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Executive summary 

¢ƘŜ 9ŀǊǘƘΩǎ ŜŎƻǎȅǎǘŜƳǎ ǇǊƻǾƛŘŜ ŀƴ ŀǊǊŀȅ ƻŦ ǎŜǊǾƛŎŜǎ ǳǇƻƴ ǿƘƛŎƘ ƘǳƳŀƴǎ ŘŜǇŜƴŘ ŦƻǊ ŦƻƻŘΣ ŦǊŜǎƘ 

water, timber production, disease management, air and climate regulation, aesthetic enjoyment and 

ǎǇƛǊƛǘǳŀƭ ŦǳƭŦƛƭƳŜƴǘΦ {ǳŎƘ Ψ9ŎƻǎȅǎǘŜƳ {ŜǊǾƛŎŜǎΩ ŀǊŜ ŎǳǊǊŜƴǘƭȅ ƎǊƻǳǇŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ōŜƴŜŦƛǘǎ ǘƘŜȅ 

provide to humans, distinguishing between provisioning (e.g. food, fresh water, fuel, wood), 

regulating (e.g. water purification, water and climate regulation, pollination), supporting (e.g. 

biomass production, soil formation, nutrient and water cycling) and cultural services (e.g. education, 

recreation, aesthetic). The role of biodiversity in ecosystem services is often rather unclearly stated ς 

biodiversity is sometimes considered as a separate service and yet is implicit in most ecosystem 

services. Although humans are an integral part of ecosystems, the increased global population along 

with increased standards of living and other socio-political, economic, technological and societal 

changes, mean that our interventions can have profound negative effects on the quality of the 

services provided by ecosystems, hence affecting human well-being. The concept of ecosystem 

services has arisen in response to an increased need for making visible human dependency on 

nature and ecosystems, in order to ensure sustainable management and avoid irreversible damage 

to the ecosystems that ultimately will damage human well-being. Ecosystem services can capture a 

wider set of costs and benefits, not traditionally valued in economic analysis. 

 

In this report we provide some examples of data, available from several International Cooperative 

Programmes (ICPs) under the Working Group on Effects of the Convention on Long-range 

Transboundary Air Pollution (LRTAP), on how air pollution abatement policies provide benefits to 

ecosystem services and biodiversity and how further benefits can be achieved in the future. The 

report is not an exhaustive review of the literature but more a compilation of the present knowledge 

used to provide policy-relevant information by the WGE. The advantages and disadvantages of 

valuation in monetary and non-monetary terms were also discussed. 

 

Biodiversity 

Deposition of reactive nitrogen currently is a threat for plant diversity and remains a threat in the 

foreseeable future. Particularly so as the effects of excessive nitrogen deposition on the structure 

and functioning of ecosystems and its biodiversity may not occur instantly, in some instances it may 

take several decades over which the resilience of soils and vegetation is weakened and impacts 

become apparent. Large areas in Europe still show exceedance of the nutrient nitrogen critical load 

and in acids grasslands a reduction in plant diversity due to elevated nitrogen deposition has been 

shown. So far, little is known about the recovery from historic nitrogen pollution; full recovery might 

not occur in the future, especially in areas where nitrogen-sensitive plant species have disappeared 

and where other drivers such as climate change have modified the environment. Assessments 

should be extended to other ecosystems and biodiversity indicators (e.g. presence of red list species, 

soil organisms) for a comprehensive analysis of impacts of excessive nitrogen deposition on 

biodiversity. Impacts of other atmospheric pollutants also need to be considered. For example, there 

is a trend towards an increase in the number of benthic invertebrates since the beginning of the 

мфулΩǎ ǘƘŀǘ ƳƛƎƘǘ ōŜ ǊŜƭŀǘŜŘ ǘƻ ŀ ǊŜŎƻǾŜǊȅ ŦǊƻƳ ŀŎƛŘƛŦƛŎŀǘƛƻƴ ƛƴ ŦǊŜǎƘ ǿŀǘŜǊ ǎȅǎǘŜƳǎ across Europe. 

