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Abstract 
Tree rings are widely recognised as passive environmental archives able to record the atmospheric 

composition and reflect the signal of the major pollutants with yearly resolution. This characteristic 

of trees and its efficacy has been tested in the current investigation. The case study of the village of 

Klosters was chosen to check the hypothesis that two groups of Norway spruce trees growing in 

relatively similar environmental conditions but exposed to two different quantities of atmospheric 

pollution from traffic exhausts, will store a dissimilar amount of pollutants within their tree rings. In 

order to verify this hypothesis, a combination of multiple analytical techniques was implemented to 

identify the signal of specific elements and isotopes usually associated with road traffic pollution. 

The Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) was performed to 

verify the presence and signal of several heavy metals, often found in vehicles exhausts or released 

by the wear of the engines. The nitrogen isotope analysis gave insights into the concentration of the 

δ15N isotope, which depending on the emitting sources can be more or less depleted. Finally, the 14C 

analysis depicted the sites’ dilution effects generated by the emissions of radioactively dead CO2. 

However, the radiocarbon analysis revealed that in the site exposed to lower quantities of traffic 

pollution the growth of Norway spruces is limited by the availability of CO2 rather than nitrogen, 

which is very often the case for most of the forested ecosystems. The results of the three analyses did 

not reflect the expectations of the initial hypothesis, since changes and differences in traffic volumes 

do not seem to produce major discrepancies in the recorded data of tree rings. Such lack of response 

in tree rings is possibly ascribable to the various limitation encountered in the current research for 

each of the applied method.  
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1  Introduction 
 

1.1  Emissions from anthropogenic burning of fossil fuels 
Anthropogenic activities revolving around the burning of fossil fuels are the major drivers for 

atmospheric pollution, and among those, road traffic has been proven to be the most prominent one, 

especially in urban environments (Al-Thani and Koç, 2018; Cheung et al., 2010; Coufalík et al., 2019; 

Sawidis et al., 2011). The exhausts emitted by the combustion of fossil fuels within the engine of 

vehicles usually consist of a mixture of different substances, including carbon (C), nitrogen and 

sulphur oxides (NOx, SOx), hydrocarbon, aldehydes, organic acids, and heavy metals (Krzyżanowski 

et al., 2005). Parts of these are emitted under the form of particulate matter (PM). The repercussions 

of this type of emission are often manifested mainly at the local level, showing an elevated level of 

environmental toxicity (Krzyżanowski et al., 2005). Moreover, the emitted components have the 

potential to develop into secondary and more deleterious substances (Sassykova et al., 2019).  

 

1.1.1 Polluting emissions of road traffic 

1.1.1.1 Emission of heavy metals 

Usually, in the exhaust of engines, traces of lead (Pb), copper (Cu), manganese (Mn), zinc (Zn), 

cadmium (Cd), chromium (Cr) and nickel (Ni) are to be expected; however, their concentration is 

highly dependent on the type of fuel used (Agarwal et al., 2011; Coufalík et al., 2019). For example, 

Cd, Ni, Pb, and vanadium (V) are mainly contained into the raw oil – such as mineral diesel (Coufalík 

et al., 2019). Other heavy metals, as in the case of Cu, might be increased during the refining process, 

whereas, if the fuel is stored in metal tanks there is a chance of increasing the amount of iron (Fe) and 

Zn (Coufalík et al., 2019). Mercury (Hg) is another element that is often part of road dust sediments 

(Huber et al., 2016), due to the fact that it can be contained in petroleum-derived products, such as 

fuels – sometimes even in relevant quantities (Brandão et al., 2005; García et al., 2017). The type of 

fuel has also an influence over the emitted elements and their proportions; titanium (Ti) has been 

reported to be mainly present in the exhaust of diesel originated fuels, whereas Cu and calcium (Ca) 

are predominantly bounded to the exhaust from gasoline powered engines (Wang et al., 2021). 

Nevertheless, the quantity of heavy metals released in the atmosphere from the exhaust’s gases of the 

engine is not only dependent on their presence and concentration into the fuel itself. Relevant amounts 

of heavy metals that are also emitted through the tailpipe, e.g., Ca, Mn and Zn, come from the 

lubricating oils of the engine, in which they are usually employed as additives (Cheung et al. 2010; 

Coufalík et al., 2019). Zn in this context also serves the purpose of reducing the wear of metallic 

components (Coufalík et al., 2019). As a matter of fact, the wear of all the metallic parts of the engine, 

in particular pistons and pistons rings, as well as friction bearings and cylinder liners, represent 

another important source for the emission of heavy metals (Coufalík et al., 2019). In this case Cu, Fe, 

Pb are mainly released; Cr, Mn and Zn might also be emitted but in smaller quantities (Coufalík et 

al., 2019).  

 

1.1.1.2 Emission differences between gasoline- and diesel-powered engines  

The international market is mainly dominated by two different types of engines, which are powered 

either by diesel fuel or petrol/gasoline. In Switzerland, according to the most recent estimates 

provided by the Swiss Federal Statistical Office (n.d.), 29.6% of the vehicles that circulate on the 

national road network is powered by diesel, whereas the majority (around 66.3%) is petrol powered. 
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The combustion of the former type of fuel within vehicles’ engines results in the emission of a higher 

percentage of particles released in the atmosphere (Slezakova et al., 2013). The largest portion of PM 

emitted by the activity of diesel fuelled engine, up to 90%, consists of fine and ultrafine particles, 

with a strong preponderance of the latter (Coufalík et al., 2019). The reason diesel powered engines 

are more polluting while driving depends on the specific features of the engine itself; the fuel droplets 

in the combustion chamber tend to combust only partially (Sawidis et al., 2011), in particular during 

cold start and transient phases (Myung and Park, 2012). As a matter of fact, the catalytic converters 

need to reach a temperature of at least 300°C, in order to attain 97% of efficiency in filtering pollutants 

emissions (Walters et al., 2015). Therefore, in these phases, during which the target temperature is 

not reached yet, the emission of particles remains particularly high, accounting for 60-80% of the 

total emissions (Walters et al., 2015). Nonetheless, gasoline powered engines tend to also have 

irregular levels of particle emissions depending on the situation under which the engine is performing 

– in specific conditions petrol powered engines can potentially be more polluting than diesel-powered 

ones; e.g., when a gasoline-powered vehicle travels at more than 120 km/h or during acceleration 

phases the two types of engines appear to have the same level of impact in terms of particles emission 

(Slezakova et al., 2013). 

 

1.1.1.3 Role of Catalysts 

Exhaust fumes from vehicle engines are particularly polluting for the environment, and thus, in order 

to curb the number of toxic particles emitted, catalysts were developed. However, studies from the 

last decades highlighted that despite the aim of their design, catalysts could also be actively releasing 

harmful compounds (Liu et al., 2015; Rauch et al., 2005). Liu et al. (2015) demonstrated that this is 

the case for vanadium-based catalysts, since while operating, particles of their coating materials 

(which include V) are released in the atmosphere. An analogue situation was found for the platinum-

group elements (PGE) catalysts (Rauch et al., 2005). Although originally PGE catalysts were believed 

to be harmless for the environment, Rauch et al. (2005) proposed in their study that the main active 

elements of the catalyst, i.e., palladium (Pd), platinum (Pt) and rhodium (Rh), were infiltrating into 

the vegetation located along the roadside and threatening the local ecosystems. In addition, it has been 

proven that a high presence of metallic elements within fuels, such as Hg (Brandão et al., 2005; García 

et al., 2017), can lead to a decreased efficiency of the catalyst, resulting in decreased number of 

filtered pollutants and in higher emission of heavy metals (Santos et al., 2011).  

External factors can also have an influence on the volume of pollutants emitted – including heavy 

metals and PM. The type and age of the vehicle, as well as the style of driving, coupled with engine 

load speed seems to be the most impactful factors for what concerns the quantity of the exhaust 

(Coufalík et al., 2019). Moreover, Rönkkö et al. (2014), proved that there are some driving conditions 

that can also affect the dimension of the emitted particles. In fact, the situations in which the speed 

of a vehicle is adjusted by the so-called “motor brake” are responsible for 20 to 30% of all the emitted 

particles bigger than 3nm, even though in that moment the engine is not powered by fuel (Rönkkö et 

al., 2014).  

In terms of air quality, in Switzerland, in the 40-year timespan from 1980 to 2020, several major 

progresses have been made in the reduction of pollution levels. For example, thanks to the 

introduction of the 3-way catalysts in the 1980s, the emissions of NOx decreased by 62%; CO dropped 

by 86%; and non-methane volatile organic compounds declined by 74% (Bass et al., 2021). 

Diminishing the legally permitted content of sulphur in fuels strongly contributed to the abatement 

of the atmospheric emissions of SO2, which since 1980 plummeted by 96%; For the same time period, 

improvements in agricultural practices helped to reduce the emissions of NH3 by 34% (Bass et al., 

2021). 
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1.2  Implications of traffic pollution on human health 

1.2.1 Detrimental effects of Particulate matter 
The definition of PM is based neither on their chemical composition or their structure, nor on the 

emitting source; but rather on the dimension of the particles, more specifically, their diameter (Grantz 

et al., 2003). As a result, PM is a mixture of different molecules having high variability in terms of 

chemical composition and size (Grantz et al., 2003). PM are particles having an aerodynamic diameter 

(AD) of less than 10 μm. Therefore, every molecule fulfilling the latter definition can be classified as 

PM.  

