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Introduction
Ground-level ozone (O3) is a secondary photochemical air 

pollutant, strongly oxidant, and is still a major air quality issue 
over large regions of the globe [1-3] where current surface O3 
levels are considered high enough to damage vegetation by 
reducing growth and productivity [3-6] and by altering yield and 
quality [7-9]. 

To protect vegetation, current European standards use the 
O3 exposure index AOT40, i.e. the cumulative exposure to O3 
hourly concentrations exceeding 40 ppb over the daylight hours 
of the growing season [10]. Critical levels are defined as the 
“concentration, cumulative exposure or cumulative stomatal flux 
of atmospheric pollutants above which direct adverse effects on 
sensitive vegetation may occur according to present knowledge” 
[10]. Ozone-exposure critical levels were proposed for the 
protection of vegetation under the framework of the Convention 
on Long-Range Transboundary Air Pollution (CLRTAP) of the 
United Nations Economic Commission for Europe (UNECE) and 
are the base of the Ambient Air Quality Directive 2008/50/EC 
of the European Union.  In Europe, a target value of 9,000 ppb.h, 
averaged over 5-years, is recommended by the 2008/50/CE 
Directive for the protection of vegetation from 2010 [10]. Within 
the 2008/50/CE Directive, the critical level for agricultural crops 
(i.e. 3,000 ppb.h) is adopted as the long-term objective value for 
the protection of vegetation by 2020. For the protection of forests, 
a critical level of 5,000ppb.h is recommended by UNECE (2010).  

 
Recent studies showed that O3 has a negative impact on vegetation 
even in countries where the AOT40 values for forests are usually 
low e.g. Lithuania [11] or Romania [12]. Reviews of O3 effects on 
vegetation have been published for crops [13].

The O3 effects on vegetation depend not only on the 
atmospheric concentrations, explicit in AOT40, but also result 
from the O3 uptake through the stomata into the plants [14]. For 
taking into account this process a new metric has been proposed 
to protect vegetation, i.e. the Phytotoxic Ozone Dose, defined as 
the accumulated O3 flux entering into the leaves via the stomata, 
over a detoxification threshold Y (PODY), integrating the effects 
of multiple climatic factors, vegetation characteristics and local 
and phenological inputs on O3 uptake or flux [15]. For damage 
occurrence, the vegetation can be 

a) genetically predisposed to be O3 sensitive, 

b) under optimal environmental conditions for O3 uptake 
(temperature, relative humidity, solar radiation, soil water 
content) and 

c) exposed to ambient O3 levels exceeding the threshold 
required for injury occurrence [16-18]. 

The biologically-sound stomatal flux-based standard (PODY) 
is under discussion as new European legislative standard although 
critical levels for vegetation protection still need to be validated 
[19,20].
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Many points are not yet clarified about derivation of critical 
levels for vegetation protection in terms of PODY. The uncertainties 
are due to some still unclear concern related to PODY concept and 
in particular: duration of the growing season [21], selection of the 
appropriated Y threshold [22], definition of the most appropriate 
target to express the damage of vegetation due to ozone (i.e. yield 
loss, growth, visible injuries occurrence, defoliation, others…) 
[5], modeling at different scales. These uncertainties make the 
development of the Critical Levels an exercise not yet solved by 
the ozone community. 

The concepts of critical loads and critical levels were 
developed within the CLRTAP under the UNECE for assessing 
the risk of air pollution impacts to ecosystems and defining 
emission reductions. This tool is commonly used to anticipate 
negative effects of air pollution and, therefore, to protect 
ecosystems before the changes become irreversible. The critical 
levels approach is used for pollution control and was applied 
for emission reductions strategies under the 1999 Protocol to 
Abate Acidification, Eutrophication and Ground-level O3 [10]. 
Ozone critical levels have also been proposed for the protection 
of natural vegetation at European level for two vegetation types, 
forests and semi-natural vegetation [10]. The new flux based 
O3 critical levels allow species-specific physiological conditions 
and O3 uptake mechanisms to be included. Since O3 background 
concentrations are increasing [2,11,20], it is important to finely 
define appropriate and realistic critical levels, representative of 
actual field conditions, to 

a) protect vegetation; 

b) improve understanding and monitoring of the O3 effects 
on ecosystems; 

c) scientifically assess the effectiveness of air pollution 
control strategies and 

d) undertake measures for abatement of O3 precursors 
emissions [19,23-25]. The suggestion of new critical levels for 
the protection of vegetation against O3 will serve as a decision-
support tool for European authorities. 

