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Resumo
O mercúrio é um poluente que está distribuído de uma forma global, encontrando-se
presente em todos os ecossistemas. O seu ciclo na terra tem tido cada vez mais importância
dada a capacidade do mercúrio se acumular das cadeias alimentares. Em alternativa aos
colectores tradicionais, já há várias décadas que diversos organismos e espécies são
utilizados como bio monitores ou colectores passivos de metais pesados presentes na
atmosfera. Certas espécies de líquenes têm sido dos organismos mais utilizados para este
fim.
Esta tese analisa o comportamento de líquenes, especificamente Usnea, recolhidos na Nova
Scotia, Canada, como biomonitores da dispersão de mercúrio na atmosfera. Mais
especificamente, o estudo irá incidir na maneira como os factores climatéricos,
nomeadamente radiação, temperatura e humidade podem afectar ou alterar a estabilidade do
mercúrio nos líquenes. Tanto analises em ambiente laboratorial controlado como
amostragens sazonais foram realizadas com o objectivo de adicionar informação à literatura
já existente.
A conclusão mais importante, retirada dos testes controlados realizados, está relacionada
com o facto de todos os valores de mercúrio libertado das amostras registados serem
significativamente baixos (picogramas de Hg). Estes resultados vêm comprovar que o
mercúrio têm um comportamento estável nos líquenes e que, por consequência, estes estão
dentro dos bio monitores de maior confiança.
Dos resultados retirados das amostragens de longa duração, não é possível assegurar um
padrão de sazonalidade, no entanto certos parâmetros sugerem uma diferenciação entre
valores dentro de período de verão e de Inverno.
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Abstract
Mercury is a globally-distributed pollutant, present in all ecosystems. Research on mercury
distribution is critical due to the ability of mercury to bioaccumulate and biomagnify within food
webs. Natural materials and living organisms are increasingly being used to monitor heavy
metals in the atmosphere as alternative to commercially-available passive-adsorbing
collectors. Lichen’ species are one of the common organisms used for this purpose.
This dissertation examines the use of Usnea lichens collected in Nova Scotia, Canada, as
passive air samplers and indicators of mercury dispersion. This thesis is specifically focused
on how abiotic climatic factors, such as radiation and temperature variations might affect the
stability of mercury in the lichens. Both controlled lab analyses and seasonal field sampling
was used in order to quantify the stability of mercury on these lichens.
The most important conclusion from the controlled experiments performed is that all
measured amounts of mercury released from lichens were a small portion of the total
adsorbed mercury (picograms of Hg released). This reinforces the hypothesis that mercury
forms a stable association with lichens and therefore is a reasonable candidate for spatial
monitoring over longer time periods.
From the long-term data collected for mercury on lichens from a single site, no significant
seasonal patterns can be observed.
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1. Introduction
1.1.

Overview

Mercury is a globally-distributed pollutant found in the atmosphere, terrestrial and aquatic
ecosystems. This global distribution is possible due to the volatility of elemental mercury as
well as the solubility in water of some oxidized mercury species such as divalent mercury
(Hg(II)). These specific properties promote long-range transport enabling the presence of
mercury in remote ecosystems such as Polar Regions (Schroeder and Munthe, 1998).
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Although it is present in trace amounts (<1µg L ) in air and water, mercury organic forms,
such as methylmercury, can bio-accumulate in food webs resulting in toxic concentrations in
predators and humans. As a consequence, it is one of the main pollutants of concern in
aquatic ecotoxicology, demanding detailed research on the mercury biogeochemical cycle
and its transfer processes between environmental compartments (Qureshi et al., 2009).
Through time, mercury has been used mainly for the manufacture of industrial chemicals or
for electrical and electronic applications. It has been used in many devices as thermometers,
barometers or fluorescent lamps. Other applications include dental amalgams, taking part in
the productions of pesticides and herbicides or even as catalysts in chemical reactions
(Considine, 1976). Mercury is released to the atmosphere in many different ways that can be
grouped as either natural, anthropogenic, and re-emitted sources (AMAP/UNEP, 2013).
Natural emissions are estimated to account for between 30 and 50% of total Hg emissions to
the atmosphere from all sources (UNEP, 2008). Natural sources integrate emissions from
forest fires, volcanoes, aquatic systems, and also weathering of the Earth surfaces
phenomena. Among others, anthropogenic sources account for coal burning, metals smelting,
artisanal gold/silver mining and chlor-alkali production using Hg as sources of emissions.
Finally the re-emission of both natural and anthropogenic deposited mercury is included in the
re-emitted source (Minister of Environment and Climate Change, 2016). Since biosphere
(mainly vegetation) has both uptake, emission and re-emission status, its long-term role as
sink or source still remains uncertain. Moreover, vegetation covers almost 30% of Earth’s
surface, meaning it is a significant factor in the atmosphere-earth mercury balance, both at
global and local scales. The atmospheric mercury global trends are really difficult to measure
and control for many different reasons, of which, the lack of a wide monitoring network within
Southern Hemisphere is one of the most significant (Sprovieri et al., 2010). Different ways of
measuring mercury fluxes will be discussed in Chapter 2.1.1.
As mentioned, vegetation covers a large percentage of the Earth’s surface, which makes it
potentially an ideal surface to examine as a passive sampler. These living organisms appear
as an alternative to mainstream technical collectors. While direct instrumental measurements
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require its own availability for long period of time bringing associated costs, passive samplers
present several advantages, including: (i) reduced cost of sampling material and (ii) wide
spatial distribution both regionally and nationally (Bergamaschi et al., 2007; Lodenius, 2013).
In particular, lichens and mosses have a selection of characteristics that allow them to be
some of the most effective indicator species, Chapter 3.2. Many studies based their
methodologies on lichen and moss behaviour (Bargagli, 2016).
The effectiveness of lichens as passive samplers should be better tested under different
conditions. Pollutants absorb and desorb from surfaces depending on many biotic and abiotic
variables. Important factors that affect the stability of a pollutant on lichens may include: (i) the
type of number of chemical binding sites on the surface, (ii) photoreactions with solar
radiation, (iii) temperature and humidity effects on binding (Bargagli, 2016). Also, each
species of lichen may present different uptake and emission rates depending on its chemical
characterization, foliage surface area, or even its metabolism (Rea et al., 2002). As such, a
standardized protocol for the use of lichens in air quality monitoring is lacking.
This dissertation examines the use of Usnea lichens collected in Nova Scotia, Canada, as
passive air samplers and indicators of mercury dispersion. This thesis is specifically focused
on how abiotic climatic factors, such as radiation, temperature and humidity variations might
affect the stability of mercury in the lichen. Both controlled lab analyses and seasonal field
sampling were used in order to fill some of the research gaps referred to above.

1.2.

Thesis rational

The objective of this project is to evaluate the stability of mercury on Usnea lichens with
changes in radiation and temperature.
Several hypotheses were developed based on the objective.
Hypothesis 1: Mercury adsorbed on Usnea lichens will be photoreduced by UV-A radiation
and both the amount of reducible mercury and rate of release will be positively correlated with
its increasing intensity.
Hypothesis 2: Elemental mercury adsorbed on Usnea lichens will be released with increasing
temperature. Both the amount of elemental mercury and rate of release will be positively
correlated with temperature. UV radiation and temperature have been shown to influence Hg

0

volatilization in both water, vegetation, and soil flux studies. In most of these studies the
correlation between mercury flux, temperature, and radiation was found to be positive. Some
studies have suggested that water flux is mostly an abiotic process whereas soil flux is largely
biotic. We expect similar results for the lichen experiments.
Hypothesis 3: The amount of elemental mercury released from the wet samples will be higher
than the dry samples one. This statement refers to both the temperature and irradiation
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experiments. The aqueous environment has already proven to provide a higher rate on
mercury reactions than gaseous environment. This way, in a wet surface the total reduced
mercury is expected to be greater.
Hypothesis 4: The total mercury content of Usnea samples taken from one site over a season
will show a temporal pattern with increases through the year and losses during peak
temperature and irradiation periods (summer). Consequently, these organisms may present a
seasonal volatilization pattern.

1.3.

Thesis organization

This thesis is divided into six sections. Chapter 1 presents a brief overview and explanation
on the research of this topic as well as an organization description of this dissertation.
Chapter 2 is a focused literature review, presenting related research and focusing on factors
affecting mercury stability on lichens and vegetation. Chapter 3 presents the experimental
results and discussion of field studies and controlled lab analyses. Chapter 4 presents the
conclusions of this research work and some suggestions for future work.
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2. Literature Review
2.1.

Mercury in the Environment

Mercury is present in different forms in the environment referring to its oxidation state of
oxidation: elemental mercury Hg(0), mercurous mercury Hg(I) and mercuric mercury Hg(II).
Hg species can be altered by oxidation-reduction reactions (Schroeder and Munthe, 1998).
Through many photochemical atmospheric mechanisms, elemental mercury can be oxidized
+

2+

to a more soluble form, Hg or Hg . Monovalent mercury is unstable, quickly dissociating to
divalent mercury form when under natural atmospheric conditions. Additionally, Hg(II) is
highly soluble and tends to bind to particles and other ligands in solution such as chloride or
dissolved organic matter. Elemental and inorganic mercury can enter water bodies directly
from the atmosphere or via runoff from catchments. After this, once in the aquatic system, it
can be transformed by microbes into the most toxic and bioacumulative form, methylmercury
(MeHg) (Schroeder and Munthe, 1998).
The mercury present in the atmosphere can be divided into three main groups: gaseous
elemental mercury (GEM), reactive gaseous mercury (RGM) and total particulate mercury
(TPM). Due to its stability, GEM represents 90 to 99% of total Hg in the atmosphere.
Furthermore, it has an atmospheric residence time between 0.5 and 2 years, which allows its
transport over long distances before it is chemically transformed and deposited (Schroeder
and Munthe, 1998). RGM is the second most frequent form, representing less than 5% of the
total mercury in the atmosphere. It consists of inorganic gaseous forms of divalent Hg, as
HgO or HgCl2, which are highly reactive, depositing relatively close to their emission origin
(Schroeder and Munthe, 1998). The RGM is thought to be the mercury species most
responsible for fluxes from atmosphere to terrestrial and aquatic ecosystems (Lindberg and
Stratton, 1998). TPM, as the name suggests, integrates divalent Hg species adsorbed to
particles. Its atmospheric lifetime depends on the chemical form and particle size (Minister of
Environment and Climate Change, 2016).

2.1.1. Mercury cycle
The natural cycle of mercury starts deep in the earth making its way to the atmosphere via
volcanoes or other geologic processes. These emissions, together with the anthropogenic
ones, once in the air, will be transported, deposited or re-volatized (Lindberg et al., 2007). The
deposition integrates both terrestrial and aquatic surfaces. Once in the water, inorganic
mercury can be transformed into organic species (i.e. methylmercury) by bacteria and be
integrated into the food chain (Figure 1). The consequent process of bio magnification is one
of the most serious and important, regarding mercury cycle, at this moment. The natural cycle
will be ready to restart when mercury is deep in the sediments again (Selin, 2009). In parallel
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to the mercury natural cycle, human activities have been releasing an extra amount of
mercury, which has resulted in widespread increases of mercury in biota.

Figure 1. - Mercury cycle (Manager, 1996).

2.1.2. Mercury emissions
According to UNEP and AMAP, 2013, since the industrial revolution, Hg emissions have been
increasing exponentially and globally. In Figure 2 we can see the biggest industrial mercury
sources in 2010. It was also found the main peaks to be during winter/spring with the
exception of the Polar Regions peaking during summer instead. Spatially speaking, global
0
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background concentration of Hg is considered to be among 1.5 to 1.7 ng/m in the Northern
3

Hemisphere and 1.1 to 1.3 ng/m in the Southern Hemisphere (Lindberg et al., 2007). These
values suggest the emissions and re-emissions to occur mainly in the Northern Hemisphere.
In 2005 Asia was the highest source of anthropogenic Hg emissions with 67.8% of the total
global anthropogenic atmospheric Hg emissions, from which more than half corresponded to
China ones. Europe and North America were the second and third highest sources emitting,
respectively, 9.0 and 8.3% of the total global anthropogenic atmospheric. Among developed
countries the Hg emission trend is negative, while in countries in development, such as China
or India, the Hg emission trend is positive (AMAP/UNEP, 2013). Canada emissions have
been showing a decreasing trend from approximately 80 t in 1970 to approximately 5.6 t in
2010. More specifically, Nova Scotia has also been reducing its emissions, accounting for 384
5

Kg in 1990, 261 in 2000 and 139 in 2010 (Minister of Environment and Climate Change,
2016). When considering a regional frame, the concentration patterns tend to vary a lot,
essentially if focusing on areas highly influenced by anthropogenic sources (Sprovieri et al.,
2010).

Figure 2. - Mercury emissions from the eight highest emitting industry sectors. Data for 2010
(UNEP, 2013).

