable and resistant to such decomposition
, due to the bonds between its carbon atoms being much stronger than those in plant matter. However, the assumption that black carbon is inherently stable is challenged by the results of some field trials which have shown biochar impacts on soil carbon and soil carbon sequestration to be unpredictable and not always positive even over a short time-span
,
.
Impacts of charcoal storage in soils on biodiversity and ecosystems
There is a wide variety of raw materials (feedstocks) for creating charcoal – such as wood, leaves, food waste and manure – and various conditions under which pyrolysis can take place. These variations, combined with the diversity of soil types to which biochar can be added, mean that the impacts of biochar on soils, crop yields, soil microbial communities and detritivores are also highly variable
. In addition, the impacts of biochar on mycorrhizal fungi are not yet fully understood
.
As with increased soil carbon (discussed above), biochar could increase the amount of water retained in the soil, thereby enhancing the resilience of ecosystems and potentially mitigating the water-depleting effects of climate change in arid areas. However, while increasing the amount of water retained in the soil as a result of biochar may have positive effects in some areas, in other areas increased water retention could lead to more anoxic conditions.
Moreover, the deposition of biochar in a suitable terrestrial location is likely to require considerable transport, burying and processing, which could compromise the growth, nutrient cycling and viability of the ecosystems involved
. 
There is a great deal of uncertainty surrounding the impacts of biochar on biodiversity and ecosystem services due to a lack of published research on biochar. Compounding this limitation is the fact that many field trials have relied on charcoal produced by wildfires rather than by the modern method of pyrolysis proposed for biochar geo-engineering
.
There is also considerable uncertainty surrounding the long-term effects of biochar on soil productivity. Published field trials show that applying the same type of biochar at different rates in the same region can have impacts on crop yields which vary from negative to neutral to positive, even over a short time period
. 
5.2.4.2.1 Ocean Biomass Storage 
Ocean biomass storage (for example, proposals called CROPS – “Crop Residue Oceanic Permanent Sequestration”), involves the deep ocean sequestration of terrestrial crop residues on or in the seabed
, 
. It has been proposed that up to 0.6 Gt C (30% of global annual crop residues of 2 Gt C) could be available sustainably
, deposited in an annual layer 4m deep in an area of seabed of ~1,000 km2. Potentially, charcoal (“biochar”) or other organic remains could also be deposited on the seabed.
Issues related to the production of biomass or crop residues are covered under section 5.2.4.1, while issues related to the ocean storage of the biomass are addressed here. 
It should be noted that this technique may well be covered by the existing category of wastes ‘Organic material of natural origin’ in Annex I of the London Protocol and ‘Uncontaminated organic material of natural origin’ in Annex I of the London Convention.

Impacts on biodiversity
Where crop residues are deposited as ballasted bales, it is likely that there will be significant physical impact, of a relatively local nature, on the seabed due to the sheer mass of the material. In addition, there may be wider chemical and biological impacts through reductions in oxygen and potential increases in H2S, CH4, N2O and nutrients arising from the degradation of the organic matter. 
The degradation of crop residue bales is likely to be slow due to the ambient conditions of low temperature and limited oxygen availability; the apparent lack of a marine mechanism for the breakdown of ligno-cellulose material; and the anaerobic conditions within the bales
.  While, it can be argued that potential impacts could be reduced if deposition occurred in areas of naturally high sedimentation, such as off the mouths of major rivers (e.g. Mississippi)
, many such areas are already susceptible to eutrophication and anoxia from existing anthropogenic, land-derived nutrient inputs. These effects are likely to be worsened if increased use of inorganic fertilizer is needed to replace the nutrients removed in the crop residues. 
The type of packaging would also be significant when assessing potential impacts as its permeability to water and gases has the potential to influence the flux of substances into the near seabed waters. If the bales are buried within the sediment, then impacts on near seabed waters are likely to be significantly reduced; additional manipulations would, however, almost certainly have cost implications. 
The addition of significant amounts of organic matter to the deep sea floor could lead to greater densities and biomasses of benthic organisms over a long period in the locations where the crop residues are deposited, a perturbation from the natural state. 
The limited knowledge of ecosystem services from the deep sea combined with limited understanding of the impacts of ocean biomass storage lead to a lack of understanding about its impacts on ecosystem services. However, if done in the shallower end of the water depths suggested (1000 – 1500 m), then impacts on ecosystem services could be more significant since this is just within the range of deep sea fisheries. Whilst the area directly affected could be relatively restricted (on a global scale), larger-scale and longer-term indirect effects of oxygen depletion and deep-water acidification could be regionally significant if there is cumulative deposition of many gigatonnes of organic carbon to the seafloor, and most of this is eventually decomposed.
There are large unknowns due to limited knowledge as indicated above. No field experiments have been carried out and only a few peer-reviewed papers on the proposed technique have been published. Furthermore, while there is a lot of knowledge about the impact of organic enrichment on continental shelf environments, it is unclear whether this is easily translated into the very different deep sea environment.
5.2.5 Carbon Dioxide capture and storage

