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Human greenhouse gas emissions according to activities
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Introductory note Global warming is steadily increasing and impacting on highly vulnerable developing countries. Most (sub-)tropical areas are expected to suffer from negative impacts on all sectors. Agriculture is as an essential sector for most of these countries with regard to national food security and economy will face considerable yield decreases. Agriculture is both, contributing to climate change with its emissions and suffering from the effects of climate change. Globally, greenhouse gas emissions from agriculture account for about one third of all greenhouse gas emissions. Nevertheless, financial incentives for mitigating emissions from agriculture are rare. Mitigation is generally regarded as a co-benefit of adaptation and



up to now, most national and international efforts are spent on climate change adaptation of the sector. The study has been commissioned by the GIZ sector project Sustainable Agriculture (NAREN), which is funded by the German Ministry for Economic Cooperation and Development (BMZ). On behalf of BMZ it reviews and analyses the currently available information about emissions caused by agriculture and examines potentials of the sector to reduce emissions and to sequester carbon dioxide from the atmosphere. It will contribute to inform the international discussion about the potentials of the agricultural sector and associated land-use change.
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Executive summary
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GHG emissions in agriculture and land use Global warming is steadily increasing. Developing countries are vulnerable to its impacts, because of their physical exposure and their high dependency on climate-sensitive natural resources for agriculture. They only have low adaptive capacity because of poverty, weak institutions and limited access to improved adaptation technologies. Most (sub-)tropical areas are expected to suffer from considerable yield decreases, while temperate areas are likely to benefit from yield increases as impacts of climate change. Up to now, most national and international efforts were spent on the development and transfer of climate change adaptation techniques. This review highlights the potentials to reduce greenhouse gas emissions originating from the sectors of agriculture and land use change 1 but also to remove carbon dioxide from the atmosphere through both sectors (sequestration). Three greenhouse gases (GHG) are relevant for agriculture and land use change: carbon dioxide caused by the burning or mineralisation of biomass (e.g. deforestation) and by fossil fuel consumption (machinery), methane produced through enteric fermentation by ruminants, by manure management and in irrigated rice production and, finally, nitrous oxide from use of nitrogenous fertilizer. GHG originating from agriculture contribute at 14 per cent, and from land use change and forestry at 17 per cent to the global GHG emissions, adding to more than 30 per cent in total. Middle-income developing countries release the largest share of GHG related to agriculture and land use change, whereas low-income countries only release a small amount of GHG from these two sectors. The specific GHG sources vary according to the main geographic regions. Nitrous oxide is an important emission source in developing regions of East Asia (China and India). Methane from enteric fermentation of ruminants is especially high in Latin America, while methane from rice production is dominant in the South and East Asian countries.



1



Land use, land use change and forestry as defined by the Intergovernmental Panel on Climate Change



Nitrogen fertilization contributes substantially to agricultural productivity, but if applied in excess and during inappropriate periods, it releases considerable amounts of particularly harmful nitrous oxide. In Asia, the application of synthetic nitrogen fertilizer is still strongly increasing, partly as a result of national subsidy systems. Moreover, the energy-intensive production of nitrogen fertilizer releases high amounts of carbon dioxide registered in the industrial sector. Organic fertilizers (manure) also accounts for nitrous oxide and methane release if it is not stored, managed and applied appropriately. Irrigated rice production releases methane to the atmosphere. Water management, especially the shortening of the flooding periods, reduces the release of methane considerably. Livestock husbandry produces GHG from several sources. Due to increasing meat consumption, livestock husbandry is continuing to increase strongly, especially pigs and poultry production. Therefore, grazing and fodder production areas were increased, often to the expense of forest areas and wetlands in tropical countries such as Brazil and Indonesia. The conversion of forest and wetlands to grazing and fodder production releases huge quantities of carbon dioxide formerly stored in soils and vegetation. In addition, ruminants produce methane through enteric fermentation as further important GHG source originating from livestock. The ratio of GHG per quantity of livestock product released during the lifecycle of animals is higher in arid and semi-arid zones with low productivity than in highly productive livestock systems. However, extensive livestock production is often the most important livelihood option in marginal production areas despite its relatively high methane emissions. The utilisation of fuel for pumped irrigation systems and agricultural machinery, as well as for the production of agrochemicals also has to be taken into account in the overall agricultural GHG balance. Processing, cooling and storage, transporting and cooking of agricultural produce also consume energy. Considerable amounts of foodstuffs are wast-
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ed during this chain between farmers and consumers. They increase the lifecycle emissions and carbon footprint of the produces, as well as the volume of required food to be produced to ensure overall food security. Biofuels increase the GHG release from agriculture, while they decrease the GHG balance in other sectors where they replace fossil fuels (transport and energy sectors). Soil and biomass form huge carbon stores. Their storage capacity highly depends on the ecosystem and land use. It is generally high in wetlands, grasslands and forests. Croplands show the lowest carbon concentration (except deserts and semi-deserts), especially if the produced biomass is removed. Land cover, forests and undisturbed wetlands with high carbon storing capacity have dramatically reduced and are further reduced through human land use change and climate change (boreal forests). The converted land often does not serve any more as powerful carbon store. The projected scenarios on global warming expect a temperature increase between 1.8 and 4°C for the present century, depending on the assumed population growth rate, economic growth, technological progress and the extent to which environmental concerns will be taken into account. The growing world population with changing diets, especially increased meat consumption, has unfavourable GHG effects, while technological progress leads to increased agricultural productivity and partly alleviates the GHG balance.



GHG Mitigation options for agriculture and land use There are three GHG mitigation options in agriculture and land-use change & forestry: (i) increasing carbon dioxide storage in soils and biomass, (ii) reducing emissions during agricultural production, and (iii) indirectly, reducing the required volume of agricultural production. Many low-income coun-



tries theoretically have a positive GHG balance, since their technical potential for carbon sequestration exceeds the volume of their GHG releases. The challenge of feeding the global population and reducing agricultural GHG emissions requires the successful transfer of climate-friendly agricultural and land use practices to farmers serving adaptation and mitigation needs. It requires an increase of agricultural productivity with a minimum GHG release per product. The reduction of food wastage and the adaptation of more climate-friendly diets can reduce pressure from food production on limited land. Improved family planning to reduce population growth is another important area of action. The technically feasible mitigation potential of agricultural management practices amounts to about 6 giga tons/year of carbon dioxide (equivalents) and could counterbalance the GHG released from either agriculture or from land use change. However, the economically feasible mitigation potential is less: at costs of 100 USD per ton of carbon dioxide (equivalents), 73 per cent of this technically feasible mitigation potential could be achieved. At a carbon price of 20 USD per ton, 28 per cent of this potential could be achieved. However, the current carbon price in emission trading schemes is less than 10 USD, which shows the limited mitigation potential that could be feasible through carbon funding. Since international funds for these public climate benefits are not sufficiently available, mitigation measures have to offer other incentives than payment to facilitate their adoption by farmers, such as increases in yield, food security or income. The most efficient mitigation potential is the renouncement to forest and wetland destruction, whereas the restoration of grasslands and degraded lands is considerably more expensive. Technical progress in agriculture will result in further productivity increases in the future. The rate of productivity increase is however not known. Agricultural productivity can particularly be increased in those mainly temperate areas in the northern hemisphere, where potential yields are higher than those currently achieved. The requirement of cropland for
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food production reduces accordingly. If these developments occur and opportunity costs for other cropping options are not encountered, restoring degraded lands and better managing crop- and grazing land allows considerably improved carbon sequestration. The technical mitigation techniques in cropping systems refer to agronomic practices that allow maximum biomass production on croplands with good soil cover, efficient nutrient management, reduced synthetic nitrogen fertilization, and by caring for optimum growth conditions and carbon sequestration in soils and biomass. These measures highly coincide with climate change adaptation requirements, allowing good synergies for their combined promotion. At farmers level, several adaptation benefits i.e. securing high yields and improving food security and income help promoting the adoption of new techniques.  Livestock and grassland management offer a range of mitigation measures related to improved lifecycle productivity or respecting the specific agronomic site factors when selecting animal species. Reasonable herding with reduced herd sizes and avoiding overgrazing allows grasslands to recover that could be enriched by other root-voluminous crops to maximise carbon storage. Optimum lifecycle management, nutrient cycles and dietary measures can reduce GHG release from livestock raising. Most of the climate change mitigation measures are at the same time adaptation measures and offer multiple-win opportunities for farmers in developing countries. The co-benefits between climate change mitigation and adaptation measures and other environmental policies are much more important than the trade-offs between them. The international conventions on biodiversity, on combatting desertification and on protecting wetlands comprise numerous actions that contribute to climate change adaptation and mitigation at the same time. Nevertheless, policies that emphasize strongly on increases in agricultural production bear a risk of extending agricultural areas and the utilization of excess nitrogen fertilizers