Also, experiments at different scales have shown that a shift in plant species composition can occur 

due to ozone exposure. Ozone-sensitive plant species might be outcompeted by more ozone-
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ǊŜǎƛǎǘŀƴǘ Ǉƭŀƴǘ ǎǇŜŎƛŜǎ ƛƴ ŀǊŜŀǎ ǿƘŜǊŜ ǘƘŜ ΨǳǇǘŀƪŜΩ ƻŦ ƻȊƻƴŜ ōȅ ǾŜƎŜǘŀǘƛƻƴ ƛǎ ƘƛƎƘ όƛΦŜΦ ƘƛƎƘ ǇƘȅǘƻǘƻȄƛŎ 

ozone dose). However, these observations need to be confirmed by further field-based evidence for 

impacts of ozone on plant species diversity. 

 

Ecosystem services 

Although elevated nitrogen deposition stimulates tree growth in areas where nitrogen is currently 

the limiting factor for growth, thereby enhancing timber production and the potential for carbon 

sequestration in forests ecosystems, forest health and vitality may be at risk when organic matter 

and nutrient cycling is disturbed due to nitrogen enrichment of forest soils. Soils play an important 

role in storage of air pollutants such as reactive nitrogen and heavy metals, thereby mitigating 

leaching of these pollutants to water ways and maintaining good water quality. However, the stored 

pollutants may adversely affect soil functioning (e.g. microbes and invertebrates) and create 

problems when the retention capacity is reached or disturbed, and pollutants start leaching to 

surface and drinking water, and coastal zones. Nitrogen leaches from forest soil at a carbon to 

nitrogen ratio below 23 in the organic layer and when the critical load is exceeded; excessive 

nitrogen input in lakes will enhance algal growth. 

 

In contrast to nitrogen, current atmospheric ozone concentrations reduce tree growth, resulting in a 

decline in timber production and the potential for carbon sequestration in forests ecosystems. 

Hence, emission abatement policies that reduce the atmospheric concentrations of ozone 

precursors will be beneficial for forest growth and health. Vegetation is an important sink for ozone 

and therefore plays an important role in improving air quality and mitigating climate change. Ozone 

is the third most important greenhouse gas and the deposition of ozone to vegetation contributes 

significantly to a reduction in global warming. In addition, ozone has shown to be a threat to food 

security by reducing both yield quantity and quality of ozone sensitive species (e.g. wheat and 

soybean). Such impacts have been valued in monetary terms. In addition, ozone might adversely 

affect the pollination of flowers by for example affecting the synchronization of the time of flowering 

with the presence of pollinators or floral scent trails in plant-insect interactions. Current ambient 

ozone concentrations significantly reduce seed number, fruit number and fruit weight compared to 

pre-industrial ozone levels. Ozone has also been shown to affect water cycling via its impacts on the 

opening of leaf pores. 

 

A good example of how air pollution abatement benefits ecosystem services has been the decline in 

sulphur deposition since the establishment of the LRTAP Convention in 1979. Acidification of surface 

waters in northern Europe due to sulphuric acid deposition had resulted in a loss of fish population 

and other organisms in many rivers and lakes. However, chemical conditions in many surface waters 

have improved since the mid-1980s and after a long lag period, biological recovery has started 

during the last decade. Fish species such as brown trout and salmon have returned, as well as other 

species such a mayfly and zooplankton. This is of huge benefit to recreational fishing in these areas. 

However, another problem for fishing is the high level of mercury that has accumulated in fish 

through the food chain. For example, in over half of the lakes in Sweden, the content of mercury in 

fish is higher than the recommended values for human consumption. 
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Conclusions 

Based on this report, we draw the following conclusions: 

¶ Awareness of ecosystem services, including biodiversity, in both monetary and non-

monetary terms helps to assess the real benefits of air pollution control; 

¶ It is very encouraging that there are signs of chemical and biological recovery from 

acidification. It remains uncertain whether full recovery of biodiversity from adverse effects 

of historic air pollution will be possible; 

¶ Further air pollution abatement will continue to reduce the threat to loss of biodiversity, 

ƘƻǿŜǾŜǊΣ άƴƻ ƴŜǘ ƭƻǎǎ ƻŦ ōƛƻŘƛǾŜǊǎƛǘȅέ ǿƛƭƭ ƴƻǘ ōŜ ŀŎƘƛŜǾŜŘ ōȅ нлнл ǳƴŘŜǊ ǘƘŜ ǊŜǾƛǎŜŘ 

Gothenburg Protocol; 

¶ With full implementation of the revised Gothenburg Protocol, further benefits are expected 

for ecosystem services such as air, soil and water quality and crop production;  

¶ Further air pollution abatement policies will enhance the resilience of biodiversity and 

ecosystem services to climate change. 

