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Air pollution has effects on health and the environment. The impact of pollutants on terrestrial ecosystems can be
monitored and assessed by observing plants, mosses and lichens at dif ferent scales. This concept has existed since
the 19th century and methods have since developed widely and have been able to adapt to the constant evolution of
air pollution. Nowadays we have several approaches to observe the impacts of pollutants on plant communities, on
the physiology of the dif ferent model species and even on the expression of some of their genes. Biomonitoring is a
constantly evolving discipline that can adapt to current challenges such as those posed by climate change

Air pollution has significant health and environmental impacts. The health consequences are the subject of numerous
epidemiological and toxicological publications that show not only effects on the cardiovascular system but also, and increasingly,
on pathologies such as diabetes or neurodegenerative diseases. Environmental impacts have also been studied for a long time.
Thus, travel accounts contain observations of pollution damage to forests, as well as many paintings present scenes where the
sources or impacts of pollutants can also be observed. Closer to home, in the 1980s, forest dieback made it possible to raise
awareness at European level of the problem of air pollution by sulphur dioxide, its environmental impacts and to contribute to
raising awareness of the transboundary nature of pollution. Since then, examples have multiplied, until today with many
questions about global changes. Observation of the effects of air pollution on the environment has thus made it possible to
develop monitoring tools that complement physico-chemical approaches. Gathered under the term biomonitoring, many of them
are based on the use of plants and lichens are true sentinels of air quality.

1. Biomonitoring of air quality: concepts and applications

Biomonitoring of air quality is therefore the use, at different scales, of living organisms such as plants or fungi to monitor the
effects of pollution. It appeared in the 19th century. For example, we can cite the work of Wilhelm Nylander [1], a Finnish
lichenologist, who observed in Paris, for example, a link between the decline between certain lichen species [2] and the
importance of air pollution. Biomonitoring has recently been defined by AFNOR as the use of biological systems (organisms and
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communities of organisms) to monitor changes in the environment over time and/or space.

1.1. The different concepts of biomonitoring
Biomonitoring includes different concepts (these have also recently been redefined by AFNOR [3]) such as :

A bioindicator is an organism, or part of an organism or community of organisms (biocenosis) that provides information on
environmental impacts.

While it is theoretically possible to observe the reactions of any organism, in reality those used as bioindicators must have a
number of characteristics. Thus, a bioindicator:

must be scientifically known (its biology and ecology must be controlled: nutrition, routes of exposure to pollutants,
reproduction, place in the food chain, etc.),

be related or correlated to ecosystem functions. In this way, its reactions can be linked to a larger scale at the ecosystem level,
integrate physical, chemical and biological properties or processes of the environment,

be able to report, in particular, on management methods and the different types of environmental pollution,

have measurement qualities (accuracy, reliability, robustness),

be validated (know the amplitude of responses related to natural variations),

be easy to use and not be a rare and/or protected species (ease of determination, sampling possibility).

It is also possible to use bioaccumulative organisms that can provide information on environmental conditions and their
modification by accumulating, on the surface and/or internally, substances present in the environment.

Finally, an effect indicator is an organism that can provide information on environmental conditions and their changes, either
through the manifestation of specific symptoms (molecular, biochemical, cellular, physiological, anatomical or morphological)
or through its presence/absence in the ecosystem.

1.2. Scope of use of air quality bioindication

Air quality is continuously monitored through a system of sensor networks managed by Authorized Air Quality Associations.
The fundamental tasks of these associations are to measure the concentrations of regulated pollutants, to monitor that these
concentrations do not exceed the thresholds set by the regulations and to inform the authorities and the general public about air
quality.

Plant and fungal biomonitoring concerns the effects of air pollutants on plants (such as tobacco, ryegrass, petunias, etc.) or
corticultural lichens. It is based on the observation of the reactions of these organisms, in their environment and their responses
to their exposure to pollutants. Biomonitoring provides information that is perfectly complementary to the physico-chemical
measurements of sensors that provide information on the concentrations of pollutants in the air.