Many areas around the world have not any record of this information. Portugal is an example
of a developed country lacking this kind of measurements. Anthropogenic activities not only
augment atmospheric Hg concentrations but also favour the methylation process of mercury
(Minister of Environment and Climate Change, 2016). As it was mentioned before,
methylmercury tends to accumulate in biota and biomagnify with tropic level. This process
brings a wide range of consequences in many species particularly those in mercury-sensitive
ecosystems, such as South Central Nova Scotia (e.g. Edmonds et al., 2010).
Subsequent to increasing level of knowledge about mercury consequences, the monitoring of
atmospheric Hg has been given more and more importance, both at regional and global
scale. In order to evaluate the levels of Mercury species in the air, media and precipitation,
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plus its variation within space, time and meteorological conditions, numerous studies have
been made.

Eastern	
  Canada	
  Mercury	
  patterns,	
  Monitoring	
  Measures	
  and	
  Hotspots	
  
To keep track of emission patterns, through time, the Arctic Monitoring and Assessment
Programme (AMAP), along with other groups worldwide, such as the Northern Contaminants
Program (NCP), have gather emissions inventories for 1990, 1995, and 2000 and 2005
(Pacyna and Pacyna, 2002; Pacyna et al., 2010; AMAP/UNEP, 2013). As response to these
emission statistics and the awareness of its consequences, the federal government have
been developing several initiatives. Nowadays, Canadian regulations limiting Hg emissions
exist at federal, provincial, and municipal levels involving also the collaboration of industries
and other important entities. The closure of chlor-alkali facilities and creation of emission
standards are two examples of the measures taken to reduce internal sources. Canada is
also involved in other national and international monitoring programs. As an example, in
2010, Environment Canada designed a Risk Management Strategy for Mercury in which
several of its goals were focused on a better understanding and monitoring of mercury cycle
in the area taken (Minister of Environment and Climate Change, 2016).
North America monitoring measures are also integrated in a system called Mercury
Deposition Network (MDN), which belongs to the National Atmospheric Deposition Program
(NADP). The MDN is responsible for taking long-term data on mercury concentration present
in the precipitation within North America. Comparing with rest of the area, the eastern part of
North America has relatively low measured levels of Hg. Converging slightly more, Canada
territory is known to have 40% of total deposition from anthropogenic sources, however, 95%
of those correspond to foreign sources. Nova Scotia territory presents a deposition average of
4.2ng/L (NADP, 2014).
In the province of Nova Scotia some mercury hotspots were found. Kejimkujik National Park
is located on the Southern upland of Nova Scotia. Numerous studies in this area have shown
mercury increases in the Yellow Perch (Perca flavesvens) and Common Loon (Gavia immer).
One study suggested that this area was a mercury hotspot in North America (Evers et al.,
2007). Animals such as the Rusty Blackbird (Euphagus carolinus) (Edmonds et al., 2010) and
Little Brown Bat (Myotis lucifugus) have been found to have Hg levels above known limit to
cause adverse neurological and reproductive effects (Little et al., 2015). Furthermore, around
90% of the studied loons had mercury levels above the limit for health deficits. A
multidisciplinary study by O’Driscoll, Rencz and Lean, in 2005, found that mercury in wet
deposition, vegetation, soil and rocks within the park did not have unusually high Hg
concentrations compared to similar ecosystems within Canada. This fact suggests that, in
part, final levels are possibly controlled by methylation and retention processes in the local
ecosystem (Rencz et al., 2002). As a consequence of mercury methylation and
bioaccumulation, organisms can suffer serious toxicity problems.
7

Toxicity	
  on	
  humans	
  
Both elemental and methyl forms of mercury can have negative impacts on the nervous
system. Inhalation of elemental mercury vapour by humans, followed by its oxidation, can
have toxic effects on the nervous, digestive and immune systems and also on some organs
as lungs and kidneys, and may be fatal. Inorganic forms of mercury are harmful to the skin,
eyes, gastro-intestinal system and once again to kidney, when ingested (WHO, 2017).
Globally many people are frequently exposed to mercury in any of its forms. Human
intoxication by mercury occurs primarily by excessive consumption of fish and shellfish
containing methylmercury or through inhalation of elemental mercury vapours in industrial
processes. Among some populations (e.g. belonging to Brazil, Canada, China, Colombia,
Greenland) that rely on subsistence fishing, between 1.5/1000 and 17/1000 children display
cognitive deficits from mercury toxicity (WHO, 2017). In order to prevent situations as such, a
spatial characterization on mercury pollution is essential, allowing the identification of
hotspots and development of a monitor plan of its control.

2.2.

Mercury air-to-surface flux measurements

2.2.1. Mercury deposition
One of the most important stages of mercury cycle corresponds to its deposition. It can be
removed from the air by wet deposition, in which it goes along with precipitation or occult
precipitation (corresponding mainly fog and dew). Related to their high solubility, RGM and
TPM wet deposition is big, in opposition GEM wet deposition is relatively small. Mercury can
also be removed in a dry way, called dry deposition, and it occurs when a gas or particle
contact with a surface by sedimentation, impaction or gaseous absorption processes, binding
to it. Each process occurrence or not depends on the Hg specie (Lindberg et al., 2007) and
target surface type. For example, GEM dry deposition occurs mostly in vegetated areas.
Furthermore, while wet deposition measurement stands for a simple precipitation collection
and analyses, dry deposition contrasts with a more complex access to its measurement.
Consequently, the scarcity of these data induces models as alternative (Minister of
Environment and Climate Change, 2016). Atmospheric Hg deposition rates assume values
around 170 mg/ha/yr (Schelker et al., 2011).

2.3.

Air/surface mercury fluxes

For the past decades, as a try to give values to the fluxes among air and general surfaces,
predictive models were built, accounting each time for more variables. However, existent
modelling approaches to deposition and natural surface emissions (Lin and Tao, 2003; Bash
et al., 2004; Gbor et al., 2006) still oversimplify the real physical, biological and chemical
8

processes in the air-surface interface. In general, they treat dry and wet deposition of mercury
separately from its emission and do not account for mercury storage process (Bash,
Bresnahan and Miller, 2007). Regarding this approach, models present the surface as both
an infinite sink and source of mercury, ignoring accumulation phenomena. Bash, Bresnahan
and Miller, in 2007, presented a theoretical model that has the potential to integrate more
recent discoveries. It couples atmospheric and surface cycling processes through storage and
multimedia transport of mercury in a Dynamic Compartmentalized Surface Interface (DCSI).
The DCSI covers, in this case, mercury gradient and known surface chemistry phenomena
but it can be used for other heavy metals. There is parameters as adsorption and desorption
kinetics that are still not well inferred.

2.3.1. Mercury fluxes and vegetation
Regarding the total atmospheric Hg loss to vegetation, it is estimated that more than 90%
0

stands for gaseous Hg deposition flux onto leaf surface (Zhang et al., 2005). This suggests
that vegetation have a decisive role within atmospheric mercury balance.
Synthetically, three paths can be considered when referring to chemical uptake, in this case
mercury, by vegetation. Firstly, the Hg present in the soil can be uptaken by the roots to the
above-ground plant tissue and emitted to the atmosphere through the stomata. The second
exchange mechanism consists in the bidirectional flux of elemental mercury via leaf stomata
(Du and Fang, 1982). Once passed through inside the stomata it may bind and oxidize.
Experimental data showed that this mechanism was not limited by stomatal resistance but by
the step after, named mesophyll resistance (Du and Fang, 1982). The turnover atmospheric
concentration of Hg between uptake and emission is called compensation point, with uptake
occurring at concentrations above and emissions below that point (Hanson et al., 1995).
0

Finally, the last mechanism to consider consists in the adsorption of Hg in the leaf surface.
After this, it can either be re-volatized, washed off in precipitation or absorbed through the leaf
cuticle (Bash, Bresnahan and Miller, 2007; Converse, Riscassi and Scanlon, 2010). Globally,
the process will occur in order to reach and maintain the leaf-environment mercury equilibrium
(Lenti, Fodor and Boddi, 2002; Solymosi et al., 2004).
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Table 1 - Average Total mercury concentrations in various vegetation samples from coastal
transect study in southwest New Brunswick (Minister of Environment and Climate Change,
2016).

Type

Details

[Hg] mean (ng/g)

Deciduous foliage

4.6

Shrub foliage

11.4

Grass

25.2

Miscellaneous upland &
wetland

Coniferous foliage

23.8
Sphagnum spp.

152

Pleurozium schreberi

267

Mosses

Reindeer moss, Wax
Lichens

paper lichens
Usnea

124

244

Although these mechanisms are not valid for every vegetation species, all of them are able to
uptake and storage mercury in their tissues somehow. At a certain time, the sum of all
mercury, including all Hg species, present (adsorbed, intra or extracellular located etc.) in the
organism is called total Hg. Above, Table 1 shows the total mercury concentration values
regarding different types of vegetation. It is visible that mosses and lichens have a higher total
mercury concentration than the other vegetation types. Moreover, when comparing different
lichen species, Usnea lichens have usually a higher content of total mercury in its tissues than
most of the remaining species, see Table 2. This fact is in favour with this study.
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Table 2 - Average total mercury concentrations of lichens by species sampled in the literature.
Region
Northern Quebec
(53°–59°N)

Lichen

Various species

Northern Alaska

Cetraria

(67°–71°N)

cucullata

Alaska (64°–65°N)

Cladonia sp.

Hudson Bay (44°–

Evernia, Usnea,

56°N)

Bryoria

Victoria Land (72°–

[Hg] range
-1

[Hg] average±SD
-1

(ng g )

(ng g )

10–270

90±10

43

22–99

43±20

2010)

234±79

Graham Land (66°S)

Usnea antarctica

50–80

68±13

Greenland

Cetraria nivalis

33–89

Chilean Patagonia

Nephroma

(46°–48°S)

antarcticum

Canada

physodes

Kejimkujik National
Park, NS, Canada

Usnea sp

(Bargagli et al., 2005)

(Mão de Ferro, Mota
and Canário, 2014)

(Riget, Asmund and
Aastrup, 2000)

60±40
(Monaci et al., 2012)

Usnea sp

Hypogymnia

(Lokken et al., 2009)

(Carignan and Sonke,

80–370

80–430

New Brunswick,

(Crête et al., 1992)

(Landers et al., 1995)

Usnea antarctica

77°S)

References

120±80

(Sensen and

88-148

Richardson, 2002)

600 (max)

In addition, when comparing a forest of canopies with ground vegetation such as lichen and
moss mats, in general, these last are own higher leaf area indices and lower foliage turnover
rates, being then more efficient retaining the mercury (Minister of Environment and Climate
Change, 2016). However, this information is still surrounded with many different questions,
remaining uncertain.
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2.3.2. Factors affecting mercury adsorption/ desorption
and mercury photoreactions on vegetation
Abiotic variables such as radiation intensity and quality, temperature and moisture may
influence the adsorption/desorption processes and the photochemical redox reaction, taking
place on solid surfaces (Vost, Amyot and O’Driscoll, 2012; Pannu, R., O’Driscoll and Siciliano,
2017). UV radiation and temperature take part in the primary mechanisms controlling divalent
mercury reduction and elemental mercury volatilization in both water and on surfaces.
Properties as soil moisture content, wind speed, relative humidity, ozone or soil mercury
content, act as secondary factors, influencing the level of effect of the primary ones (Gabriel
and Williamson, 2004). All of these parameters are in general positively correlated with
elemental mercury flux in field studies, with the exception of relative humidity, which usually
tends to be inversely correlated (Gabriel and Williamson, 2004; Pannu, Siciliano and Driscoll,
2014; Mann et al., 2015; Sizmur et al., 2017).

