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The fluctuations in the climate and 
environmental contamination have imposed a 
tremendous amount of stress on ecosystems as 
a whole. Although, environmental stress can 
act as a major driving force in the evolutionary 
process, but in the last few decades, owing to 
the excessive anthropogenic interferences, the 
imposed stress has crossed its threshold, 
resulting in harmful metabolic changes in plant 
functioning. The last few years have seen a 
considerable concern about the increasing 
environmental stress imposed upon the plants. 
In lieu of this, concept of biomonitoring has 
emerged as very significant strategy which has 
made it possible to meet the requirement for 
protection of the environment against the 
increasing number of environmental stress 
factors and is an efficient technique for the 
assessment of environmental quality during the 
last few decades (De Temmermann et al. 
2001). Biomonitoring can be simply defined as 
the systematic use of organisms or their 
response to determine the conditions or 
changes in environment Until now, the 
evaluation of the environmental quality was 
primarily based upon chemical and physical 
measurements. These methods, although gave 
us an idea about the presence and concentration 
of the environmental contaminants, it did not 
describe their actual impact on the biota or 
ecosystem. Information related to the emission 

of pollutants from the source, the transmission 
within the atmosphere and the ambient air 
concentration close to the soil surface where 
transfer to the receptors takes place can be 
obtained via physical and chemical analysis. 
These data can be used for risk assessments 
using simulation models when dose-response 
relationships are known for a given pollutant. 
However, these measurements can only predict 
a possible conclusion, but do not give any idea 
about the real incidence of the environmental 
contamination. This gap is filled in by 
biomonitoring as an additional system to be 
used besides concentration measurements with 
respect to emissions and ambient air 
concentrations (De Temmerman et al. 2001). 
Unlike physical monitoring, biomonitoring is 
not susceptible to temporal variations in the 
pollutants over daily, monthly or seasonal 
scales and captures the integrated response to 
these  changes .  There fo re ,  th rough  
biomonitoring, the long term effect of 
pollutants can be captured by measurements 
taken in the field on single occasion. Further, 
biomonitoring technique is considered to be 
particularly suitable for developing countries, 
where economical and infrastructural 
limitations allow only a very limited air 
monitoring network and biomonitoring offers 
the opportunity to determine the large scale 
pattern of pollutant distribution, as well as 

 

Biomonitoring has emerged as an important tool to assess the environmental health using living organisms. It is a reliable, economical 
and easy method and has far more advantages as compared to the conventional physico- chemical methods that require more capital, 
technically sound instruments and workers to work upon. With ozone concentration on a unprecedented rise, ozone biomonitoring 
has become a demand of the present time. Although the different protocols of ozone biomonitoring are now well established in the 
developed countries, we still need to work upon it in the developing and underdeveloped countries. The present article explains the 
different methods utilized in ozone biomonitoring and the different biomonitoring programmes that are being conducted by different 
agencies. 
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temporal changes. 

OZONE BIOMONITORING

Tropospheric ozone has now been established 
as the main culprit causing significant negative 
effects on crop performance around the globe 
(Danh et al. 2015, Feng et al. 2015). As several 
studies have proved that the concentration of 
ozone wil l  fur ther  increase,  ozone 
biomonitoring becomes an essential feature. 
Ozone biomonitoring can be done via two 
ways, by observing changes in naturally 
occurring vegetation (passive biomonitoring), 
or by transplanting specific plants/cultivars 
with known ozone sensitivities (active 
biomonitoring) (Mukhopadhyay et al. 2020, 
Boquete et al. 2017). Although, a variety of 
vegetative entities can be used for 
biomonitoring, vascular plants are the 
commonly used bioindicators (Harmens et al. 
2015, Pellegrini et al. 2014, Klumpp et al. 
2006). The important characteristics that make 
vascular plants the most suitable bioindicators 
are that they can develop ozone induced visible 
foliar injuries at relatively low ozone 
concentrations. Tobacco, white clover, snap 
beans, poplar etc are few of the bioindicator 
plants that develop clear visible injury 
symptoms and have been used in several 
biomonitoring programmes (Fig 1). In passive 
biomonitoring, the naturally growing vascular 
plants are used. However, in active 

biomonitoring, plants with known ozone 
sensitive genotypes and the ozone insensitive 
genotypes are used.
Important plants/cultivars that are commonly 
used for ozone biomonitoring are:-

(i)Snap bean (Phaseolus vulgaris L.): The snap 
bean genotypes S156 (ozone sensitive) and 
R123 (ozone resistant) has been commonly 
used for  large scale biomonitoring 
programmes across Europe by International 
Co-operative Programme on Effects of Air 
Pollution on Natural Vegetation and Crops 
(ICP Vegetation) (Agathokleous et al. 2017, 
Drapikowska et al. 2016).  