while neglecting climate-smart options. The competition with food security objectives will have to be balanced as far as possible. At the international level, the concept of climate smart agriculture concentrates and shapes a number of techniques as elements of already existing agricultural concepts i.e. ecosystem-based approach, eco-agriculture in the light of climate change for both, adaptation and mitigation purposes. It is currently further developed into a more holistic climate smart landscape approach. Other concepts such as organic agriculture also offer good combined adaptation and mitigation solutions. In practice, their mitigation performance compared to conventional production differs according to agro-ecologic factors and farming systems and needs further investigation. At the international level, the Kyoto Protocol defined binding obligations for industrialized countries to reduce their GHG emissions and appeals to developing countries to follow in accordance with their development needs. A complex funding system for adaptation and mitigation has been established. The ‘Clean Development Mechanism’ provides the framework for emission trading with developing countries, in which emission reduction often is less expensive. In addition, the ‘Reducing Emissions from Deforestation and Forest Degradation’ – Program (REDD+) intends to positively influence the forest carbon balance through national programs and actions. The Global Environmental Facility is operational since many years with funding for a wider scope of environmental concerns and a number of other funding sources are either available or under development. In contrast, the progress in international negotiations and agreements has slowed down. An increasing number of countries have formulated ‘Nationally Appropriate Mitigation Actions’ or ‘Low Emission Development Strategies’ out of which a considerable number also identifies actions in the agriculture sector. These plans are often well
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interlinked with other environmental strategies, but many of them show contradictions with agricultural development plans. The progress of their implementation is generally slow. Mitigation activities are not necessarily linked to these documents. The ‘Consultative Group on International Agricultural Research’ with its ‘Research Programme on Climate Change, Agriculture and Food Security’ coordinates the international research with focus on adaptation to climate change, managing climate risk and pro-poor climate change mitigation. The identification of monitoring methods for GHG release in agriculture is under progress.



Conclusions and recommendations The review shows that the scope of action for climate change mitigation in agriculture worldwide is vast. The focus of action depends on ecosystems, agro-climatic and agro-economic characteristics and livelihoods in the different regions of the world. GHG emissions in agriculture and land use change are mainly emitted in high and middle-income countries, while all groups of countries have a high potential for carbon sequestration. The international debate on integrating the GHG mitigation of the agricultural sector into global financial compensation mechanisms is progressing slowly. Since mitigation gives only long-term public benefits to society and no tangible individual benefits to farmers who practice them at short term. Therefore, it can only be successfully promoted at farmers level as a co-benefit in combination with climate change adaptation and other environmental policies that offer obvious benefits within a reasonable delay to farmers. In addition, compensation mechanisms will be required on communal lands,



and more climate friendly agricultural policies. Development cooperation can support GHG mitigation through following process and areas of support: 1. analysing of GHG emissions as well as sequestration potentials at country level and identifying the major mitigation potentials; 2. verifying other development policies and their synergies and trade-offs with the mitigation potentials; 3. formulating combined adaptation and mitigation plans at national level and mainstreaming mitigation interests and potentials into other national policies; 4. identifying trade-offs with other policies (agricultural growth and food security) and balancing the competing aspects as far as possible; 5. transferring the national strategies into local and regional conditions with their respective agroecological characteristics and livelihood needs; 6. improving capacities of extension services to transfer knowledge and techniques to farmers in the most effective, efficient and sustainable way; 7. identifying gaps, where short term benefits for farmers might not be sufficient to adopt new technologies, especially on communal lands, and search for environmental services payments and their availability at the local level; 8. minimizing post-harvest food losses during harvest, storage, transport, processing, preparation and as food waste; 9. working towards changing human diets that involve less GHG emissions, and 10. foster family planning to reduce future pressure on agricultural land and food production. The cross-sectoral experience of development cooperation, its long-standing experience in sustainable agricultural and natural resource management concepts could be helpful in many regards.
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The international debate is mainly focussing on GHG reduction targets in the industrial and energy sector. Global GHG mitigation and climate friendly global governance in the agricultural and land use sectors have to consider food requirements too. If substantial GHG reduction or carbon sequestration services are desired in developing countries with a high burden of projected productivity loss, a debate on a partial shifting of food production to temperate areas with yield gaps and the compensation of carbon sequestration and food deficits for the developing countries should also be launched.



14







Background



1
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Global warming is steadily increasing. Developing countries are vulnerable to its impacts, because of their physical exposure and their high dependency on climate-sensitive natural resources for agriculture. They only have low adaptive capacity because of poverty, weak institutions and limited access to improved adaptation technologies. Most (sub-)tropical areas are expected to suffer from considerable yield decreases, while temperate areas are likely to benefit from yield increases



The threat of global warming has increased. Environmental impacts connected to climate change are occurring at rates faster than initially projected. Dramatic and rapid reductions of arctic sea ice have been recorded in September 2012 with up to 49 per cent less ice than the long-term average. The latest report of the Intergovernmental Panel on Climate Change (IPCC 2013) mentions that the temperature of the upper part of oceans and air temperature in some regions have particularly increased. In consequence, the sea level rose by 0.19 m between 1901 and 2010. During the last decade, the global mean sea level has even risen by 3.2 mm/year. There is widespread acknowledgement of extreme weather events due to climate change, such as the frequency of heavy precipitation, storms, and heat waves. At the same time, atmospheric greenhouse gas (GHG) concentrations continue to increase. Agriculture contributes with up to 15 per cent directly to these GHG emissions, mainly through the release of methane and nitrous oxides. In addition, agriculture is the most important driving factor of land use change i.e. the transformation of forested and range lands into croplands, which contributes with another 17 per cent to the global GHG emissions (land use, land use change & forestry), mainly as carbon dioxide. 2



Developing countries are severely threatened and vulnerable to climate change. They are often localized in regions heavily affected by climate change (exposure), such as in low-lying river deltas, which are easily affected by climate change related weather events (high sensitivity). Livelihoods in these coun2



Land use, land use change and forestry as defined by the Intergovernmental Panel on Climate Change 



as impacts of climate change. Up to now, most national and international efforts were spent on the development and transfer of climate change adaptation techniques. This review highlights the potentials to reduce greenhouse gas emissions originating from the sectors of agriculture and land use change  2 but also to remove carbon dioxide from the atmosphere through both sectors (sequestration).



tries largely depend on climate-sensitive natural resources. At the same time, national institutions and the people have insufficient means to manage the corresponding risks (low adaptive capacity). Estimates state that developing countries will bear 75 to 80 per cent of the costs of damages caused by climate change. Even 2°C of global warming above pre-industrial temperatures (the minimum projected and envisaged for the 21st century) could result in permanent reductions of the gross national product of Africa and South Asia of 4 to 5 per cent. These trends and forecasts may require revision since recent outlooks show that the 4°C temperature threshold may be exceeded before the end of this century (World Bank 2012). ‘Climate change is costly, whatever policy is chosen: spending less on mitigation will mean spending more on adaptation and accepting greater damages, while the cost of action must be compared with the cost of inaction’ (World Bank 2010). This is even more valid when threats to poverty reduction and food security are considered: nourishing the projected nine billion people by 2050 will require strong measures to intensify production systems on limited land areas without additional land clearing and land degradation. Therefore, degraded land needs to be rehabilitated for agriculture and increased environmental services like the sequestration of carbon from the atmosphere. The GHG originating from agriculture have increased by 17 per cent between 1990 and 2005, including an increase of 32 per cent in developing countries, and a decrease of 12 per cent in developed countries (Smith 2007). Thus, the reduction of emissions by agriculture in developed countries alone
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will not be enough to limit contribution of the sector to global warming. Emissions have particularly caught up in middle-income countries. Concerning emissions from land-use change, by far the largest share of current emissions comes from tropical countries in developing regions. It is imperative to note that despite such a critical outlook, diverse opportunities, especially concerning carbon sequestration by optimized land use, are available to reduce and counterbalance GHG emissions, and have yet to be taken advantage of. Land use change in developing countries constitutes the biggest driver of GHG, especially where forest resources are converted into arable land and grasslands. The separation of agriculture and land use, land use change & forestry as two sectors within the existing definition of global GHG categories does not foster comprehensive analysis and action. This separation is more and more overcome by recent studies that combine and interconnect both sectors. Considerable efforts on climate change adaptation in agriculture have been undertaken to reduce vulnerability of people in developing countries. National action plans and strategies for adaptation have been designed in many countries. However, up to now, only few explicit efforts have focused on positively influencing the GHG balance of the agricultural sector. Climate change mitigation involves two response strategies: i) reducing the amount of emissions (abatement), and ii) enhancing the absorption of carbon dioxide through vegetation and soils (sequestration). This unique second option gives agriculture and land use a prominent mitigation role, since carbon dioxide produced in other sectors (industry, transport, energy) can be absorbed.