Radiation
Solar radiation intensity and quality are two important variables controlling mercury photo
reduction processes (Amyot et al., 1994; O´Driscoll et al., 2006). Solar radiation covers a
range of wavelengths that interact with molecules. The most important type of radiation for
these mercury photoreactions is ultraviolet radiation (100 to 400 nm). Ultraviolet radiation can
be sub-divided into UV-C (100-280 nm), UV-B (280-320 nm) and UV-A radiation (320-400
nm). As the ozone layer around the Earth blocks wavelength radiation below 290 nm, only
UV-A and part of UV-B are able to reach the Earth’s surface (Kirk, 1994). Although containing
less energy, UV-A represents around 95% of UV radiation reaching Earth’s surfacing being
the remain 5% attributed to UV-B radiation (Madronich, 1992).
As was mentioned before, the abiotic reduction of Hg(II) to Hg(0) can be augmented in the
presence of radiation (Lindberg, Dong and Meyers, 2002). Initial photochemical research on
mercury was done using wide spectrum sources as solar radiation or xenon lamps, however
more recent studies have been focusing into more specific wavebands of radiation and its
effect on mercury photoreduction. Even though the visible light range can have influence on
mercury reduction phenomena, short wavelength radiation as UV radiation has been shown
to be efficient at enhancing these reactions (Amyot et al., 1994).
As an example, Carpi and Lindberg, in 1997, amended surface soil with municipal sewerage
rich in mercury and studied the divalent mercury reduction while varying sunlight intensity.
They compared shaded and non-shaded areas, resulting significantly different elemental
mercury fluxes in each type. While in shaded areas, whereas solar radiation power was 60 W
m

-2

and soil temperature 25°C, the average Hg(0) flux was 30 ng m

areas, whereas solar radiation power was 1000 W m

-2

-2

-1

h , in non-shaded

and soil temperature 45°C, the
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average Hg(0) flux was 400 ng m

-2

-1

h . More recent work on mercury interaction with soils

supports the strong correlation between radiation and mercury fluxes (Moore and Carpi, 2005;
Bahlmann, Ebinghaus and Ruck, 2006). Moreover, UV radiation bands have shown to be the
most effective.
Regarding vegetation experiments, Todd et al., 1998, showed that the Hg(0) flux from
-2

-1

vascular plants to the atmosphere ranged between 10 to 90 ng m h under natural radiation,
presenting smaller emissions in the dark. Converse, Riscassi and Scanlon, 2010, more
recently, performed experiments over a wetland meadow in Virginia, during all four seasons
of the year. Results during summer, spring and winter, showed GEM fluxes to be significantly
correlated with all measured shortwave radiation (e.g. UV radiation), while in fall just poorly
correlated. Moreover, during summer a daily pattern was recognized, once again correlating
solar radiation with Hg(0) flux. In contrast, some studies such as Fritsche et al., 2008, on
grassland, found a non-significant correlation between Hg emissions and solar radiation.
No accurate conclusions about the correlation between radiation incidence and different
exchange surfaces (e.g. water, vegetation, soil), regarding mercury reduction, are available.
However, neglecting their existence can result in an overestimation of total mercury load
(Gabriel and Williamson, 2004).

Temperature
While mercury speciation and flux can vary with radiation, other studies have also observed
that temperature can affect the rate of species conversions and adsorption/desorption on
solids. Within a specific ecosystem under natural conditions, radiation and temperature are
usually highly correlated. As such, it can be difficult to separate the individual effects of these
variables in a filed study. Since it is critical to obtain information of the kinetics of these
0

individual variables effect on Hg fluxes controlled lab studies are necessary.
Lindberg et al. (1992) analysed atmosphere and soil data from Walker Branch Watershed in
Tennessee and found that the concentration of atmospheric Hg(0) suggested a seasonal
cycle correlated with air temperature, however, mercury particulate species did not show the
similar temporal behaviour. Also in this same study, from a multiple resistance model,
resulted dry deposition velocities (Vd) for elemental mercury at Walker Branch, with values
within the range of 0.1-0.3 cm s

-1

during an optimum summer day. Similar seasonal cycles

were found in these velocities and consequently, the correlation between Vd and Hg

0

indicates that dry deposition increases significantly during summer period or at higher
temperatures. These conclusions were complemented and assured by crossing the previous
data with wet deposition information. Also Carpi and Lindberg, 1998 investigation, mentioned
before, analysed temperature variation influence through the soil study process. The results
showed that during the colder months, with an average soil temperature of 18ºC, the flux of
0

-2

Hg deposition was 4 ng m h, while during warmer period, with an average soil temperature
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0

-2

of 35ºC, the flux of Hg was 50 ng m h.
0

An updated model for estimating the bidirectional air–surface exchange of Hg , based on the
current understanding of surface resistance schemes, was presented by Wang, Lin and Feng,
in 2014. Each natural surface (e.g. water, soil, vegetation) presented a different seasonal and
daily variation. Regardless, dissolved gaseous mercury (DGM) concentration, soil organic and
Hg content, and air temperature were the most influential factors controlling the magnitude of
the atmosphere–biosphere ex-change of elemental Mercury.
In opposition, Lodenius, Tulisalo and Soltanpour-Gargari, 2003, made temperature controlled
experiments, regarding mercury contamination, on both moss and grass. Mercury adsorption
and desorption phenomena were tested on moss, only the first one being tested on grass.
Results showed a nearly linear adsorption of mercury from air into the moss and grass tissue
at room temperature and almost no significant desorption values at all temperatures tested.
Consequently, based on the weak desorption observed while in low ambient mercury
concentrations, conclusions were taken pointing out to strong and stable binding and
incorporation of mercury into the moss tissue.

Moisture	
  
Moisture has been showing several different influences when relating to Mercury fluxes. The
reduced fluxes during periods of drought suggest, once again, that climatic conditions can
influence foliar Hg’ emissions.
In the same study mentioned before in this chapter, from Lindberg et al., 1992, a link as made
between the Hg exchange process and the stomata behaviour. This had as basis the reduced
deposition fluxes during drought stress periods and came to confirm other published
laboratory data and resistance modeling approaches (Lindberg et al., 1992; Hanson et al.,
1995). Moreover, less obvious observations were made in which the dry deposition or foliar
uptake of Hgº showed to be the dominant flux when the canopy was wet with rain, fog or dew.
The cuticular uptake seemed to result from the oxidation of Hg(0) to Hg(II) on the wet surface.
The oxidation of elemental mercury into soluble forms (Hg(II)), by Ozone in aqueous phase is
a well-known process which can be associated then to dry deposition enhancement (Equation
1).
Equation 1

𝑯𝒈 𝟎 𝒂𝒒 + 𝑶𝟑 + 𝑯𝟐 𝑶 → 𝑯𝒈𝟐! + 𝟐𝑶𝑯! + 𝑶𝟐

In the presence of liquid water in the atmosphere like fog, clouds or precipitation (occult wet
deposition), small amounts of Hg(0) are dissolved, which can be oxidized in the aqueous
phase as said before (Petersen et al., 1998). Also, the reactions in the aqueous phase,
compared with gaseous phase ones, tend to occur at a higher rate due to the low solubility of
Hg(0) in water and to the low amount of liquid water in the atmosphere (Ebinghaus, 2003).
The reverse may occur due to reactions with sulphur dioxide and HO2 radicals.
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3. Mercury adsorption on lichens
3.1.

Lichen description

Lichen fossil record dates 600 million years back from now and it was found in marine
phosphorite of the Doushanto Formation at Weng’an in South China (Yuan, 2005). Lichens
were initially thought to be plants, however it is now globally accepted that they are an ancient
group of fungi (Yuan, 2005) and estimates on its species number go up to 17000 (Hale,
1974). It was discovered that they present a bipartite composition, having a fungal partner,
the mycobiont, and one photosynthetic partners, the photobiont. Furthermore, more recent
findings indicate that some lichens composition involve three or more partners (tripartite
lichens), with basidiomycete yeasts being the additional one (Spribille et al., 2016). Lichen
mycobionts are a polyphyletic, taxonomically heterogeneous group with nutritional ability.
Photobionts are usually either green algae (eukaryotic nature) or cyanobacteria (prokaryotic
nature). Depending on the type of photobiont, mechanisms such as the metabolite transfer to
the heterotrophic mycobiont and the activation of CO2, may happen differently (Nash, 2008).
The relationship between mycobiont and photobiont may be, in detail, quite complex, but
generally all lichen partners are said to share a symbiotic relationship, meaning both of them
benefit from their association. As an example, fungi benefits from carbohydrates produced by
the photobiotic partner (photosynthesis product), while this one receives protection, nutrients
and moisture from the mycobiont. This symbiotic relationship has showed to be very
successful, since lichens can be found almost in every terrestrial habitat on Earth, from the
tropics to Polar Regions, what most probably would not happen otherwise. In a general way,
lichens can be treated as individuals, even though they may be symbiotic organisms covering
three Kingdoms (Nash, 2008). Currently they are classified according to its fungal component
and so its majority belongs within the class Lecanoromycetes, Ascomycota phylum
(Miadlikowska et al., 2006).
Lichen structures have evolved to a complexity level that would have been impossible in case
of symbiosis inexistence. A wide range of different thallus (lichen body) has been developed
along time in which its appearance is defined mainly by the mycobiont. These organisms can
be divided into three main morphological groups: crustose, foliose and fruticose. Usnea lichen
belongs to fruticose group in which its thallus is characteristic to be hair-like and can grow
several meters long. Its thallus can be divided into 4 main structures (Figure 3). This type of
lichens has also a high surface to volume ratio resulting into a more rapid drying and wet
pattern (Nash, 2008).
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b
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d
a
Figure 3. - Usnea thallus: Macro body and radial cross-section of a portion of the thallus of
Usnea densirostra- a) cortex, b) algal layer, c) medulla, d) central cord (X 360).

Almost all lichen species are perennials, suggesting that they can bioaccumulate some
elements over long periods of time without seasonal interruptions. They are also estimated to
survive over 1000 years and consequently may be useful dating its substrate (Beschel, 1961).
Lichen species can grow upon several types of surfaces such as rocks, rotting wood, bare soil
or even fresh water streams (Nash, 2008). In addition, a high percentage of lichens occur as
epiphytes meaning that they grow upon other plants in a non-parasitic way. This way, they
use usually larger plants only as support feature and not as nutrition source. Since Usnea
lichen, which is the one being tested in this dissertation, is an example of epiphytic lichen, this
lichen group will be focused the most, further on.

3.1.1. Lichens exchange processes
The lichen nutrition is done through an exchange within the surrounding air. As it was said
before, the lichen thallus is composed by a stable system with both heterotrophic and
autotrophic parts. Two processes control carbon exchange: photosynthesis, in which CO2 is
fixed exclusively by the photobiont; respiration, occurring in both photo and mycobiont
components, releasing CO2 to the atmosphere. Respiration is also responsible for converting
photoproducts into substances used for growth, maintenance and energize all the processes.
Resulting from this, 40-50% of lichen’s dry mass consists of carbon. It is known that
respiration in lichens, as in other plants, increases significantly with increasing temperature
(Lambers, Chapin and Pons, 1998). Lichens may also adapt their respiration to seasonal
variations in temperature (Lange and Green, 2005).
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Regarding water exchange, unlike most plants that can maintain its water status at constant
levels, called homiohydric organisms, lichen water status varies passively with the
surrounding environmental conditions. It is then part of poikilohydric organism’s group, which
also include bryophytes or ferns. They do not have either roots or stomata to control water
exchange as most plants do. These organisms are mostly dependent on precipitation
patterns, however, lichens have also the ability to use other water sources as fog and dew or
even extract some moisture from non-saturated air (Matthes-Sears and Nash III, 1986), which
may contain nutrient and pollutant concentrations as it is going to be discussed further. This
mechanism consists on the reverse transpirational water flow and happens due to the low
osmotic value of lichens thalli when in appropriate conditions. The water moves between the
lichen and the atmosphere along a decreasing water potential gradient until lichen water
content is balanced with the surroundings (NASH et al., 1990). This process only occurs
when surrounding temperatures are relatively low, otherwise while transpiration takes place.
Finally, as with any other organism, the uptake, accumulation and processing of nutrients is
essential for the growth and development of lichens. Among the nutrients, heavy metals, such
as mercury, can also be found. Again, with the absence of roots, the soil-pool source of
nutrients is then substituted for atmospheric sources. Consequently, wet and dry deposition
processes contribute significantly as source, not only to water exchange, but also to lichen
nutrition. From wet deposition, occult precipitation is specially an important source, since its
concentration of nutrients is higher than the one of rainfall. From dry deposition, all
sedimentation, in which large particles can possibly incorporate into lichen thalli, impaction in
which smaller particles can become attached onto the lichen’s surface and direct gaseous
absorption processes are relevant (Garty, Galun and Kessel, 1979). Since these organisms
lack of stomata, they exchange gases across their entire thallus surface. Moreover lichens do
not have the waxy cuticle, but instead, an upper cortex layer of tightly interwoven fungal
hyphae (Nash, 2008).
Focusing on metallic ions, which exist mostly as cations, and in particular on mercury, its
uptake can happen in three different ways. Firstly, the metal uptake mechanism may be
through particulate entrapment. Since lichen tissues can present intercellular spaces (Collins
and Farrar, 1978), there is evidence that particles can be trapped within these spaces
(Nieboer, Richardson and Tomassini, 1978). This entrapment of metallic-rich particles is
responsible for part of the extremely high elemental loadings by lichens mentioned in the
literature (Nash, 2008). In addition, rich branching of thallus (characteristic of some species
as Usnea species) can enhance this uptake mechanism. Secondly, all Hg(II) may be taken up
by a rapid and passive process that occurs extracellularly (Nieboer, Richardson and
Tomassini, 1978). More precisely they can be kept on the cell wall, at cation exchange sites
(negatively charged sites), where, in case of saturation, an affinity competition among cations
will occur. The third potential mechanism is intracellular uptake of elements, however it has
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proved to be a slow, selective and energy-dependent process, involving much lower fluxes
than extracellular one (Beckett and Brown, 1984).