(ii)White clover (Trifolium repens L.): The two 
biotypes of white clover NC-S (ozone 
sensitive) and NC-R (ozone resistant) have 
been extensively  used in  di fferent  
biomonitoring experiments conducted by ICP 
Vegetation (1996-2006) and by individual 
research group in Italy and Greece (Saitanis et 
al. 2015,  Harmens et al. 2015). The responses 
of NC-S/NC-R biotypes have established very 
strong correlation with ozone concentration 
across Europe, not only in terms of visible 
foliar injury, but also through the biomass ratio 
(Saitanis et al. 2015, Harmens et al. 2015). On 
the basis of different experiments, it has now 
been proved that white clover is more efficient 
than snap bean for ozone biomonitoring 
studies.

Figure 1:  Ozone injury in (a) snap bean (Source: Cornell University,
(b) white clover (Source: ICP Vegetation)http://blogs.cornell.edu/livegpath/gallery/beans/ozoneinjury/ 

(a) (b)
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(iii)Tobacco (Nicotiana tabaccum L.): The 
tobacco cultivars that are commonly used in 
ozone biomonitoring programmes are Bel W3 
(ozone sensitive) and Bel B (ozone resistant). 
These cultivars were developed at tobacco 
breeding programme at the Agricultural 
Research Services (ARS), USDA, Agricultural 
Research Centre, Beltsvile, MD, USA, and is 
the oldest and most successful ozone 
biomonitoring systems (Saitanis et al. 2020, 
Pellagrini et al. 2014). However, studies done 
till now have relied only upon the appearance 
of foliar injuries in response to ozone (Sandrin 
et al. 2018, Saitanis et al. 2015) and it has been 
suggested that the tobacco biomonitoring 
protocol can be improved by incorporating 
other leaf traits and morphological characters 
like Bel W3/Bel B biomass ratio etc. (Kaffer et 
al. 2019). Further experiments are needed to 
strengthen the ozone dose/exposure 
relationships needed for more successful 
biomonitoring programmes (Agathokleous et 
al. 2020).   
The response of these above mentioned 
plants/cultivars have provided significant 
information related to the concentration of 
ozone across the biomonitoring sites. However, 
it has been proved that their performance can be 
highly influenced by the variable climatic 
conditions like high temperature (Agatholeous 
et al. 2017, Harmens et al. 2015) and 
interference with other pollutants specifically 
nitrogen di oxide and suspended particulate 
matter (Sandrin et al. 2018). Therefore, there is 
an urgent need to develop new biomonitoring 
protocols wherein the different aspects of air 
quality and climate conditions should be 
included to provide more reliable and stable 
results so that the ultimate objective of 
biomonitoring is obtained (Agathokleous et al. 
2020,  Silva et al. 2012). 

O Z O N E  B I O M O N I T O R I N G  
PROGRAMMES:Different environmental 
agencies like United Nations Economic 
Commission for Europe (UNECE), United 
States Environmental Protection Agency 
(USEPA), European Environmental Agency 

(EEA) etc. have focused on ambitious 
biomonitoring programmes over the last 
decade. Several of these biomonitoring 
programmes have focused on evaluating the 
response of plants towards tropospheric ozone 
(surface ozone), which is now established to be 
the  major  cu lpr i t  caus ing  harmful  
physiological effect to biota, posing serious 
threat to plant productivity and ecosystem 
functioning (Unger et al. 2020, Feng et al. 
2019, Mill et al. 2018). Since concentration of 
ozone is continuously increasing in remote and 
sub urban areas (Paoletti et al. 2014), ambient 
ozone should be monitored not only in urban 
and sub urban areas, but also in forested, 
agricultural and other remote areas. Certain 
plant species, also called as bioindicator plants 
develop ozone specific injury symptoms which 
can be utilized in detecting and monitoring 
ozone stress via biomonitoring programmes. 
The first reported biomonitoring studies were 
initiated by US Forest Service (USFS) along 
with US Environmental Protection Agency 
(US EPA) in north east and north central USA 
during 1994-2009 (Smith 2012). This 
programme included 24 states and 450 
biosites, where foliar injury response of ozone 
sensitive plants (approximately, 46,000 in 
number) was evaluated for ozone injury (Smith 
et al.  2008). This biomonitoring programme 
provided important information on the regional 
quality of ozone across north east and north 
central region of USA and provided important 
regional information on ozone air quality 
(Coulston 2011). It was observed that the 
selected bioindicator species showed higher 
injury percent at sites with high ozone 
c o n c e n t r a t i o n  ( S m i t h  2 0 1 2 ) .  T h i s  
biomonitoring programme not only gave 
important  informat ion about  ozone 
concentration along the north eastern and north 
central transact of USA, it also established that 
foliar injury can be used as an important tool 
for assessment of ozone concentration over a 
large area. This biomonitoring programme 
depicted a declining trend of peak ozone 
concentration during the growing season; 
however, seasonal ozone concentration was on 
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rise (Smith 2012).
Another biomonitoring programme, the 
EuroBioNet (European Network of Air Quality 
by use of Bioindiator Plants), initiated in 
Europe in 1999 as a network of research 
institutes and municipal environmental 
authorities from 12 urban sites in eight EU 
member states. 