The first meaningful discussions on the contribution of agriculture to the resolution of the global climatic crisis have been carried out in Copenhagen in 2009. These discussions are on-going. In fact, views are controversial on the inclusion of agriculture into financial compensation mechanisms as in the forestry sector, where the mechanism of Reducing Emissions from Deforestation and Forest Degradation (REDD) in 2007 (and REDD+ 3 since 2010) is implemented. The mitigation potential can be assessed under technical and economic aspects. The theoretic technical mitigation potential through carbon fixing in the agriculture and land use change sectors is similar to the GHG emissions from agriculture. Thus, the overall GHG balance in agriculture and land use could be neutral. Some of the mitigation opportunities also offer an increased income for farmers and are, therefore, likely to be adopted. Implementing this theoretic technical mitigation potential requires the introduction of mitigation measures, which are partly costly. Therefore, the economic mitigation potential has also to be taken into account. The economic mitigation potential is expressed in carbon prices, which describe the costs for the respective technology change to achieve the technical mitigation potential. The adoption of climate friendly agricultural practices will also rely on appropriate policies and institutions with sufficient outreach in rural areas for their promotion. Thus, there will be additional transaction costs and constraints. As long as carbon prices remain too low to provide sufficient incentive for change, the realisation of mitigation strategies is constricted. This is currently demonstrated by the stagnant REDD mechanism, which does not provide sufficient incentives for forest protection. Carbon markets and compensation mechanisms for the agricultural sector involve important difficulties with regard to implementation and monitoring.



3



REDD is a financial compensation mechanism to reduce GHG emissions from deforestation and forest degradation through a performance based financial compensation system between GHG emitters and forest protection initiatives (national governments or local organisations). REDD+ also includes livelihood needs of the population living in forest areas and the sustainable use of forests allowing carbon sequestration.
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They have to address a high number of stakeholders in rural areas and provide suitable monitoring methods and information. Currently, efforts are underway to close data gaps and develop monitoring options. There are a number of ways to countervail the incidence of the frightening GHG scenarios drafted by the IPPC, e.g. through appropriate environmental policies and framework conditions to promote technological progress. At present, the technical concept of ‘climate-smart agriculture’ of the Food and Agriculture Organization (FAO) is promoted by various organizations and has been developed into a landscape approach beyond farmer’s level. Climate smart agriculture includes resilience to climate change, sustainable productivity, nutritional quality, and other factors relevant for adaptation and mitigation. The present review addresses direct emissions from agriculture and land use change as well as indirect emissions connected to agriculture, but accounted in other sectors (transport and industry). It describes mitigation opportunities with a focus on developing countries and traces mitigation options for development cooperation. It is based on a systematic research of data and documents available on the websites of relevant international institutions and organisations. Much of the data refers to global studies carried out between 2000 and 2010. Ascertained subsequent research findings are included, especially on mitigation techniques. New globally aggregated sectoral data for agriculture and land use change is expected from the next report of the sectoral working group (III) of the Intergovernmental Panel on Climate Change (IPCC) in 2014. Chapter 2 describes the GHG sources and their context. Chapter 3 highlights mitigation potentials. Chapter 4 provides recommendations on the scope of action.
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Greenhouse gas emissions in agriculture and land use change



Review of research findings, options for mitigation and recommendations | 19



2.1 General overview and main trends Three greenhouse gases (GHG) are relevant for agriculture and land use change: carbon dioxide caused by the burning or mineralisation of biomass (e.g. deforestation) and by fossil fuel consumption (machinery), methane produced through enteric fermentation by ruminants, by manure management and in irrigated rice production and, finally, nitrous oxide from use of nitrogenous fertilizer. GHG originating from agriculture contribute at 14 per cent, and from land use change and forestry at 17 per cent to the global GHG emissions. Middle-income developing



All relevant GHGs originating from agriculture and land use change (carbon dioxide, methane and nitrous oxide) form natural components of the atmosphere.



countries release the largest share of GHG related to agriculture and land use change, whereas lowincome countries only release a small amount of GHG from these two sectors. The specific GHG sources vary according to the main geographic regions. Nitrous oxide is an important emission source in developing regions of East Asia (China and India). Methane from enteric fermentation of ruminants is especially high in Latin America, while methane from rice production is dominant in the South and East Asian countries.



Their global abundance, origins, historical evolution, and their contributions to radiative forcing 4 are shown in table 1. 5 4



‘Radiative Forcing’ measures the difference of radiant energy received by the earth and energy radiated back to space and describes the GHG warming potential in addition to the natural emissions that already existed in the pre-industrial period. 5 Other greenhouse gases included in the Kyoto-Protocol are chlorofluorocarbon (CFC) and sulfur hexafluoride, which however are not important in the agricultural sector.



Table 1 Global abundance of key greenhouse gases in 2011 – evolution and importance



Main origins



Carbon dioxide (CO2)



Methane (CH4)



Nitrous oxide (N2O)



Fossil fuels (coal, oil, gas)



Livestock (ruminants)



Oceans



Burning of biomass (slash and burn, wood)



Irrigated rice



Biomass burning



Garbage disposal and treatment



Fertilizer use



Mineralization of soil organic matter (humus)



Industrial processes



Deforestation Other land use change Global concentration in the atmosphere in 2011



391 ppm



1,813 ppb



324 ppb



Pre-industrial level in 1750



280 ppm



700 ppb



270 ppb



140 % (85 % last decade)



259 %



120 %



2.0 ppm/year



3.2 ppb/year



0.78 ppb/year



+ 1.8 W/m2



+ 0.51 W/m2



+ 0.18 W/m2



391



45



97



Increase since 1750 Mean annual increase during last 10 years Contribution to radiative forcing relative to 1750 Total in CO2-eq mole fraction (ppm)



Source: adjusted from WMO Global Atmosphere Watch, Greenhouse Gas Bulletin no. 8, November 2012
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The Global Warming Potential (GWP) of these GHG differs largely with methane (CH4) having 25 times more GWP and nitrous oxide (N2O) having 298 times more GWP compared to carbon dioxide (CO2) 6. Methane and nitrous oxide are taken into account as equivalents (eq) of CO2. All three gases have increased during the last decades, and total radiative forcing has augmented by 30 per cent between 1990 and 2011 (WMO 2012). `` Carbon dioxide (CO2) is a natural component of the atmosphere. Especially the burning of fossil fuels (e.g. transport, industry, heating, etc.) releases critical quantities of CO2 to the environment. CO2 also originates from microbial decay, burning of plant residues, and mineralization of soil organic matter (soil humus) – all of which occur in land use change, deforestation, and through slash and burn agriculture. `` Methane (CH4) results from the decomposition of organic materials under anaerobic conditions (e.g. ruminant digestive system fermentation, manure and production of irrigated rice). It also originates from garbage disposal. `` Nitrous oxide (N2O) is released into the atmosphere through the utilization of nitrogen ferti-



lizers, soil microbial activity (denitrification), biomass burning and manure. Some industrial processes also produce nitrous oxide. Figure 1 shows the global carbon stores that are subdivided into the atmospheric carbon store, the biosphere, the lithosphere and the ocean carbon store. The focal carbon store in the context of climate change in agriculture is the biosphere carbon store. This carbon store is subdivided into two different pools: the soil carbon pool with its organic and inorganic components, and the biotic carbon pool, including carbon stored in vegetation. There is an intense exchange between the biotic carbon pool and the atmospheric carbon store that is highly influenced by land-use practices. The two other stores (ocean and lithosphere) contain high amounts of immobile carbon. The IPCC divides GHG emissions into seven sectors (see figure 2). At the global level power and industry are the most important emission sources followed by land-use change and agriculture. The release of emissions largely differs throughout the world according to income level of countries (see



6



The comparison refers to a period of 100 years.



Figure 1 
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Source: PhysicalGeography.net / www.camelclimatechange.org
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figure 3). If all GHG origins are considered  7, middleincome countries, contribute most to global emissions. They also represent the vast majority of the world’s population   8. In these countries agriculture and land-use change has a high share of 37 per cent of total emissions. A considerable part of the global GHG is released in industrialized countries – but only 8 per cent originate from agriculture here, and without net land use emissions while forest areas have not diminished, but partly augmented here. The limited number of 36 low-income countries represents only a tiny share of global emissions, in which however 70 per cent of GHG derive from agriculture and land use change  9.



The two sectors included in the following analysis are ‘agriculture’ and ‘Land-Use, Land-use Change & Forestry (LULUCF)’, focusing on land use change related to agriculture, and referred to as ‘land use change’ in the following for GHG emissions from this sector. These two sectors account together for 31 per cent of the global GHG emissions. Most GHG from agriculture (see figure 4) originate from soils and the fermentation process in the stomachs of ruminants (cattle, sheep, goats etc.). Irrigated rice, manure and energy use contribute less to global GHG emissions but can nevertheless be important sources in individual countries.



7



The waste sector incl. solvent and other product use is excluded here (i.e. industrial gases such as CFC and SHF). 8 103 middle-income countries with a Gross National Income (GNI) of 1,036 USD – 12,615 USD/capita/year including China and India (World Bank Atlas Method Classification), 36 low-income countries with 1,035 USD/capita/year and 75 high-income countries with 12,616 USD/capita/year. 9 If per capita release of GHG is considered, the situation changes considerably.