Particles can be categorised as follows: 

1) The particles that have an AD bigger than 10 μm are not considered PM. Although not being 

harmless, they have been reported to not be as dangerous as PM, possibly because bigger particles 

are stopped and trapped by the upper respiratory apparatus, and later expelled (Rabl and Spadaro, 

2000); 

2) PM10 have an AD ranging from 10 μm to 2.5 μm, and unlike the larger ones, these are able to 

infiltrate deeper into the human body, possibly reaching bronchi and bronchiole (Rabl and Spadaro, 

2000), when not stopped in the upper airways – i.e., nasal cavities (Lee et al., 2014); 

3) Fine particles (PM2.5), have an AD ranging from 2.5 μm to 0.1 μm (Rabl and Spadaro, 2000) and, 

thanks to their smaller size, they can reach the alveoli within the lungs and consequently spread to 

the cardiovascular system (Lee et al., 2014); 

4) Lastly there are the ultrafine particles (PM0.1), also known as nanoparticles, which have an AD 

smaller than 0.1 μm (Lee et al., 2014; Slezakova et al., 2013). As is the case with PM2.5, nanoparticles 

are able to reach the surface of the alveoli and from there they can spread within the body through 

the bloodstream, reaching extrapulmonary organs and the lymphatic system (Slezakova et al., 2013). 

Brain, hearth, liver, reproductive organs, and intestine might be targeted by ultrafine particles (Zhang 

et al., 2015).  

Within the wide array of particles that are encompassed under the definition of PM, several chemical 

compounds can be found – including elemental carbon and organic carbon (Zhang et al., 2015). The 

chemical constitution of PM is often solidly correlated with the particle size – even though, as 

previously mentioned, they are not discriminated by their chemical properties (Grantz et al., 2003). 

As a matter of fact, trace elements and heavy metals, such as Pb, fall often under the category of PM10 

(Grantz et al., 2003). NOx and sulphur oxide (SOx) are classified into the category of fine particles 

(Grantz et al., 2003). PM0.1 are usually composed of trace metals, ammonium, sulphates, nitrates, and 

organic compounds (Slezakova et al., 2013).  

 

1.2.2 Effects of traffic-related pollution on human health 
The atmospheric pollution caused by the combustion of fossil fuels has become a concerning problem 

for public health. According to the most recent data collected by the World Health Organisation 

(WHO), in 2016, the premature death of roughly 4.2 million individuals could be reconducted to air 

pollution (WHO, 2018). It has been reported that an increase in PM concentration similar or above 

10 mg/m3 could have a significant impact on the level of mortality, with a growth of 0.8% (Ibald-

Mulli et al., 2002). This means that high levels of exposure to fine particles can lead, in the worst 

cases, to higher mortality rates (Rabl and Spadaro, 2000), thus decreasing the overall life expectancy 

(Di et al., 2017). PM is responsible for cardiovascular and heart diseases, cellular DNA damage 

(Zhang et al., 2015), strokes, blood pressure problems (Ibald-Mulli et al., 2002; Lee et al., 2014) in 
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addition to the aggravation of pre-existing diseases. Their adverse effects appear to intensify and 

worsen in individuals which are already struggling with respiratory diseases, such as asthma (Ibald-

Mulli et al., 2002). The reason for the negative effects of PM could be reconducted to its chemical 

constituents (Zhang et al., 2015). If the PM is formed by a combustive process (Slezakova et al., 

2013), it often contains polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and heavy 

metals (Zhang et al., 2015). In the latter case, the presence of specific metallic elements such as Fe 

and Cu, can also induce the development of lungs cancer (Coufalík et al., 2019). 

Moreover, a link has been found between the surface area of particle and its incidence on human 

health (Ibald-Mulli et al., 2002; Slezakova et al., 2013; Zhang at al., 2015). The gravity of the 

consequences for the health seems to be indirectly proportional to the dimension of the particle 

(Slezakova et al., 2013), the smaller the particle, the greater is the severity of the repercussions in 

terms of health.  

 

1.3  Implications of traffic pollution on environmental health 
Road traffic, and especially the engine’s exhausts, exert important health damages to the whole 

surrounding environment (Bernhardt-Römermann et al., 2006; Bignal et al., 2007) independently 

from size or shape of the leaves; all trees seem to be affected likewise. Vehicular traffic can affect 

the nearby vegetation in direct ways, such as through the exhausts of the engines which are then 

absorbed by foliar uptake; or indirectly, by the construction and maintenance of road which alters the 

biogeochemistry of the soil and its hydrology (Lee et al., 2012). Motorway traffic is often the cause 

of increases in heavy metal concentrations, environmental enrichment of nitrogen (N) as well as 

higher levels of soil moisture and pH (Lee et al., 2012).  

Nitrogen is one of the major drivers in forest and vegetation changes, since the more N is available, 

the more trees will tend to accumulate biomass and will colonize soil patches more intensively 

(Bernhardt-Römermann et al., 2007). Abrams (2011) reported that in Austria, in the last 60 years 

most of the growth increase of forest is to be reconducted not to climate change and the related global 

warming, but rather to the eutrophication caused by the increased rates in N deposition over the 

environment. Each deposited kilogram of N promotes an increase of stem wood between 20 and 40 

kilograms (Abrams, 2011). The growth surplus is reflected in the overall increased width of the tree 

rings, making the analysis of growth patterns based on tree rings less intuitive and more complicated 

to implement (Ferretti et al., 2002). This is due to the fact that the fertilisation effect caused by N 

results in a homogenisation of the tree ring width, thus partially burying the growth pattern of the 

tree. Species with higher tolerance for N levels are more favoured by this type of condition and will 

therefore outcompete the other plants species (Lee et al., 2012). Shifts in species dominance has been 

reported as a consequence of the loss in species richness (Lee et al., 2012; Bernhardt-Römermann et 

al., 2006). In addition, N was proved to have phytotoxic effects over the environment (Stewart et al., 

2002), to induce acidification and to increase the vulnerability to droughts (Clark and Tilman, 2008; 

Paoletti et al., 2010). Clark and Tilman (2008) discovered that, if the N depositions are constant 

throughout multiple years, their negative effects will occur with acute symptoms even at slightly 

higher deposition rates than the natural ones. A decrease in species richness is also caused the use of 

salt for de-icing the roads (Truscott et al., 2005), which by increasing the soil pH, it favours the 

settling of species that are more tolerant towards such environmental conditions (Lee at al., 2012). 

Thus, traffic roads exert a relevant stressing effect over the environment, which leads to a more 

homogenised composition of both the surrounding vegetation – i.e., by decreasing the species 

richness – as well as the internal composition – i.e., by smoothing the width variations of tree rings.   
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The effects and the quantity of the pollutants infiltrating into the biosphere has been proven to 

decrease exponentially according to the distance of the emitting source (Bignal et al., 2007; Saurer et 

al., 2004). Effects over the vegetation are more pronounced in proximity of the highly trafficked roads 

– i.e., motorways –, particularly within 50-100 m (Bignal et al., 2007), and up to 200 m (Bernhardt-

Römermann et al., 2006; Truscott et al., 2005). Going further away from the emitting source the 

effects are much more mellowed due to the filtering protection offered by canopies of the trees 

(Bernhardt-Römermann et al., 2007). As a matter of fact, Bignal et al. (2007), assessed that the 

damages presented by oak (Quercus petraea) and European beech (Fagus Sylvatica L.) depend on 

the plant distance from the motorway. The authors observed that trees closer to the traffic source were 

more prone to show severe foliage damage – both in terms of leaf decolouration and crown 

defoliation, as well as insects’ perpetrated damages.  

 

1.4  Trees’ role as passive pollutants archives  

1.4.1  Pollutants deposition in forest ecosystems 
In comparison to biomes with low vegetation structures, such as grasslands, forests tend to have a 

higher deposition rate of pollutants due to their irregular shape, which acts as a remarkably effective 

filter (Bobbink et al., 2010). It is not by chance that trees are widely recognised as potentially very 

efficient barriers able to stop the spreading of PM (Gomez Moreno et al., 2019; Lee et al., 2012; Yin 

et al., 2011). Thanks to their elevated level of surface roughness, trees are particularly suited to 

increase dry and turbulent deposition of particulate matter, mostly PM10 and PM2.5 with a strong 

preponderance of the former (Gomez Moreno et al., 2019).  

When located near a polluting source and protected from precipitation events, trees tend to 

accumulate the highest rate of pollutants. During rainfall events, the majority of PM laying on the 

foliage surface can be washed away and more likely become immobile in the soil; thus, new PM can 

deposit on the leaves again. If the PM that was trapped by the foliage is resuspended, e.g., due to 

strong winds, the capturing effect of the plant will result to be marginal (Przybysz et al., 2014). 

Interestingly, these atmospheric conditions seem to not have an effect over the accumulation on the 

bark of the tree. The bark in fact has a porous structure which allows for elevated accumulation of 

PM, without having to cope with wind and rainfall events. Furthermore, the bark appears to not be 

affected by the potential health threats posed by the polluting agents (Sawidis et al, 2011). 

Coniferous species (and Pinus sylvestris L. in particular) are better suited for air mitigation purposes 

than broadleaf species, because the former can still be effective even during the winter months, when 

the concentration of PM is often peeking. Furthermore, the aerodynamic properties of coniferous 

trees, having complex shoot structures and needles, are also considered to be important factors for 

their higher capture efficacy. The elevated efficiency of P. sylvestris however comes with a cost, 

resulting in increased amount and severity of physiological damages, which might be linked to their 

higher susceptibility to heavy metals, such as Fe (Przybysz et al., 2014).  