3.1.2. Mercury exchange on lichens model
Lichens cortex is normal to have organic acids and other light absorbing compounds. These
will protect the lichen by preventing the light to reach the algal zone. The lichen itself is
capable of their production and the major groups of substances involved include the β-orcinol,
para-depsides, atranorin, and chloroatranorin, the usnic acids, anthraquinones, xanthones,
pulvinic acid and derivatives (Nash, 2008). Moreover, the lichen surface is usually negatively
charged due to functional groups such as hydroxyl, phosphate, amine, sulfhydryl (Bargagli,
2016). Some of these cortical substances can be identified in a lichen mass spectrum, as
Figure 4 illustrates.

Figure 4. - Lichen mass spectrum of Lecamora sp. (high mass region). Horizontal scale =m/z
values. Vertical scale = % abundance. Molecular ion peaks: A. 4-chloronorlichexanthone; B. 4.5dichloronorlichexanthone; C. usnic acid; D. arthothelin (Nash, 2008).

Some of the processes mentioned in the previous section can then be explained with more
detail. From wet and dry deposition, GEM and RGM may be solubilized or oxidized into
multiple Hg(II) species; part of the particles can be retained in intercellular spaces, while the
remaining can be solubilized as well (Pakarinen, 1985; Bargagli, 2016). Both acid
precipitation and the organic acids produced by the lichen can be responsible for the
oxidation process, which is extracellular and occurs in the lichen cortex. Finally, the Hg(II) will
try to occupy the cation exchange sites or be reduced again, being released to the
atmosphere. Below it is presented a simple and hypothetical model of some of the exchange
Hg processes (Figure 5).
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Figure 5. - Simplified scheme of Usnea section and phenomena happening on its surface.
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3.2.

Lichen as pollution indicators

The high level of interaction between lichens and the atmosphere makes them sensitive
organisms to airborne pollutants. Some lichens will not grow in highly polluted places such as
populated areas or nearby industries. Massive lichen denudation has already been detected
in some parts of the globe and may have climatic repercussions. As an example, smelting
operations at Sudbury, Ontario, caused the loss of epiphytic lichen over a large area of the
Canadian Shield (Seaward, 1996). Such sensitivity and close relation with its surrounding air,
have gotten scientists to use lichen abundance as an indicator of atmosphere status for
decades now.
Pollutants in the atmosphere, in this case mercury, can be measured and monitored by a
range of technical air collectors or by living organisms, bioindicators, as explained before.
Since lichens do not take up metals via direct transfer from soils but by absorption from the
atmosphere, they may behave as ideal accumulative organisms, in which time-integrated Hg
accumulation rate reflects temporal variations within the atmosphere. For this reason, they
have been one of the most widely used bioindicators. They have been shown to accumulate
atmospheric pollutants at higher levels than ambient concentrations and more effectively than
a comparison with higher plants (see Table 1).
Lichens have been found to be useful providing both qualitative and quantitative data related
to airborne pollutants. Qualitative information provided by lichens was recognized earlier. For
instance, Grindon, in 1859, established correlations between the decreased predominance of
lichens and the incidence of ‘factory smoke’ in England. More recently, Cameron, Neily and
Richardson, 2007, used epiphytic lichens in order to evaluate air quality status and its
variation within Nova Scotia. Quantitative measurement capacity of lichens regarding
atmospheric pollutant’ levels, was only noticed around mid-1970’s (Wielgolaski, 1975) and
therefore research on this topic is still significantly recent.
Many studies have been done in order to establish baseline total mercury concentration data
for several regions (Saeki et al., 1977; Bargagli, Iosco and Barghigiani, 1987; Bargagli and
Barghigiani, 1991). More specifically, studies with the goal of measuring atmospheric mercury
concentrations in the surroundings of industrial sites are common in the literature (Steinnes
and Krog, 1977; Sensen and Richardson, 2002; Grangeon et al., 2012; López Berdonces et
al., 2016). Lichens have been showing to be useful at semi-quantitative monitoring pointsource mercury pollution and its dispersion. The effect of chlor-alkali facilities’ emissions is
among the most studied. Sensen and Richardson, in 2002, examined samples of
Hypogymnia Physodes collected from different substrates, such as white birch and spruce
trees in New Brunswick. In upwind areas of contamination sources mercury concentration
-1

values ranged from 88 to 148 ng g . Compared with this background, affected areas lichens
(around power generating facility and a chlor-alkali facility) showed higher mercury
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concentrations between 280 ng g

-1

-1

and 2660 ng g . The total mercury concentration

measured decreased exponentially with increasing distance from the pollution sources. Also,
in another relevant study, Usnea lichens were found to uptake more mercury than leaf litter or
tree bark (Rencz et al., 2003). The study was performed in Kejimkujik National Park, Nova
-1

Scotia, Canada and the maximum mercury concentration measured was 660 ng g , in
-1

lichens. Lower values of 5 – 60 ng g Hg were found on red maple and white pine. Also,
-1

feather mosses showed a maximum mercury concentration of 395 ng g , still lower than
lichens concentration.
It has still not been completely established how lichen patterns reflect atmospheric
concentrations since there are many factors that can influence this relationship. Unlike the
automatic samplers of atmospheric pollutants, biomonitors are able to modify their elemental
composition according to physiological, environmental and climatic conditions (Bargagli,
2016). Hence, as it was mentioned on mercury fluxes and vegetation section, external
variables as temperature and radiation may also affect metals uptake and release, by and
from lichens (Lupsina et al., 1992). Little attention has been given to the possible
translocation or to the temporary accumulation of metals in the lichens. Pakarinen, in 1985,
observed a mobile behaviour of Zn and Mn in Cladonia lichens, creating the hypothesis that
their concentrations could not necessarily have a linear and direct relation with the
atmosphere deposition rates. Moreover, Steinnes and Krog, in 1977, identified a seasonal
variation of mercury, arsenic and selenium concentrations on lichen’ monthly collected
samples, pointing to a weather conditions dependent process. Since the Hg exchange is
dependent on lichen physiological conditions, which are influenced by climatic conditions, the
mercury dynamic equilibrium between these and atmosphere denies a time-integrated
accumulation, meaning lichens may not behave as ideal bioaccumulators (Bargagli, 2016).
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4. Methods
4.1.

Site Description

All lichens were collected in The Wolfville Watershed Nature Preserve, South Mountain, Nova
Scotia, site with geographical coordinates of 45.05º N, 64.33º O, 206 m (Figure 6 and Figure
7).

Figure 6. - Nova Scotia location within Canada.

Figure 7. - Collecting location, the Wolfville Watershed Natural Preserve, NS, Canada.
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4.2.

Sampling and Storage

Usnea lichen samples were collected from mostly pine trees (genus Pinus) and balsam fir
trees (genus Abies), within a range of around 1.5-3.5m high. From 10 December, 2016 to 22
July, 2017 a small sample of lichens were sampled weekly for Total Mercury Analysis within a
th

10m radius of trees (Table 3). On 5 May 2017 a large bulk lichen sample was collected for
controlled experiments. In this bulk collection, all the Usnea lichens from 4 separate trees
were collected for use (Table 3). Lichens were sampled by hand using latex gloves and
temporarily stored in Ziploc bags for transport. Usnea individuals, with similar development
characteristics, were sampled without distinguishing the species, however the species
present at the site were predominantly Usnea longissima, Usnea trichodea and Usnea
filipendula. All the samples were transferred and let to dry passively in paper bags at room
temperature (i.e. around 23ºC).
Table 3. – Resume table of sampling process and sampling analyses.

Experiment

Date of sampling

Controlled Irradiation

5 May 2017

Number of samples tested
4 intensities X 3 samples = 12

th

1 intensity X (3 + 3) samples = 6
Controlled Temperature

Long Term Collection

th

5 May 2017

1 intensity X (3 + 3) samples = 6

10 December 2016 –

35 samples

22 July 2017

4.3.

Sample and Apparatus Preparation

After allowing the samples to dry, each one was cleaned of any foreign matter such as tree
bark, dirt, small invertebrates or spider silk. Once cleaned, the samples collected for Total
Mercury Analysis were stored in polypropylene tubes until its analysis. The rest of collected
lichens, for the controlled experiments, were re-storaged and re-labelled in paper bags until
its analysis.
3

Before use, apparatus, meaning 300 cm beakers and silicone stoppers with Teflon tubes,
were extensively rinsed with Milli-Q deionized (DI) water, placed in a 20% HCl acid bath over
24 hours and rinsed again. After this, the material was kept in a laminar flow fume hood until
its usage. Before irradiation experiments, the system was blanked for background mercury by
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irradiation with high intensity UV-A radiation until gaseous elemental mercury readings were
-3

less than the analytical detection limit (<0.01 ng m ).

4.4.

Mercury Photo-reduction Analysis

Elemental mercury concentrations, from both irradiation and temperature experiments, were
measured using a Tekran 2537A mercury vapour analyser (Tekran Corporation, Inc., Toronto,
Ontario, Canada). It uses two gold cartridge absorbers (A and B), each one intercalary
0

operating on each 5-minute sampling cycle. The desorbed Hg is then measured by a Cold
Vapour Atomic Fluorescence Spectrophotometer (I=253.7 nm) within the Tekran. This allows
track changes in recovery between traps when measuring consistent air masses This
provides duplicate sequential measurements that help confirm reliable and stable instrument
operations. The Tekran has a precision of 2% and an average analytical detection limit of
-3

-1

0.01 ng m . The air-sampling rate was set to 1 L min , meaning 5 litres of air per 5-minute
sample period. To supply mercury-free air to the Tekran 2537A, a Tekran 1010 Zero Air
Generator module was used. The Zero Air was also used as continuous input air in the
sparger to purge GEM as it was formed in both the irradiation and temperature control cells
(see Figure 9 and Figure 10).

4.4.1. Quality assurance and control
Quality assurance included blanking of the analysis system, recoveries of external gaseous
elemental mercury standards and triplicate analysis of all samples.
To verify the accuracy of the permeation source, a Tekran 2505 mercury vapour calibration
unit with digital syringe (Hamilton 700) was used. External manual injections of 10µL gaseous
0

Hg corresponding to 112 pg at 17ºC were done (n= 6 for each, A and B, trap), in a room at
21ºC. The mean recovery was 128%, with a standard deviation of 28,6 on these injections.
On the second Tekran n=5 injections were done in each trap with a global mean recovery of
118%. Moreover, an internal calibration was performed on this same instrument.

4.5.

Irradiation Control System
3

The irradiation system consisted of a 300 cm quartz beaker (6 cm in diameter and 9.6 cm in
height) with a silicone stopper and Teflon tubes, for air flow, integrated on it, placed inside a
Luzchem ORG photo-reactor maintained at a constant temperature (25 ± 1ºC) and carried
with UV-A bulbs for irradiation. The range of possible integrated spectral irradiation reaching
the future samples (inside a quartz beaker), between 320-400 nm, was measured. This was
done using an Ocean Optics USB 4000 spectra radiometer fibre optic probe. Four incidence
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radiation intensities were used (Table 4), one from an older photoreaction and the three
others using a newer one. Moreover, the solar radiation spectrum of a typical full sun day
(May 9, 2017) was measured with the same instrument. Both UV-A and solar spectra can be
seen in Figure 8. UV-A radiation approximates relatively well solar radiation on a sunny day.
The gap between 300 nm and 320 nm represents a small area loss between these. The
option of considering also UV-B, fulfilling this gap, was discarded since it would include
radiation produced below 300 nm, which would not be typical of the natural incoming radiation
spectrum. Gold trap amalgamation and atomic fluorescence spectroscopy (see Chapter 4.4)
were used to continuously measure the production of gaseous elemental mercury (GEM
reduced and released from lichens samples). Before each sample experiment, all system
components (quartz sparger, silicone stopper and Teflon tube ends) were blanked using UV3

-2

A maximum intensity (2.63x 10 µW cm ), to remove any photo reactive mercury that may
have been residual from the previous experiment.

Figure 8. - A spectral scan showing the radiation received inside a quartz sparger placed within
the photo-reactor with irradiation from 8 UVA bulbs, compared to daytime radiation received at
KIC gardens on a sunny day (May 9, 2017).

Table 4. - Characterization of the different irradiation intensities used.

Number of bulbs

Integrated

UVA

(320-400

nm)

-2

radiation intensity (µW cm )
Photoreactor 1

10

1,72x103	
  

4

1.90x103	
  

6

2,45x103	
  

Photoreactor 2

25

2.63x103	
  

8

A typical gross reduction experiment consisted of an average 3.9 g of Usnea lichen sample
from which around 0.4 g were storage in polypropylene tubes for Total Mercury Analysis. The
remaining mass (average of 3.5 g) goes into the pre-irradiated 300 ml quartz beaker and
placed inside the photo reactor. The stopper with sampling tubes was securely positioned in
the beaker with the longest tube (Zero Air inlet) dove into the lichen sample and the shorter
tube (air sampling outlet). Mercury-free air was pumped through each sample in the dark until
-3

Hg readings were below analytical detection limits (<0.01 ng m ) in order to remove any initial
gaseous elemental mercury present in the cell. Once no GEM measured, UV-A bulbs were
turned on and samples were irradiated for several hours until reaching 5 measurements in a
raw below method limit 0.01 ng m

-3

(see Chapter 4.4 and Figure 9). The remaining lichen

sample was then re-stored again in new paper bags, for future Total Mercury Analysis, in
order to compare before and after irradiation total mercury concentrations in each sample
(see Chapter 4.7).