To date, most of derivation of critical levels for tree and crop 
species have been performed on seedlings under controlled 
conditions not representative of actual and future field conditions 
[14, 26-28] and for growth reduction, i.e. an aspecific O3 
parameter caused by multiple factors e.g. species specificity, local 
management, meteorology, site and soil characteristics, water 
limitation, so that the results may not help in developing realistic 
critical levels [23], in particular when the models were adapted to 
Mediterranean limiting conditions [29]. 

Conclusion
Epidemiological observation of O3–induced injury and 

environmental variables, including O3, can be used to derive 
consistent stomatal flux-based critical levels for different type of 

vegetation protection against O3 under natural field conditions 
[5,23]. Following the revision of the National Emission Ceiling 
directive, the interest in epidemiologically based O3 critical 
levels for forest protection is thus seriously rising in Europe 
[23,25,30,31].

There is an urgent need for further development, field-
based validation of the O3 flux-based method and establishment 
of robust flux-effect relationships to provide species-specific 
stomatal flux-based critical levels for vegetation protection 
against O3 pollution in a changing climate. Future research 
challenges include additional epidemiological studies and model 
development to expand the sets of site-specific biological, climatic, 
soil and O3 data to refine species-specific flux-based critical levels. 
Considering all the listed issues that are still open and need 
further investigation into the field conditions, at the moment the 
question about deriving significant critical level is still a challenge 
for the scientific community.

Acknowledgement
This work was carried out with the contribution of the LIFE 

financial instrument of the European Union in the framework of 
the MOTTLES project “Monitoring ozone injury for setting new 
critical levels” (LIFE15 ENV/IT/000183) and the FO3REST project 
“Ozone and Climate Change Impacts on French and Italian Forests: 
Refinement of criteria and thresholds for forest protection”(LIFE10 
ENV/FR/000208).

References
1. Cooper OR, Parrish DD, Ziemke J, Balashov NV, Cupeiro M, et al. (2014) 

Global distribution and trends of tropospheric ozone: An observation-
based review. Elementa: Science of the Anthropocene 2: 000029.

2. Sicard P, Anav A, De Marco A, Paoletti E (2017) Projected global 
tropospheric ozone impacts on vegetation under different emission 
and climate scenarios. Atmospheric Chemistry and Physics 17: 12177-
12196.

3. Mills G, Pleijel H, Malley CS, Sinha B, Cooper OR, et al. (2018) 
Tropospheric Ozone Assessment Report: Present–day tropospheric 
ozone distribution and trends relevant to vegetation. Elementa: 
Science of the Anthropocene 6(1): 47. 

4. Proietti C, Anav A, De Marco A, Sicard P, Vitale M (2016) A multi–sites 
analysis on the ozone effects on Gross Primary Production of European 
forests. Science of the Total Environment 556: 1-11.

5. Braun S, Achermann B, De Marco A, Pleijel H, Karlsson P, et al. 
(2017) Epidemiological analysis of ozone and nitrogen impacts on 
vegetation–Critical evaluation and recommendations. Science of the 
Total Environment 603-604: 785-792.

6. Li P, De Marco A, Feng Z, Anav A, Zhou D, et al. (2018) Nationwide 
ground–level ozone measurements in China suggest serious risks to 
forests. Environmental Pollution 237: 803-813.

7. Pleijel H, Danielsson H, Simpson D, Mills G (2014) Have ozone effects 
on carbon sequestration been overestimated? A new biomass response 
function for wheat. Biogeosciences 11: 4521-4528.

8. Pleijel H, Uddling J (2012) Yield vs. quality trade-offs for wheat in 
response to carbon dioxide and ozone. Global Change Biology 18(2): 
596-605.