 

Policy recommendations 

Based on this report, we make the following policy recommendations:  

¶ To halt biodiversity loss and adverse impacts of air pollution on human well-being, policy 

negotiations should take into account the benefits of air pollution control for ecosystem 

services in addition to the direct benefits for human health; 

¶ More stringent air pollution abatement measures beyond the revised Gothenburg Protocol 

ŀǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ŀŎƘƛŜǾŜ άƴƻ ƴŜǘ ƭƻǎǎ ƻŦ ōƛƻŘƛǾŜǊǎƛǘȅέΤ 

¶ The full benefits of air pollution abatement for ecosystem services (and hence human well-

being) have to be assessed and weighed against the costs of more stringent air pollution 

controls; 

¶ The effects-based integrated assessment of policies that address driving forces of 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛǎǎǳŜǎ ŎƻǳƭŘ ōŜ ŦǳǊǘƘŜǊ ōŀƭŀƴŎŜŘ ōȅ ƛƴŎƭǳŘƛƴƎ άƴƻ ƴŜǘ ƭƻǎǎ ƻŦ ōƛƻŘƛǾŜǊǎƛǘȅ ŀƴŘ 

ŜŎƻǎȅǎǘŜƳ ǎŜǊǾƛŎŜǎέ ƛƴ ŀƛǊΣ ǿŀǘŜǊǎΣ ǎƻƛƭǎ and vegetation as an explicit endpoint. 
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1.  Introduction 
1.1  Ecosystem services ï an introduction 

The 9ŀǊǘƘΩǎ ŜŎƻǎȅǎǘŜƳǎ ǇǊƻǾƛŘŜ ŀƴ ŀǊǊŀȅ ƻŦ ǎŜǊǾƛŎŜǎ ǳǇƻƴ ǿƘƛŎƘ ƘǳƳŀƴǎ ŘŜǇŜƴŘ ŦƻǊ ŦƻƻŘΣ ŦǊŜǎƘ 

water, timber production, disease management, air and climate regulation, aesthetic enjoyment and 

spiritual fulfilment (Millennium Ecosystem Assessment, 2005ύΦ {ǳŎƘ Ψ9ŎƻǎȅǎǘŜƳ {ŜǊǾƛŎŜǎΩ ŀǊŜ 

currently grouped according to the benefits they provide to humans, distinguishing between 

provisioning, regulating, supporting and cultural services (Figure 1.1). Provisioning services are the 

products obtained from ecosystems, such as food, fibre and wood/fuel. Regulating services refer to 

the regulation of e.g. climate, water quantity and quality. Cultural services are the non-material 

benefits people obtain from ecosystems through spiritual enrichment, cognitive development, 

reflection, recreation, and aesthetic experiences. Supporting services are those that are necessary 

for the production of all other ecosystem services. The role of biodiversity in ecosystem services is 

often rather unclearly stated ς biodiversity is sometimes considered as a separate service and yet is 

implicit in most ecosystem services. The concept of ecosystem services has arisen in response to an 

increased need for making visible human dependency on nature and ecosystems, in order to ensure 

sustainable management and avoid irreversible damage to the ecosystems that ultimately will 

damage human well-being. Ecosystem services can capture a wider set of costs and benefits, not 

traditionally valued in economic analysis. 

Although humans are an integral part of ecosystems, the increased global population along with 

increased standards of living and other socio-political, economic, technological and societal changes, 

mean that our interventions can have profound negative effects on the quality of the services 

provided by ecosystems, hence affecting human well-being. Because ecosystems are complex 

systems comprising animal, plant and microorganism communities together with the non-living 

environment (Millennium Ecosystem Assessment, 2005), these systems are inherently dynamic 

whilst maintaining some intrinsic resilience to natural disturbances. However, human-driven 

changes have become increasingly worrying, and thus Ƴŀƴȅ ƻŦ ǘƘŜ ²ƻǊƭŘΩǎ ŜŎƻǎȅǎǘŜƳǎ ŀƴŘ ǘƘŜ 

services they provide are now degraded, or vulnerable to degradation. At a global level, it is 

estimated that nearly two thirds of ecosystem services have been degraded in just fifty years 

(Millennium Ecosystem Assessment, 2005).  