Figure 9. – Controlled Irradiation mercury flux analysis system scheme.

In a second phase, the same experiment was done again using the highest UVA intensity
3	
  

-2

(2,63x10 µW cm ), however testing dry samples against wet samples. This way, each
sample of a triplicate was tested, firstly dry as all experiments done before, and secondly wet.
With more detail, as each dry sample reached the end of its controlled experiment, it was
taken out and wet with DI water from a spray bottle. The amount of water sprayed was
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consistent in all samples and just enough to bring the lichen thalli some humidity. After that,
the sample was reintroduced in the beaker system following the same procedure as before.
At this stage, the Tekran machine had to be exchanged by a similar one, however because
they have different calibrations and variability between them, values cannot be crossed or
compared. Moreover, in case the measurements were taking long time to reach 5 zeros in a
raw, at a certain point the cumulative curve was modelled in SigmaPlot in order to get an
approximation of the total cumulative amount or mercury that would have been released.

4.5.1. Data Collection and Interpretation
Data collected for the gross reduction analysis curve was blank-corrected when presenting
-3

values below method detection limit (<0.1 ng m ).
0

Using SigmaPlot 12, the multiple Hg measurements were plotted cumulatively such that the
graph approaches a maximum representing the whole mass of elemental mercury released
by the sample. This mass is assumed to be equivalent to the total available photo-reducible
mercury in that lichen sample. In order to find a rate constant, firstly the plots were applied a
first order kinetics curve fit (O´Driscoll et al., 2006). Equations 3.1, 3.2 and 3.3 resume this
integrated fitting curve.

d[Hg

Equation 2

From where [Hg

RED

RED

]/dt = -k[Hg

RED

]total

]/dt represents the photo-reducible mercury variation with time, [Hg

RED

]total

the total amount of photo-reducible mercury within the sample and k the first order rate
constant. Integrating this equation for a cumulative plot:

Equation 3

0

[Hg ]t= [Hg

RED

kt

]total -e [Hg

RED

0

]total <=> [Hg ]t= [Hg

0

RED

kt

]total (1- e )

0

From where [Hg ]t refers to the mass of cumulative Hg released from the lichen at a certain
-1

time t. The rate constant k will be in h and time t in hours.
In order to get a better fit to the plots, as second option, a zero order curve fit (linear
regression) was applied.

Equation 4

0

[Hg ]t= b0 + kt

-1

From where k is the mercury photoreduction rate constant in pg h .
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4.6.

Temperature control System

The temperature control system was somewhat similar to the irradiation system (see Figure 9
3

and Figure 10). It consisted as well on a 300 cm quartz beaker (6 cm in diameter and 9.6 cm
in height) with a silicone stopper and Teflon tubes, for inlet and outlet air flow, but immersed
in a temperature-controlled water bath (ThermoHakke, model K20). Given the airflow through
the beaker, the temperature inside the beaker was expected to be few degrees offset
comparing to the setting. In order to know the exact temperature inside the beaker, the
temperature was monitored with a traceable dual-channel thermometer (digital thermometer).
Simultaneously the thermometer read the water temperature (confirming the value given by
the water bath) and the temperature inside the beaker (giving the exact temperature of the
sample surroundings). Again, gold trap amalgamation and atomic fluorescence spectroscopy
(see section 3.6) were used to continuously measure the production of gaseous elemental
mercury (GEM reduced and released from lichens samples). Temperature effects on Hg

0

emissions were evaluated in dry and wet lichens at 25 and 50ºC. Before each sample
experiment, all system components (quartz sparger, silicone stopper and Teflon tube ends)
were blanked using the respective temperature to remove any mercury that may have been
residual from the previous experiment and make sure that the readings are exclusively related
to the sample. In similarity to what was explained before (chapter 4.5), a set of triplicates was
tested at each temperature, from which each sample was tested dry and then wet.
A typical gross reduction experiment consisted of an average 3.9 g of Usnea lichen sample
from which around 0.4 g were stored in polypropylene tubes for Total Mercury Analysis. The
remaining mass (around 3.5 g) was place into the pre-blancked 300 ml quartz beaker in the
water bath with at a specific temperature (25º or 50ºC). The stopper with sampling tubes was
securely positioned in the beaker with the longest tube (Zero Air inlet), at the bottom of the
lichen sample, and the shorter tube (air sampling outlet) at the top of the container (see
Figure 10). Hg(0) readings were started at this moment. The remaining lichen sample was
then re-stored again in new paper bags, for future Total Mercury Analysis, in order to
compare before and after irradiation total mercury concentrations in each sample. In these
experiments, the Tekran equipment used was the same as dry versus wet experiments in
radiometry.
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Figure 10. - Controlled Temperature mercury flux analysis system scheme.

4.7.

Total Mercury Analysis

Mercury analysis was conducted using thermal pyrolysis combined with gold amalgamation
atomic absorption analysis with a Nippon Instruments MA-2000 Mercury Analysis System.
Internal quality control included verification of calibration, blanks, and analysis of analytical
standards. The standards consisted of Certified Reference Materials (CRMs) and were run
every 12, or less, samples throughout the analysis to quantify the accuracy of the results. The
-1

CRM used was DORM-4 (Fish Protein) with mercury content of 412 ± 0.036 ng g Hg (NRCC
2015). This standard was used in this study since the total mercury in the lichen samples
analysed was found to be in its effective range. This way, n=12 DORM-4 boats were ran with
a mean recovery of = 105% and a Standard Deviation = 0.25. Within analysis batches (n=12),
the obtained results were corrected according to its respective reference materials recoveries.
A sample triplicate was also run within every sample batch to evaluate the analytical precision
(n = 12, %RSD = 10.53, SD=9.6). To calibrate the instrument, serial dilutions in L-cysteine of
a standard solution of 1000 ppm Hg(II) in from BDH Chemicals / VWR Analytical,
2

Pennsylvania, were ran. The respective calibration curve had R of linear fits of 0.94 for a 7point curve, and boat blanks and purges were non-detectable.
Before introducing the boats in the instrument, they were prepared according to the following
procedure: a base of 64% Sodium Carbonate (Na2CO3) and 36% Calcium Hydroxide
(Ca(OH)2) (Reagent M, Wako Chemicals USA, inc.) was laid down along the boat, and
longitudinal channel was formed in it using a clean spatula. The boat was then transferred to
a 4-decimal Ohaus precision balance in order to approximately add 25mg of sample along
channel previously done in the reagent. The exact value was inserted into the computer
interface of the MA-2000 for computation after analysis. Finally, the sample was covered with
29

a layer of Aluminium Oxide (Al2O3) (Reagent B, Wako Chemicals USA, inc.) and a further
layer of Reagent M on top of that. These reagents will reduce the exposure of the platinum
catalyst to halogens and acidic materials that might interfere with the analysis. The boat was
then placed into the analyser. The MA-2000 was then run to completion, and the mercury
recovery concentration data exported to an Excel sheet, along with calibration data. The
remains of the samples were then removed from the boats and disposed of. The cycle was
repeated until all samples had been analysed, intercalating with standard and purge/blank
boats as referred above.
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5. Results and Discussion
5.1.
Effects of Controlled Irradiation of
Lichens on Mercury Flux
It is important to highlight that the mass of Hg(0) released from the lichens, in both radiometry
and temperature-controlled experiments are very low. All measured amounts were integrated
to calculate the total mass release (in a pg range which is 10

-12

of a gram).

5.1.1. Temporal Flux of Mercury with Radiation
The graphs below represent the result from the controlled experiments in which each portion
of lichen was irradiated with certain intensity (Figure 11). A total of four sets of triplicates were
3

tested, each one with a different radiation - Intensity A corresponding to 1,72x10 , Int B to
3

3

3

-2

1,90 x10 , Int C to 2,45 x10 and Int D to 2,63 x10 µWatt cm . The graphs represent the
cumulative mercury released from each sample through time of each controlled irradiation. As
it can be observed, each sample took a different time of experiment, as it was explained in the
methods (chapter 4). Moreover, each sample had a different weight, which can confuse the
analyses when the results are not presented relatively to it. The mass relative to each sample
is also presented in same graphs. However, only by looking at the graphs few conclusions or
comparisons, about the samples behaviour and results, can be made. This happens mainly
because the measurements are dependent on each sample mass. As an example, the great
variability that can be noticed between samples 1, 2, and 3 from Intensity A has, at least in
part, to do with the difference of lichen mass used in each sample. A greater mass means
higher surface area, meaning consequently higher amount of mercury available to be reduced
by irradiation. Also, at first the curves shape was being tested over a long time period
whereas after it was assumed a linear behaviour, regarding a shorter timeframe. This fact
resulted in the different X and Y axis scales present in the graph (Figure 11).
Most samples took much more time than expected to finish the photokinetic experiment. The
experiments were on average 40 hours long while the expected duration was around 24
hours (based on previous solid samples studied; e.g. soils). For each set of triplicates, the
mean value of Hg (RED), is 254.9; 41.6; 576.1; 486,1 pg, respectively, regarding an
ascending order of radiation (Table 5). In a better way, 49.0; 11.6; 168; 133 pg are,
respectively again, the mean values of Hg (RED) but this time per gram of sample (Table 5).
Another factor that might have been influencing the results is the density of lichen inside the
quartz container. It was taken in account that every sample should have the same density,
however, maintaining density of the samples was note very precise or stable.
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Table 5. – Information about Total Reducible Hg in pg and pg g of sample.

Sample
replicates

Hg (RED)
(pg)

Mass of
sample (g)

Hg (RED)
per g of
sample

46,7

1,26	
  

37.1

2

74,3

3,45	
  

21.5

3

644

7,28

88.5

18,4

3,65

5.05

2

45,2

3,57

12.7

3

61,3

3,59

17.1

865

3,47

249

2

213

3,41

62.6

3

650

3,4

191

745

3,81

195

2

336

3,64

92.3

3

378

3,43

57.8

1

1

1

1

UVA (320-400nm) radiation
-2
intensity (µW cm )

A.

B.

C.

D.

1,72x10

3

1,90 x10

3

2,45 x10

2,63 x10

3

3
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Figure 11. - Record of the cumulative Hg(RED) measured every 5 minutes, from the 12 samples
irradiated with 4 different UV-A radiation intensities. Each graph corresponds to irradiation
intensities A, B, C and D, respectively.

5.1.2. Linear behaviour
Most of the sample curves did not reach a plateau as was expected from previous research
on soil and water, in which a first order fit would be most appropriate. Firstly it was done a first
2

order approximation (explanation on chapter 4.4), (R value > 0.94, p value < 0.089) and the
respective information can be seen on Annex I, Table 7 Table 8. However, the zero-order
2

approximation revealed a better fit to the curves (R value > 0.96, p value <0.0001). Summary

Table 6 provides the details of the linear fitting. It is noticeable that all constant values within
each set have short discrepancy between them with the exception of the last one, in which
the sample 2 has a really low value.

Table 6. - Information about the linear fit on Hg(RED) curves of each sample.

Sample	
  

Radiation	
  intensity	
  
-‐2
(μW	
  cm )	
  

2	
  

Linear	
  rate	
  
-1
cte	
  (pg h )	
  

Std.	
  error	
  

R

6.03	
  

0.043	
  

1.00	
  

<0.0001	
  

5.39	
  

0.044	
  

0.99	
  

<0.0001	
  

3	
  

6.84	
  

0.033	
  

0.98	
  

<0.0001	
  

1	
  

3.68	
  

0.056	
  

0.99	
  

<0.0001	
  

4.55	
  

0.030	
  

1.00	
  

<0.0001	
  

3	
  

5.93	
  

0.070	
  

0.98	
  

<0.0001	
  

1	
  

9.52	
  

0.037	
  

0.98	
  

<0.0001	
  

7.88	
  

0.093	
  

0.96	
  

<0.0001	
  

3	
  

7.62	
  

0.047	
  

0.97	
  

<0.0001	
  

1	
  

10.2	
  

0.055	
  

0.98	
  

<0.0001	
  

6.13	
  

0.048	
  

0.97	
  

<0.0001	
  

18.4	
  

0.055	
  

1.00	
  

<0.0001	
  

1	
  
2	
  

2	
  

2	
  

2	
  

3

1.72 x10 	
  

3

1.90 x10 	
  

3

2.45 x10 	
  

3

2.63 x10 	
  

3	
  

P	
  

The application of a linear fit to these curves over a short time period is appropriate given the
length of natural irradiation receive in an ecosystem. In a natural environment, the maximum
time any lichen can get irradiated by the sun in temporal latitudes would be ~12 hours. As
such, even the curves that did show the start of a plateau effect this takes place usually after
the first 12 hours of constant irradiation (see Figure 11). Regarding the mercury exchange
processes known until the moment in the lichens, it could be concluded that the extracellular
cation exchange occurs at a linear rate. This would be considering this the main air-surface
exchange mechanism within the lichen.
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5.1.3. Rate constant vs Intensity
The relation between the linear rate constants and the four irradiation intensities is positive
and significant (slope = 0.0062; p<0.05; n=12), Figure 12. Consequently, higher intensities
result in higher rate constants, meaning a faster rate of mercury release from the samples.
This positive correlation does not necessarily mean greater values of total reduced mercury in
the end but a faster reduction and release of mercury. The positive correlation observed
matches well with the published literature that has examined UV radiation effects on Hg(II)
reduction to Hg(0) in a variety of media (Carpi and Lindberg, 1997; Lindberg, Dong and
Meyers, 2002; Moore and Carpi, 2005; Bahlmann, Ebinghaus and Ruck, 2006.)