http://dx.doi.org/10.19080/IJESNR.2019.21.556073
https://www.elementascience.org/articles/10.12952/journal.elementa.000029/
https://www.elementascience.org/articles/10.12952/journal.elementa.000029/
https://www.elementascience.org/articles/10.12952/journal.elementa.000029/
https://www.atmos-chem-phys.net/17/12177/2017/
https://www.atmos-chem-phys.net/17/12177/2017/
https://www.atmos-chem-phys.net/17/12177/2017/
https://www.atmos-chem-phys.net/17/12177/2017/
https://www.elementascience.org/articles/10.1525/elementa.302/
https://www.elementascience.org/articles/10.1525/elementa.302/
https://www.elementascience.org/articles/10.1525/elementa.302/
https://www.elementascience.org/articles/10.1525/elementa.302/
https://www.ncbi.nlm.nih.gov/pubmed/26971205
https://www.ncbi.nlm.nih.gov/pubmed/26971205
https://www.ncbi.nlm.nih.gov/pubmed/26971205
https://www.ncbi.nlm.nih.gov/pubmed/28460840
https://www.ncbi.nlm.nih.gov/pubmed/28460840
https://www.ncbi.nlm.nih.gov/pubmed/28460840
https://www.ncbi.nlm.nih.gov/pubmed/28460840
https://www.sciencedirect.com/science/article/pii/S0269749117329469
https://www.sciencedirect.com/science/article/pii/S0269749117329469
https://www.sciencedirect.com/science/article/pii/S0269749117329469
https://www.biogeosciences.net/11/4521/2014/
https://www.biogeosciences.net/11/4521/2014/
https://www.biogeosciences.net/11/4521/2014/
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2486.2011.2489.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2486.2011.2489.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2486.2011.2489.x


How to cite this article: Alessandra De Marco, Pierre Sicard. Why do we still need to derive ozone critical levels for vegetation protection?. Int J Environ Sci 
Nat Res. 2019; 21(5): 556073. DOI: 10.19080/IJESNR.2019.21.5560730166

International Journal of Environmental Sciences & Natural Resources

9. Emberson LD, Pleijel H, Ainsworth EA, van den Berg M, Ren W, et 
al. (2018) Ozone effects on crops and consideration in crop models. 
European Journal of Agronomy 100: 19-34.

10. UNECE (2010) Chapter 3 Mapping Critical Levels for Vegetation. 
International Cooperative Programme on Effects of Air Pollution on 
Natural Vegetation and Crops. UNECE Convention on Long–range 
Transboundary Air Pollution.

11. Araminiene V, Sicard P, Anav A, Agathokleous E, Stakenas V, et al. 
(2019) Trends and inter–relationships of ground–level ozone metrics 
and forest health in Lithuania. Science of the Total Environment 658: 
1265-1277. 

12. De Marco A, Vitale M, Popa I, Anav A, Badea O, et al. (2017) Ozone 
exposure affects tree defoliation in a continental climate. Science of 
the Total Environment 596-597: 396-404.

13. Ainsworth EA (2017) Understanding and improving global crop 
response to ozone pollution. The Plant Journal 90(5): 886-897.

14. Paoletti E, Manning WJ (2007) Toward a biologically significant and 
usable standard for ozone that will also protect plants. Environmental 
Pollution 150(1): 85-95. 

15. Emberson LD, Ashmore MR, Cambridge HM, Simpson D, Tuovinen JP 
(2000) Modelling stomatal ozone flux across Europe. Environmental 
Pollution 109(3): 403-413. 

16. Emberson LD, Büker P, Ashmore MR (2007) Assessing the risk caused 
by ground level ozone to European forests: a case study in pine, beech 
and oak across different climate regions. Environmental Pollution 
147(3): 454-466.

17. Schaub M, Calatayud V, Ferretti M, Brunialti G, Lövblad G, et al. (2010) 
Monitoring of Ozone Injury. Manual Part X. In: Manual on methods 
and criteria for harmonized sampling, assessment, monitoring and 
analysis of the effects of air pollution on forests. UNECE ICP Forests 
Programme, Hamburg. ISBN: 978–3–926301–03–1, p. 22.

18. Büker P, Morrissey T, Briolat A, Falk R, Simpson D, et al. (2012) DO3SE 
modelling of soil moisture to determine ozone flux to forest trees. 
Atmospheric Chemistry and Physics 12: 5537-5562.

19. Paoletti E, Alivernini A, Anav A, Badea O, Carrari E, Chivulescu S, et al. 
(2019) Toward stomatal-flux based forest protection against ozone: 
The MOTTLES approach. Science of the Total Environment 691: 516-
527.

20. Lefohn AS, Malley CS, Smith L, Wells B, Hazucha M, et al. (2018) 
Tropospheric ozone assessment report: Global ozone metrics 
for climate change, human health, and crop/ecosystem research. 