The additional stresses imposed by climate change will require extraordinary adaptation (Mooney et 

al., 2009; Fu et al., 2013). Climate change is predicted to have both positive and negative effects on 

key ecosystem services, the results being sector and scenario specific (e.g. Forsius et al., 2013). For 

example, in Finland food and timber production would largely benefit from increasing temperatures 

and prolongation of the growing season in the cool Finnish conditions, although increasing 

occurrence of factors such as fungal diseases and insect outbreaks were estimated to cause 

increasing risks. On the other hand, climate change was predicted to pose a major threat to several 

endangered and valuable species, water and air quality, and tourism services dependent on present 

climate conditions. Goal conflicts between maximising service production and meeting 

environmental quality objectives were also identified. Controlled and spontaneous adaptation can, 

however, reduce the vulnerability of the different ecosystem services and sectors to climate change 
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(Fu et al., 2013). The need for unifying concepts, indicator development, and observation schemes 

for global change monitoring and analysis have also been identified (Vihervaara et al., 2013). 

Dƭƻōŀƭ ǘƻȄƛŦƛŎŀǘƛƻƴ όƛƴŎƭǳŘƛƴƎ ŀƛǊ Ǉƻƭƭǳǘƛƻƴύ ƛǎ ƻƴŜ ƻŦ ǘƘŜ άǎŀǾŀƎŜ ǎŜȄǘŜǘέ (Aguirre, 2009) of direct 

drivers of ecosystem degradation, with the others being over-exploitation of species, introduction of 

novel exotic species, land use changes (principally habitat destruction, fragmentation and 

degradation), pathogen pollution and global warming (Mantyka-Pringle et al., 2012).                                                                                                                                                                                                                                                                                                                                                                    

Indirect drivers of ecosystem change are associated with demographic, economic, socio-political and 

cultural or religious changes, and advancements in science and technology. Stressed or degraded 

ecosystems do not have the resilience or re-bound capacity of pristine/unstressed systems (Rapport 

and Maffi, 2009). Furthermore, there is often a substantial time-lag between a change in a driver 

and the time taken to realize the full consequences of that change in any given system. Even more 

worrying is that once a threshold is crossed, a system may alter to a distinctly changed and 

sometimes irreversible new state. Careful management of our ecosystems and the benefits and 

services we derive from them are therefore vital for future prosperity and general human well-

being.  

Human influence extends into even the remotest landscapes and more often than not has a 

pervasive influence on the ecosystems they support, frequently irreversibly changing biodiversity. 

Whilst extinction rates of species are now estimated to be 1,000 times greater than historical 

background levels (Millennium Ecosystem Assessment, 2005; Mantyka-Pringle et al., 2012), recent 

studies have identified linkages between changes in biodiversity and ecosystem functioning, 

highlighting the importance of adopting a multi-sectoral approach to policy and decision making 

(e.g. Maestre et al., 2012; Mace et al., 2012). Such an approach fully evaluates changes in ecosystem 

services and their impacts on humans and examines the supply and condition of each ecosystem 

service, as well as the interactions among them. Society needs to make difficult decisions regarding 

its use of biological resources and environmental valuation techniques provide useful evidence to 

support polices by quantifying both the monetary and non-monetary value associated with the 

protection of resources. To support this drive, the Intergovernmental Platform on Biodiversity and 

Ecosystem Services (IPBES) was established in April 2012 by 90 governments and acts as a global 

mechanism for gathering, analyzing and synthesizing information to advise decision-making on 

biodiversity and ecosystem services (Redford et al., 2012). Further, possibilities for introducing 

human manufactured substitutions are limited for many ecosystem services, especially for 

supporting services. Therefore, preservation of functioning, and restoration of degraded systems is 

paramount at this time in history.  

As shown in Figure 1.1, ecosystem services can be classified into provisioning, regulating, supporting 

and cultural services. When considering impacts of one driver of change (in this case air pollution), it 

immediately becomes clear that impacts on one service are linked to several and sometimes all of 

the other services. Complex interactions have been identified between the different ecosystem 

processes as well as trade-offs between the ecosystem services (Forsius et al., 2013; Smith et al., 

2013). Because of such complexities and the growing desire to add an economic value to ecosystem 

services, the final ecosystem services that provide goods of value to humans can be considered to be 

ƭƛƴƪŜŘ ōȅ άǎǘƻŎƪǎ ŀƴŘ Ŧƭƻǿǎέ to the underpinning ecological processes (Mace et al., 2012).   
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The links between nature and the economy are often described using the concept of ecosystem 

services, or flows of value to human societies as a result of the state and quantity of natural capital 

(Millennium Ecosystem Assessment, 2005; TEEB, 2010). The objective of the Millennium Ecosystem 

Assessment (2005) conducted under the auspices of the United Nations was to assess the 

consequences of ecosystem changes for human well-being and the scientific basis for actions 

needed to enhance the conservation and sustainable use of those systems and their contributions to 

human well-being.  