5.2.5.1 Carbon Dioxide Capture from Ambient Air
Air capture is an industrial process that captures CO2 from exhaust streams or the ambient air and produces a pure CO2 stream for use or disposal. Three main technologies are being explored for doing so: adsorption of CO2 onto solids, absorption into highly alkaline solutions, and absorption into moderately alkaline solutions with a catalyst. The main problem is the high energetic cost. The technical feasibility of air capture technologies is in little doubt and as already been demonstrated (e.g. in the commercial removal of CO2 from air for use in subsequent industrial processes). However, no large-scale geo-engineering prototypes have yet been tested. Given the high net CO2 emissions that would results from air capture that was powered by fossil fuels, it would appear that the system would only be viable if a geographically isolated non-carbon power source was available.
Capturing CO2 from the ambient air (where its concentration is 0.04%) is much more difficult and energy intensive than capturing CO2 from exhaust streams of power stations where the CO2 is between one and two orders of magnitude higher. Such approaches are discussed extensively in Chapter 6 of IPCC Special Report on Carbon Capture and Storage
.
This section focuses only on the step of capturing CO2 from the air. Storage of the CO2 so-captured is considered in section 5.2.6. 
Small land-use requirements.
Negative impacts on biodiversity through habitat loss due to land-use conversion could be relatively small for this family of technologies, since air capture systems have a land-use footprint that is hundreds or thousands of times smaller per unit of carbon removed than that of biomass-based approaches.

Fresh-water use.
Some proposed methods of air capture have a high requirement for fresh water, which is already a scarce resource. Furthermore, the disposal of captured CO2, and the potential for leakage, might also impact terrestrial and marine ecosystems (as discussed in section 4.2.3).
5.2.5.2. CO2 Storage Techniques
CO2 that has already been extracted from the atmosphere by other geo-engineering techniques, e.g. air capture must be stored either in the ocean or in sub-surface geological reservoirs. Such approaches are discussed extensively in Chapter 6 of IPCC Special Report on Carbon Capture and Storage
.
5.2.5.2.1 Ocean CO2 Storage
The main variants of ocean CO2 storage involve either adding CO2 to middle/deep ocean waters or putting CO2 in depressions in the seabed to form lakes/pools
, 
. It has also been suggested to deposit solid CO2 blocks in the sea
; inject liquid CO2 a few hundred metres into deep-sea sediments at greater than 3,000 m depth
, displace the methane by CO2 in methane hydrates on continental margins and in permafrost regions
; or discharge liquid CO2 mixed with pulverized limestone at an intermediate depth of greater than 500 m in the ocean
. However, the economic viability of these methods has not been assessed, and none would permanently sequester the CO2 since it will eventually return to the atmosphere over century-to-millennial time scales depending on where it was introduced. So whilst they could help in buying time, it would be at the expense of future generations. 
Impacts on biodiversity and ecosystem services
Ocean CO2 storage will necessarily alter the local chemical environment, with a high likelihood of biological effects. Knowledge available for surface oceans indicates that effects on mid-water and deep benthic fauna/ecosystems is likely on exposure to pH changes of 0.1 to 0.3 units, primarily in marine invertebrates and possibly in unicellular organisms
. Calcifying organisms are the most sensitive to pH changes; they are however naturally less abundant in deep water, particularly if calcium carbonate saturation is already <1.0 (i.e. CaCO3 dissolves, unless protected).
Total destruction of deep seabed biota that cannot flee can be expected if lakes of liquid CO2 are created. The scale of such impacts would depend on the seabed topography, with deeper lakes of CO2 affecting less seafloor area for a given amount of CO2. However, pH reductions would still occur in large volumes of water near to such lakes
, and mobile scavengers are likely to be attracted (and themselves deleteriously affected) by the scent of recently-killed organisms
.
Ecosystem services from the deep seabed are generally of an indirect nature, relating to nutrient cycling and long term climate control. However, all deep water does eventually return to the surface and/or mix with the rest of the ocean. The use of the deep sea for large-scale CO2 storage will therefore eventually reduce ocean pH as a whole, with potential effects greatest in upwelling regions (currently highly productive, and supporting major fisheries). 
The chronic effects of direct CO2 injection into the ocean on ecosystems over large ocean areas and long time scales have not yet been studied, and the capacity of ecosystems to compensate or adjust to such CO2 induced shifts is unknown. Several short-term and very small field experiments (litres) have, however, been carried out, e.g. on meiofauna
, and peer-reviewed literature on potential CO2 leakages from geological sub-sea storage
 is also relevant.
5.2.5.2.2. CO2 storage in sub-surface geological reservoirs
CO2 storage in sub-surface geological reservoirs is already being implemented at pilot-scale levels, and has been used industrially as part of enhanced oil recovery. Based in part on this experience, the risks are generally regarded as low. However, leakage from such reservoirs could have significant biodiversity implications.
,
 