In many cases, organisms used in biomonitoring develop in the environment studied (passive biomonitoring). Nevertheless,
when they are absent from this environment, it is possible to bring organisms (plants, mosses, lichens...) to sites by
transplantation (active biomonitoring). There are many different transplant techniques, some of which are standardized. It
should be noted that transplants are either cultivated organisms (this is the case with higher plants) or collected in an unpolluted
environment (this is the case with mosses and lichens that cannot be cultivated).

2. Examples of applications of plant and fungal biomonitoring

2.1. The evolution of licentic and plant communities

The first "modern" observations focused on the evolution of the licene communities. In the 1970s and 1980s, the main air
pollutants in Western Europe were sulphur dioxide and suspended dust (SO2 and PS), mainly of industrial origin. At that time,
different authors such as Hawksworth and Rose [4] in England or Van Haluwyn and Lerond [5] in France studied the impact of
these pollutants on epiphytic licene communities (developing on tree trunks, Figure 1). These authors observed a clear impact of
air pollution on the specific composition of lichenic communities (decrease in specific richness but also modification of the
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composition of lichen populations observed on trunks with an increase in pollution), as did Nylander previously mentioned. They
have developed different methods for assessing the effects of air pollutants directly in the field, through the observation of
lichen species. These methods were based in particular on the observation of the presence and abundance of species more or less
sensitive to pollutants. The air pollution situation has gradually evolved and become more complex (decrease in SO2, increase in
concentrations of nitrogen, ozone, organic compounds, etc.).

Figure 1. Examples of epiphytic lichens used for overall air quality biomonitoring. Noteworthy in this photo are Xanhoria parietina
(yellow lichen), Physcia adscendens and Physcia tenella (blue lichens). [Source: © APPA]

The scale developed by Van Haluwyn and Lerond, developed using a lichenosociological approach, has made it possible to
evolve towards a notion of the global impact of air quality, thus referring to the effect of the cocktail of pollutants. The
lichenosociological method is based on the observation of groups of species characteristic of a geographical area and the
evolution of these groups according to pollution. This scale is now replaced by a new methodology based on an index (Lichens
Epiphytes Biological Index (IBLE) standardised at the level of France (AFNOR) [6] and developed at the European level. This
index is based on diversity as measured by the presence/absence, frequency and recovery of species. Variations in the IBLE
show an increase or decrease in diversity.

The evolution of plant, fungal and animal communities is also linked to climate change. By changing environmental parameters,
this causes a change in the ranges of different species (progression at altitude, northwards, etc.) that can be monitored. This is a
more recent application of biomonitoring.

2.2. Impregnation of sentinel organisms

Some organisms have the ability to accumulate pollutants in their tissues without significant physiological impacts. This property
is used to assess the contamination of the environment by pollutants. This is certainly the most widely used approach to
biomonitoring today. Not all pollutants can be tracked in this way, only those that can accumulate in organisms significantly are.
These include metals, radioactive elements, persistent organic pollutants (dioxins, furans, PCBs, etc.), certain nitrogen
compounds, etc. The quantity of pollutants accumulated reflects the bioavailable portion. Care must therefore be taken not to
quantify air pollution directly from observations. These concentrations show the impregnation of the environment and also make
it possible to study the transfer of pollutants within food chains and thus contribute to the assessment of health risk. This is
particularly the case when contamination is assessed with plants directly consumed by humans. Methodologies, such as the
BARGE protocol, make it possible to calculate the health risk on the basis of the consumption of plants contaminated by metals,
to evaluate the part that will be absorbed by the body and thus to evaluate the health risk according to the toxicity of the
pollutants.
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Figure 2. Impregnation map of lichens, collected on the territory of the Urban Community of Dunkirk, by metals. This map shows the
variations in the Average Impregnation Ratio (IMR) of lichens. This index represents the average of the impregnation levels of harvested
lichens compared to natural concentrations for 18 dif ferent metals. The more important the RIM is, the more important is the impregnation
of lichens. [Source: © Faculté de Pharmacie de Lille]

Thus, many methodologies allow to carry out spatio-temporal monitoring of the impregnation of the environment by pollutants
(contamination of metal contamination using lichens, Ray-Grass transplants, mosses...). This type of approach can be carried out
very locally (near an industrial source for example) or over vast areas (across Europe as in the ICP vegetation programme). This
work has also benefited from the development of geostatistical and mapping tools (important contributions from Geographic
Information Systems - GIS) which currently make it possible to obtain very accurate and statistically reliable maps (Figure 2).