 
 

Figure 1.1  Ecosystems services are the benefits people obtain from ecosystems. These include provisioning, 
regulating, and cultural services that directly affect people and supporting services needed to 
maintain the other services (Modified after Millennium Ecosystem Assessment, 2005). 

1.2  Biodiversity as an ecosystem service 

Mace et al. (2012) showed how biodiversity is involved throughout the ecosystem hiŜǊŀǊŎƘȅΥ άŀǎ ŀ 

regulator of underpinning ecosystem processes, as a final ecosystem service and as a good that is 

ǎǳōƧŜŎǘ ǘƻ ǾŀƭǳŀǘƛƻƴΦέ  ¢ƘŜȅ ŘŜǎŎǊƛōŜŘ ōƛƻŘƛǾŜǊǎƛǘȅ ŎƻƴǘǊƛōǳǘƛƻƴǎ ŀǎ ōŜƛƴƎ ŦǊƻƳ ōƻǘƘ ŀƴ άŜŎƻǎȅǎǘŜƳ 

ǎŜǊǾƛŎŜǎ ǇŜǊǎǇŜŎǘƛǾŜέΣ ƳŜŀǎǳǊŜŘ ƛƴ ǎƛƳǇƭŜǎǘ terms by ecosystem service flows, and from a 

άŎƻƴǎŜǊǾŀǘƛƻƴ ǇŜǊǎǇŜŎǘƛǾŜέ, where higher value is given to conserving charismatic species.  There are 

many drivers of loss in biodiversity, with the increase in human population, especially in the last 

century, having a profound influence by, for example, increasing the need for biomass for fuel and 

construction, changes in land-use towards food and fodder production, industrial and residential 

developments, introduction of invasive species, pollution and climate change. Species losses are 

currently outpacing background rates calculated from fossil records (Millennium Ecosystem 

Assessment, 2005) and it is widely recognised that the earth is facing its sixth mass extinction 

(Barnosky et al., 2011).  Some ecosystems are more resilient to change than others, with for 

example, primary forests being more resistant to change than modified natural forests or 

plantations (Thompson et al., 2009). Recently, many have emphasised the importance of biodiversity 

for ecosystem services, for example άbiodiversity enhances the ability of ecosystems to maintain 

multiple functionsέ (Maestre et al., 2012), άspecies richness has positive impacts on ecosystem 

servicesέ όDŀƳŦŜƭŘǘ Ŝǘ ŀƭΦΣ нлмоύΣ άbiodiversity decreases the occurrence of diseases through 

Millennium Ecosystem Assessment

Ecosystem services:
ÅSupporting όΨǳƴŘŜǊǇƛƴƴƛƴƎ ǊƻƭŜΩύ

(e.g. biomass production, soil 
formation, nutrient  and water cycling)

ÅProvisioning
(e.g. food, fresh water, fuel, wood)

ÅRegulating
(e.g. water purification, water and
climate regulation, pollination)

ÅCultural
(e.g. education, recreation, aesthetic)

LIFE ON EARTH - BIODIVERSITY

HUMAN WELL-BEING



10 

 

predictable changes in host community ŎƻƳǇŜǘŜƴŎŜέ (Johnson et al., 2013ύΣ άincreased biodiversity 

enhances ecosystems services such as pollination and provide an opportunity to increase agricultural 

yields whilst also benefitting wildlifeέ (Brittain et al., 2013). It has been emphasized that many 

ecosystem services ultimately depend on the variety of life forms that comprise an ecosystem and 

that control the ecological processes that underlie all services. Therefore, a solid understanding of 

the linkages between biodiversity, ecosystem functioning and the production of ecosystem services 

is paramount (Cardinale et al., 2012). 