Slope	
  
Std.	
  error	
  

0.0062	
  
0.002	
  

R 	
  

2

0.3942	
  

p	
  

0.0288	
  

Figure 12 – Linear regression between radiation intensity and the cumulative Hg(0) rate of
producton (Zero-order rate constants)

5.1.4. Total Reducible Hg vs Intensity
The following graph (Figure 13) represents the correlation between the amount of Total
Reducible Mercury, during the irradiation experiment, with the different radiation intensities.
The linear correlation is significantly positive (slope = 0.144), from which we can conclude
that higher intensities of radiation are able to reduce bigger Hg mass values.
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Slope	
  

0.144	
  

Std.	
  
Error	
  

0.0483	
  

R 	
  

2

0.47	
  

p	
  

0.014	
  

Figure 13. - Correlation between the Total Reducible Mercury and the different intensities used.
Information about the linear regression.

5.1.5. % Reducible Hg vs Intensity
The values of Total Reducible Mercury were compared with the Total Mercury present in each
sample. From this, the percentage of reduced mercury was calculated (Annex I, Table 9). The
linear regression of irradiation intensities versus % mercury reduced shows a positive trend
but it is not significant (p>0.05) (see Figure 14). Analysing it in more detail (Annex I, Table 10
and Table 11), the radiation intensity showed to be a significant factor (one-way ANOVA, F=
6.028, p= 0.019) when comparing Int. B with Int. C and D (Tukey HSD, p=0.014 and p=0.09,
respectively). Important to mention that the minimum and maximum % Hg reduced are 0.003
and 0.146, respectively, representing a really low percentage (almost null) coming out of any
of the samples tested. These values may be important to proof the stability of mercury within
the lichens.

Slope	
  

6.86x10

-5

Std.	
  
Error	
  

3.35x10

-5

2	
  

0.2956

P	
  

0.0677

R

Figure 14. – Scatter plot and linear regression of irradiation intensity versus the percentage of
reducible mercury.
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5.1.6. Wet vs Dry samples experiment

A: Dry
B: Wet

Figure 15. – Average Total Reducible Mercury on A: dry and B: wet samples.

In order to examine the effect of wetting through rainfall on mercury photoreduction on the
lichens, a test was done using the photo-reactor system, comparing dry and wet lichen
samples. The graphs (Figure 15Figure 16) show the results from that test, whereas the Figure
15 is summarizing to the total amount of mercury reduced and the Figure 16 shows the
percentage of total mercury reduced. In contrast to what was expected, the dry samples
released on average 3 times more mercury than the wet samples. Similar results were
observed for the percentage of mercury released in the samples: in the wet lichens the
average mercury released is 0.2% of total mercury, in the dry lichens it increases to greater
than 0.6%. To test for significant differences between treatments, a t-test was run on the
%Hg(RED) (t=16.98, p=0.02). The explanation for such a difference may be related to the
method used in some of these tests. All the wet samples behaviour was modelled at a certain
point because of its long duration process. It is always important to highlight that what is being
discussed here is a minimum amount of mercury and the variation in between these really low
quantities. It is important to refer that in this last test, the Total Hg (RED) values measured in
-1

dry lichen samples are significantly higher (average of 1187 pg g ) than the ones measured
in the first test, regarding D (chapter 5.1.1) (average of 11 because the Tekran machine had
to be substituted (see Chapter 4.5).
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A: Dry

A: Dry

B: Wet

B: Wet

Figure 16. - Average percentage of Reducible Mercury, out of the total amount of mercury, on A:
dry and B: wet samples.

5.2.
Effects of Controlled Temperature
exposure of Lichens on Mercury Flux

A: Dry
B: Wet

Figure 17. - Average percentage of Reducible Mercury, out of the total amount of mercury, on A:
dry and B: wet samples, exposed to 25ºC and 50ºC.
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A: Dry

A: Dry

B: Wet

B: Wet

Figure 18. - Average Total Reducible Mercury on A: dry and B: wet samples, exposed to 25ºC and
50ºC.

The controlled experiments with samples’ exposure to different temperatures were done
comparing dry and wet lichen behaviour (Chapter 4). As the reducible Hg on dry samples
showed to be close to null, for a set of triplicates, under the highest temperature (50ºC), there
was no reason to test lower temperatures. Figure 17 and Figure 18 show the comparison of
reducible mercury released between wet and dry samples, under 25ºC and 50ºC, regarding
both Total Reducible Hg and its percentage, respectively. All the readings from the dry
samples exposed to 25ºC temperature were below detection limit. Analysing how the different
factors presented here interact, (Annex II, Table 12 and Table 13), the sample state (wet/dry)
showed to be a significant factor (two-way ANOVA, F= 37.498, p<0.0001), more precisely
when comparing all combination of different states and the two temperatures: 25W with 25D;
50W with 25D; 25W with 50D; 50W with 50D (Tukey HSD, p=0.011 and p=0.026, p=0.005,
p=0.011, respectively).
As can be noticed, the dry samples released a lower percentage of Hg than the wet ones.
This happened in contrast to the same test done with irradiated samples. However, in this
-1

-1

case, Reducible Hg values vary between 0.9 pg g and 14.1 pg g , whereas when irradiated
-1

-1

they varied between 357 pg g and 1187 pg g . If the reducible Hg values from irradiation
were already really low, these last from temperature experiment are even more insignificant
measurements in comparison to the total mercury in the sample. These results further
indicate the mercury stability within the lichens.
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5.3.

Long Term Site Sampling

In order to complement the cotrolled experiments done, through time several lichen samples
were collected from a common sampling location (within a 5 m radius). The objective here
would be to look for patterns (e.g. seasonal patterns) and compare them with the local climate
data. Below, the graph, Figure 19, shows the Total Hg concentration measured per g of
sample, collected through time (around 8 months), represented on the x axis. The results
showed a quite disperse and random distribution. Comparing these values and disribution
with the halifax daily temperature data records (Annex III, Figure 19), there is no direct
conclusion that can be taken. Eventhough, there is an evident increase of temperature from
2

nd

April 2017 forward. The mean temperature before that day is -2.8ºC, whereas from that

day on is 13.3ºC. Dividing also the measured Total Hg in these two same periods of time, the
-1

mean THg are 199 and 154 ng g , respectively. This slight reduction is visible in the graph
also, Figure 20. Moreover, comparing THg distribution with the halifax daily Precipitation data
records (Annex III, Figure 21), once again, there is no straight forward conclusions. However
when looking at the data, it is possible to identify two peaks. When analsing the monthly
mean values for both THg and precipitation, Table 14, it is possible to notice that that the
highest THg value (April, 228 pg) follow the highest precipitation value (March, 4.36mm). In
this case the water seems to have enhanced the process of deposition/adsorbance of
mercury within the lichens. These results do not indicate that the rainwater augmented the
mercury flux from the lichens to the surrounding air.
From Table 14, the summer months show an average of 157 pg of Total Mercury while the
winter months have an average of 183 pg, which is matching with a possible seasonal
volatilization pattern.

Figure 19. – Long term samples Total Hg concentration from December 2016 to July 2017.
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6. Conclusions
In contrast to what was expected, irradiated lichen samples released mercury as a linear
function of time. The mercury desorption process, which may be the most important
mechanism within lichens, would then be a linear rate (at least during the first ≅	
   12 hours).
Further research is needed to evaluate if this cation exchange process is, in fact, the most
important one regarding mercury exchange between lichens and the surrounding air.
Adsorption phenomena should also be considered, however, there is again a lack of
information on this sub-subject.
Higher irradiation intensities resulted in higher rate fluxes, meaning faster release of mercury
from the samples. In addition, the amount of Total Reducible Mercury was found to have a
positive correlation with the UV-A irradiation intensity. In spite of the correlations found, the
percentages total mercury that could be released from the sample ranged from ≅	
   0.01% to
1.14%, indicating he stability of the association between mercury and the lichen.
In contrast to what was expected, irradiated wet samples released less mercury than dry
ones. The percentage of Total Reduced Mercury was then lower on wet samples than on dry
samples. This experiment would have to be repeated, in better conditions, in order to reach
more accurate results and conclusions.
When exposed to different temperatures, dry lichens released a negligible amount of mercury
(<0.001%). However, in contrast to what was expected, wet lichens showed to have a three
times higher percentage of Reducible Mercury (≅ 0.006%). Regarding this, the degree of
humidity within the lichens’ surface was found to be a significant factor regarding the
Reducible Mercury percentage.
From Long Term Data it was possible to match a decrease of Total Mercury with a high
temperature period, suggesting a better release of Mercury to the atmosphere during that
period. Nonetheless more research is needed to have this conclusion confirmed. Moreover,
heavy precipitation months were followed by a period in which higher Total Mercury amounts
were measured. This can mean that the rainfall have enhanced processes, other than the
release of mercury to the surrounding atmosphere. However, this increase in the Total
Mercury amount can have been caused by other multiple reasons that are not taken into
account here. However, lichens showed to have lower Total Mercury values during the
summer months than during winter months, as it was expected initially. This way, it cannot be
assured that there is a seasonal volatilization pattern, even though some results suggest such
behaviour.
The most important conclusion, taken from the controlled experiments performed, has to do
with the fact that all measured amounts of mercury released from lichens, presented

negligible amounts in comparison with total mercury (picograms of Hg). This reinforces the
statement that mercury is a rather stable metal within lichens and, consequently, they are
likely a useful passive air sampler for mercury.
.

42

7. References
AMAP/UNEP (2013) ‘Technical Background Report for the Global Mercury Assessment’,
Technical Background Report for the Global Mercury Assessment.
Amyot, M., McQueen, D. J., Mierle, G. and Lean, D. R. S. (1994) ‘Sunlight-Induced Formation
of Dissolved Gaseous Mercury in Lake Waters’, Environmental Science & Technology,
28(13), pp. 2366–2371. doi: 10.1021/es00062a022.
Bahlmann, E., Ebinghaus, R. and Ruck, W. (2006) ‘Development and application of a
laboratory flux measurement system (LFMS) for the investigation of the kinetics of mercury
emissions from soils’, Journal of Environmental Management, 81(2), pp. 114–125. doi:
10.1016/j.jenvman.2005.09.022.
Bargagli, R. (2016) ‘Moss and lichen biomonitoring of atmospheric mercury: A review’,
Science

of

the

Total

Environment.

Elsevier

B.V.,

572,

pp.

216–231.

doi:

10.1016/j.scitotenv.2016.07.202.
Bargagli, R., Agnorelli, C., Borghini, F. and Monaci, F. (2005) ‘Enhanced deposition and
bioaccumulation of mercury in Antarctic terrestrial ecosystems facing a coastal polynya’,
Environ. Sci. Technol., 39, pp. 8150–8155.
Bargagli, R. and Barghigiani, C. (1991) ‘Lichen biomonitoring of mercury emission and
deposition in mining, geothermal and volcanic areas of Italy’, Environmental Monitoring and
Assessment, 16(3), pp. 265–275. doi: 10.1007/BF00397614.
Bargagli, R., Iosco, F. P. and Barghigiani, C. (1987) ‘Assessment of mercury dispersal in an
abandoned mining area by soil and lichen analysis’, Water, Air, & Soil Pollution, 36(1–2), pp.
219–225.

Available

at:

http://www.scopus.com/inward/record.url?eid=2-s2.0-

0023450039&partnerID=40&md5=85c3887708cd07586de6d7620239f648.
Bash, J. O., Bresnahan, P. and Miller, D. R. (2007) ‘Dynamic surface interface exchanges of
mercury: A review and compartmentalized modeling framework’, Journal of Applied
Meteorology and Climatology, 46(10), pp. 1606–1618. doi: 10.1175/JAM2553.1.
Bash, J. O., Miller, D. R., Meyer, T. H. and Bresnahan, P. A. (2004) ‘Northeast United States
and Southeast Canada natural mercury emissions estimated with a surface emission model’,
Atmospheric Environment, 38(33), pp. 5683–5692. doi: 10.1016/j.atmosenv.2004.05.058.
Beckett, R. P. and Brown, D. H. (1984) ‘The Control of Cadmium Uptake in the Lichen Genus
Peltigera’,

Journal

of

Experimental

Botany,

35(156),

pp.

