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Introduction 

Nitrogen, a critical component of amino acids, proteins, and DNA, is necessary for life; it is also in short supply. While there is an abundance of nitrogen in nature, most of it cannot be used because it is in its unreactive form, N2. It is only after N2 is converted to reactive nitrogen (Nr) that it is available to sustain life. Up to the start of the 20th century, there was enough Nr available from either local (e.g., soils, manure), or distant sources (e.g., guano, mineral deposits) to sustain a growing human population. However after 1900 the demand for Nr for fertilizer to feed an increasing human population outstripped the ability of local and distant sources to supply the needed Nr. The industrial revolution brought new opportunities when it was discovered how to replace man and horsepower in transport and industry using coal and other fossil fuels, leading to oxidized nitrogen emissions from combustion and to increased nutrient transport over the world. 

Humans discovered in the early 20th century how to convert gaseous N2 into Nr to sustain food production taking away barriers for growth of human population. Because of this advance and the use of fossil fuels for energy production and transport, globally humans now create 1.5-fold more Nr than do natural terrestrial processes. The very positive outcome of this human ingenuity is that over 40% of the world’s population is here today. 

The global issues related to nitrogen can be typified by ‘too little and too much’—some regions of the world do not have enough reactive nitrogen and other fertilizer nutrients to sustain their human populations, resulting in hunger and malnutrition; other regions, and especially Europe, produce or import more than enough nitrogen to sustain their food production but too much escapes to the environment from food and energy production, leading to environmental impacts. The release of Nr to water systems and ultimately to coastal ecosystems has doubled globally from the late 19th to the late 20th century, and atmospheric emissions have increased 5-fold. For some regions the increases have been greater than 10-fold and even 100-fold. There has been a strong focus on food production due to the growth in population. Furthermore, more than ever, intensively fertilized crops often become animal feed, creating disparities in world food distribution and allowing unbalanced diets even in wealthy nations. With respect to food and energy production our systems are very inefficient: addition of 100 molecules of nitrogen leads, on average, to only 4 effective used molecules for meat production and 14 for vegetable production while the rest diffuses into the environment! For energy production the efficiency is effectively zero. On top of this, the rate of change of the problem is tremendous (e.g., half of the synthetic nitrogen fertilizer ever used on Earth has been used in just the last 15 to 20 years).

The increase of reactive nitrogen has caused a number of ecological and human health consequences (see box). In addition to the ecological changes brought on by tropospheric ozone increases, acidification, unintended fertilization, eutrophication, global warming and stratospheric ozone depletion, there are also human health impacts. The ability to create synthetic fertilizers has allowed a tremendous increase in world food production over the last 50 years; this is clearly a massive public health benefit. However, widespread changes to the N cycle affect human health in many other, at times poorly recognized ways. Air- and water-borne nitrogen compounds might be linked to respiratory ailments, cardiac disease and possibly several cancers. Ecological feedbacks to excess N can inhibit crop growth, increase allergenic pollen production, and potentially increase the prevalence of several parasitic and infectious human diseases. Overall, as human creation and use of fixed nitrogen continues to rise, the very real net public health benefits lessen, while the negative health consequences diversify and increase rapidly. 
Most important negative effects: 
Direct effects on humans

Respiratory disease in people caused by exposure to high concentrations of:


-- ozone


-- other photochemical oxidants


-- fine particulate aerosol


-- (on rare occasions) direct toxicity of NO2
Nitrate contamination of drinking water

Increase allergenic pollen production, and several parasitic and infectious human diseases

Blooms of toxic algae and decreased recreational value of water bodies

Direct effects on ecosystems

Ozone damage to crops, forests, and natural ecosystems

Acidification effects on forests, soils, ground waters, and aquatic ecosystems

Eutrophication of freshwater lakes and coastal ecosystems inducing hypoxia

Nitrogen saturation of forest soils

Biodiversity impacts on terrestrial and aquatic ecosystems

Inducing damage by plagues and diseases 

Effects on other societal values

Odor problems associated with animal agriculture

Acidification effects on monuments and engineering materials

Regional hazes that decrease visibility at scenic vistas and airports

Accumulation of hazes in arctic regions of the globe
Depletion of stratospheric ozone by NO2 from high-altitude aircraft

Global climate change induced by emissions of N2O

Regional climate change induced by aerosol cooling
The release of reactive N contributes to numerous environmental changes, as it moves through the atmosphere, soils and waters. For example, reactive N emitted to the atmosphere from fossil fuel combustion, in sequence can cause tropospheric ozone levels to increase, visibility to decrease and atmospheric acidity to increase,. Once deposited from the atmosphere, reactive N can acidify soils and waters, over-fertilize forests, grassland and coastal ecosystems, and can then be remitted to the atmosphere as nitrous oxide contributing to global warming and stratospheric ozone depletion. The environmental changes will continue as long as Nr remains in circulation, for reactive N once created, and then lost to the environment, can be transported to any part of the Earth system, no matter where it was introduced. This sequence of effects has been termed the nitrogen cascade.