  

1.4.2 Tree absorption of pollutants   
In the last few decades, trees have aroused the interest of researchers due to their potentially unique 

role as environmental archives, which could be useful for the reconstruction of local pollution 

chronologies (Cherubini et al., 2021; Ferretti et al., 2002; Mihaljevič et al., 2011). First of all, it is 

important to mention the key distinctive characteristic of trees. In temperate regions, as a matter of 

fact, they do grow by one tree-ring every year, a so-called annual ring. The ring is usually split into 

two areas having a different colour; the first one is the earlywood which is characterised by a light 
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colouration due to its cells having a large diameter and small cellular wall (Fritts 1971). Normally, 

the earlywood grows in spring, at a relatively fast pace. During the summer months and autumn, a 

darker and slower growing type of wood forms, i.e., the latewood, which as opposed to earlywood, 

consists of cells having small diameter and thick cell walls (Fritts, 1971; Higuchi, 1997). There are 

exceptional occasions however, of severe stress for the plant – due to diseases, competition or adverse 

climatic conditions – in which the ring only grows in parts of the stem, a so-called phenomenon of 

missing ring verifies (Novak et al., 2016). Based on their growing characteristics, there are various 

aspects of trees that could reveal noteworthy information. These are divided into two distinct 

categories: the physical properties of the tree ring, such as the width, the anatomical features of the 

wood or the wood density, and the chemical properties, which include the elemental composition of 

the tree rings (i.e., dendrochemistry) and the study of stable isotopes and their translocation within 

the rings (Ferretti et al., 2002; Turkyilmaz et al., 2019).  

Several studies have confirmed the ability of trees to absorb the pollutants present in the atmosphere, 

as well as the soil, and store them within their tree rings, respecting the proportions of the chemical 

composition of soil and atmosphere (Bindler et al., 2004; Locosselli et al., 2018; Mihaljevič et al., 

2011; Perone et al., 2018; Sawidis et al., 2011; Turkyilmaz et al., 2019; Watmough 1996).  

Thus, considering that trees can reflect the atmospheric elemental composition with yearly resolution, 

they do have the potential to be a particularly good proxy for atmospheric pollution trend (Mihaljevič 

et al., 2011; Turkyilmaz et al., 2019; Watmough et al., 1996). Different investigations have shown 

that using trees for long-term exposure studies to reconstruct the environmental pollution levels – 

depending on the situation – can be easier (e.g., sampling) and cheaper than using other archives, 

such as sediments, ice, or peat (Bindler et al., 2004; Locosselli et al., 2018). Moreover, trees have two 

other practical advantages. Firstly, they have a remarkably high spatial resolution, due to the fact of 

being widespread all over the globe and across a multitude of different biomes (Bindler et al., 2004; 

Sawidis et al., 2011). Secondly, trees tend to be long lived species, which in some cases can live up 

to thousands of years (Turkyilmaz et al., 2019). This feature can be useful when investigating 

polluting events having an important impact over the environment, even a few decades after its 

conclusion (Sawidis et al., 2011).  

 

1.4.3  Monitoring of heavy metals in tree rings 
Dendrochemistry offers the possibility to study the presence of isotopes and trace elements, such as 

heavy metals, in tree rings. It has been often confirmed that heavy metals tend to leave tangible and 

specific signatures behind, making them easily detectable (Ferretti et al., 2002).  

Trees have the ability to take up elements from the surrounding environment, and therefore heavy 

metals too (Binda et al., 2021). Trace elements are primarily absorbed from the soil by the root system 

of the tree; however, the uptake can also take place at the level of the crown (from the atmosphere 

and through the leaves), or even through the bark (Binda et al., 2021). 

Nonetheless, if the atmospheric concentration of pollutants emitted by the source is particularly dense 

and abundant in a relatively small area, e.g., of highly trafficked roads (Turkyilmaz et al., 2019), the 

uptake of heavy metals may involve upper parts of the trees (e.g., leaves) rather than the roots 

(Mihaljevič et al., 2011). In these circumstances, trees have the potential to be used as a monitoring 

tool for heavy metal concentrations in the atmosphere of a specific geographic location (Mihaljevič 

et al., 2011; Turkyilmaz et al., 2019). 
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1.4.4  Investigation of stable isotopes in tree rings 
In addition to the tracing of heavy metals, several stable isotope ratios can be investigated through 

dendrochemistry, such as carbon, nitrogen, oxygen, or hydrogen (Savard, 2010). For this type of 

investigation an Isotope Mass Ratio Spectrometry (IRMS) is utilised (Binda et al., 2021). This 

technique requires usually a pre-treatment of the samples, in which they are also separated in 

individual annual rings (Binda et al., 2021). Carbon isotopes are often analysed in studies focused on 

investigating the atmospheric pollution, since the CO2 taken up by trees is directly absorbed from the 

atmosphere through the leaves (Savard, 2010). Similarly, there is potential in this field for the use of 

N isotopes as well, as it has been documented by Amman et al. (1999) and Saurer et al. (2004). 

However, due to the fact that N is taken up by both the leaves from the atmosphere and by the roots 

through absorption from the soil, this aspect might affect the interpretation of the results. The 

elements stored in the soil in fact do not always reflect the respective concentration in the atmosphere 

(Savard, 2010). Moreover, the concentrations of chemical compounds from anthropogenic pollution 

have to be discriminated from the natural fluctuations of the element in the atmosphere and the 

pedosphere (Savard, 2010). 

 

1.4.5  Limitations of tree rings in atmospheric pollution studies 

Trees have the potential to be considered as environmental archives. However, since they are living 

organisms, they are not passive (Binda et al., 2021; Watmough, 1997). Physiologic interactions of 

biological and chemical nature take place within trees (Binda et al. 2021). 

Tree rings, despite having a concrete array of advantages, are not always a perfect method of choice 

to study the historical trends of air pollution (Ferretti et al., 2002; Mihaljevič et al., 2011; Sawidis et 

al., 2011). Bindler et al. (2004) concluded that the use of dendrochemistry to investigate the presence 

of trace elements is not a suitable tool for monitoring the variation of environmental pollution. The 

authors stated that the application of dendrochemistry on trace elements has poor potential for the 

investigation of historic atmospheric pollution, although it must be considered that the chosen 

sampling location for their study do not appear to have locally important sources emitting Pb isotope 

(the trace element chosen for their investigation). Many studies confirmed that relevant local sources 

of air pollutions, having high resilience to various environmental conditions and the presence of plants 

with sufficient tissue to be analysed are necessary factors (e.g., Beramendi-Orosco et al., 2013; 

Ferretti et al., 2002; Mihaljevič et al., 2011).  

Nonetheless, the situation is not always straightforward to assess; there are some elements, such as N 

and oxygen that can be taken up by both the root and the foliar system (Binda et al., 2021). This 

complicates the matter, since the response of trees that absorb the element of interest through a deep 

root system is delayed in respect to the environmental changes taking place in the atmosphere (Binda 

et al., 2021; Watmough, 1999). Furthermore, in such circumstances of absorption from a deep root 

system, there is a subsequent sap transport of the chemical element within the vessels (Mihaljevič et 

al., 2011), which could lead to the radial translocation of the particle within the sapwood (Locosselli 

et al., 2018; Mihaljevič et al., 2011). Radial translocation implies that the pollutant may cross tree-

ring boundaries and move to the adjacent ring of the one formed in the current year of the pollutant 

uptake. Cutter and Guyette (1993) highlighted six factors that are responsible for the movement of 

elements within the xylem: i) ion solubility, ii) sapwood-heartwood equilibrium concentrations, iii) 

charge/ionic radius ratio, iv) essential nature, v) sap pH, and vi) bonding in the xylem matrix. 

According to Locosselli et al. (2018), owing to the fact that radial translocation is a required process 

for the development of heartwood, trees showing a visible section of heartwood are also more 

susceptible to radial translocation. Interestingly, the transition from heartwood to sapwood can 
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potentially arise at different time along the same circumference (Cutter and Guyette, 1993). The 

thickness of the sapwood in fact varies between and within species, since it depends on different 

stresses (such as hormonal or hydric), as well as genetic and environmental factors (Cutter and 

Guyette, 1993).  

Some heavy metals – defined as essential elements – such as Cu and Zn have the tendency to 

accumulate in the sapwood, while other – nonessential – such as Cd and Pb do not show this pattern 

of accumulation in the sapwood (Watmough, 1999). Coniferous species appears to be less affected 

by translocation issues, due to the physiology of this wood type, which present a fewer number of 

parenchymal rays – which are responsible for the radial translocation (Binda et al., 2021). 

Additionally, Watmough (1999) reported that the concentration of trace metals could also be 

dependent on at least two more factors: the age of the tree and the presence of wounds. As a matter 

of fact, the presence of a damage causes the tree to react and thus in the interested region of the plant 

the concentration of essential metals (i.e., Cu and Zn) might result particularly high (Watmough, 

1999). 

On the one hand, it is true that some tree species are better than others for dendrochemical analyses, 

depending on the scope of the research, however one must adapt to the resources present in-situ 

(Cutter and Guyette, 1993). The choice of the tree species might be restricted by the singular 

characteristics of the study area, thus, there is the possibility that the most suitable species for the task 

might not be locally available for the study (Cutter and Guyette, 1993). On the other hand, as 

highlighted by Watmough (1997) sometimes the element concentration within a tree differs for every 

individual even in the same site. The reason is that there are many variables that come into play when 

using trees as environmental proxies, such as the soil characteristics (Beramendi-Orosco et al., 2013), 

the hydrology and the canopy structure (Watmough, 1997). All these can influence the fitness for the 

task for a specific tree, and potentially affect the results of an investigation. 