1071–1082.

doi:

10.1093/jxb/35.7.1071.
Bergamaschi, L., Rizzio, E., Giaveri, G., Loppi, S. and Gallorini, M. (2007) ‘Comparison

between the accumulation capacity of four lichen species transplanted to a urban site’,
Environmental Pollution, 148(2), pp. 468–476. doi: 10.1016/j.envpol.2006.12.003.
Beschel, R. E. (1961) ‘Dating rock surfaces by lichen growth and its Application to Glaciology
and Physiography’.
Cameron, R. P., Neily, T. and Richardson, D. H. S. (2007) ‘Macrolichen Indicators of Air
Quality for Nova Scotia’, 14(1), pp. 1–14.
Carignan, J. and Sonke, J. (2010) ‘The effect of atmosphericmercury depletion events on the
de- position flux around Hudson Bay, Canada.’, Atmos. Environ., 44, pp. 4372–4379.
Carpi, A. and Lindberg, S. E. (1998) ‘Application of a Teflon® dynamic flux chamber for
quantifying soil mercury flux: Tests and results over background soil’, Atmospheric
Environment, 32(5), pp. 873–882. doi: 10.1016/S1352-2310(97)00133-7.
Carpi, a and Lindberg, S. E. (1997) ‘Sunlight mediated emission of elemental mercury from
soil amended with municipal sludge’, Environmental Science and Technology, 31(n° 7), pp.
2085–2091.
Collins, C. R. and Farrar, J. F. (1978) ‘Structural Resistances to Mass Transfer in the Linhen
Xanthoria Parietina’, in New Phytologist, pp. 2684–2694.
Considine, D. M. (1976) Van Nostrand’s Scientific Encyclopedia. New York.
Converse, A. D., Riscassi, A. L. and Scanlon, T. M. (2010) ‘Seasonal variability in gaseous
mercury fluxes measured in a high-elevation meadow’, Atmospheric Environment. Elsevier
Ltd, 44(18), pp. 2176–2185. doi: 10.1016/j.atmosenv.2010.03.024.
Crête, M., Lefebvre, M. A., Zikovsky, L. and Walsh, P. (1992) ‘Cadmium, lead,mercury and
137Cs in fruticose lichens of northern Quebec’, Sci. Total Environ., 121, pp. 217–230.
Du, S. H. and Fang, S. C. (1982) ‘Uptake of elemental mercury vapor by C3 and C4 species’,
Environmental

and

Experimental

Botany,

22(4),

pp.

437–443.

doi:

10.1016/0098-

8472(82)90054-5.
Ebinghaus, R. (2003) ‘Investigations on the Environmental Chemistry of Atmospheric Mercury
on Local, Regional and Global Scales’.
Edmonds, S. T., Evers, D. C., Cristol, D. a., Mettke-Hofmann, C., Powell, L. L., McGann, A.
J., Armiger, J. W., Lane, O. P., Tessler, D. F., Newell, P., Heyden, K. and O’Driscoll, N. J.
(2010) ‘Geographic and Seasonal Variation in Mercury Exposure of the Declining Rusty
Blackbird’, The Condor, 112(4), pp. 789–799. doi: 10.1525/cond.2010.100145.
Evers, D. C., Han, Y.-J., Driscoll, C. T., Kamman, N. C., Goodale, M. W., Lambert, K. F.,
Holsen, T. M., Chen, C. Y., Clair, T. a. and Butler, T. (2007) ‘Biological Mercury Hotspots in
the Northeastern United States and Southeastern Canada’, BioScience, 57(1), p. 29. doi:
10.1641/B570107.
44

Fritsche, J., Obrist, D., Zeeman, M. J., Conen, F., Eugster, W. and Alewell, C. (2008)
‘Elemental

mercury

fluxes

over

a

sub-alpine

grassland

determined

with

two

micrometeorological methods’, Atmospheric Environment, 42(13), pp. 2922–2933. doi:
10.1016/j.atmosenv.2007.12.055.
Gabriel, M. C. and Williamson, D. G. (2004) ‘Principal biogeochemical factors affecting the
speciation and transport of mercury through the terrestrial environment’, Environmental
Geochemistry and Health, 26(3–4), pp. 421–434. doi: 10.1007/s10653-004-1308-0.
Garty, J., Galun, M. and Kessel, M. (1979) ‘Localization of Heavy Metals and Other Elements
Accumulated

in

the

Lichen

Thallus’,

New

Phytologist,

82(1),

pp.

159–168.

doi:

10.1111/j.1469-8137.1979.tb07571.x.
Gbor, P. K., Wen, D., Meng, F., Yang, F., Zhang, B. and Sloan, J. J. (2006) ‘Improved model
for mercury emission, transport and deposition’, Atmospheric Environment, 40(5), pp. 973–
983. doi: 10.1016/j.atmosenv.2005.10.040.
Grangeon, S., Gu??dron, S., Asta, J., Sarret, G. and Charlet, L. (2012) ‘Lichen and soil as
indicators of an atmospheric mercury contamination in the vicinity of a chlor-alkali plant
(Grenoble, France)’, Ecological Indicators. Elsevier Ltd, 13(1), pp. 178–183. doi:
10.1016/j.ecolind.2011.05.024.
Grindon, L. H. (1859) The Manchester Flora. Edited by William White. London.
Hale, M. E. (1974) The Biology of Lichens. 2nd edn. London: Edward Arnold.
Hanson, P. J., Lindberg, S. E., Tabberer, T. A., Owens, J. G. and Kim, K. H. (1995) ‘Foliar
exchange of mercury vapor’:, 1, pp. 373–382.
Kirk, J. T. O. (1994) ‘Optics of UV-B radiation in natural waters’, Arch. Hydrobio. Beih.
Errgebnisse de Limnologie, 43, pp. 1–16.
Lambers, H., Chapin, F. S. and Pons, T. L. (1998) ‘Photosynthesis, Respiration, and LongDistance Transport’.
Landers, D. H., Ford, J., Gibala, C., Monetti, M., Lasorsa, B. K. and Martinson, J. (1995)
‘Mercury in vegetation and lake sediments fromthe US Arctic’, Water Air Soil Pollut., 80, pp.
591–601.
Lange, O. L. and Green, T. G. A. (2005) ‘Lichens show that fungi can acclimate their
respiration to seasonal changes in temperature’, pp. 11–19. doi: 10.1007/s00442-004-1697-x.
Lenti, K., Fodor, F. and Boddi, B. (2002) ‘10.1023@A@1020143602973.pdf’.
Lin, X. and Tao, Y. (2003) ‘A numerical modelling study on regional mercury budget for
eastern North America’, Atmospheric Chemistry and Physics, 3(1), pp. 535–548. doi:
10.5194/acpd-3-983-2003.
Lindberg, S., Bullock, R., Ebinghaus, R., Engstrom, D., Feng, X., Fitzgerald, W., Pirrone, N.,
45

Prestbo, E. and Seigneur, C. (2007) ‘A synthesis of progress and uncertainties in attributing
the sources of mercury in deposition.’, Ambio, 36(1), pp. 19–32. doi: 10.1579/00447447(2007)36[19:ASOPAU]2.0.CO;2.
Lindberg, S. E., Dong, W. and Meyers, T. (2002) ‘Transpiration of gaseous elemental mercury
through vegetation in a subtropical wetland in Florida’, Atmospheric Environment, 36(33), pp.
5207–5219. doi: 10.1016/S1352-2310(02)00586-1.
Lindberg, S. E., Meyers, T. P., Taylor, G. E., Turner, R. R. and Schroeder, W. H. (1992)
‘Correction [to “Atmospheric-surface exchange of mercury in a forest: Results of modeling
and gradient approaches” by S. E. Lindberg et al.]’, Journal of Geophysical Research,
97(D13), p. 14677. doi: 10.1029/92JD01221.
Lindberg, S. E. and Stratton, W. J. (1998) ‘Atmospheric Mercury Speciation  : Concentrations
and Behavior of Reactive Gaseous Mercury in Ambient Air’, Environmental Science and
Technology, 32(1), pp. 49–57. doi: doi:10.1021/es970546u.
Little, M. E., Burgess, N. M., Broders, H. G. and Campbell, L. M. (2015) ‘Distribution of
mercury in archived fur from little brown bats across Atlantic Canada’, Environmental
Pollution. Elsevier Ltd, 207(September), pp. 52–58. doi: 10.1016/j.envpol.2015.07.049.
Lodenius, M. (2013) ‘Use of plants for biomonitoring of airborne mercury in contaminated
areas’,

Environmental

Research.

Elsevier,

125,

pp.

113–123.

doi:

10.1016/j.envres.2012.10.014.
Lodenius, M., Tulisalo, E. and Soltanpour-Gargari, A. (2003) ‘Exchange of mercury between
atmosphere and vegetation under contaminated conditions’, Science of the Total
Environment, 304(1–3), pp. 169–174. doi: 10.1016/S0048-9697(02)00566-1.
Lokken, J. A., Finstad, G. L., Dunlap, K. L. and Duffy, L. K. (2009) ‘Mercury in lichens and
reindeer hair from Alaska: 2005–2007 pilot survey’, Polar Rec., 45, pp. 368–374.
López Berdonces, M. A., Higueras, P. L., Fern??ndez-Pascual, M., Borreguero, A. M. and
Carmona, M. (2016) ‘The role of native lichens in the biomonitoring of gaseous mercury at
contaminated sites’, Journal of Environmental Management, 186, pp. 207–213. doi:
10.1016/j.jenvman.2016.04.047.
Lupsina, V., Horvat, M., Jeran, Z. and Stegnar, P. (1992) ‘Investigation of mercury speciation
in lichens.’, The Analyst, 117(3), pp. 673–5. doi: 10.1039/an9921700673.
Madronich, S. (1992) ‘Implications of recent total atmospheric ozone measurements for
biologically active ultraviolet radiation reaching the Earth’s surface’, 19(1), pp. 37–40.
Mann, E. A., Mallory, M. L., Ziegler, S. E., Avery, T. S., Tordon, R. and Driscoll, N. J. O.
(2015) ‘Photoreducible Mercury Loss from Arctic Snow Is In fl uenced by Temperature and
Snow Age’. doi: 10.1021/acs.est.5b01589.

46

Mão de Ferro, A., Mota, A. M. and Canário, J. (2014) ‘Pathways and speciation ofmercury in
the environmental compartments of Deception Island, Antarctica.’, Chemosphere, 95, pp.
227–233.
Matthes- Sears, U. and Nash III, T. H. (1986) ‘The ecology of Ramalina menziesii. V.
Estimation of gross carbon gain and thallus hydration source from diurnal measurements and
climatic data’, Canadian Journal of Botany, 64(Table l), pp. 1698–1702.
Miadlikowska, J., Kauff, F., Hofstetter, V., Fraker, E., Grube, M., Hafellner, J., Reeb, V.,
Hodkinson, B. P., Kukwa, M., Lucking, R., Hestmark, G., Otalora, M. G., Rauhut, A., Budel,
B., Scheidegger, C., Timdal, E., Stenroos, S., Brodo, I., Perlmutter, G. B., Ertz, D., Diederich,
P., Lendemer, J. C., May, P., Schoch, C. L., Arnold, A. E., Gueidan, C., Tripp, E., Yahr, R.,
Robertson, C. and Lutzoni, F. (2006) ‘New insights into classification and evolution of the
Lecanoromycetes (Pezizomycotina, Ascomycota) from phylogenetic analyses of three
ribosomal RNA- and two protein-coding genes’, Mycologia, 98(6), pp. 1088–1103. doi:
10.3852/mycologia.98.6.1088.
Minister of Environment and Climate Change (2016) Report. Canada.
Monaci, F., Fantozzi, F., Figueroa, R., Parra, O. and Bargagli, R. (2012) ‘Baseline element
composition of foliose and fruticose lichens along the steep climatic gradient of SW Patagonia
(Aisén Region, Chile).’, J. Environ.Monit., 14, pp. 2309–2316.
Moore, C. and Carpi, A. (2005) ‘Mechanisms of the emission of mercury from soil: Role of UV
radiation’, Journal of Geophysical Research Atmospheres, 110(24), pp. 1–9. doi:
10.1029/2004JD005567.
NADP

(2014)

‘hg_Conc_2014.pdf’.

Available

at:

http://nadp.sws.uiuc.edu/maplib/pdf/mdn/hg_Conc_2014.pdf.
Nash,

T.

H.