5.6.  Sequestration of other Greenhouse Gasses
This report focuses on the removal of carbon dioxide from the atmosphere but there are some indications that other greenhouse gasses could also be removed although there is currently no supportive peer reviewed literature available on such proposals.
5.7. Summary of the impacts on biodiversity of CDR techniques.
Table 5.1 provides a summary of the impacts on biodiversity of CDR techniques prepared by the editors of this report. 

Table 5.7: Summary of impacts on biodiversity of CDR geo-engineering approaches

	Physical, chemical or biophysical impact
	Impact on biodiversity and ecosystems
	Impacts on biodiversity‡
	Relevant technologies

	Reduced climate change
	Widespread benefits for biodiversity
	Highly positive
	All effective CDR

	Reduced Ocean acidification
	Widespread benefits for marine biodiversity
	Highly positive
	All except ocean fertilization and ocean storage

	(Localized) changes to ocean biogeochemical cycling
	Phytoplankton productivity and composition changes (algal blooms) and food-web impacts
	Negative
	Ocean fertilization; Ocean CO2 storage

	Deep ocean acidification
	Calcifying organisms harmed with ecosystem wide effects
	Highly negative
	Ocean fertilization; Ocean CO2 storage

	Local excess alkalinity
	Localised changes to planktonic ecosystems
	Negative (localised)
	Ocean alkalinity

	Mining and transport of rocks
	Localized destruction of terrestrial & coastal habitats
	Negative
	Enhanced weathering

	Land use change
	Habitat loss; carbon debt
	Mostly negative
	Biomass; ecosystem management

	Increased soil carbon
	Moisture regime changes
	Mostly negative
	Biochar

	Deposition and degradation of organic residues in deep ocean
	Changes to benthic community structure and function
	Mostly negative
	Ocean storage of organic residues

	Liquid CO2 lakes in deep ocean
	Localised destruction of deep sea habitats and biota
	Highly negative
	Ocean CO2 storage

	
	
	
	