1.3  Examples of the global significance of ecosystem services  

1.3.1  Carbon cycle and primary productivity 

Annual net primary productivity (NPP) is the net amount of carbon (C) captured by land plants 

through photosynthesis. It is of fundamental importance to humans because the largest proportion 

of our food supply is from plant productivity. Recent estimates of the global NPP range from 19.6 g C 

m-2 yr-1 to 43.5 g C m-2 yr-1 (Prieto-Blanco et al., 2009). Total global CO2 emissions were estimated to 

be approximately 8.7 ± 0.5 Gt C yr -1 in 2008 and were shown to have increased at a rate of 3.4% per 

year between 2000 to 2008 (Le Quere et al., 2009). Most of the CO2 emissions increase is from 

developing countries (non-Annex B countries) where emissions have more than doubled over the 

last decade. Shockingly, tropical deforestation is estimated to have released between 1-2 Gt (billion 

tonnes) of CO2 per year during the 1990s (i.e. 15 ς 25% of annual global emissions) (Gibbs et al., 

2007). Despite the pressing need to reduce CO2 emissions, Le Quere et al. (2009) report a rapid 

increase in fossil fuel CO2 emissions since the 1990s and a dramatic increase in per-capita emissions 

since the early 2000s. Although around 55% of all anthropogenic CO2 emissions are absorbed by land 

and ocean sinks (Friedlingstein and Prentice, 2010), a large quantity remains in the atmosphere.  

World forests are a vital component in the global carbon cycle as they sequester and store more 

carbon than any other terrestrial ecosystem and are therefore a major natural sink for 

anthropogenic emissions (Gibbs et al., 2007). For example, total global forests sequester 1.4 Gt CO2 

annually, with temperate and boreal ecosystems sequestering 0.5 Gt CO2 of this amount (Pan et al., 

2011). European forests contribute around 10% of the global sequestration of carbon with Norway, 

Finland, Germany and Sweden having the greatest potential for CO2 capture due to the large 

forested areas. Further, managed forests generally sequester carbon at a faster rate than natural 

forests (Pingoud et al., 2010). Any factor that increases primary productivity in temperate and boreal 

forests is likely to increase forest carbon sequestration; conversely any factor that negatively affects 

primary productivity will reduce CO2 sequestration.  

The CO2 taken up by vegetation will be sequestered in the shorter or longer term in plant material or 

soils. Soils are the largest carbon reservoir of the terrestrial carbon cycle. Worldwide, they contain 

three to four times more organic carbon (1500 Gt to 1m, 2500 Gt to 2m depth) than vegetation (610 

Gt) and twice or three times as much carbon as the atmosphere (750 Gt; Batjes and Sombroek, 

1997). Carbon storage in soils is the balance between the input of dead plant material (leaf and root 

litter, decaying wood) and losses from decomposition and mineralization of organic matter 

(heterotrophic respiration). Under aerobic conditions, most of the carbon entering the soil returns to 

the atmosphere by autotrophic root respiration and heterotrophic respiration (together called soil 
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respiration). Under anaerobic conditions, resulting from constantly high water levels, part of the 

carbon entering the soil is not fully mineralized and accumulates as peat. 

1.3.2  Water cycling  

Water is essential for life on Earth and supports all other ecosystem processes. Human water use has 

increased drastically over the last 50 years and is now double pre-1960 values. Most of this water 

(70% worldwide) is used for irrigation of crops. Estimated mean annual global land-surface 

evapotranspiration from vegetation is approximately 65 ± 3 x 103 km3 per year, with forests, 

grasslands and crops accounting for 29 x 103 km3, 21 x  103 km3,  and 7.6 x 103 km3 respectively (Jung 

et al., 2010; Oki and Kanae, 2006). Any factor that acts to alter evapotranspiration will have potential 

effects on local/regional microclimate/climate and soil water status/hydrology (Blyth and Harding, 

2011). Most of the water transpired by plants passes through the leaf (stomatal) pores, the diameter 

of which is in turn modified by external climatic and edaphic conditions such as light, temperature, 

soil moisture, and carbon dioxide (CO2). Consequently, transpiration processes impact on the global 

hydrological cycle (Lombardozzi et al., 2012). Effects of air pollutants such as ozone on transpiration 

can be either positive or negative depending on species, episodic/background ozone characteristics 

and soil water availability (Mills et al., 2013).  

1.3.3  Nutrient cycling 

Nitrogen is a vital element determining the diversity, dynamics and functioning of many ecosystems. 