 

1.5  Case study: The village of Klosters 

1.5.1  Description of Klosters and its characteristics  
The municipality of Klosters (46°52′12.633″ N 9°52′55.533″ E) is located in the canton of 

Graubünden, Switzerland. It is an alpine community, which lays in the upper Landquart valley, at 

1200 m a.s.l. of elevation (Gemeinde Klosters, n.d). With 219.8 km2, the territory of the municipality 

is fairly vast, and it covers most of the upper catchment area of the Landquart river (Gemeinde 

Klosters, n.d). Klosters is surrounded by mountains whose peaks (often surpassing the 3’000 m a.s.l. 

threshold) mark its territorial the boundaries (Gemeinde Klosters, n.d). According to the Köppen 

classification of climate, Klosters belongs to the subtype “Cfb”, Marine West Coast Climate, and is 

characterised by an average yearly temperature of 2.2 °C (12.8°C and -9.4 °C during the warmest and 

coolest month respectively) and a total average rainfall of 840 mm per year (Weatherbase, n.d.). 

With roughly 4’600 inhabitants, it is the second biggest community in the region of Prättigau/Davos 

after the municipality of Davos itself. Klosters, along with the neighbouring town of Davos, is best 

known for being an attractive location for tourists. According to a recent report of the private firm 

BAK Economics AG (2018), published on behalf of Canton Graubünden, the region of Davos – 

Klosters was included in the top ten’s most attractive destinations for the winter season in the whole 

alpine region – therefore including not only Swiss resorts but also the ones of every alpine country. 

During summer, the touristic attractiveness of Davos – Klosters is not as strong as in the winter 

months, however it still ranks far above average compared to the other locations in the alpine region 

(BAK Economics AG, 2018). As a matter of fact, Davos – Klosters has been regarded as an 

international holiday destination for more than a century (Davos-Klosters, n.d.). In the 1950’s there 
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were already more than 1.5 million overnight stays in the region (Davos-Klosters, n.d.). The 

destination was, and still is, particularly popular among American celebrities of the cinematographic 

industry, as well as the British Royal Family (Davos-Klosters, n.d.).  

In the relatively small context of the Canton Graubünden, the region of Davos – Klosters is considered 

to be a major hub for tourism (BAK Economics AG, 2018). In the season of 2016/2017 (which 

includes summer 2016 and winter 2016/2017) the total number of overnight stays surpassed 2.5 

million with a growth of 1.75% in comparison to the previous season (Klosters Tourismus, 2016-

2017).  Almost half million of these tourists chose to spend their holydays in the accommodations 

offered by the municipality of Klosters (Klosters Tourismus, 2016-2017). The tourism industry is 

crucial for the region.  For the public sector, in the business season of 2016/2017, tourism related 

activities generated around 3 million CHF of income for the public finances of Klosters – this number 

does not consider the revenue for the private sector, only the public gains (Klosters Tourismus, 2016-

2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The village possesses various point of strength, which are attractive for tourists. Remarkable is the 

elegance of the old village’s buildings, the recreational activities offered and the peaceful character 

of the surrounding nature (Davos-Klosters, n.d.), displayed in Figure 1.  

 

1.5.2  Klosters’ traffic burden  
The fact that Klosters and Davos are both located along Prättigauerstrasse (the national road A28), 

represents an issue for the former village, as many of the tourist that aim to spend their vacation in 

Davos, often come from the north, (i.e., the Swiss plateau) and travel with private vehicles. Therefore, 

they have to pass through Klosters in order to reach their destination, creating a condition, which, due 

to the important growth of the tourism industry in the 20th century, became progressively more and 

more problematic for the local community.  

Figure 1: Panorama of Klosters (source: ETH-Bibliothek Zürich, Bildarchiv / 

Photographer: Krebs, H.). 
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As a matter of fact, in the second half of the 20th century, the communities of Küblis, Saas and Klosters 

– all located along the national road A28 – were indeed concerned that the growing popularity among 

tourists of the Prättigau/Davos region could backfire and ruin the touristic attractiveness of their 

villages. This potential backlash was especially noticeable during the peaks of traffic in the winter 

weekends, situations in which the road, that for the most part was at least a century old (Tiefbauamt 

des Kantons Graubünden, 1991), could count up to 17'000 transits (Engler, 2005). Thus, the emission 

thresholds for toxic engine exhausts were often reached and, occasionally, exceeded. The situation 

was deemed problematic firstly because it posed numerous challenges for the livelihood of the local 

population, such as the overloading of the ways of communication, the negative effects of engine 

exhausts for both human beings and the surrounding environment, the noise pollution from traffic, a 

higher chance of being involved in an accident, and the increased difficulty for rescue vehicles to 

circulate freely (Tiefbauamt des Kantons Graubünden, 1991). Secondly, the development goals for 

the regional touristic industry decided by the Federal Government, the Canton, and the local 

authorities aimed to a different direction (Tiefbauamt des Kantons Graubünden, 1991). The main idea 

was to encourage the growth of a “sanfter tourismus” (sustainable tourism) based on weeklong stays 

rather than daily ones – which is focused on using a private mean of transportation instead of a public 

one (Tiefbauamt des Kantons Graubünden, 1991). However, the recent trend showed a situation in 

contrast with the one envisioned by the regional plans, the resorts of Davos-Kloster were attracting 

primarily tourists coming with a private vehicle who would not stay overnight in a touristic 

accommodation nearby (Tiefbauamt des Kantons Graubünden, 1991).  

To further worsen the traffic situation, in November 1999, the Vereina Tunnel was inaugurated. The 

Vereina line is a 20 km long railway, known as “Vereina Autoverlad” (Vereina car transporter), which 

connects Klosters-Selfranga, in the Prättigau region, with Sagliains in the Engadin Valley. The 

opening of this new connection shortens the travel time from Zürich to the Lower Engadin (Dünser, 

n.d.). Moreover, it grants an all-year-round connection between the two regions, which is especially 

important when the Flüela and the Julier Pass are closed for the winter season (Dünser, n.d.). The line 

itself has been particularly successful. As it is visible form Figure 2, it transported 306'000 vehicles 

during its first year of operation and grew considerably, up to 529'000 in 2019. Nonetheless, this 

important result does come with a price, which is expressed with a pronounced growth of road traffic 

volumes for the Prättigau region.  

Already during the 1980s the outlook of the traffic situation appeared grim, and with the perspective 

given by the evolutions of the touristic trend as well as the opening of the Vereina line, the condition 

in the future could only worsen. In Figure 3 the forecasts for the traffic development on the 

Prättiguauerstrasse, made in 1990, are displayed. The estimations show that in 2005 traffic for both 

weekdays and weekend would increase as much as 60%, for an average total growth of 70%, and one 

fifth of this amount was to be directly attributed to the opening of the Vereina Tunnel (Tiefbauamt 

des Kantons Graubünden, 1991). For this reason, the affected communities were highly incentivised 

to find a long-lasting solution, without undermining the regional touristic vocation.  
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Figure 2: Number of vehicles transported through the Vereinatunnel from its inauguration in 1999 until 2019 (own 

representation, data source: Rohner, S., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

1.5.3  Construction of the bypass road (A28) 
At the beginning of the 1960s, the local authorities started to develop a plan that would mitigate the 

adverse effects of traffic in the Prättigau region (Gemeinde Klosters, n.d. b). The conceived idea was 

to build a new road (A28) that would divert the traffic flow from passing through the villages of 
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Figure 3: Traffic comparison between weekdays and weekend in 1987 and the predicted values for 

2005 (own representation, data source: Tiefbauamt des Kantons Graubünden, 1991). 
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Kloster, Saas and Küblis (Tiefbauamt des Kantons Graubünden, 1991) – The bypass road (A28), in 

the planning phase was referred to as A28a, since there were multiple variants but eventually the 

A28a was built. Considering the important dimension of the project, it was cut into three different 

sections, one for each village. Here, the focus is on the segment that is related to this study, namely 

the sector spanning from Büel to Selfranga, which includes the municipality of Klosters. The section 

of the project is shown in Figure 4 (the bypass road is highlighted in bold), and this part alone, 

spanning from Büel to Selfranga costed more than half a billion CHF (Kägi, 1998). The central piece 

of the bypass road is represented by the Sunnibergbrücke (Figure 5), a 525 m long bridge which, due 

to its peculiar architecture is considered having a relevant aesthetic quality (Kägi, 1998). 

 

 

 

Figure 4: Sketch of the project for the Klosters' bypass road (source: Kägi 1998). 

 

 

Figure 5: The “Sunnibergbrücke” a section of the new bypass road (photographer: Paula Ballikaya). 
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Figure 6: Traffic development comparison of different scenarios, between the measured values in 1987 and 

the ones predicted for 2005 (own representation, data source: Tiefbauamt des Kantons Graubünden, 1991). 

The project aimed at minimising the excessive traffic volumes on the local road, while simultaneously 

decreasing the quantity of pollutants emitted by the vehicles in the village. 

On the one hand, according to the predictions made before the construction of the A28 by the team 

in charge of the delivery of the environmental impact assessment report, it was expected that 78% of 

the future traffic flow would avoid passing through the village using the new bypass road (Figure 6), 

whereas the average amount of vehicles travelling along the old road would have decreased by at 

least 35% in comparison with the current situation – i.e., in 1987 (Engler, 2005). On the other hand, 

the gains in terms of time by using the A28a would have resulted in an increased attractivity of the 

route as a collateral damage (Tiefbauamt des Kantons Graubünden, 1991). However, this growth was 

estimated to be 1-2% of the overall traffic using the A28a in 2005 – i.e., adding only 100-200 vehicles 

per day to the total (Tiefbauamt des Kantons Graubünden, 1991). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once the projecting phase was completed, in the mid-1990s the cantonal authorities gave the 

permission to begin with the construction works (Gemeinde Klosters, n.d. b), which started in 1995. 