Elementa: Science of the Anthropocene 6: 28. 

21. Anav A, De Marco A, Friedlingstein P, Savi F, Sicard P, et al. (2019) 
Growing season extension affects ozone uptake by European forests. 
Science of The Total Environment 669: 1043-1052.

22. De Marco A, Sicard P, Fares S, Tuovinen JP, Anav A, et al. (2016) Assessing 
the role of soil water limitation in determining the Phytotoxic Ozone 
Dose (PODY) thresholds. Atmospheric Environment 147: 88-97.

23. Sicard P, De Marco A, Dalstein–Richier L, Tagliaferro F, Renou C, et al. 
(2016a) An epidemiological assessment of stomatal ozone flux–based 
critical levels for visible ozone injury in Southern European forests. 
Science of the Total Environment 541: 729-741. 

24. Sicard P, Serra R, Rossello P (2016b) Spatiotemporal trends in ground–
level ozone concentrations and metrics in France over the time period 
1999-2012. Environmental Research 149: 122-144.

25. De Marco A, Proietti C, Anav A, Ciancarella L, D’Elia I, et al. (2019) 
Impacts of air pollution on human and ecosystem health, and 
implications for the National Emission Ceilings Directive: Insights from 
Italy-NC-ND. Environment International 125: 320-333.

26. Matoušková L, Novotný R, Hůnová I, Buriánek V (2010) Visible foliar 
injury as a tool for the assessment of surface ozone impact on native 
vegetation: a case study from the Jizerské hory Mts. Journal of Forest 
Science 56: 177-182.

27. González-Fernández I, Bermejo V, Elvira S, de la Torre D, González A, et 
al. (2013) Modelling ozone stomatal flux of wheat under Mediterranean 
conditions. Atmospheric Environment 67: 149-160. 

28. Sanz J, González-Fernández I, Elvira S, Muntifering R, Alonso R, et al. 
(2016) Setting ozone critical levels for annual Mediterranean pasture 
species: Combined analysis of open-top chamber experiments. Science 
of the Total Environment 571: 670-679.

29. Ochoa-Hueso R, Munzi S, Alonso R, Arróniz-Crespo M, Avila A, et al. 
(2017) Ecological impacts of atmospheric pollution and interactions 
with climate change in terrestrial ecosystems of the Mediterranean 
Basin: Current research and future directions. Environmental Pollution 
227: 194-206.

30. FAO Food and Agriculture Organisation - Forestry Department (2013) 
State of Mediterranean forests in 2013. ISBN 978-92-5-107984-3, p. 
173.

31. Paoletti E, Ferrara AM, Calatayud V, Cerveró J, Giannetti F, et al. (2009) 
Deciduous shrubs for ozone bioindication: Hibiscus syriacus as an 
example. Environmental Pollution 157(3): 865-870.

Your next submission with Juniper Publishers    
      will reach you the below assets

• Quality Editorial service
• Swift Peer Review
• Reprints availability
• E-prints Service
• Manuscript Podcast for convenient understanding
• Global attainment for your research
• Manuscript accessibility in different formats 

         ( Pdf, E-pub, Full Text, Audio) 
• Unceasing customer service

Track the below URL for one-step submission 
 https://juniperpublishers.com/online-submission.php

This work is licensed under Creative
Commons Attribution 4.0 License
DOI: 10.19080/IJESNR.2019.21.556073