Figure 2 



Global GHG-emissions by sector a. World Waste & wastewater 3 % Land-use change and foretry 17 %



Power 26 %



Agriculture 14 %



Figure 3 GHG emissions by sector in high-, middle- and low-income countries b. High-income countries c. Middle-income countries Agriculture 8 % Industry 15 %



Others 18 %



Industry 19 %



Power 36 %



Transportation 23 %



d. Low-income countries Power 5 %



Others 14 %



Transportation 4 % Industry 7 % Agriculture 20 % Source: IPCC 2007 / World Bank 2010



Land-use change & forestry 23 %



Power 26 %



Transportation 26 % Residential & commercial buildings 8 %



Others 14 %



Agriculture 14 % Transporatation 7 %



Industry 16 %



Land-use change & forestry 50 % Source: adapted from World Bank 2010 / Barker et al. 2007
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The GHG contributions of the agricultural sector mainly consist of methane and nitrous oxide. Despite the small absolute quantities, which are emitted, they are far more harmful in their climate effects than carbon dioxide. When considering only the agricultural sector, its CO2 emissions are minor or show even net removals of carbon because of carbon sequestration in most countries except for Eastern Europe and Central Asia (US-EPA 2006, Bellarby et al. 2008).



The composition and evolution of GHG emissions differ according to world regions and ask for specific mitigation strategies. Figure 5 shows the evolution and projection of the two most important agricultural GHGs (nitrous oxide and methane emissions) for the developing regions. Projections estimate the increase of agricultural GHG (N2O and CH4) at about 13 per cent between 2010 and 2020, and at 10 to 15 per cent for the period between 2020 and 2030. However, a stagnation or decline of agricultural GHG after 2030 may be due to reduced increase of cropping area (and deforestation), the application of conservation tillage practices, but also to technological advances (Smith et al. 2007).



In contrast to CO2 emissions, methane and nitrous oxide emissions from agriculture have globally increased by nearly 17 per cent between 1990 and 2005 (Smith et al. 2007) with a 32 per cent increase in developing countries. Conversely, developed countries showed a 12 per cent decrease 10 during the same period. At a global level, the release of both gases is expected to further increase in the future.



All regions showed increasing emissions for these two most important GHGs for the past as well as future trends. Africa and Latin America exhibit the highest increases since 1990. A full scenario for all regions is found in annex 3.1.



In addition to the 5,621 million tons (15 per cent) of CO2-eq produced by the agricultural sector and the 5,900 million tons CO2-eq (17 per cent) of land use change & forestry, another 1,009 million tons CO2eq are produced by fertilizer and pesticide producing industry, pumping and farm machinery and can be indirectly attributed to agriculture (see table 2). Many data remain as estimates due to uncertainties and non-agreed aspects. The estimates between different sources differ, e.g. between 10 to 15 per cent share of GHG from agriculture.



It becomes obvious that the amount and composition of GHG is specific for each regions with the following main disparities: `` Nitrogen losses from soils are an important emission source in all regions and offer opportunities to reduce emissions while improving soil fertility. `` Methane release from irrigated rice production release is important in East Asia and South Asia. `` The burning of biomass is widespread in Latin America and Sub-Saharan Africa. `` Enteric fermentation is an important GHG source in all regions but most important in Latin America with its high ruminant concentration and extended rangelands.



10



Europe and Russia had considerable decreases, while the US and Canada showed increases.



Figure 4 



Direct greenhouse gases from agriculture
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Sources & Notes: adapted from EPA, 2004. See Appendix 2.A for data sources Appendix 2.B for sector definition. Absolute emissions in this sector, estimated here for 2000, are 6,205 MtCO2. Source: Baumert et al. 2005
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Table 2 Composition of GHG – direct and indirect relation to agriculture Sector



Categories related to agriculture



Agriculture



Category of GHG



Contribution



(cattle) 1,792



Livestock manure management



Methane



413



7 %



Flooded rice production



Methane



616



10 %



Nitrous oxide



2,128



38 %



Carbon dioxide



672



12 %



5,621



100 %



Sub-Total: Agriculture 15 % (10 – 15 % estimates) Conversion of forest into agricultural land



Carbon dioxide



Land use change



Carbon dioxide



Sub-Total Land use change: 17 %



Energy consumption



32 %



Methane



Field burning of biomass waste and burning of savannahs for crop management purposes



Industry



Relative



Enteric fermentation in ruminants



Fertilization of agricultural soils



Land use, land use change & forestry, (LULUCF)



Million tons CO2-eq



5,900 5,900



Production of fertilizers



Carbon dioxide



410



Production of pesticides



Nitrous oxide



72



Agricultural farm machinery



Carbon dioxide



158



Irrigation (pumping)



Carbon dioxide



369



Sub-Total from other sectors



1,009



Total



12,530 Sources: Various, incl. Baumert et al. (2005), Smith et al. (2007), Bellarby et al. (2008), Gattinger et al. (2011)



CO2 emissions from land use change are concentrated in countries experiencing severe deforestation primarily as a result of economic prospects. Examples of such market-oriented deforestation are common in Brazil to extend grazing, fodder and soybean production to meet the increased meat demand. Indonesia carries out large-scale conversion of forests to palm oil plantations and Liberia also poses extreme cases of deforestation for palm oil production. These activities destroy carbon sinks and biodiversity, often in the absence of efficient forest protection.



Figure 5 2000



1500



1000



Estimated historical and projected N2O and CH4 emissions in the agricultural sector of developing regions during the period 1990 – 2020



Developing countries of South Asia Mt CO2-eq



Developing countries are vulnerable to climate change for diverse reasons. Regarding the impact of climate change on the yield of major crops, the temperate regions, mainly in the northern hemisphere, will benefit from increased productivity (see figure 6). In contrast, countries in sub-tropical and tropical areas and Australia, will suffer from considerable productivity losses. The developing countries in these regions may not be able to contribute much to mitigation, since their potential – especially for sequestration – is declining due to higher tempera-
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tures increasing soil humus mineralization, unreliable rainfall reducing growth of the vegetation and overall desertification. Additionally, many of these countries do neither have the institutional capacity nor the financial means to implement mitigation measures.



2.2 Nitrogen fertilization Nitrogen fertilization contributes substantially to agricultural productivity, but if applied in excess and during inappropriate periods, it releases considerable amounts of particularly harmful nitrous oxide. In Asia, the application of synthetic nitrogen fertilizer is still strongly increasing, partly as a result of subsidies. Moreover, the energy-intensive production of nitrogen fertilizer releases high amounts of carbon dioxide registered in the industrial sector. Organic fertilizers (manure) also accounts for nitrous oxide and methane release if it is not stored, managed and applied appropriately.



While soil fertilization with nitrogen (esp. synthetic) has substantially contributed to agricultural productivity increases during the last decades, it also causes harmful GHG emissions. Nitrogen fertilization, through either mineral fertilizers or organic manure from livestock or compost, releases considerable amounts of nitrous oxide. N2O is harmful even in small quantities due to its high GWP (298 times more than CO2) and its long persistence in the atmosphere of about 120 years. The burning of biomass e.g. in



Figure 6 



slash and burn agriculture also results in the release of both, nitrous oxide and methane. About 70 per cent of nitrous oxide originating from human activity results from agriculture. Globally, nitrous oxide is the main source of agricultural GHGs (see figure 4). The area that receives synthetic fertilizers and manure production has strongly increased and manure and synthetic fertilizer application is projected to further increase by 35 to 60 per cent between 2003 and 2030 (FAO 2003). Different scenarios on food demand and changes of human diet cause the high range of this projection. The growing demand for livestock feed has also increased the use of synthetic fertilizers for pastures and fodder crops, and increased livestock populations produce high amounts of manure, which is generally helpful for soil fertility and crop productivity, but harmful if applied in excessive quantities and with inadequate timing. The extent to which soil is saturated with nitrogen (via the use of synthetic and organic fertilizers) accounts for the degree of nitrous oxide release. Soils with a high nitrogen status emit greater amounts of nitrous oxide. In such soils, a reduced nitrogen supply reduces GHG emissions. Soils with nitrogen deficiency tend to release carbon dioxide, but are likely to react positively with reduced emissions on reasonable nitrogen supply. 2.2.1 Synthetic nitrogen fertilizers Total nitrogen fertilizer use but also its use per area of pasture and farmland, are steadily increasing (see figure 7). In Europe, nitrogen fertilizer use (synthetic but especially from manure) has decreased since



Impact of climate change on crop productivity in 2050



Source: World Bank 2010/FAO STAT
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1995 due to environmental legislation (Nitrate Directive in 1991). In Eastern Europe and Central Asia, the decrease of fertilizer use is mainly connected to the lack of capital for their procurement after the end of the Soviet Union. Statistics from the International Fertilizer Association (IFA) show that China and India consume together 60 per cent of the nitrogen fertilizers used in developing countries. In China, nitrogen and fertilizer subsidy politics contributed much to the sharp increase. Half of the world’s nitrogen is used for cereals (IFA 2013). Africa only uses 2 per cent of nitrogen fertilizers produced and is not included in the graphs of figure 7. South America with considerable fertilizer consumption is not included as well. Here the nitrogen supply to soils is, on average, insufficient to maintain soil fertility, resulting in nutrient depletion and loss of soil organic matter in scarcely or unfertilized soils (Bellarby et al. 2008). The efficiency of nitrogen utilization in crop production is rather limited with only about 50 per cent de facto incorporation by crops. The remaining 50 pecent have deteriorating effects on ecosystems since they are mainly released as N2O (Steinfeld et al. 2006) or washed into deeper soil layers and the groundwater. Many countries subsidize synthetic fertilizers to boost agricultural productivity and promote their utilization (e.g. China) but not necessarily their efficient application. The amount of volatile nitrogen resulting from synthetic fertilizer depends on the type of fertilizer and increases with temperature. Urea and ammonium bicarbonate fertilizers are specifically volatile. Nonetheless, they are mainly used in developing countries despite higher temperatures.