After nine years of construction the bypass road was built, and it was inaugurated on the 9th of 

December 2005. 

Figure 7 shows the difference in the development of the average daily traffic fluxes between 1987, 

the prediction made for 2005 during the projecting phase in the 1990’s, and the actual traffic volumes 

measured in 2014 and 2019. From the graph it is possible to see that the prediction estimated a total 

of 10’500 right after the opening of the bypass road.  The forecasted volume for 2005 was presumably 

more dramatic that the actual value (unfortunately there are no data provided by the FEDRO before 

2014), since as much as 10’500 vehicles, which represent a 70% growth, were not reached even after 
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14 years. However, in comparison with the number of transits of 1987, the volume of traffic reached 

in 2019 shows that there has been a robust increase of 60%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6  Project description, aims, and research question 
This study is a multi-approach research aiming to assess the capability of trees as a proxy for 

environmental pollution – the atmospheric one in particular. The main idea of the project is to 

determine the variations of the air quality in the village of Klosters by using evidence of major traffic 

fluctuations throughout time found within tree rings. The variations of traffic taken into consideration 

for this study are not night/day cycles (which indeed do show high excursion levels, but also have an 

extremely small temporal scale, less than 24 hours) but rather yearly changes. Trees, which form one 

growth ring each year, allow to study the fluctuations of vehicular emissions over an extended 

timescale (with yearly or decadal resolution) through the chemical analyses of the rings. The specific 

case of the village of Klosters appears to have all the required criteria to allow such investigation, as 

the changes in traffic flow have been important – after the 1980s there has been an overall increase 

of 60% vehicles – and the timescale is relatively large (more than 30 years). Furthermore, the 

construction of the bypass road created a unique situation. After its inauguration, trees that are located 

along both the previously heavily accessed road and the new A28 road are exposed to a considerably 

higher level of pollution from engine exhausts in comparison to the trees that are located in the centre 

of Klosters. Thus, for this Master thesis, tree cores of Norway spruce (Picea abies L.) were extracted 

at three sites. The first location is situated along the village road, the second one is adjacent to both 

the old village road and the new bypass road (A28), and the last one is in a distant area, far away from 

the two roads.  

The research question is the following: How are recorded the effects of changes in traffic volumes in 

tree rings in terms of pollutants’ signal? 

The main hypothesis of the current research is that the signal of pollutants from traffic exhaust present 

in tree rings reliably reflect the changes in traffic volumes at the study sites, with possibly low 
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Figure 7: Traffic volumes’ comparison between predictions and measured values (own representation, 

data source: Tiefbauamt des Kantons Graubünden, 1991 and FEDRO 2020). 
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temporal delay. The hypothesis is based on the environmental archive characteristic of trees; 

therefore, this feature and its efficacy will also be investigated.  

The objectives of this study were pursued by investigating the chemical concentration of pollutants 

stored within tree rings, and by depicting their variation in the atmosphere caused by vehicular traffic 

flows from 1970 to 2020. Several studies have already focused on the use of tree rings to monitor the 

changes in environmental pollution, with higher or lower success rate depending on various factors, 

including the methods applied. This research however will not rely only on the implementation of a 

single approach but rather on a combination of three different methods, namely:  

1) the analysis of tree-ring stable nitrogen isotopes ratio (15N/14N), that highlights the variation in 

isotopic composition of N in the wood over time, i.e., showing whether there is a depletion or 

enrichment of 15N over 14N within tree rings. 

2) the analysis of radiocarbon (14C/12C), which identifies the portion of radioactive 14C in comparison 

to its decayed counterpart 12C. This technique is applied to discover how much fossil fuel derived 

CO2 is taken up by trees over time, and thus the magnitude of 14C dilution due to traffic emissions. 

3) The Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP MS), which in this 

case, is mainly used to detect the signal of trace/heavy metals within the tree rings of the samples. 

Finally, based on the obtained results, the suitability of the different methods, for this project, will be 

evaluated by discussing strengths and weaknesses of each method, giving insights on their 

complementarity. 
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2  Material and methods  

2.1  Study area  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to carry out the required analyses for the evaluation of the air quality in the village of Klosters, 

four sampling sites were selected in accordance with the local forestry office (Forstbetrieb Madrisa). 

The major limitation in the choice of the sampling locations was the fact that many terrain plots 

having trees in suitable position were owned by private citizens and were consequently not accessible 

for coring. The samples were extracted from a tree species that commonly grows in the region, 

Norway spruce; site OU, ON and CT were sampled (Figure 8), and display the following 

characteristics.  

1) Site Old road Uphill (OU – 46°51′N, 9°52′E, 1265 m a.s.l.) is positioned on a slope having an 

eastward exposition, and it is located along the Landstrasse (old road), hence, it is subject to 

the vehicular traffic passing through the village of Klosters. The tree vegetation here consist 

of only Norway spruce. This site is particularly close to the village and could be affected by 

anthropogenic pollution unrelated to traffic exhausts, but rather routine activities from the 

settlement. 

2) Site Old and New road (ON – 46°53′N, 9°51′E, 1065 m a.s.l.) is located on a slope exposed 

to southwest with a similar inclination to site OU. The vegetation here is mixed, Norway 

spruce and European beech (Fagus Sylvatica, L. 1753) are present. As shown in Figure 8, this 

location lays within a close range from both the new bypass road, the Prättigauerstrasse (A28), 

as well as the Landstrasse, therefore the hereby trees should be exposed to the engine exhausts 

of traffic flowing by either route. It is worth noting that a stone wall, of at least 2m in hight, 

is separating the road from the trees, even though, the crowns of the sampled trees were all 

above the wall.  

Figure 8: Map of the village of Klosters showing the sampling sites and the main communication routes (own 

representation, background map from: swisstopo - Federal Topographic Office). 
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3) The last sampling location of the project is site Control (CT – 46°51′N, 9°56′E, 1394 m a.s.l.). 

It is located in a remote area far away, around 4.5 km from site OU so as to be unpolluted by 

the exhaust of vehicular traffic. In this area the samples of the control group were extracted, 

in order to measure the local (i.e., of Klosters) background concentration for the chemical 

analyses. Similar to the other sites, it is also located on a slope, with southwest exposition. 

The only tree species in the area is again Norway spruce. It is relevant to note that site CT, 

despite being located far away from important sources of fossil fuel emissions, might report 

unprecise background data (especially for nitrogen – Koerner et al., 1999), since there are a 

few runoff surface streams and the area is potentially used as a pasture for cattle.  

 

2.2  Samples collection 
In each site 7 trees were sampled and a total of 14 cores were extracted by means of an increment 

borer. All the cores were extracted at breast height (1.5m). Regarding the sampling strategy, all the 

trees found in the field that appeared having a diameter of less than 0.2m were excluded, because for 

this study a minimal age of 40 to 60 years is required. Notwithstanding the fact that a small diameter 

does not unequivocally correspond to a young tree, dendrochronological and dendrochemical 

analyses must be carried out on specific tree rings, and therefore it is needed that the rings of the 

selected trees do have enough material – which might not be the case for an old tree having a small 

diameter. An additional factor that must be taken into account is the influence of reaction wood, 

which should be minimised when possible. According to Achim et al. (2006) the sides of the trees 

exposed to the slope gradient tend to be more prone to the development of reaction wood. Hence, as 

target trees were identified those that were standing as straight as possible, and they were sampled 

perpendicularly to the slope gradient and parallelly to the soil. The effect of wind, in terms of direction 

and speed, was proven to be even more incisive than the slope gradient in terms of reaction wood 

production (Duncker and Spieker, 2008), however during the sampling this factor was not considered, 

due to the difficulties to implement wind speed and direction into the sampling equation. After every 

extraction all the components of the increment borers were sterilised in order to minimise the chances 

of sample contamination. 

 

2.3  Dendro lab analyses  

2.3.1  Measuring  
Once the samples were collected, a series of cuts was performed with a microtome, in order to remove 

the first few millimetres of the surface so that the annual rings became easier to be detected. Figure 9 

shows the visual difference between an unprocessed (Figure 9a) and a processed (Figure 9b) tree core 

of Norway spruce. During this operation it is important that the blade cuts the wood fibres 

perpendicularly, so as to obtain a transversal cut of the wood cells, otherwise detecting the tree rings 

might become harder. This is an issue especially for broadleaves, in which the distinction between 

earlywood and latewood is not as pronounced as in coniferous. Furthermore, to obtain rings that are 

more easily discernible, the last performed cut has to be clean, leaving a smooth surface. This can be 

achieved with a blade as sharp as possible. The cores that were used for the LA-ICP-MS analysis 

were firstly analysed with the instrument and afterwards cut and measured. The procedure was 

inverted for this case only, and the main reason behind it is that we wanted to avoid as much 

contamination as possible. 
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The ring width measurement of all samples was performed at the WSL laboratory (Birmensdorf, 

Switzerland), with the software Time Series Analysis Program (TSAPwin, RINNTECH, Heidelberg, 

Germany) to the closest 0.01 mm. For example, Figure 10 depicts the measured ring width of the 

trees sampled in site ON. The tree-ring width of Norway spruce trees were identifiable with minor 

hassle, except for a few rings. There are ways in which the readability of tree rings can be improved, 

such as sanding the surface of the core or applying chalk and water. However, these are not suited for 

the subsequent chemical analyses that are planned to be carried out, because wood powder or other 

substances could contaminate the tree rings leading to an erroneous outcome. 