(2008)

Lichen

Biology,

Cambridge

University

Press.

doi:

10.1146/annurev.micro.58.030603 .123730.
NASH, T. H., REINER, A., DEMMIG-‐‑ADAMS, B., KILIAN, E., KAISER, W. M. and LANGE, O.
L. (1990) ‘The effect of atmospheric desiccation and osmotic water stress on photosynthesis
and dark respiration of lichens’, New Phytologist, 116(2), pp. 269–276. doi: 10.1111/j.14698137.1990.tb04714.x.
Nieboer, E., Richardson, D. H. S. and Tomassini, F. D. (1978) ‘Mineral Uptake and Release
by Lichens: An Overview’, 81(2), pp. 226–246.
O’Driscoll, N. J., Rencz, A. N. and Lean, D. R. S. (2005) Mercury Cycling in a WetlandDominated Ecosystem: A Multidisciplinary Study. SETAC.
O´Driscoll, N., Siciliano, S. D., Lean, D. R. S. and Amyot, M. (2006) ‘Gross Photoreduction
Kinetics of\rMercury in Temperate Freshwater\rLakes and Rivers: Application to a\rGeneral
Model of DGM Dynamics’, Envirnomental Science & Technology, 40, pp. 837–843.
47

Pacyna, E. G. and Pacyna, J. M. (2002) ‘Water, Air, and Soil Pollution’, 137, pp. 149–165.
Pacyna, E. G., Pacyna, J. M., Sundseth, K., Munthe, J., Kindbom, K., Wilson, S.,
Steenhuisen, F. and Maxson, P. (2010) ‘Global emission of mercury to the atmosphere from
anthropogenic sources in 2005 and projections to 2020’, Atmospheric Environment. Elsevier
Ltd, 44(20), pp. 2487–2499. doi: 10.1016/j.atmosenv.2009.06.009.
Pakarinen, P. (1985) ‘Mineral element accumulation in bog lichens’, in Lichen Physiology and
Cell Biology. New York: Plenum Press, pp. 185–192.
Pannu, R., O’Driscoll, N. J. and Siciliano, S. . (2017) ‘Factors affecting mercury volatilization
from Canadian soils’, in Canadian National Mercury Science Assessment.
Pannu, R., Siciliano, S. D. and Driscoll, N. J. O. (2014) ‘Quantifying the effects of soil
temperature , moisture and sterilization on elemental mercury formation in boreal soils’,
Environmental Pollution. Elsevier Ltd, 193, pp. 138–146. doi: 10.1016/j.envpol.2014.06.023.
Petersen, G., Munthe, J., Kumar, A. V. and Bloxam, R. (1998) ‘A COMPREHENSIVE
EULERIAN

MODELING

FRAMEWORK

FOR

AIRBORNE

MERCURY

SPECIES  :

DEVELOPMENT AND TESTING OF THE TROPOSPHERIC CHEMISTRY MODULE ( TCM
)’, 2310(97).
Qureshi, A., MacLeod, M., Scheringer, M. and Hungerbühler, K. (2009) ‘Mercury cycling and
species mass balances in four North American lakes’, Environmental Pollution, 157(2), pp.
452–462. doi: 10.1016/j.envpol.2008.09.023.
Rea, A. W., Lindberg, S. E., Scherbatskoy, T. and Keeler, G. J. (2002) ‘Mercury accumulation
in foliage over time in two northern mixed-hardwood forests’, Water, Air, and Soil Pollution,
133(1–4), pp. 49–67. doi: 10.1023/A:1012919731598.
Rencz, A. N., Hall, G. E. M., Peron, T., Telmer, K. and Burgess, N. M. (2002) ‘in the
Terrestrial and Aquatic Components of a Wetland Dominated Ecosystem  : Kejimkujik Park ,
Nova’, (2001), pp. 271–288.
Rencz, A. N., Hall, G. E. M., Peron, T., Telmer, K. and Burgess, N. M. (2003) ‘Spatial
Variation and Correlations of Mercury Levels in the Terrestrial and Aquatic Components of a
Wetland Dominated Ecosystem: Kejimkujik Park, Nova Scotia, Canada.’, (2001), pp. 271–
288.
Riget, F., Asmund, G. and Aastrup, P. (2000) ‘The use of lichen (Cetraria nivalis) and moss
(Rhacomitrium lanuginosum) as monitors for atmospheric deposition in Greenland.’, Sci. Total
Environ., 245, pp. 137–148.
Saeki, M., Kunii, K., Seki, T., Sugiyama, K., Suzuki, T. and Shishido, S. (1977) ‘Metal Burden
of Urban Lichens’, 266, pp. 256–266.
Schelker, J., Burns, D. A., Weiler, M. and Laudon, H. (2011) ‘Hydrological mobilization of

48

mercury and dissolved organic carbon in a snow-dominated, forested watershed:
Conceptualization and modeling’, Journal of Geophysical Research: Biogeosciences, 116(1),
pp. 1–17. doi: 10.1029/2010JG001330.
Schroeder, W. H. and Munthe, J. (1998) ‘Atmospheric mercury - An overview’, Atmospheric
Environment, 32(5), pp. 809–822. doi: 10.1016/S1352-2310(97)00293-8.
Seaward, M. R. D. (1996) A century of Mycology. Cambridge: Cambridge University Press.
Selin, N. E. (2009) ‘Global Biogeochemical Cycling of Mercury: A Review’, Annual Review of
Environment

and

Resources,

34(1),

pp.

43–63.

doi:

10.1146/annurev.environ.051308.084314.
Sensen, M. and Richardson, D. H. S. (2002) ‘Mercury levels in lichens from different host
trees around a chlor-alkali plant in New Brunswick, Canada’, Science of the Total
Environment, 293(1–3), pp. 31–45. doi: 10.1016/S0048-9697(01)01135-4.
Sizmur, T., Mcarthur, G., Risk, D., Tordon, R. and Driscoll, N. J. O. (2017) ‘Gaseous mercury
fl ux from salt marshes is mediated by solar radiation and temperature’, Atmospheric
Environment. Elsevier Ltd, 153, pp. 117–125. doi: 10.1016/j.atmosenv.2017.01.024.
Solymosi, K., Lenti, K., My??liwa-Kurdziel, B., Fidy, J., Strza??ka, K. and B??ddi, B. (2004)
‘Hg2+ reacts with different components of the NADPH:protochlorophyllide oxidoreductase
macrodomains’, Plant Biology, 6(3), pp. 358–367. doi: 10.1055/s-2004-817893.
Spribille, T., Tuovinen, V., Resl, P., Vanderpool, D., Wolinski, H., Aime, M. C., Schneider, K.,
Stabentheiner, E., Toome-Heller, M., Thor, G., Mayrhofer, H., Johannesson, H. and
McCutcheon, J. P. (2016) ‘Basidiomycete yeasts in the cortex of ascomycete macrolichens’,
Science, 353(6298), pp. 488–492. doi: 10.1126/science.aaf8287.
Sprovieri, F., Pirrone, N., Ebinghaus, R., Kock, H. and Dommergue, A. (2010) ‘A review of
worldwide atmospheric mercury measurements’, Atmospheric Chemistry and Physics, 10(17),
pp. 8245–8265. doi: 10.5194/acp-10-8245-2010.
Steinnes, E. . and Krog, H. . (1977) ‘Mercury , Arsenic and Selenium Fall-Out from an
Industrial Complex Studied by Means of Lichen Transplants’, 28(2), pp. 160–164.
Todd, L. L., Taylor, G. E. J., Mae, S. G. and Fernandez, G. C. J. (1998) ‘Mercury and plants in
contaminated soils: 1. uptake, partitioning, and emission to the atmosphere’, Environ. Toxicol.
Chem., 17, pp. 2063–2071.
UNEP, chemicals branch (2008) The Global Atmospheric Mercury Assessment  : Sources ,
Emissions and Transport. Geneva.
Vost, E., Amyot, M. and O’Driscoll, N. . (2012) ‘Photoreactions of mercury in natural waters’,
in Lui, G., Cai, Y., and O’Driscoll, N. J. (eds) Environmental Chemistry and Toxicology of
Mercury. John Wiley and Sons, pp. 193–218.

49

Wang, X., Lin, C. J. and Feng, X. (2014) ‘Sensitivity analysis of an updated bidirectional airsurface exchange model for elemental mercury vapor’, Atmospheric Chemistry and Physics,
14(12), pp. 6273–6287. doi: 10.5194/acp-14-6273-2014.
WHO

(2017)

Mercury

and

health

-

Fact

sheet.

Available

at:

http://www.who.int/mediacentre/factsheets/fs361/en/ (Accessed: 24 May 2017).
Wielgolaski, F. E. (1975) ‘BIOLOGICAL INDICATORS ON POLLUTION The major pollution
problems , both of air and water , occur in the vicinity of urban centres , although longdistance pollution from these centres will , in many cases , also be important , particularly air
pollution ( ’, 1, pp. 63–79.
Yuan, X. (2005) ‘Lichen-Like Symbiosis 600 Million Years Ago’, Science, 308(5724), pp.
1017–1020. doi: 10.1126/science.1111347.
Zhang, H. H., Poissant, L., Xu, X. and Pilote, M. (2005) ‘Explorative and innovative dynamic
flux bag method development and testing for mercury air-vegetation gas exchange fluxes’,
Atmospheric

Environment,

39(39

SPEC.

ISS.),

pp.

7481–7493.

doi:

10.1016/j.atmosenv.2005.07.068.

50

8. Annexes
Annex I - Radiometry
First	
  order	
  approximation	
  	
  
Table 7. - First order fit information for each irradiated sample.
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Table 8. - First order rate constants vs Radiation Intensity linear regression information.
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Table 9. – Reducible Mercury percentage calculation for each irradiated sample.
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3,449	
  
7,275	
  
3,813	
  
3,640	
  
3,429	
  
3,645	
  
3,566	
  
3,585	
  
3,466	
  
3,408	
  
3,403	
  

0,029	
  
0,014	
  
0,068	
  
0,082	
  
0,046	
  
0,052	
  
0,003	
  
0,007	
  
0,011	
  
0,146	
  
0,036	
  
0,144	
  

One-‐way	
  ANOVA	
  
Given the percentage values were so low, a transformation was made using Arcsin of SQRT.
The result was:
Table 10. – Results from the one-way ANOVA test done on the %Hg(RED).

	
  

df	
  

Min	
  Squares	
  

F	
  

p	
  

Radiation	
  Intensity	
  
Residual	
  

3	
  
8	
  

0.032	
  
0.005	
  

6.028	
  

0.019	
  

To evaluate exactly which groups were significantly different from others, a Tukey HDS test
was done, resulting:

Table 11. - Results from the Tukey HDS test.

Radiation	
  Intensity	
  

p	
  

1-‐2	
  
1-‐3	
  
1-‐4	
  
2-‐3	
  
2-‐4	
  
3-‐4	
  

0.361	
  
0.162	
  
0.736	
  
0.014	
  
0.090	
  
0.571	
  

Annex II - Temperature
Two-‐way	
  ANOVA	
  
Given the percentage values of Hg(RED) out of Total Hg were so low, a transformation was
done using Arcsin of SQRT. The result was:
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Table 12. - Results from the two-way ANOVA test done on the %Hg(RED).

Variable	
  

df	
  

F	
  

p	
  

Temperature	
  

1	
  

0.885	
  

0.374	
  

State	
  

1	
  

37.498	
  

<0.001	
  

Temperature*state	
  

1	
  

0.001	
  

0.981	
  

To evaluate exactly the correlation between all groups and which ones were significantly
different from others, a Tukey HDS test was done, resulting:

Table 13. - Results from the Tukey HDS test.

Factor	
  correlations	
  

p	
  

50D-‐25D	
  

0.913	
  

25W-‐25D	
  

0.011	
  

50W-‐25D	
  

0.026	
  

25W-‐50D	
  

0.005	
  

50W-‐50D	
  

0.011	
  

50W-‐25W	
  

0.901	
  

50-‐25	
  

0.374	
  

W-‐D	
  

<0.001	
  

Annex III
Climate	
  factors	
  

Figure 20. - Halifax daily mean temperature from December 2016 to July 2017.
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Figure 21. - Halifax daily mean precipitation from December 2016 to Juy 2017.

Table 14. – Comparison between monthly mean values of Total Hg measured within Long Term
lichen samples and of precipitation records from Halifax.

Month	
  

Total	
  Hg	
  (pg)	
  

Precipitation	
  (mm)	
  

December	
  

184,2982667	
  

2,896774194	
  

January	
  

202,9832333	
  

3,825806452	
  

February	
  

164,36225	
  

March	
  

227,84155	
  

April	
  

	
  

160,8984	
  

	
  

4,357692308	
  
2,570967742	
  

	
  

	
  

0,91	
  

May	
  

157,5964857	
  

3,548387097	
  

June	
  

172,532	
  

2,83	
  

July	
  

140,93386	
  

3,269230769	
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