This programme used extremely ozone 
sensitive tobacco (Nicotiana tabaccum L.) 
cultivar Bel W3 to evaluate the phytotoxic 
effect of ozone at different sites. Other 
bioindicator plants used in this biomonitoring 
programme were

 
ozone sensitive cultivar of tobacco (Bel W3) 
was studied at 100 different sites and a 
relationship between ozone concentration and 
ozone induced visible foliar injury was 
recognized (Klummp et al. 2006). This study 
clearly established a significant correlation 
between foliar injury levels and ozone 
concentrations (Klumpp et al. 2006). Similar 
correlation was also observed between ozone 
concentration and foliar injury on tobacco was 
also observed in a biomonitoring study done at 
the rural sites in Spain (Ribas and Penuelas, 
2003). 

Apart from visible injury, other characters that 
are utilized in the biomonitoring studies of 
ozone are biomass and yield. National wise 
assessment programmes like NCLAN 
(National Crop loss assessment Programme, 
USA) and EOTP (European Open Top chamber 
Programme, Europe) initiated in early1980s 
were important landmark biomonitoring 

 poplar (Populus nigra 
'Brandaris'), spiderwort (Tradescantia sp. 
clone 4430), Italian rye grass (Lolium 
multiflorum italicum) and curly kale (Brassica 
oleracea acephala) were exposed to ambient 
air at 90 monitoring sites according to 
standardized methods. In one of the studies 
related to this biomonitoring programme, the

These biomonitoring studies clearly 
depicted an ozone gradient with low levels of 
ozone-induced foliar injury in north and North 
West Europe, and medium to high values in the 
southern and central regions. 

programmes in which ozone concentrations 
were assessed on the basis of biomass and yield 
responses of the experimental plants. Results 
of 41 NCLAN studies involving 14 plant 
species grown across USA during a 7 year 
period showed that 7 species suffered a 10 % 
yield loss when exposed to average ozone 

-1
concentration (7hd ) below 50 ppb (Heagle 
1989,  Murphy et  al .  1999).  These 
biomonitoring programmes indicated that 20 
% of Europe crop production could be at a risk 
of yield losses of 5 % or more due to ozone 
pollution (Mills et al. 2007). Similarly several 
other Biomonitoring programmes like EU/EC 
International Cooperative Programme on 
Assessment and Monitoring of Air Pollution 
Effect (ICP Forests) and on Natural Vegetation 
(ICP Vegetation) in Europe, and Forest Health 
Biomonitoring Programmes in North America 
provided reliable and substantial information 
related to ozone concentration and its effect on 
natural vegetation in respective areas 
(Harmens et al.  2015). 

Apart from ozone, several other biomonitoring 
programmes for other environmental 
contaminants have also been conducted. 
European Moss Survey initiated in late 1980s 
by ICP Vegetation gave valuable information 
regarding the deposition of heavy metals 
across Europe. In 2005, this programme 
included the monitoring of atmospheric 
nitrogen deposition as well and on the basis of 
the results areas at the risk of high atmospheric 
nitrogen deposition were identified. 
Biomonitoring programmes have played a 
structural role in framing the pollution 
abatement policies such as Gothenberg 
Protocol (UNECE 1999), NCE Directives (EU 
2001), Protocol on heavy metals, Aarhus 
Protocol on persistent organic pollutants etc. 

CONCLUSION

Ozone biomonitoring programmes have now 
been adopted in all the developed countries and 
a lot of efforts are ongoing to establish these 
networks in the developing countries. 
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However, ozone biomonitoring still remains a 
challenging aspect in underdeveloped 
countries. The most important aspect of 
biomonitoring is to develop its societal 
significance by involving the general public in 
these programmes. The biomonitoring 
programme of EuroBioNet has taken the 
initiative of accommodating school students in 
their programme through different school 
projects.  Further,  the biomonitoring 
programmes should also be extended to forest 
and agricultural areas rather than confining 
them to rural and urban areas. In the developed 
countries, where extensive biomonitoring 
networks exist, there is a need to develop some 
new approaches for biomonitoring that could 
improve on the currently limited capabilities of 
existing schemes. The use of biosensors to 
study the negative effects of xenobiotics in the 
environment is yet another aspect which can be 
utilized in the biomonitoring studies. DNA 
sequencing is another important aspect of 
environmental genomics which can be 
exp lo i t ed  fo r  improved  r e su l t s  o f  
biomonitoring studies. The objective of 
machine learning algorithms (ecoinformatics) 
is yet another promising approach to establish a 
new routine biomonitoring framework. DNA 
metabarcoding combined with the concepts of 
ecoinformatics will allow scaling up both 
spatial and temporal resolution for large and 
more ambitious biomonitoring programmes in 
future.
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