Due to changes in the environmental conditions, trees sometimes might develop intra-annual density 

fluctuations (IADFs), which are oscillations in the density of the wood (Battipaglia et al., 2016). 

These can appear in the form of earlywood cells within latewood and vice versa (Battipaglia et al., 

2016). IDAFs are a potential issue since, they might influence the measuring of the tree-ring width 

and the cross-dating (Battipaglia et al., 2016). Similar effects can also be caused by missing rings – 

MR (Novak et al., 2016). Therefore, to improve the accuracy of the tree-ring measurements it is often 

relevant to have a scrupulous look at the second core of each tree and check for clues of the presence 

or absence of IADFs and MR. Nonetheless, for this study, only one sample for each tree was measured 

prior to the chemical analyses, therefore the tree-ring width and the cross-dating values are based 

only on one measurement. The reason for this approach is that for the LA-ICP-MS analysis the 

samples have to be the least contaminated as possible. Thus, we decided to only measure one core 

from each tree, so 

as to leave the 

other samples 

within their paper 

container and to 

avoid any 

possible 

contamination 

that could occur 

during the cutting 

and measuring 

phases. 

 

 

 

 

 

 

 

a) 

Figure 9: Visual difference between an unprocessed (a) and a processed core (b) – two different samples are 

represented (own picture). 

b) 

Figure 10: Measured tree ring width in mm-2 for the samples of site ON, with the site average 

highlighted (software: TSAPwin, RINNTECH, Heidelberg, Germany). 



 2. Material and methods  

27 
 

2.3.2  Cross-dating and Gleichläufigkeit (GLK) 
In order to be sure to have reliably dated the tree cores, these need to be cross-dated. Already in the 

first half of the 20th century Douglass (1941) stated that this method is aimed at the detection of 

identical patterns into different trees, so that the dates of the growth patterns can be determined. Tree 

rings have different widths, which are dependent on a multitude of external factors, spanning from 

the availability of nutrients to disturbances of various nature, such as wildfires, pollution or diseases. 

The width differences in consecutives tree rings creates a pattern which is often present in many other 

individuals laying in the proximity of the studied subject (Maxwell et al., 2011). However, in order 

to correctly identify and interpret the environmental features leading to a specific tree-ring width 

pattern, it is important to have a cross-date measure of high quality (Maxwell et al., 2011). If this is 

not the case, the investigators might face serious constraints in applying a time series approach, 

because it is not possible to reliably establish that the rings of the different trees under inspection 

originated in the same years. As stressed by Cutter and Guyette (1993), having a reliable cross-date 

is crucial for dendrochronological studies. 

Given the aforementioned reasons, cross-dating has been defined as the fundamental principle of 

dendrochronology (Maxwell et al., 2011). Therefore, it is equally important to assess the quality of a 

cross-date. For this purpose, the so-called Gleichläufigkeit (GLK) technique has been developed. The 

GLK checks the level of coherence between the different tree-ring width chronologies and reports 

their level of concert between each other (Esper et al., 2008). The higher is the percentage of GLK, 

the more accurate the cross-dating is. The significance of the cross-dating can be afterwards 

statistically checked by means of a t-test. 

2.3.3  Tree-ring width analysis 
The tree-ring width can be influenced by the input of additional nitrogen into an ecosystem, since the 

vegetation is often limited by the quantity of N that is available (Evans, 2001). In contrast, when in 

an ecosystem N is readily available, the limiting factor is often identified in other substances, such as 

atmospheric carbon, i.e., CO2 (Vallano and Sparks, 2007). The nitrogen that is absorbed by foliar 

uptake enters directly into the metabolism of the plant, making it thus readily available for the plants 

(Vallano and Sparks, 2004). Therefore, the abundancy of NOx for either short- or long-term promotes 

the increase of photosynthetic rates through the activation of carboxylation enzymes, which leads to 

a NOx-induced fertilisation effect (Cherubini et al., 2021). Consequently, if the surplus of nitrogen is 

coupled also with higher quantities of CO2, which allows for an increment of carbon sequestration 

rates, the plant is able to sustain its higher growth rates (Vallano and Sparks, 2007). This fertilisation 

phenomenon induced by pollution can potentially be witnessed in this investigation, given that 

nitrogen and carbon are both main by-products of the combustion of fossil fuels from vehicles engines 

(Saurer et al., 2004). For this reason, the tree-ring width curves of each site will be compared with 

the results of the nitrogen analysis, as well as the radiocarbon dilution, of the respective site. 

The study of tree-ring growth, however, presents two main age-related issues (Sullivan et al., 2016). 

The first one is a geometric effect that is linked to the increase of the circumference of the stem. The 

produced biomass has to be distributed over a bigger area, and therefore the bigger the circumference 

becomes, the thinner the growth rings become. Secondly, there are physiological effects for which 

the trees tend to grow less as the age increases (Sullivan et al., 2016). Both of these aspects influence 

the radial dimension of the tree rings; thus, the most recent rings have a smaller diameter even if all 

the external factors affecting tree growth stay constant. Consequently, when comparing external 

effects with the growth of tree rings, it is important to remove the decreasing trend related to the 

growth of the tree (Sullivan et al., 2016). One of the most widely used method for detrending the age-

related growth pattern, which is also used in this investigation, is the negative linear, or negative 
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exponential. It operates by fitting the raw measured individual ring width series (determined with 

TSAPwin, RINNTECH, Heidelberg, Germany) with either a horizontal line, a line with a negative 

slope or a negative exponential model, depending on the presence and form of the trend in the data 

(Sullivan et al., 2016). The values obtained after detrending are indexed and not absolute anymore. 

The negative exponential curve fits a model with the formula reported in Eq. (1), which is explained 

in detail by Bunn (2008): 

 

𝐺𝑡 = 𝑎𝑒−𝑏𝑡 + 𝑘       (1) 

 

Where: Gt represent the growth trend and it is estimated as a function of time (t), with coefficients a, 

b and k (Bunn, 2008). The calculation was performed by using the R software (R core team, 2020), 

with the “dlpR” package and using the “detrend” function (Bunn et al., 2021).   

Consequently, in order to avoid the influence on growth of age-related patterns, the results of nitrogen 

and radiocarbon analysis will be compared with the detrended growth curves. 

 

2.4  Chemical analyses 
Once the tree cores have been measured and cross-dated it is possible to proceed with the chemical 

analyses. The impact of air pollution at different sites, was assessed by measuring the tree-ring content 

of nitrogen isotope (δ15N), radiocarbon (14C) trace/heavy metals. 

2.4.1  Nitrogen isotope (δ15N) 
The isotopic ratio of nitrogen (δ15N/ δ14N) stored within tree rings can be used to track both the local 

climatic conditions (in terms of precipitation and temperature), as well as the past rates of fossil fuel’s 

burning due to anthropogenic activities (Bukata and Kyser, 2007; Savard et al., 2007). The former 

will be represented in the results by short term fluctuations, as opposed to the latter which will be 

represented by long term ones (Bukata and Kyser, 2007; Savard et al., 2007). Typically, the use of 

nitrogen isotope in tree ring studies is a rather tricky technique to work with, because there are several 

issues that have to be overcome: 

1) The distinction between the variations caused by natural fluctuations and the ones induced by 

anthropogenic activities is not straightforward, and it often represents a challenge for field 

studies (Savard, 2010). For this reason, Savard (2010) purposes the implementation of at least 

one out of four of the following techniques, in order to tell natural and anthropogenic 

fluctuations apart: i) Comparing the results obtained from trees in a control site with polluted 

trees – which is what was applied also for this project. ii) Applying statistical relationships 

and/or spatial trends to link case and effects of pollution levels with the variation of the 

isotopic ratio. iii) Comparing segments of the tree cores in which the rings were not affected 

by pollution with tree-rings exposed to pollution. iv) Implement a model to compare the 

natural isotopic changes on the base of pre-industrial times, with the measured values affected 

by anthropogenic forcing.  

2) Trees do absorb nitrogen by both the roots as well as the foliar system (Binda et al., 2021; 

Saurer et al., 2004). The absorption of chemical elements from the soil tends to be problematic 

for dendrochronological studies focusing on the assessment of atmospheric conditions based 

on those elements (Binda et al., 2021). As a matter of fact, on the one hand, the signature of 

δ15N in the soil is subject to the phenomenon of isotopic fractionation – i.e., the separation 

between lighter and heavier isotopes in a natural system (Tiwari et al., 2015), such as 14N and 
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15N –, which occurs during the processes of nitrification, denitrification and mineralisation 

(Guerrieri et al., 2009). 

On the other hand, the year of deposition in the soil is not the same as the one in which the 

element is taken up by the roots, hence when nitrogen is absorbed in this way there is a 

possible dissonance of several years between the concentration shown in the tree rings and 

the atmospheric one (Binda et al., 2021). 

3) In addition of the issues created by the bimodal absorption of nitrogen, a relevant problem for 

most trace elements, and nitrogen as well, is represented by the lateral transport of nitrogen 

within stem wood (Bukata and Kyser, 2007). It has been proven that when the converting 

process of sapwood to heartwood is taking place, trees are able to retrieve the nitrogen from 

the dying cells (Saurer at al., 2004). This mechanism shifts the concentration of nitrogen 

between neighbouring rings, and therefore it does not allow to use the δ15N isotope ratio 

method for studies aiming at results having an annual resolution (Savard, 2010; Saurer et al., 

2004). However, if annual resolution is not required, and consequently adjacent years can be 

merged for the sake of the analysis, the technique is applicable (Saurer at al., 2004). 