Figure 7 



Fertilizers based on anhydrous ammonium nitrogen or ammonium sulphate liberate less N2O and are therefore more suited for fertilization. Not only the utilization of synthetic nitrogen fertilizers, but also their production, contributes to the release of GHG, which is estimated at 1.2 per cent of the total world GHG emissions (Bellarby et al. 2008, Wood and Cowie 2004). The production of fertilizer consumes fossil fuel. The emissions are however accounted in the industry sector, but not in the agricultural sector (see also table 2). 2.2.2 Organic fertilizers (manure) Organic fertilizers (manure) include green manure (plant residues) as well as manure originating from animals, either as excreta that are directly deposited on grasslands (grazing systems) or as managed excreta on farms. Manure contributes to GHG as nitrous oxide resulting from the disposal, storing, and spreading of manure, but also as methane resulting from the anaerobic decomposition of manure (details in annex 3.2). In total, ruminants (especially cattle) contribute to 79 per cent to these nitrous oxide emissions 11. Industrial production systems are less harmful, because manure here can be managed appropriately, whereas it decomposes on site in extensive grazing systems with nitrous oxide release. 2.2.3 Other emissions from organic fertilizers (methane and carbon dioxide) The anaerobic decomposition of organic material in livestock manure releases methane, especial11



Pigs contribute with 12 per cent and poultry with about 10 per cent to the total nitrous oxide emissions from animal excreta.
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ly if manure is managed in the liquid form, while dry manure does not produce significant amounts of methane. The emissions depend on a number of factors that influence the growth of bacteria responsible for methane production (e.g. temperature, moisture, storage time, etc.), but also on the energy content of manure, which directly depends on livestock diet (Steinfeld et al. 2006). Most methane is derived from pig farms (47.8 per cent), closely followed by cattle (42.8 per cent). Intensive industrial pig production releases particularly high emissions (e.g. in China, North America, and Western Europe). In these regions, intensive and large production units with high transport costs for manure management operate in favour of less heavy, but yet more emission producing liquid manure management. The production of biofuels from manure represents an appropriate option to use the methane produced in these intensive livestock farming systems. Substantial amounts of methane also originate from mixed livestock production systems in developing regions (see annex 3.2). The application of organic fertilizers – usually advantageous for soil fertility management and the environment and therefore known as a good practice – does not necessarily show a neutral carbon balance (Kutsch et al. 2010). The burning of biomass – considered by farmers as organic fertilization by quick mineralisation – also accounts for methane and carbon dioxide release. It is mainly practiced in Sub-Saharan Africa, Latin America, and the Caribbean (Bellarby et al. 2008). In addition to the GHG emissions, it contributes to soil degradation in terms of soil structure and nutrients, and should be avoided.



2.3 Rice production Irrigated rice production releases methane to the atmosphere. Water management, especially the shortening of the flooding periods, reduces the release of methane considerably.



Methane from rice production is released during inundation periods via diffusive transport through



the aerenchyma system 12 of rice plants, via ebullition of methane at the water surface, or by leaching methane to ground water. Emissions from irrigated rice are highly concentrated in developing countries - mainly in Asia (97 per cent), where most irrigated rice is produced. In main rice producing countries methane emissions from rice represent an important share of total GHG emissions, e.g. in India, where rice production contributed 9.8 per cent to total GHG emissions in 2006 (IPCC 2007). According to the global trends reported by FAO (2003), rice production areas are expected to increase by only 4.5 per cent between 2003 and 2030.  The extent of rice grown under continuous flooding determines the future increase of methane emissions. The maximum increase is projected at 16 per cent between 2005 and 2020 (US-EPA 2006). Such increase may not be reached due to water scarcity that limits irrigated rice production, while water saving techniques (i.e. alternate drying and wetting, system of rice intensification) or adoption of new cultivars that emit less methane might contribute to reduce methane release in existing flooded rice production areas. Methane emissions from rice production depend on a variety of factors connected to: `` water management (shortening of the flooding periods) as the main factor, and `` rice cultivars and varieties with reduced methane release. In addition, the release of methane also depends on soil characteristics, crop management and fertilizing practices, e.g. early transplanting of rice crops, optimum soil and nutrient conditions (Gattinger et al 2011). Nitrogen fertilizing causes, in addition, considerable nitrous oxide releases. The System of Rice Intensification (SRI) proves to emit up to 22 per cent less methane than conventional rice production (Nguyen et al. 2008, Proyuth et al. 2012). Significant methane emissions are only caused by irrigated rice. The emissions from upland rice, representing approximately 15 per cent of the total rice cropping area, is connected to the burning of biomass (slash and burn), often forest areas and results in high CO2 emissions. 12



Air transport channelling system in rice roots
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2.4 Livestock husbandry Livestock husbandry produces GHG from several sources. Due to increasing meat consumption, livestock husbandry is continuing to increase strongly, especially pigs and poultry production. Therefore, grazing and fodder production areas were increased, often to the expense of forest areas and wetlands in tropical countries such as Brazil and Indonesia. The conversion of forest and wetlands to grazing and fodder production releases considerable quantities of carbon dioxide formerly stored in soils and vegetation. In addition, ruminants produce methane through enteric fermentation as further important GHG source originating from livestock. The ratio of GHG per quantity of livestock product released during the lifecycle of animals is higher in arid and semiarid zones with low productivity than in highly productive livestock systems. However, extensive livestock production is often the most important livelihood option in marginal production areas despite its relatively high methane emissions.



The ‘Livestock’s long shadow’ report of the FAO on environmental issues and options for livestock husbandry (Steinfeld et al. 2006) caused considerable commotion and concern. Its analysis took all environmental aspects connected to livestock husbandry into account. It attributed 18 per cent of global GHG emissions to the livestock sector comprising 9 per cent of CO2-eq as methane from enteric fermentation and 9 per cent of CO2 for land use change connected to livestock husbandry. This alarming figure was downsized to 15 per cent, by subsequent studies, but even a 15 per cent GHG share is alarming and gives important potential for mitigation. The share of GHG related to former forested areas converted into pastures differs significantly between regions and is particularly high in South East Asia and South America. The livestock sector occupies 70 to 75 per cent of the total agricultural land, and about 35 per cent of all cropland. The total anthropogenic biomass appropriation, which is directly consumed by humans, is



about 62 per cent, while 35 per cent of the biomass is used for animal feed, and 3 per cent for biofuels (Steinfeld et al. 2012, Foley et al. 2011). The global research on livestock systems depicts great inefficiency in natural resource use in a wide range of livestock farming systems, a high geographic dispersion of extensive systems, and a geographic clustering of intensive systems. Livestock forms an important livelihood component for about one billion people, but only accounts for 1.5 per cent of the world’s gross domestic product, 13 per cent of all dietary energy, and 25 per cent of all dietary protein. The production of animal protein is by far less efficient than the production of plant protein. Table 3 shows the distribution of the livestock populations and their productivity in relation to the production systems. The importance of livestock in arid and semi-arid zones with fewer land use options is high in terms of animal heads, but their productivity is by far less than in temperate zones and highlands. Animals in the arid and semi-arid zones therefore show a high lifecycle/product GHG emission ratio. Although the demand for livestock products in developed countries is stagnant, growing demands in developing countries over the past 30 years result in global annual growth rates of 6.6 per cent for poultry, 4.4 per cent for pork, and 3.2 per cent for mutton (Steinfeld 2012). They reflect a close relationship between meat consumption and per capita income (see figure 14, chapter 2.6.2). Consequently, such increased demands result in a higher needs for rangelands and fodder crops. Prices for fodder maize and soybean for example have increased since 2007.
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Table 3 Livestock population and production in different production systems Livestock type



Livestock production system



Grazing



Agro-ecological zone



Rainfed mixed



Irrigated mixed



Arid & semiarid



Landless/ industrial



Humid



Temperate & highlands



Global



Dev. countries



Global



Dev. countries



Global



Dev. countries



Global



Dev. countries



Cattle & buffaloes



406



342



641



444



450



416



29



1



515



603



381



Sheep and goat



590



405



632



500



546



474



9



9



810



405



552



Population (million head)



Production (million tons) Beef



14.6



9.8



29.3



11.5



12.9



9.4



3.9



0.2



11.7



18.1



27.1



Mutton



3.8



2.3



4.0



2.7



4.0



3.4



0.1



0.1



4.5



2.3



5.1



Pork



0.8



0.6



12.5



3.2



29.1



26.6



52.8



26.6



4.7



19.4



18.4



Poultry meat



1.2



0.8



8.0



3.6



11.7



9.7



52.8



25.2



4.2



8.1



8.6



Milk



71.5



43.8



319.2



69.2



203.7



130.8



0



0



177.2



73.6



343.5



Eggs



0.5



0.4



5.6



2.4



17.1



15.6



35.7



21.6



4.7



10.2



8.3



Source: Steinfeld et al. 2006, global averages 2001 – 2003



Total methane emissions from enteric fermentation by cattle (incl. buffaloes) amounted to 75.1 mt CH4 in addition to 9.4 mt CH4 by small ruminants in 2004 (Steinfeld et al. 2006). Livestock husbandry is a dominant activity in Latin America, Eastern Europe, Central Asia, semi-arid areas of Africa and Oceania. In these regions, methane from enteric fermentation is the most important source of GHG originating from agriculture. Projected increases of methane range between 35 and 60 per cent (2003 to 2030), depending on the livestock increase rates as well as on the degree to which mitigation techniques in feeding practices and manure management (see chapter 2.2.2) will be applied (FAO 2003, Smith et al. 2007).