http://dx.doi.org/10.19080/IJESNR.2019.21.556073
https://www.sciencedirect.com/science/article/pii/S1161030118301606
https://www.sciencedirect.com/science/article/pii/S1161030118301606
https://www.sciencedirect.com/science/article/pii/S1161030118301606
https://www.sciencedirect.com/science/article/pii/S0048969718349325
https://www.sciencedirect.com/science/article/pii/S0048969718349325
https://www.sciencedirect.com/science/article/pii/S0048969718349325
https://www.sciencedirect.com/science/article/pii/S0048969718349325
https://www.sciencedirect.com/science/article/pii/S0048969717306538
https://www.sciencedirect.com/science/article/pii/S0048969717306538
https://www.sciencedirect.com/science/article/pii/S0048969717306538
https://www.ncbi.nlm.nih.gov/pubmed/27739639
https://www.ncbi.nlm.nih.gov/pubmed/27739639
https://www.ncbi.nlm.nih.gov/pubmed/17659818
https://www.ncbi.nlm.nih.gov/pubmed/17659818
https://www.ncbi.nlm.nih.gov/pubmed/17659818
https://www.ncbi.nlm.nih.gov/pubmed/15092873
https://www.ncbi.nlm.nih.gov/pubmed/15092873
https://www.ncbi.nlm.nih.gov/pubmed/15092873
https://www.ncbi.nlm.nih.gov/pubmed/17412465
https://www.ncbi.nlm.nih.gov/pubmed/17412465
https://www.ncbi.nlm.nih.gov/pubmed/17412465
https://www.ncbi.nlm.nih.gov/pubmed/17412465
https://www.atmos-chem-phys.net/12/5537/2012/
https://www.atmos-chem-phys.net/12/5537/2012/
https://www.atmos-chem-phys.net/12/5537/2012/
https://www.ncbi.nlm.nih.gov/pubmed/31325852
https://www.ncbi.nlm.nih.gov/pubmed/31325852
https://www.ncbi.nlm.nih.gov/pubmed/31325852
https://www.ncbi.nlm.nih.gov/pubmed/31325852
https://www.ncbi.nlm.nih.gov/pubmed/30345319
https://www.ncbi.nlm.nih.gov/pubmed/30345319
https://www.ncbi.nlm.nih.gov/pubmed/30345319
https://www.ncbi.nlm.nih.gov/pubmed/30345319
https://www.ncbi.nlm.nih.gov/pubmed/30970453
https://www.ncbi.nlm.nih.gov/pubmed/30970453
https://www.ncbi.nlm.nih.gov/pubmed/30970453
https://www.sciencedirect.com/science/article/pii/S1352231016307853
https://www.sciencedirect.com/science/article/pii/S1352231016307853
https://www.sciencedirect.com/science/article/pii/S1352231016307853
https://www.ncbi.nlm.nih.gov/pubmed/26437347
https://www.ncbi.nlm.nih.gov/pubmed/26437347
https://www.ncbi.nlm.nih.gov/pubmed/26437347
https://www.ncbi.nlm.nih.gov/pubmed/26437347
https://www.ncbi.nlm.nih.gov/pubmed/27200478
https://www.ncbi.nlm.nih.gov/pubmed/27200478
https://www.ncbi.nlm.nih.gov/pubmed/27200478
https://www.ncbi.nlm.nih.gov/pubmed/30739052
https://www.ncbi.nlm.nih.gov/pubmed/30739052
https://www.ncbi.nlm.nih.gov/pubmed/30739052
https://www.ncbi.nlm.nih.gov/pubmed/30739052
https://pdfs.semanticscholar.org/6d12/d81c5ca5c6861d4f7254f605233f406270b7.pdf
https://pdfs.semanticscholar.org/6d12/d81c5ca5c6861d4f7254f605233f406270b7.pdf
https://pdfs.semanticscholar.org/6d12/d81c5ca5c6861d4f7254f605233f406270b7.pdf
https://pdfs.semanticscholar.org/6d12/d81c5ca5c6861d4f7254f605233f406270b7.pdf
https://www.sciencedirect.com/science/article/pii/S1352231012010254
https://www.sciencedirect.com/science/article/pii/S1352231012010254
https://www.sciencedirect.com/science/article/pii/S1352231012010254
https://www.ncbi.nlm.nih.gov/pubmed/27424112
https://www.ncbi.nlm.nih.gov/pubmed/27424112
https://www.ncbi.nlm.nih.gov/pubmed/27424112
https://www.ncbi.nlm.nih.gov/pubmed/27424112
https://www.ncbi.nlm.nih.gov/pubmed/28460237
https://www.ncbi.nlm.nih.gov/pubmed/28460237
https://www.ncbi.nlm.nih.gov/pubmed/28460237
https://www.ncbi.nlm.nih.gov/pubmed/28460237
https://www.ncbi.nlm.nih.gov/pubmed/28460237
https://www.ncbi.nlm.nih.gov/pubmed/19081168
https://www.ncbi.nlm.nih.gov/pubmed/19081168
https://www.ncbi.nlm.nih.gov/pubmed/19081168
https://juniperpublishers.com/online-submission.php
http://dx.doi.org/10.19080/IJESNR.2019.21.556073

	Abstract
	Keywords
	Introduction
	Conclusion
	Acknowledgement
	References
	_GoBack