4) The δ15N value of emission produced by anthropogenic activities can show considerable 

variations depending on the source from which it has been emitted (Amman et al., 1999). In 

addition, according to Savard (2010), the depletion or enrichment of δ15N is usually dependent 

on the isotopic fractionation and the signature of the anthropogenic nitrogen stored in the soil. 

For these reasons, the influence of anthropogenic N can usually be detected by either an 

increase or decrease of the δ15N ratio within the tree rings (Savard, 2010; Stewart et al., 2002).  

A general consensus among the researchers, suggesting that δ15N can have the potential to be a 

relevant indicator for local pollution studies using tree rings, seems to be prevalent (Amman et al., 

1999; Bukata and Kyser, 2007; Saurer et al., 2004; Savard et al., 2009; Savard, 2010; Stewart et al., 

2002). However, issues have been encountered in its application as evidenced by the study of 

Battipaglia et al. (2010), where the method was employed to track traffic pollution in an urban area. 

In fact, they inferred that the results were too complicated to interpret, because the measured nitrogen 

isotope value varied greatly between trees and even over time (Battipaglia et al., 2010). Thus, in those 

circumstances δ15N was not suitable to draw any sort of conclusions. Instead, the nitrogen isotope 

analysis was successfully employed in two studies aiming to reconstruct the local pollution history 

near a motorway in Switzerland using tree rings of Norway spruce (Amman et al., 1999; Saurer et 

al., 2004). According to Amman et al. (1999) the δ15N value contained in fossil fuel is close to 0. The 

positive δ15N value that they have found (+5.7‰) in their study near a motorway is to reconduct to 

local conditions – i.e., traffic density, engine types (light versus heavy duty), and the combustion 

regimes that these engines have in average (Amman et al., 1999).  

Saurer et al. (2004) affirmed in their study that despite the high δ15N level of variation of both the 

natural background concentration as well as the once produced by traffic, the positive signature found, 

in terms of ‰, can be unequivocally linked to the nitrogen dioxide (NO2) emitted by engines vehicles. 

In the case of Norway spruce, when nitrogen is absorbed through the foliar system, the process of 

metabolization of NO2 – N takes place in the needles, and afterwards nitrogen migrates to the stem 

in form of amino acids or nitrate (Saurer et al., 2004). There, the living cells use it as a storage 

compound or for structural purposes in order to create lignin polymers (Saurer et al., 2004). However, 

the nitrogen taken up by the needles in form of NO2 cannot be consistently found throughout the tree 

core, its detection is rather intermittent (Saurer et al., 2004). Thus, it is possible that this behaviour is 

to reconduct to a regulation mechanism of the tree, which depending on the availability of nitrogen 

in the environment, it either uses the element, or stores it in reserves (Saurer et al., 2004). The results 

obtained by Amman et al. (1999) and Saurer et al. (2004) show that, by investigating the nitrogen 
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isotope signal, it is possible, at least for Norway spruce, to track the local history of pollution emitted 

by engine exhausts. 

Stewart et al. (2002) and Bukata and Kyser (2007) successfully implemented the technique in the 

Americas, in the south as well as in the north, Brazil and Canada, respectively. In both studies 

however, they reported that the nitrogen isotope ratio had constantly decreased over the years (Stewart 

et al., 2002; Bukata and Kyser, 2007). This difference with the other studies conducted by Amman et 

al. (1999) and Sarurer et al. (2004) might be to reconduct to the fact that the studies in Switzerland 

were carried out in close proximity with a motorway. In contrast, Stewart et al. (2002) conducted the 

study in the extremely polluted industrial area of Cubatão in São Paulo State (Brazil), and Bukata and 

Kyser (2007) in seven Canadian cities (Burlington, Kingston, L. Opinicon, Murray Brook, North Bay, 

Peterborough). Thus, the four studies have different sources of N, vehicular traffic versus industrial 

plants (Guerrieri et al., 2009). 

 

2.4.1.1 δ15N analysis procedure 

Once the tree cores were measured and cross-dated, the preparation of the samples began. A total of 

9 cores were selected, 3 for each site (OU, ON and CT). For the δ15N analysis, substances that might 

interfere with the analysis have to be separated from the tree cores by means of the Soxhlet Extraction 

technique, which is a common pre-treatment method for analysis in the environmental field (de Castro 

and Ayuso, 2000). In this case it was employed in order to discard the N-compounds that could be 

extracted (Saurer et al., 2004). During the process the samples were placed in a permeable holder that 

was then inserted into the chamber of the Soxhlet apparatus which was afterwards filled with solvent 

and water. Once the chamber was full, and the overflow level was reached, the liquid, containing the 

removed material, was drained through a syphon that led the liquid to a round-bottom distillation 

flask. The liquid in the distillation flask was then heated and started start to slowly fill the chamber 

once again, repeating the whole process until the extraction was finished (de Castro and Ayuso, 2000). 

After the cleaning process with the Soxhlet apparatus, the rings were cut vertically into very thin 

slices (up to 1 mm thick) with a scalpel. All the slices were separated into groups of 5 years adjacent 

to each other, such as 2020 to 2016, 2015 to 2011 and so on, until 1971 included. In the case of δ15N 

analysis, there are multiple reasons for which it is useful to not only analyse a single year but rather 

a cluster of them. Firstly, the amount of material required in order for the analysis to work is 10 mg, 

which for a single annual ring might be difficult to reach. Secondly, the signal of nitrogen tends to 

translocate over the adjacent year rings, therefore by measuring multiple years it is possible to tackle 

signal dilution and still retrieve information about the temporal variation of the δ15N signal (Saurer et 

al., 2004).  

The chosen clusters of years for the analysis are: 

1) 1976 to 1980 is located at the beginning of the temporal scale of this research and it should 

represent the conditions in which the local government started to seriously take in 

consideration the idea of constructing the new Prättigauerstrasse. 

2) 1990 to 1995 is the period before the construction work started, and it should also represent 

the last moment in which the pollution levels between site OU and site ON are similar. 

3) 1995 to 2000 is in the middle of the temporal scale of the study and it is also placed during 

the first section of the construction work of the bypass road. Thus, it is supposed to be 

representative for the concentration of the atmospheric pollutants during the roadworks. 

4) 2006 to 2010 represent the period after the opening of the Prättigauerstrasse – which took 

place in December 2005 –, therefore the traffic volumes are expected to have adjusted with 

the new option as before the beginning of the construction works. 
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5) 2016 to 2020 is located at the end of the study’s temporal scale and is supposed to represent 

the current situation in terms of atmospheric pollution.  

The thin sliced-core sections arranged in period of 5 years were grinded and milled into a very fine 

powder and collected again in their respective vials. From the vials, 10mg of wood powder were 

measured and tightly enclosed into a tin capsule, which were finally sent into the Stable Isotope 

Laboratory at the WSL Birmensdorf, for the δ15N analysis. The process for the analysis is similar to 

the one described by Saurer et al. (2004). The tin capsules containing the samples were combusted 

into an elemental analyser (Iso Earth, Secron, Crewe, UK) and consequently the amount of δ15N was 

measured with an isotope ratio mass spectrometer (Iso Earth, Secron, Crewe, UK). 

 

2.4.2  Radiocarbon (14C) 
From the year 1000 until 1880 the global concentration of carbon dioxide (CO2) in the atmosphere 

remained at a constant level (Rakowsky et al., 2010). However, with the industrial revolution, more 

and more quantities of fossil fuel began to be combusted each year, leading to a steady and 

incremental growth of CO2 in the atmosphere (Henrique and Borowiecki, 2017). Many conferences 

were held in an attempt to curb the emissions, however, despite the several pledges and promises by 

various world powers, the concentration of CO2 in the atmosphere is still rising nowadays (Gupta, 

2010). During the mid-20th century, the emissions of carbon dioxide were around 5 billion tons per 

year while by the end of the century the emission were seven times higher at about 35 billion tons 

(Lindsay, 2020). In 2019 the concentration of CO2 in the atmosphere reached 409.8 parts per million, 

a number that in 800’000 years had never been reached (Lindsay, 2020).  

All the CO2 that has been released from its solid form (i.e., fossil fuel), represents the so-called 

radioactively “dead” carbon; namely carbon that does not contain the radioactive isotope (14C) 

anymore (Battipaglia et al., 2010; Djuricin et al., 2012). The reason behind it is that the age of the 

deposits of fossil fuel is extremely high (>> 50’000 years), especially in comparison to the decaying 

rate of radiocarbon (Battipaglia et al., 2010; Capano et al., 2010; Rakoswky et al., 2008), which is 

roughly 5’730 years (Djuricin et al., 2012).  In contrast, the isotope 14C is present in the natural carbon 

dioxide of the atmosphere – i.e., CO2 that is not emitted by the combustion of fossil fuels (Djuricin 

et al., 2012; Rakowsky et al., 2010). Therefore, in locations where the emissions of CO2 are extremely 

high, the presence of the radiocarbon isotope is low in comparison to its stable counterparts, or as 

Rakoswky et al. (2008) state, 14C is missing. This effect in which the “clean,” i.e., natural air 

(containing 14C) is mixed with the polluted one (14C-free) resulting in lower concentrations of 

radiocarbon is known as Suess effect (Rakowsky et al., 2008). Despite the fact that the vast majority 

of carbon dioxide (around 95%) is released in the northern hemisphere, the influence of the Suess 

effect is observable in both the hemispheres (Rakowsky et al., 2010), as it is shown in Figure 11. The 

reason for the ubiquitous presence of the Suess effect is that the air masses of north and south 

hemispheres are not physically separated and therefore are subject to mixing (Rakoswky et al., 2010). 