Numerous natural ecosystems have relatively low levels of nitrogen availability, for example, 

nitrogen deposition in the absence of human influence is typically about 0.5 kg N ha-1 yr-1, whereas in 

many areas of the world nitrogen deposition rates now exceed 10 kg N ha-1 yr-1, and are often 

higher.  Alarmingly, by 2050 nitrogen deposition rates could reach 50 kg N ha-1 yr-1 in some regions 

(Galloway et al., 2008). The two main anthropogenic drivers of nitrogen loading into natural 

(eco)systems are agriculture practices and combustion of fossil fuels. Estimations surmise that more 

than half of all synthetic nitrogen fertilizer ever used on the planet has been used since 1985, and as 

such, humans have doubled the flow of reactive nitrogen within natural and man-made ecosystems. 

Worryingly, this nitrogen burden is anticipated to increase by a further 66% by 2050 (Millennium 

Ecosystem Assessment, 2005). Oxidized nitrogen concentrations in the atmosphere have also 

increased dramatically during the last 100 years, largely arising from combustion sources. Total 

reactive nitrogen is now estimated to be greater than 0.187 Mt yr-1 (formally 0.015 Mt yr-1 in the late 

муллΩǎύΣ ǿƛǘƘ ŀōƻǳǘ тл҈ ŀǊƛǎƛƴƎ ŦǊƻƳ ŦƻƻŘ ǇǊƻŘǳŎǘƛƻƴ όŦŜǊǘƛƭƛȊŜǊǎύ (Galloway et al., 2003; Galloway et 

al., 2008). Unsurprisingly, both these anthropogenic sources have increased the cycling of 

fixed/reactive nitrogen through ecosystems and changed species composition and ecosystem 

dynamics globally.  

1.4 Working Group on Effects and International Cooperative 

Programmes 

Established in 1980 as one of the working bodies of the Convention on Long-range Transboundary 

Air Pollution (LRTAP), the Working Group on Effects of Sulphur Compounds, later the Working Group 

on Effects (WGE), started its activities with the first meeting in 1981 in Geneva. Over the last 30 

years, the WGE has contributed to the demonstrable improvements the Convention has achieved, 

e.g. in reducing acidification of ecosystems, reducing the highest peak levels of ozone and the albeit 
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considerably smaller reduction of emissions of nitrogen compounds. Six International Cooperative 

Programmes (ICPs) and a Task Force on Health Effects of Air Pollution (Task Force Health) form the 

WGE. Their work covers a variety of receptors (forests, surface waters, vegetation, materials and 

people) and activities (monitoring, modelling, mapping, scenario analysis and policy advice). The 

WGE addresses many interlinking environmental issuesΥ ƴƛǘǊƻƎŜƴ ŜƴǊƛŎƘƳŜƴǘ όΨŜǳǘǊƻǇƘƛŎŀǘƛƻƴΩύΣ 

acidification, ground-level ozone pollution, particulate matter impacts, health effects, corrosion, 

contamination by heavy metals and persistent organic pollutants. Consequences for biodiversity and 

interactions with climate change are also high on the agenda. A Joint Expert Group on Dynamic 

Modelling supports exchange of research between dynamic modelling efforts of the ICPs.  

 

The following ICPs have contributed to the current report: 

¶ ICP Vegetation (http://icpvegetation.ceh.ac.uk) 

¶ ICP Modelling and Mapping (http://www.icpmapping.org) and the Coordination Centre for 

Effects (http://www.wge-cce.org) 

¶ ICP Waters (http://www.icp-waters.no) 

¶ ICP Integrated Monitoring (http://www.syke.fi/nature/icpim)  

¶ ICP Forests (ƘǘǘǇΥκκƛŎǇπŦƻǊŜǎǘǎΦƴŜǘ) 

The Joint Expert Group on Dynamic Modelling also contributed to the discussions. 

 

Current activities and future challenges of the WGE include: 

ω Perform long-term monitoring of air pollution impacts in widespread networks across the 

UNECE region and case studies at plots and catchments with intensive measurements; 

ω Provide information on the degree and geographic extent of impacts of air pollution on 

human health and the environment; 

ω Demonstrate relationships between concentrations of air pollutants and effects on human 

health and the environment using policy relevant indicators; 

ω Conduct scientific research on dose-response functions to establish acceptable thresholds of 

air pollution for ecosystems όΨŎǊƛǘƛŎŀƭ ƭƻŀŘǎ ŀƴŘ ƭŜǾŜƭǎΩύΤ  

ω Apply models to evaluate the success of air pollution abatement policies in terms of benefits 

for the environment and human health and assess the impacts of future emission scenarios. 