2.3. Biomonitoring based on the observation of symptoms in plants

Figure 3. Ozone leaf necroses on tobacco leaves. [Source: © APPA]

Some pollutants will cause characteristic, visible symptoms on plants (see article What is the impact of air pollutants on
vegetation? ). The most significant example is ozone, which causes leaf necrosis. We have several models, the most "famous"
being the Bel W3 tobacco whose use in biomonitoring is standardized (AFNOR X95-900 standard) [7]. Ozone causes white,
ivory leaf necrosis in this species (Figure 3). During exposure, the formation of necrosis in the "Bel W3" variety plants is

compared with the more resistant "Bel B" variety plants to assess ozone damage and confirm that it is not damage caused by
phytopathogenic organisms.
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Figure 4. Petunia plants used for the biomonitoring of volatile organic compounds. [Source: © Faculté de Pharmacie de Lille]

Foliar damage caused by ozone occurs at a concentration of 80ug/m3 or more. The higher the ozone concentration, the greater
the necrotic leaf area. The survey of this necrotic surface is carried out on a weekly basis, on the different sites where the plants
are placed, the leaves are compared with reference photos.

A more detailed explanation of the protocol is available on the website of APPA, the Association for the Prevention of Air
Pollution.

Also to assess the effects of ozone, it is also possible to monitor the growth of clover plants ( Trifolium repens L., variety "Regal"
sensitive ecotype NC-S compared to the more resistant ecotype NC-R). In this case, ozone causes a slowdown in growth.
However, ozone is not the only pollutant whose effects may be visible. Thus, Petunia hybrid can be used to highlight the effects
of volatile organic compounds (Figure 4). These pollutants modify the growth and flowering parameters of exposed plants.

2.4. Going from the visible to the invisible

Nowadays, the effects of pollutants are most often invisible to the naked eye. Moreover, when visible damage occurs, it is often
"too late". For many years, work has been carried out to develop biomarkers of plant exposure and/or effect to pollutants. These
biomarkers are of very diverse natures, combining the monitoring of physiological responses (cell respiration, photosynthesis,
etc.) with the monitoring of compensation mechanisms (enzymatic or non-enzymatic antioxidant systems, etc.) or effects (DNA
breaks, formation of micronuclei, "comets" as shown in Figure 5, etc.).
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Figure 5. Images observed in fluorescence microscopy of "comets" formed from DNA fragmentation after plant exposure to air pollutants.
In this case, they are nuclei of plant leaf cells (Scindapus aureus) exposed to benzene. The heads of comets are the nucleus of leaf cells
while the tails are formed by DNA fragments that have migrated following electrophoresis. [Source: © Faculté de Pharmacie de Lille]

Nowadays, research work is oriented towards ecotoxicogenomic tools. In this case, it is a question of monitoring the expression
of a series of genes of interest, i. e. those that code for proteins involved in mechanisms for the management of pollutants and
their consequences within cells.

The objective of all the methods mentioned in this paragraph is to develop early indicators of the effects of pollutants but also
specific to pollutants.

3. Points to remember

Plants, mosses and lichens are used as indicators of the impacts of air pollution on the environment.

It was the lichens growing on tree trunks that paved the way for biomonitoring. The methodology used today determines the
Biological Lichens Epiphyte Index (IBLE) which is based on the diversity, frequency and coverage of lichens on trunks. This
index is related to the impacts of air quality.

Some organisms have the ability to accumulate pollutants in their tissues without physiological impacts. They make it possible to
carry out spatio-temporal monitoring of the impregnation of the environment by these pollutants.

Ozone has the particularity of causing necrosis on plant leaves. They are particularly observable on tobacco leaves, other
pollutants affect the growth of clover or the flowering of petunias. These model plants are used in biomonitoring approaches.
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