Of enormous significance is that excess nitrogen is linked to many of the major global and regional challenges that policymakers face today, such as globalization, strong development of growing economies, increase in human population, political stress, environmental aspects, etc. A prerequisite to reducing these problems is the development of a sound scientific base to help identify policy options. Furthermore, these issues need be recognized at scientific and political levels. The focus on food production in developed and developing countries should take environmental impacts into consideration. For the future it is envisaged that the focus on the production of biofuels and the increased use of fertilizer will yield similar issues. The basis for a successful approach was laid down in the Nanjing Declaration on nitrogen management. 

Nitrogen and international policy development
The nitrogen issue is already considered as an important environmental problem that needs international attention. Through the establishment of the International Nitrogen Initiative (www.initrogen.org), a science-based process has started with the objective to deliver a comprehensive review of nitrogen both as a pollutant and as an element of crucial importance for life and welfare.  
INI is not a policy forum but rather a system that acts in a similar way as IPCC and a first global assessment report is expected in 2009. In Europe, the European Nitrogen Centre residing under INI has started the process of working towards a European Nitrogen Assessment Report (see www. nine-esf.org) 
The INI process has also initiated interests and processes on regional and national levels. In Europe there are two international projects: 

COST729, with the aim to produce a background document on source-receptor relations and possibilities for control (www.cost729.org) 


The ESF project Nitrogen in Europe (NinE) with the aim to develop science and knowledge on nitrogen interlinkages (www.nine-esf.org)
The future policy options for nitrogen are however unclear. There is no international convention that is able to take a holistic responsibility for nitrogen. Instead nitrogen appears in a large number of international processes (Table 1). As seen from the table the Convention on Long-Range Transboundary Air Pollution is the only international regime (in addition to the EU) that has been able to include more than one environmental effect in its policy. 

A first question to consider is to what extent CLRTAP can benefit from the INI and other processes and also to what extent the CLRTAP system also can contribute to the international N processes. 

Another important question to discuss is how CLRTAP (and the EU) can improve the policy development in relation to expected international needs for common policies on nitrogen. Can CLRTAP take a wider responsibility on nitrogen? The Convention is already linked to the marine conventions and though the EU system, there are also links to issues like nitrate in groundwater.   

Table 1 International processes in which nitrogen is treated as a pollutant 

	Convention
	N-related environmental effects
	N abatement
	Sectors 

	CLRTAP

Gothenburg Protocol
	Acidification
Eutrophication

Ozone effects to vegetation and health

N-contaning particles
	NOx, NH3 (starting)
	Energy, industry, agriculture (starting)

	Climate Convention (Kyoto Protocol)
	N2O
Ozone 
	N2O
	Energy, industry, agriculture

	Vienna Convention

(Montreal Protocol)
	N2O?
	
	

	OSPAR
	Marine eutrophication
	
	

	HELCOM
	Marine eutrophication
	
	

	European Union
	
	
	

	  Nitrate Directive
	Health effects
	
	

	  NO2 AQ
	NO2
	
	

	  
	
	
	


Within the Convention Nitrogen is treated well in relation to energy use and oxidized nitrogen sources as well as ammonia from agriculture to the atmosphere. The ecosystem effects have been recognized from the beginning of the Convention, together with sulphur contributing to acidification. Eutrophying effects, the combined eutrophying and acidification effects and reduction in biodiversity are accepted to be relevant in relation to emissions to the air. Human health impacts are dealt with through exposure to NOx and the contribution to particulate matter. The climate change effects (sources of N2O, cooling effect of aerosols and the influence of sinks of other GHG) are recognized, but are not a major issue, likewise the effects on human health through water pollution and the cascade effect. For ammonia abatement a special Working Group on Ammonia Abatement Technologies led by the UK was established. The sectoral contributions to air emissions are well covered in the Convention.
There is currently no integrated approach that addresses the nitrogen issues and especially the cascade. In a Service Contract on Ammonia abatement and integrated measures, the question of pollutant swapping was addressed. It appears that there is a risk of measures that improve the ammonia emissions lead to higher nitrate leaching to the groundwater. This has to some extend been included in RAINS and the newly developed model MITERRA. In the future, when ammonia (agricultural) abatement will become more important it will be necessary to include the integrational aspects of abatement options. This, however, needs preparatory work for different Working Groups. The following subjects need to be addressed:

· Is there a difference between oxidized and reduced nitrogen effects?
· How can the cascade of nitrogen effects be incorporated in critical limits? Determine what is most critical in the cascade.

· Does this affect on current critical limits/loads?

· Develop a method for testing the integrational aspects of ammonia abatement (prevent pollutant swapping)

· How can the EMEP modeling be extended in a simple way to include effects of nitrogen on nitrate leaching.

· Provide means to include other N-related policies in the integrated assessment modeling (RAINS, MITERRA).

The Challenge and the Opportunities 

The critical challenge is how to optimize the use of nitrogen to sustain growing human populations while minimizing the negative impacts on the environment and human health. Numerous opportunities for intervention exist that can increase the availability of nitrogen in deficient regions, and limit the exposure of humans and ecosystems to the problems of excess nitrogen. As the basis of the problem in excess areas is the low efficiency of nitrogen use, abatement measures should therefore in first instance focus on increase nitrogen efficiency through management and education, closing the nutrient cycles on different scales and using technology for precision agriculture. The more expensive options include sustainable energy production and radically changing our food production, e.g. through industrialization with closed cycles or through gene modification (no N loss). 