1.5  Aims and structure of this report 

The concept of ecosystem services has arisen in response to an increased need for making visible 

human dependency on nature and ecosystems, in order to ensure sustainable management and 

avoid irreversible damage to the ecosystems that ultimately will damage human well-being. The aim 

of this report is to provide examples of how air pollution control is of benefit to ecosystem services 

and biodiversity. It is not an exhaustive review of the literature but more a compilation of the 

present knowledge used to provide policy-relevant information by the WGE. The benefits of 

reducing nitrogen enrichment of the environment and the formation of ground-level ozone for 

biodiversity, particularly plant diversity, are being explored in Chapter 2. Subsequently, examples of 

the benefits of air pollution control for ecosystem services are described in Chapter 3, followed by a 

discussion on the valuation of ecosystem services in Chapter 4. Conclusions and policy 

recommendations are provided in Chapter 5. 

  

http://icpvegetation.ceh.ac.uk/
http://www.icpmapping.org/
http://www.rivm.nl/cce)
http://www.icp-waters.no/
http://www.syke.fi/nature/icpim
http://icp‐forests.net/
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2. Impacts on biodiversity 

2.1 The revised Gothenburg Protocol contributes to reduction of 

harmful nitrogen effects 

Terrestrial eutrophication continues to be a serious threat to European ecosystems. In 1980, critical 

loads of nutrient nitrogen were exceeded in about 67% of the European area (80% in the EU27), 

which is expected to decrease to around 42% (62% in the EU27) in 2020 under the Revised 

Gothenburg Protocol1 (RGP2020; Figure 2.1a). Whilst the area at risk is remaining high, the average 

accumulated exceedance (AAE) shows a significant reduction between 1980 and 2020 (Figure 2.1b). 

This reduction may delay effects on biodiversity, but will stand in the way of full recovery. 

 
a) Area at risk of eutrophication           b) Excess eutrophication 

 
Figure 2.1 Trend between 1980 and 2020 (Revised Gothenburg Protocol) of a) the area where critical loads 

of nutrient nitrogen are exceeded and b) the Average Accumulated Exceedance (AAE) for 
eutrophication in the EU-27 and in Europe. 

 

The trend between 1980 and 2020 of the distribution over Europe of areas where critical loads for 

eutrophication are exceeded confirms the continued stress to European ecosystems, in Central 

Europe in particular (Figure 2.2). The broad Central European area of high exceedances in 1980 (red 

shading) is markedly reduced in 2020, but still occurs in western France and the border areas 

between the Netherlands, Belgium and Germany, as well as in northern Italy. The country-specific 

trend since 1980 of the area at risk of eutrophication is summarized in Annex 1. The (hypothetical) 

implementation of maximum technically feasible reduction (MFR) of emissions of acidifying and 

eutrophying pollutants would yield a further increase of areas that are protected, whilst areas with 

high exceedances of critical loads would further decrease (Figure 2.3). However, even under 

maximum (technically) feasible reductions of nitrogen emissions, the deposition of nitrogen 

continues to put a large area at risk, implying that the potential of technical measures alone is not 

sufficient to achieve non-exceedance of critical loads for eutrophication. 

 

                                                           
1
 The Gothenburg protocol has been revised in 2012 under the LRTAP Convention. ñRGP2020ò refers to a scenario where 

pollutants emissions are decreased from 2020 according to the conditions agreed under the revised Gothenburg Protocol. 



14 

 

 
Figure 2.2  Areas where critical loads for eutrophication are exceeded by nutrient nitrogen depositions 

caused by emissions between 1980 and 2020, the last projected under the Revised Gothenburg 
Protocol (RGP).  

a)                                                                b) 

 

Figure 2.3  Areas where critical loads for a) acidification and b) eutrophication are exceeded by sulphur and 
nitrogen depositions under the maximum technically feasible reduction (MFR) emission scenario. 

2.2 Low nitrogen deposition enhances plant species diversity 

This section provides two examples of a tentative assessment on broad natural scales in Europe of 

adverse effects of nitrogen deposition on plant species diversity. The change of species richness has 

been assessed by applying computed European nitrogen deposition on a European scale to available 

dose response relationships for selected habitat classes. These relationships have been taken from 

experimental nitrogen-addition studies (for an overview see Bobbink and Hettelingh, 2011), as well 

as from a European gradient study (Stevens et al., 2010a,b) 




































