Figure 8 



A comparison of emissions from different animal types in relation to the produced proteins provides indications for potential mitigation measures through management (see figure 8). The evaluation reveals that beef production has by far the highest GHG emission rates. GHG emissions in milk production depend on the productivity of cows. The relationship between milk output and GHG release reveals the inefficiency of livestock production in marginal production areas and extensive systems with low productivity (see figure 9). However, it must be noted that no other meaningful livelihood and income options may be available in such marginal areas.
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Source: adapted from FAO 2013c
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Extensive grazing systems occupy vast areas of land despite an overall trend towards intensification. They are the only way to use the vast arid to semiarid areas like in Central Asia, Latin America or the Sahel. Livestock production less dependent on grazing (esp. for poultry and pigs), tends to shift geographically from rural to urban and peri-urban areas to get closer to consumers facilitating more animalfriendly transport at limited costs. Transport costs for imported feedstuffs decrease as well, while manure may accumulate in industrial livestock systems and constitute a source of GHG if not properly managed (see chapter 2.2.2).



conservation, grazing bans, silvopastoralism, fire breaks and controlled burning, and exclusion of livestock from sensitive areas) reduces degradation.



2.5 Land use, land use change & forestry Soil and biomass form huge carbon stores. Their storage capacity highly depends on the ecosystem and land use. It is generally high in wetlands, grasslands and forests. Croplands show the lowest carbon concentration (except deserts and semi-deserts), especially if the produced biomass is removed. Land cover, forests and undisturbed wetlands with high carbon storing capacity have dramatically reduced and are further reduced through human land use change and climate change (boreal forests). The converted land often does not serve any more as powerful carbon store.



Increasing livestock numbers and livestock concentration push the livestock sector more and more into direct competition for scarce land and water. The expansion of livestock production is a key factor for deforestation in South America, where pastures occupy 70 per cent of previously forested land in the Amazon, and where feed crops cover a large part of the remaining areas of this land (see chapter 2.5). It is worthwhile to mention that 20 per cent of the world’s pastures and rangelands in total, but 73 per cent of rangelands in dry areas – where livelihoods depend heavily on them – are degraded to some extent, often through overgrazing, compaction and erosion created by livestock and deforestation. The degradation of these grasslands also disables their former function as carbon sinks (see chapter 2.5) and threatens livelihoods. Grazing fees and the removal of obstacles to mobility on common lands can reduce overgrazing. In addition, appropriate grassland management (e.g. soil



Figure 9 



The internationally agreed-upon classification system of GHG deems agriculture as one sector and ‘Land Use, Land Use Change, and Forestry’ (LULUCF), often only mentioned as ‘land use change & forestry’ or as ‘forestry’, as another sector. In practice, both sectors show intensive inter-linkages. The following analysis focuses on land use change caused by agriculture and on carbon pools and their potential for carbon sequestration in the carbon cycle (see also figure 1). The carbon stocks of terrestrial systems consist of the underground carbon stored
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mainly as soil organic matter or organic debris and the carbon stored above and underground by the vegetation. Table 4 shows the amount of carbon stored in the biosphere, as well as in the atmosphere.



The global soil carbon store of about 9,200 gt CO2-eq is by far the largest carbon pool of the biosphere store. It is 3.3 times larger than the atmospheric store and 4.5 times bigger than the biotic pool (2,000 gt CO2-eq) (Lal 2004, Gattinger 2011).



Table 4 Selected global carbon stores Carbon stores (gt CO2-eq) 



%



1. Soil carbon



9,200



65.7



- Organic soil carbon



5,700



40.7



- Inorganic soil carbon



3,500



25.0



2,000



14.3



2,800



20.0



14,000



100



2. Biotic carbon 3. Atmospheric carbon Total



Carbon pools are generally saturated and well stored in undisturbed permanent systems such as oceans, forests, grasslands, wetlands, peatland and to a lesser extent agricultural land (see table 5). Important carbon pools are for example found in wetlands with anaerobic conditions where degradation of organic matter is prevented. When wetlands or peatlands are drained, much of their carbon stock is transformed into CO2 and emitted to the atmosphere.



Source: adapted according to Gattinger et al. 2011



Table 5 Global carbon stocks in vegetation and top one meter of soils Biome



Area



Carbon Stocks (Pg CO2-eq)



Carbon stock concentration (Pg CO2-eq M km-2)



M km2



Vegetation



Soils



Total



Tropical forests



17.60



776



791



1566



89



Temperate forests



10.40



216



366



582



56



Boreal forests



13.70



322



1724



2046



149



Tropical savannas



22.50



242



966



1208



54



Temperate grasslands



12.50



33



1080



1113



89



Deserts and semideserts



45.50



29



699



728



16



9.50



22



443



465



49



Wetlands



3.50



55



824



878



251



Croplands



16.00



11



468



479



30



151.20



1706



7360



9066



60



Tundra



Total



Source: Bellarby et al. 2008/IPCC 2001



Intensively managed land has lower carbon stocks than natural vegetation. Wetlands have the highest carbon stock per square kilometre (8.4 x higher than cropland), followed by boreal forests (5 x higher than cropland). Tropical forests and temperate grasslands have similar carbon stocks that are only three times higher than those of cropland (see table 5). Total carbon stocks are highest in boreal forests due to their geographic expansion compared to other lands, followed by tropical forests, tropical savannahs, and temperate grasslands. Tropical, temperate, and boreal forests cover 27.6 per cent of the land surface, but hold 46.3 per cent of the carbon stocks, whereas croplands cover 10.6 per cent of the land surface, but



contain only 5.3 per cent of the carbon stocks. The enduring expansion of croplands and grazing areas continues to reduce previous carbon stocks under forests. Previous carbon sinks continue to be converted into carbon sources. Boreal forests continue to be destroyed through temperature increase (global warming). In the soil of croplands, organic carbon stocks differ considerably according to soil types and crops grown on the land. High soil carbon levels have beneficial effects, as they improve soil structure and fertility. Apart from the soil type, high soil carbon levels depend on high organic matter inputs (Gattinger et al.
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2011). Restoring the soil biosphere’s carbon pool provides a unique opportunity for the agricultural and LULUCF sector to mitigate climate change. In agriculture for example, integrating of humus-enriching crops in rotations, minimizing soil tillage, maintaining straw in the fields, and enriching fields with manure, compost and mulch, and integrating trees into the fields also enrich soil and biotic carbon. Soil carbon losses result from the cultivation of crops with few organic residues and limited soil coverage (e.g. sugar beet, potatoes, maize). Fodder or mixed crops (e.g. clover, grass, grain legumes, or inter-row crops) with intense rooting systems secure carbon gains (Gattinger et al. 2011). The rate of land cover change increased sharply after 1945 (Bellarby et al. 2008). Since then most of the additional crop- and rangeland has been converted from tropical forests. Driving factors were increasing population in the past decades and today, and with the increase of global trade, the rising demand of animal feed like maize or soya for livestock production in high and middle income countries. However, the period of major expansion of agricultural activities into uncultivated lands may be over because suita-



ble areas diminish with some exceptions in humid tropical regions (Desjardins et al. 2007 in Bellarby et al. 2008). In addition, reconversion of less productive croplands into forests is occurring simultaneously in temperate areas in Europe, North America, China, Japan, and South Korea. Despite an overall positive net balance of forest plantation areas (FAO 2006b), some tropical countries show continuing tremendous losses of tropical forest in favour of agricultural production (Foley et al. 2011). Overall, the forest carbon balance remains negative: gross deforestation continued at a rate of 12.9 million ha/year between 2000 and 2005, and the net loss of forest is currently estimated at 7.3 million ha/year (Nabuurs et al. 2007) with a decreasing trend (see table 6). Losses mostly occur in tropical forests, which have higher carbon concentrations and therefore emit more CO2 into the atmosphere from each converted hectare. Global trends of forest areas and changes reveal that after 2000 only in South America deforestation rates still increased (see table 6). In Brazil, carbon dioxide release from deforestation accounts for about 60 per cent of the total national emissions (Gattinger et al. 2011).