CHAPTER 6. SOCIAL, ECONOMIC, CULTURAL AND ETHICAL CONSIDERATIONS OF CLIMATE-RELATED GEO-ENGINEERING 
6.1 Introduction
The definition of geo-engineering used in this document implies a range of interventions that if deployed on large-scales would have impacts that cannot be fully predicted given the current state of knowledge. Geo-engineering proposals are likely to meet not only support from some, but also public opposition, especially considering the present divergence of opinions among experts and policy makers about potential risks and benefits. The Conference of the Parties, through its decision X/33 requested the Executive Secretary to identify social, economic and cultural considerations associated with the possible impacts of geo-engineering on biodiversity.
This is an important, yet difficult task considering the current state of knowledge and the lack of peer-reviewed literature on the topic. Even given the recent focus and funding available for climate change research, there is still a limited amount of literature on the social and cultural impacts of climate change
,
,
, although there is much more information available on the economic impacts
,
,
,
.  Although this research provides some information on the related impacts if climate change is to continue unchecked, there is no peer-reviewed literature available that demonstrates that such impacts could be avoided if geo-engineering is employed. Furthermore, the uncertainties associated with the social and cultural impacts of climate change may bridge across to the ‘deliberate climate change’ of geo-engineering, and make any assessment of social, economical and cultural implications difficult, if not impossible.
It should also be noted that there is little information available about the perspectives from indigenous peoples and local communities, especially among developing countries within geo-engineering discussions.
 It has also been questioned whether peer-reviewed literature can adequately reflect indigenous knowledge; knowledge which is often as much a process of knowing as it is a thing that is known, and so does not lend itself to the practice of documentation
. Significant work on this matter has already been conducted within the framework of CBD activities on biodiversity and climate change, including through the workshop on opportunities and challenges of responses to climate change for Indigenous and local Communities, their traditional knowledge and biological diversity held the 25 - 28 March 2008 in Helsinki, Finland
, as well as through the consideration of the role of traditional knowledge innovations and practices during the second Ad hoc Technical Expert Group on Biodiversity and Climate Change
, however further work remains to be done. This is particularly worrisome considering the role these communities play in actively managing ecosystems, sometimes through an active application of local ecological knowledge that has evolved during considerable time frames through co-management processes and social learning
. 
Fortunately, there are some notable exceptions in the field
, and some examples of social perceptions from historic efforts to engineer the climate and other large-scale planetary processes
. Issues related to geo-engineering ethics, governance and socio-political dimensions have also been continuously discussed within the geo-engineering research community, as exemplified by the Oxford Principles
. The call by the American Geophysical Union Policy Statement on Geo-engineering the Climate System
 for “coordinated study of historical, ethical, legal, and social implications of geo-engineering that integrates international, interdisciplinary, and intergenerational issues and perspectives and includes lessons from past efforts to modify weather and climate”, is nevertheless still relevant in this context.
In the following sections, we discuss the role of indigenous groups and local communities in the context of geo-engineering and biodiversity. This discussion is followed by a first rough assessment of potential social concerns associated with different geo-engineering proposals and technologies and their impacts on biodiversity. 
Peer-reviewed literature is complemented with information about socio-political events associated with recent field experimentation of geo-engineering proposals. Even though these particular examples have not been peer-reviewed, they still provide important insights about how social, economical and cultural considerations play out for geo-engineering proposals and technologies that should be of interest for the Parties of the CBD. 
6.2 Indigenous peoples and local communities
Decision X/33 calls for the integration of the views and opinions of indigenous peoples and local communities into the consideration of the possible impacts of geo-engineering on biodiversity and related social, economic and cultural considerations. Integrating such views is important as indigenous peoples and local communities, especially in developing countries, tend to be among the populations whose livelihoods are most reliant upon biodiversity resources. In addition, disadvantaged users of ecosystems and their associated ecosystem services, are at constant risk of losing out in conflicts related to local resources, have less of a voice in decision-making at all levels, and may have less knowledge of regulations and policies to support their interests
,
. The issue here is as much about physical resources, as about cultural uses and worldviews associated with ecosystems and their management such as forest taboo systems in Madagascar
, and the unique cultural features of Balinese water temples
.
All forms of environmental change – resulting from geo-engineering or not – have local implications for livelihoods and ecosystem services. In fact, the Second Ad hoc Technical Expert Group on Biodiversity and Climate Change concluded that indigenous people will be disproportionately impacted by climate change because their livelihoods and cultural ways of life are being undermined by changes to local ecosystems
. As such, if geo-engineering can reduce the negative impacts of climate change, without effecting more environmental change than that which is avoided, geo-engineering could contribute to the preservation of traditional knowledge, innovations and practices. On the other hand, there is considerable uncertainty concerning the impacts of any environmental change on indigenous peoples and local communities since most such impacts are impossible to predict with current modelling capabilities
. Furthermore, there is the acknowledged risk that geo-engineering could effect change far more rapidly even than climate change itself
. 
In order to ensure that the impacts of geo-engineering on indigenous peoples and local communities are adequately observed and assessed, there is a role for such stakeholders in various phases of geo-engineering research, ranging from theory and modelling, technology development, subscale field-testing; and potential deployment
. The participation of indigenous peoples and local communities could hence be included in all parts of research development, especially in cases where technological interventions are projected to have impacts for biodiversity and ecosystem services.
Guidelines for the consideration of the views and knowledge of indigenous peoples and local communities have already been proposed by the Second Ad hoc Technical Expert Group on Biodiversity and Climate Change with regards to climate change
. These guidelines (see box 1) may be useful to consider by scientists and national governments alike when assessing the social, economic and cultural impacts of geo-engineering.