Table 6 Estimation of forest area and changes Region



Forest area, (mill. ha)



Annual change (mill. ha/yr)



Carbon stock in living biomass (MtCO2)



2005



1990 – 2000



2000 – 2005



Africa



63,5412



-4.4



Asia



571,577



-0.8



Europe North and Central America



1990



2000



-4.0



241,267



1.0



150,700



Growing stock in 2005 2005



million m3



228,067



222,933



64,957



130,533



119,533



47,111



1001,394



0.9



0.7



154,000



158,033



160,967



107,264



705,849



-0.3



-0.3



150,333



153,633



155,467



78,582



Oceania



206,254



-0.4



-0.4



42,533



41,800



41,800



7,361



South America



831,540



-3.8



-4.3



358,233



345,400



335,500



128,944



3,952,026



-8.9



-7.3



1,097,067



1,057,467



1,036,200



434,219



World



Source: adapted from Nabuurs 2007 /FAO 2006b



Conversion levels of different ecosystems into agricultural lands are projected to decrease by 2050. Most conversions are still expected from tropical and subtropical forests (coniferous and broadleaf forests, see figure 10). Besides forests and grasslands, the conversion of natural wetlands into croplands also involves a loss of



carbon stocks because of the decomposition of organic carbon. Additionally, conversion of wetlands causes other negative and irreversible effects on the environment. Many countries have therefore taken measures to protect remaining wetlands, e.g. through the Convention of Wetlands. The wetlands in South-East Asia for example, which hold immense fossil carbon stocks, are currently at risk of being
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2.6 Other greenhouse gas emissions related to agriculture



drained and converted to cropland (Gattinger et al. 2011). Livestock, as described in chapter 2.4, is among the biggest drivers of land use change. Increased livestock production has caused a shift from grazing to feed crop production and to concentrated supplementary feedstuffs such as cereals (Bellarby et al. 2008) in areas with intensive production. This conversion of grassland to cropland involves a loss of carbon. Intensive livestock operations are connected to a shift of production sites especially for pigs and poultry from rural areas closer to urban consumer areas. The separation of the sites for animal raising and production of animal feed involves high transport costs for animal feed and enhances competition for productive land between feed and food production. The extension of soybean production has negative impacts on the carbon balance of feed producing countries as it leads to deforestation and land conversion like in Brazil. At the same time, the carbon balance of livestock producing countries might improve, because land requirements for animal feed reduce here. The same inversion is encountered for biofuels, where biofuel using countries discharge their balance at the expense of biofuel producing countries (see chapter 2.5.3).



The utilisation of fuel for pumped irrigation systems and agricultural machinery, as well as for the production of agrochemicals also has to be taken into account in the overall agricultural GHG balance. Processing, cooling and storage, transporting and cooking of agricultural produce also consume energy. Considerable amounts of foodstuffs are wasted during this chain between farmers and consumers. They increase the lifecycle emissions and carbon footprint of the produces, as well as the volume of required food to be produced to ensure overall food security. Biofuels increase the GHG release from agriculture, while they decrease the GHG balance in other sectors where they are used to replace fossil fuels (transport and energy).



There is considerable inter-linkage between different GHG-producing sectors as shown on page 6. On the upstream side, the use of fuel for agricultural machinery, cooling and heating of buildings as well as the production and transport of agrochemicals are the most important sources. On the downstream side, the energy used for the transport of produce, as well as for the processing and refrigerating of food, have to be considered. In addition, there are a number of non-valorised by-products, unused products, and waste, which produce GHG during their decomposition or removal.



Figure 10 Status of conversion of ecosystems into agricultural lands Mediterranean forests, woodlands, and scrub Temperate forest, steppe, and woodland Temperate broadleaf and mixed forests Tropical and subtropical dry broadleaf forests Flooded grasslands and savannas Tropical and subtropical grasslands, savannas, and shrublands Tropical and subtropical coniferous forests Deserts Montane grasslands and shrublands Tropical and subtropical moist broadleaf forests Temperate coniferous forests Boreal forests Tundra –10
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2.6.1 Upstream GHG emissions ‘Indirect’ GHG emissions in the agricultural sector correspond to 16 per cent of the agricultural sector’s GHGs including fuel for agricultural machinery (3 per cent), irrigation and buildings (6 per cent) as well as the production of agrochemicals (7 per cent) (Bellarby et al. 2008), as shown in table 2 (see chapter 2.1) and on page 6. Transport of inputs to the farms also requires attention, e.g. animal feed from abroad. Irrigation occupies the largest share of fuel consumption for water pumping (elevation). However, modern tillage and combine harvesting machineries in developed countries, as well as the application of agrochemicals, show a wide range of high-end values for fuel consumption (see table 7).



Table 7 GHG emissions from fossil fuel and energy use in farm operations and production of chemicals for agriculture kg CO2-eq km-2



Pg CO2-eq



Tillage



440 – 7,360



0.007 – 0.113



Application of agrochemicals



180 – 3,700



0.003 – 0.057



Drilling or seeding



810 – 1,430



0.015 – 0.022



2,210 – 4,210



0.034 – 0.065



Use of farm machinery



Subtotal



0.059 – 0.257



Pesticides (production)



220 – 9,220



0.003 – 0.14



3,440 – 44,400



0.053 – 0.684



–



0.284 – 0.575



Combine harvesting



Irrigation Fertiliser (production) Total



0.399 – 1.656 Source: adapted from Bellarby et al. 2008



According to the Millennium Ecosystem Assessment (2005), 18 per cent of the world’s croplands receive supplementary water through irrigation. The carbon release through energy consumption of irrigation is slightly lower than the productivity increase achieved with reduced GHG/unit. Therefore powered irrigation systems cannot be entirely positioned on the negative side of the carbon balance. However, the effect of GHG from higher nitrogen utilization in the usually more intensive irrigated production will also have to be taken into account. The production of nitrogen fertilizer is extremely fuel-intensive and accounts for considerable GHG emissions in China, North America, and Europe. Nitrogen fertilizer production alone accounts for 1.4 per cent of the total global GHG release (recorded in the industrial sector). 2.6.2 Downstream GHG emissions Considerable amounts of fuel are used for the transport and processing of agricultural produce and the refrigerating of perishable foodstuffs. The transport of food is fully accounted in the transport sector. However, from a GHG point of view, the long shipping of bulk feed to livestock farms before its conversion into higher value meat is always less efficient in comparison to the transport of the less voluminous and already converted high value product. The processing of food is particularly energy-intensive in the dairy sector, which requires considerable energy for refrigeration. Transport of meat products generally cover long distances and require refrigeration (FAO 2009a).



Figure 11 Per capita food losses and waste in different regions (at consumption and pre-consumption states) Per capita food losses and waste (kg/year) 350
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Source: adapted from Gustavsson et al 2011
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At the consumer’s side, the cooking time of foodstuffs also needs to be considered for the full GHG balance. The cooking time of different varieties of rice, beans and other foodstuffs greatly differs and the energy efficiency of cooking systems as well. Numerous other energy and carbon losses are encountered because of losses and wasting i.e.: `` post-harvest losses due to pests and diseases, losses during harvest, transport and storage, `` wastage of by-products such as straw, molasses, high protein residues of oil extracts, inefficient use of manure, that are not always used or appropriately recycled especially if transport is considered, `` products not conforming to commercial standards, e.g. products not conforming with trade classifications due to differing sizes and weight, and `` wasted agricultural produce, especially easily perishable foodstuffs not sold in time or not consumed in time and thrown away by consumers. They may also produce additional GHG during decomposition. The total food waste amounts to 1.3 billion tons/year and was estimated at 95 to 115 kg/year/consumer in Europe and North America, but only at 6 to 11 kg/ consumer/year in Sub-Saharan Africa and SouthEast Asia (see figure 11). In total, the food waste is estimated at one third of the production (Gustavsson et al. 2011). The influence of food losses on the ecological footprint of different crops can be assessed through life cycle assessments following the principles shown in figure 12. Although the present review cannot consider these aspects in depth, some linkages between food loss-



es and mitigation potentials should be taken into account in regard to breeding objectives (e.g. perishability and resistance to pests and diseases), farm organization (efficiency of the carbon cycle and recycling), and general appreciation of food and nutrition and sensitization for more climate-friendly consumption. 2.6.3 Production and utilization of biofuels Biofuels have the potential to substitute fossil fuels that experience continued price increases and growing future shortages. Thus, biofuels as renewable energy source have not only attracted great interest as an overall mitigation strategy, but have also stimulated controversial debate. The reduction of GHG emissions in the transport sector will be countered by an increase of GHG in the agricultural sector due to energy requirements for the production of biofuel crops and the increased competition for productive agricultural lands for food production. Since productive areas are already rare, additional land demands also impose further pressure on marginal land and forested land. Production of biofuels is therefore likely to contribute to increases in food prices. It thereby challenges the global efforts to improve food security and reduce poverty, and constitutes a source of conflict. Challenges of foreign direct investment in land (‘land grabbing’) for bioenergy production and of land ownership pose additional complications. In contrast to the explicit production of bioenergy crops, the recycling of farm residues (e.g. straw, manure, or food processing residues) is considered as an option for energy cycle management and efficiency.



Figure 12 Principles of the life cycle assessment scheme ‘cradle to grave’
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Table 8 Main emission scenarios for the period 1999 to 2099 – SRES storylines A1: strong and rapid economic growth, peaking population about 2050 and technological efficiency progress: `` subgroups with different energy resources (fossil – non-fossil – mixed) `` rather flat emissions Estimates: temperature increase + 2.4 – 4°C



B1: convergent world with peaking population growth, strong and rapid economic growth towards services and information economy and stronger emphasis on environmental concerns: `` tendency for reduced emissions Estimates: temperature increase + 1.8 °C



A2: ongoing population growth, slow economic growth and development but little technological progress in developing regions (less globalization): `` highest emissions Estimates: temperature increase + 3.4°C



B2: intermediate population and economic growth with less globalization (local solutions) but some emphasis on environmental concerns: `` less high increase in emissions Estimates: temperature increase + 2.4°C Source: IPCC 2000/IPCC 2007



2.7 Future scenarios, trends, driving factors and boundaries The projected scenarios on global warming expect a temperature increase between 1.8 and 4° for the present century, depending on the assumed population growth rate, economic growth, technological progress and the extent to which environmental concerns will be taken into account. The growing world population with changing diets (increased meat consumption) has unfavourable GHG effects, while technological progress leads to increased agricultural productivity and partly alleviates the GHG balance.



2.7.1 Future scenarios and trends IPCC developed emission scenarios in 2000 in its ‘Special Report on Emission Scenarios’ (SRES), which has been updated in 2007. In 2003, the FAO elaborated projections on ‘World Agriculture: Towards 2015/2030’. In 2006, the United States Environmental Protection Agency (US-EPA) also developed its projections. The methodologies, the observed timelines, as well as the strengths and weaknesses of the projections differ. The SRES for example is organized according to four ‘storylines’ shown in table 8 14. 14



Currently, IPCC is developing new scenarios. The available data on climate change projections (IPCC working group I) consider six representative concentration pathways (RCP), which are based on four new scenarios identified by their approximate total radiative forcing in year 2100 relative to 1750 (IPCC 2013). Other elements of the future scenarios such as economic development, population and environmental behaviour make part of the upcoming reports of working group II and III in 2014.



Figure 13 SRES Scenarios for GHG emissions from 2000 to 2100 in the absence of additional climate policies Global GHG emissions (Gt CO2-eq/yr)
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Source: adapted from IPCC 2007, Synthesis report
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Although this analysis does not well integrate land use changes, it takes mitigation efforts into account. The FAO forecast shows largely similar trends, while the US-EPA differs in some aspects. Despite some differences in projected population growth dynamics and economic growth, the overall emission rate scenarios do not differ significantly from the projections made in 2000. Nonetheless, some assumptions still remain vague, e.g. the technological progress and change through the adoption of new techniques. All SRES scenarios refer to the current climate policies without assuming additional policies and regulations. A detailed description of these scenarios is included in annex 3.3. The corresponding emissions are shown in the following graphs (see figure 13). The other projections only consider the period until 2020 (US-EPA) or 2030 (FAO). For these periods, all projections take increased GHGs for agriculture into account (10 to 15 per cent per decade). The most important increases are assumed for the livestock sector (methane) because of increased animal numbers (up to 60 per cent increase until 2030, FAO 2003). At this time (2030), agriculture will produce 8.3 gt CO2eq/year, which constitutes an unchanged or even slightly increased share of 15 per cent of total GHG (Gattinger et al. 2011, Baumert et al. 2005). The consequences of climate change in turn amplify the emission of GHG: `` productivity decreases as a result of high temperatures, irregularities and climate stress, combined with harvest losses and reduced carbon stocking capacity;



`` efficiency of energy use in agricultural production reduces because of similar energy inputs, but decreasing yields; `` forests become more vulnerable to pests, drought and therefore less productive in terms of carbon stocking capacity; `` practices unadapted to climate change result in land degradation and reduce the potential to restore carbon in the future or increase the costs to do so. 2.7.2 Key drivers and boundary conditions for greenhouse gas emissions The world population with currently 7,058 billion (2012) is expected to increase to 9,624 billion in 2050. At the same time, the share of people in least developed countries will rise from 12 per cent to 20 per cent (PRB 2012) with high growth rates in Africa and medium growth rates in Asia. Beyond 2050, the projections differ significantly (UN 2011a, UN2011b, PRB 2012). It is undisputed that life expectancy will increase, especially in less and least developed regions, and that the urbanization trend will continue, especially in less developed regions. These population trends imply an increasing demand for energy and food. Since there is only a limited potential for cropland expansion, an increase in agricultural productivity is inevitable. The assessment of agricultural productivity between 1985 and 2005 is controversial and was downsized from 47 per cent (FAOSTAT 2011) to a net increase of about 20 per cent (Foley 2011). 15 The future productivity 15



The analysis is based on all crops and on the harvested area (consideration of cropping intensity) and increased cropping area.



Figure 14 Relationship between meat consumption and per capita income in 2002 Per capita meat consumption (kg)
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increases will require additional technological progress and access to these technologies as well as access to agricultural inputs in developing countries. Among these inputs, especially nitrogen fertilizer will strain the carbon balance. Furthermore, the continued urbanization trend in developing regions will probably require substituting human labor in rural areas by machinery and its respective energy use. Increased incomes in Asia and continued industrialization and urbanization stimulate changing nutritional diets in urban areas: diets will include more meat, as shown in figure 14 for the past. Changes in staple foods, also in least developed countries, will have to be considered. The transport of food to more people in urban areas, but also from productive temperate to increasingly less productive tropical areas (see figure 7 and annex 3.3) will require surplus fuel. Increasing demands for food and meat will challenge overall food security because of limited land resources and boundaries to productivity increase. At present, 75 per cent of agricultural lands are devoted to the raising of animals (Foley et al. 2011). Furthermore, the competition for land resulting from biofuels adds to these constraints. Negative consequences on food prices are already observed and food prices are expected to increase in the future. The group



of food insecure people will increase with these price developments. The inability to assess sufficient food will imply other constraints such as favouring unsustainable land use practices and land degradation (Beddington et al. 2011) and thus impede capacities to increase carbon stocks. The UNCCD estimates that 12 million hectares of land are lost per year because of land degradation, which could potentially produce 20 million tons of grain (Beddington et al. 2011). The higher meat demand will increase emissions and challenge global food security (see figure 15). Although unreasonable in terms of carbon balance and food production, economic drivers encourage deforestation in tropical areas in favour of palm oil, soybeans and energy crops (Foley 2011, Solymosi et al. 2013). The least expensive way to combat climate change in agriculture is to preserve those forest areas. Restoring the carbon sinks of degraded land in tropical forest and dry areas is considerably more expensive (see chapter 2.5). The consequences of growing food insecurity through the described circle need to be managed by the international community to avoid a vicious circle of poverty, land degradation and, in consequence, political turmoil and violent crises.



Figure 15 Comparative GHG emissions from different food products Food item (1 kg)
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3.1 General considerations on the potentials for GHG mitigation There are three GHG mitigation options in agriculture and land-use change & forestry: (i) increasing carbon dioxide storage in soils and biomass, (ii) reducing emissions during agricultural production, and (iii) indirectly, reducing the required volume of agricultural production. Many low-income countries theoretically have a positive GHG balance, since their technical potential for carbon sequestration exceeds the volume of their GHG releases. The challenge of feeding the global population and reducing agricultural GHG



emissions requires the successful transfer of climate-friendly agricultural and land use practices to farmers that are useful for adaptation and mitigation. It requires an increase of agricultural productivity with a minimum GHG release per product. The reduction of food wastage and the adaptation of more climate-friendly diets can reduce pressure from food production on limited land. Improved family planning to reduce population growth is another important area of action.



Both sectors, agriculture and land use change & forestry, provide a wide scope for mitigating GHGs. They are sources of GHG emissions and carbon sinks at the same time since they involve the unique possibility of removing considerable quantities of carbon dioxide through carbon sequestration. This offers two direct and one indirect mitigation option:



3. and indirectly, reducing the required volume of agricultural production by more climate-friendly diets (i.e. less livestock feed and meat), reduced food losses and waste and improved energy cycle management, but with less biofuel crops, which add conversely on the volume of agricultural production.



1. Enhancing the removal of GHG from the atmosphere by enlarging carbon sinks through increased soil organic matter and biomass; 2. Reducing direct and indirect GHG emissions from agricultural production and land use change through improved management practices, e.g. decreasing the release of nitrous oxide, methane and CO2;



The total carbon sequestration potential in agriculture and land use (option 1) is 6 gt CO2-eq/year, which corresponds roughly to the emissions from each of the two sectors (see also chapter 3.1). The sequestration potential corresponds to the carbon stocks in different types of vegetation as shown in table 5 (see chapter 2.5), but also depends on cropping intensity and residue management.



Figure 16 Potential emission reductions at different carbon prices (USD) Potential emission reduction (GtCO2e/yr) 7 6
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