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6.3 Overview of possible social, economic and cultural considerations
The possible biodiversity-related impacts of geo-engineering on social, economic and cultural considerations are discussed briefly below. It should be restated that this is not intended to be a complete all-encompassing analysis of costs and benefits, but should rather be seen as social, economical and cultural issues of potential concern based on the material discussed in section 5.2. However it should be noted that addition information, especially from peer-reviewed literature and the consideration of traditional knowledge, innovations and practices is needed.
6.3.1 Possible social, economic and cultural considerations common to all geo-engineering approaches
There are a number of potential impacts from geo-engineering that may emerge regardless of the geo-engineering approach considered. 
Ethical considerations
Although some upstream public engagement on geo-engineering has been trialled
,
 current discussions on geo-engineering are often based on technical approaches whose implications may not be readily understood or easily assessed by the general public
. There is a growing discussion and literature on ethical considerations related to geo-engineering, including issues of “moral hazard” 
; intergenerational issues of submitting future generations to the need to maintain the operation of the technology or suffer accelerated change
; the possibility to use geo-engineering technologies as weapons of war
; as well as the question of whether it is ethically permissible to remediate one pollutant by introducing another
..
Other social, economic and cultural considerations
First, competition for limited resources can be expected to increase if geo-engineering technologies emerges as a competing activity for land or water use. For example, possible competition for land as a result of land based albedo changes, or land based CDR will reduce land available for other uses such as the production of food crops, medicinal plants or the exploitation of non-timber forest products. These competing demands for land use can increase social tensions unless addressed by national and local institutions
. In addition, changes in land use may impact indigenous people’s cultural and spiritual values of natural forest areas, sacred groves and water shades important for healing, fortune telling, forecasting, cohesion and governance of the local people
. In the marine environment, experimentation or deployment of geo-engineering proposals could impact traditional marine resource use
,
,
,
. 
Second, climate change is expected to result in novel ecosystems consisting of new assemblages of species
, and therefore affect the plant species that are of cultural and spiritual value to the indigenous people. Reducing the impacts of climate change through geo-engineering interventions may in theory address concerns over the loss of traditional knowledge in novel ecosystems. On the other hand, deployment of geo-engineering interventions may itself create novel ecosystems (see examples below), resulting in this impact being offset or eclipsed
.
Third, there are also a number of social and political considerations to bear in mind especially when considering SRM. In particular, in cases in which geo-engineering experimentation or interventions affect (or are suspected to affect) areas beyond national jurisdiction, geopolitical tensions could be created if assumed without international agreement
. Furthermore, many declarations and positions from civil society organizations express explicit opposition to geo-engineering experiments and deployment
. Civil society opposition against the Indian and German Iron Fertilization Experiment LOHAFEX in 2009, current discussions about the UK-based Stratospheric Particle Injection for Climate Engineering project
, as well as social and political concerns about carbon storage due to concerns about issues such as leakage 
,
are all recent examples of how geo-engineering technologies are intimately connected to social concerns. These tensions could, if not properly addressed by national and international institutions, also increase in cases where geo-engineering technologies are combined with biotechnology (such as albedo enhanced crops) and nanotechnology (under consideration for aerosols). 
Possible social, economic and cultural considerations of Solar Radiation Management techniques
Solar radiation management is expected to impact hydrological regimes and incoming solar radiation with implications for ecosystem productivity and associated livelihoods. Potential impact of shift on temperature and hydrological cycle might affect cultural ceremonies that follow planting and harvesting seasons in most rain feed agricultural regions (e.g. Nigeria and Ghana
,
).  
On the other hand, since SRM theoretically has the potential to target regional climatic changes
 (for example, in the Arctic), local approaches may address climate change sufficiently to preserve threatened traditional livelihoods. However, a number of uncertainties regarding the impact of SRM on food security, ecosystem productivity and associated issues remain. Some approaches suggest changing the albedo of agricultural land, and it is unknown what the impact will be on productivity
. As another example, some projected increases in crop productivity due to changes in diffuse insolation
 are expected although this increase may be either offset or enhanced by regional changes in precipitation which will impact rainfed agriculture and traditional pastoral livelihoods with effects likely to be positive in some areas and negative in others 
,
.
Finally there are some social concerns associated with technologies closely related to, or employed for geo-engineering purposes such as nano-materials which are under consideration for some SRM approaches
. 
Possible social, economic and cultural considerations of Land Based Carbon Dioxide Removal techniques.
Land based CDR also poses uncertain impacts for ecosystem productivity and associated livelihoods. Some models project increased ecosystem productivity
 which may lead to increased food production while increased carbon and nutrient content in soils may increase yields
 although the long term impacts are unknown.
Furthermore, some land based CDR approaches require the genetic modification of organisms and / or monoculture hybrid crop breeding
 which may have a negative impact on traditional crop varieties and species of cultural / medicinal importance. Where such approaches are considered, the safe handling of such materials, including through the provisions set out in the Cartagena Protocol on Biosafety
 could minimize risks.
Possible social, economic and cultural considerations of Ocean Based Carbon Dioxide Removal techniques.
The impacts of ocean based CDR are likewise faced with regional disparities and uncertainties. While some impacts such as enhanced ocean alkalinity will clearly negatively impact marine and coastal species
 of cultural importance other impacts, such as disruptions to fisheries due to changes in marine food chains are likely to be positive in some areas and negative in others
. Addressing such uncertainties is important as possible alteration of marine ecology will impact on coastal fishing and local livelihoods; as over 500 million people in developing countries depend directly or indirectly on fisheries and aquaculture for their livelihoods
. 
CHAPTER 7: ADDITIONAL CONSIDERATIONS AND SYNTHESIS
[To be completed following the technical and stakeholder peer review]
[possible material to include:

· Reference to CBD Ecosystem Approach

...........]

Annex I. Summary of Selected Definitions of Climate-Related Geo-engineering
1. Convention on Biological Diversity – Decision X/33
Technologies that deliberately reduce solar insolation or increase carbon sequestration from the atmosphere on a large scale that may affect biodiversity (excluding carbon capture and storage from fossil fuels when it captures carbon dioxide before it is released into the atmosphere)
http://www.cbd.int/climate/doc/cop-10-dec-33-en.pdf
2. Intergovernmental Panel on Climate Change – Fourth Assessment Report
Technological efforts to stabilize the climate system by direct intervention in the energy balance of the Earth for reducing global warming
http://www.ipcc.ch/pdf/glossary/ar4-wg3.pdf
3. Intergovernmental Panel on Climate Change – Third Assessment Report
Efforts to stabilize the climate system by directly managing the energy balance of the Earth, thereby overcoming the enhanced greenhouse effect
http://www.ipcc.ch/pdf/glossary/tar-ipcc-terms-en.pdf
  
4. The United Kingdom of Great Britain and Northern Ireland 
Activities specifically and deliberately designed to effect a change in the global climate with the aim of minimising or reversing anthropogenic (that is, human made) climate change
http://www.publications.parliament.uk/pa/cm200910/cmselect/cmsctech/221/22102.htm 
5. The United Sates House of Representatives Committee on Science and Technology
The deliberate large-scale modification of the Earth’s climate systems for the purposes of counteracting [and mitigating anthropogenic
] climate change
Hearing on November 5th, 2009 - Geoengineering: Assessing the Implications of Large-Scale Climate Intervention
6. The Royal Society
The deliberate large-scale manipulation of the planetary environment to counteract anthropogenic climate change
Geoengineering the Climate: Science, governance and uncertainty. September, 2009
7. The National Academy of Science
Options that would involve large-scale engineering of our environment in order to combat or counteract the effects of changes in atmospheric chemistry
http://books.nap.edu/openbook.php?record_id=1605&page=433
8. The Australian Academy of Science
A branch of science which is focused on applying technology on a massive scale in order to change the Earth's environment
http://www.science.org.au/nova/123/123key.html 
9. The ETC Group (Non-governmental Organization)
Intentional, large-scale manipulation of the environment by humans to bring about environmental change, particularly to counteract the undesired side effects of other human activities
http://www.etcgroup.org/en/materials/issues 
10. The Asilomar Conference Report: Recommendations on Principles for Research into Climate Engineering Techniques
Deliberate steps to alter the climate, with the intent of limiting or counterbalancing the unintended changes to the climate resulting from human activities. 
http://www.climateresponsefund.org/images/Conference/finalfinalreport.pdf 
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Box 1: Activities to promote the consideration of the views of indigenous peoples and local communities:


Promote the documentation and validation of traditional knowledge, innovations and practices. Most knowledge is not documented and has not been comprehensively studied and assessed. Therefore there is need to enhance links between traditional knowledge and scientific practices. 


Revitalize traditional knowledge, innovations and practices on climate change impacts on traditional biodiversity based resources and ecosystem services through education and awareness-raising, including in nomadic schools. 


Explore uses of and opportunities for community-based monitoring linked to decision-making, recognizing that indigenous people and local communities are able to provide data and monitoring on a whole system rather than single sectors based on the full and effective participation of indigenous and local communities.
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