Hence, in every study area around the globe, there are usually two major factors affecting the 14C 

concentration; i.e., the Suess effect and the local emissions of carbon dioxide (Rakoswky et al., 2010). 
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The 14C curve describing the concentration of the isotope in the atmosphere, does not present a regular 

decreasing pattern as it should be expected, due to the constantly increasing emissions of “dead” 

isotopes. In contrast, as it is shown in Figure 11, there is a sudden increase during the 1950s’ and 

1060s’, with a subsequent exponential decrease. The reason for this behaviour is to reconduct to the 

several nuclear tests that took place during the mid-20th century, which involved the detonation of 

atomic bombs (Battipaglia et al., 2010; Rakowsky et al., 2008; Rakowsky et al., 2010). The 

explosions released neutrons having enough thermal energy in order to produce 14C (Rakowsky et al., 

2008). This resulted in a sudden and extremely marked growth of radiocarbon concentration in 

comparison to the periods previous of the tests (Battipaglia et al., 2010). The peak concentration was 

reached in the mid-60s’ (Rakowsky et al., 2008), and it started to decrease exponentially ever since 

(Battipaglia et al., 2010), creating the so-called “bomb spike” (Clarke et al., 2012) – the highest 

concentration peak. The rapid decrease of 14C concentration following the pinnacle is to reconduct to 

both the Suess effect, as well as exchanges of carbon dioxide present in the atmosphere with the 

terrestrial and oceanic reservoirs (Battipaglia et al., 2010; Capano et al., 2010).   

Like with trace metals and nitrogen, trees do absorb CO2 from the atmosphere to sustain their 

metabolic functions (Sala et al., 2012) and thus, they store the current atmospheric ratio of 
14CO2/

12CO2 for each year in the wood tissue of the respective annual ring (Battipaglia et al., 2010; 

Capano et al., 2010). Thanks to this behaviour, it is possible to estimate the emission generated by 

the combustion of fossil fuels by making a comparison of the annual radiocarbon concentration of 

the study site with the local background concentration of trees not influenced by polluting sources 

Figure 11: Δ14C (‰) in the atmosphere for both North and South hemisphere showing the “bomb spike” of the 1960s’ 

(source: Hua et al., 2013). 
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(Battipaglia et al., 2010). According to Battipaglia et al. (2010), this technique is well suited to track 

the local pollution history of heavily polluted environments, since Δ14C have shown to be particularly 

responsive to changes in emissions derived by fossil fuels. During the last decades, several 

investigations (Battipaglia et al., 2010; Capano et al., 2010; Djurcin et al., 2012; Pietrowska et al., 

2019; Rakowsky et al., 2008; Rakowsky et al., 2010) successfully employed the Δ14C method coupled 

with dendrochronology to assess the track of the presence of anthropogenic pollutants in the 

environment. 

 

2.4.2.1 14C analysis procedure 

For the 14C analysis, similarly to the δ15N, nine tree cores were selected, six of these were extracted 

in sites OU and ON (i.e., 3 from each site), whereas the remaining 3 were collected in the control site 

(site CT). Upon discussion with the technician of the laboratory where the samples were measured – 

at the Laboratory of Ion Beam Physics, of the ETH Zurich – it was agreed to retrieve the concentration 

of radiocarbon from five meaningful years for the project. The selected years were: 1980, 1994, 2000, 

2008 and 2018. The reasoning behind the decision was similar to the one explained for the δ15N years 

clusters in the subchapter 2.4.1.1. 

In the laboratory of the ETH the samples were prepared for the Δ14C analysis similarly to the 

procedure reported in the paper of Sookdeo et al. (2020). In order to minimise the contamination 

during the measurements, blank, standards and reference material samples were added to the already 

present field samples (from site OU, ON and CT). Two types of blanks were added, the first one was 

a chemical blank, Phthalic Anhydride, while the second ones, processed blanks, were fossilised wood 

– which sometimes is also referred to as brown coal – as well as kauri wood (Sookdeo et al., 2020). 

Oxalic acid I and Oxalic acid II were used as standards (Sookdeo et al., 2020), whereas as a reference 

material a recent segment of wood, in terms of age, was used.  

The cellulose was extracted from all the samples from the field, the reference material and the process 

blanks by means of a chemical treatment (Sookdeo et al., 2020) known as base-acid-base-acid-

bleaching – BABAB (Němec et al., (2010). Due to its property to not mutate over time, cellulose 

makes for a suitable candidate to retrieve an accurate measure of Δ14C (Sookdeo et al., 2020). In order 

to accomplish this process, a BABAB technique similar to the one descripted by Němec et al. (2010) 

was followed. Firstly, the materials (field samples, reference material and processed blanks) were 

inserted into glass vials, soaked into 5ml of base (Sodium hydroxide – NaOH) and stored overnight 

at 60 °C. Secondly, the morning of the successive day the base was removed from all the vials which 

were subsequently washed using ultrapure water and filled with 3ml of acid (Hydrochloric Acid – 

HCl) for 1 hour at 65 to 70 °C. Afterwards, the vials were washed with ultrapure water and the first 

step was repeated, however the temperature was set between 65 and 70 °C and only for 1.5 hours. 

Right after, the solution was again removed and the vials cleaned with ultrapure water, so as to repeat 

the second step, but this time only for 15 minutes at the same temperature. Lastly, after the cleaning 

round with ultrapure water, the samples were bleached by means of a solution containing 5% of 

NaClO2 (Sodium Chlorite) and 0.1 ml of HCl at 0.5 molar concentration, for 2 hours at 70 °C. Once 

the samples have been bleached the vials were emptied of the solution for the last time and were 

stored into a freeze dryer overnight. After the cellulose extraction process was over, 2.5-3 mg of 

material were weighted and separated from the wood samples, in order to be confined into aluminium 

capsules, that were moulded as spherically as possible. Samples, standards, reference material and 

blanks were than inserted into an elemental analyser, where with the help of O2 gas the carbon present 

was combusted to CO2 and trapped into a zeolite trap (Sookdeo et al., 2020). This process was 

repeated for each sample one at a time, and it is known as graphitisation (Sookdeo et al., 2020). 

Subsequently the graphitised material was pressed into aluminium cathodes (Ionplus) that were 
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correctly sorted and placed into a magazine so as to be analysed on a MICADAS (mini carbon dating 

system – Ionplus) located in the Laboratory of Ion Beam Physics at the ETH-Zürich. Once the latter 

analysis was completed the concentration of Δ14C of the samples was finally measured. 

 

2.4.3  Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) 
The idea of the LA-ICP-MS as an analytical technique started to develop during the 1980’s (Günther 

and Hattendorf, 2005; Kim et al., 2020). It was created by combining a direct sampling method, i.e., 

a laser beam, with the ICPMS – the most sensitive analyser for elements (Binda et al., 2021). Ever 

since its conception, the implementation of LA-ICP-MS investigations have been growing in a wide 

array of scientific fields (Günther and Hattendorf, 2005; Kim et al., 2020). Although in recent years 

the domain of geochemistry has seen the most extensive use of this technology (Günther and 

Hattendorf, 2005), already in the 1990’s there had been a few studies which began to explore and 

apply the method also in the dendrochemical field, such as Garbe-Schönberg et al. (1997), Hoffmann 

et al. (1994) and Prohaska et al. (1998). As a matter of fact, the technique is highly versatile and 

allows to not only analyse rock samples, but biological tissues as well – trees included (Zyskowski et 

al., 2021). Owing to the fact that the LA-ICP-MS is able to detect almost every element present within 

the target sample, including heavy/trace metals, it is regarded as an extremely powerful instrument 

also in terms of reach (Binda et al., 2021). The only elements of the periodic table that cannot be 

analysed with this method are nitrogen, oxygen, phosphorus, sulphur, and fluorine (Binda et al., 

2021). In addition to the wide range of components that can be investigated, the technique features 

several benefits also from an analytical perspective; i) In most cases no pre-treatment of the samples 

is required (Bardule et al., 2020; Prohaska et al., 1998; Zyskowski et al., 2021). ii) It is micro-

destructive (Bardule et al., 2020; Zyskowski et al., 2021). iii) The risks of contamination during the 

analysis (Bardule et al., 2020; Prohaska et al., 1998; Zyskowski et al., 2021), as well as the loss of 

volatile elements, are minimal (Bardule et al., 2020). iv) It provides a two-dimensional map of the 

distribution of heavy metals throughout the samples (Bardule et al., 2020). v) Lastly, it yields high 

spatial resolution (Bardule et al., 2020; Perone et al., 2018; Prohaska et al., 1998; Zyskowski et al., 

2021), even with low signal of pollutants within the tree material.  The LA-ICP-MS is regarded in 

the scientific community as a viable and interesting option due not only to its analytical advantages, 

but also thanks to the fact that its functioning is relatively simple, making it a painless and efficient 

tool (Günther and Hattendorf, 2005).  

The whole operating process is well explained in the scientific paper written by Günther and 

Hattendorf (2005). Firstly, the samples need to be fixed to the samples’ holder so that all their surfaces 

are at the same height and cannot move; the aim here is to have them all equally distant from the laser 

extruder in the ablation process, so that the laser focus is the same for every measurement. Once the 

samples are immovable, the holder is inserted into the airtightly closed ablation chamber. Afterwards 

the chamber is filled with either helium or argon, which serves as main carrier for the ablated material. 

The laser beam, after being fired over the surface of the target, will start to ablate the material, creating 

a mixture of gas, agglomerates and particles that will be conducted to the plasma section of the 

instrument. In the ICP phase the ablated material is vapourised, atomised and ionised, so that in the 

next step it can be separated and analysed in the mass spectrometer (Günther and Hattendorf, 2005). 

The detecting process is regulated by the property of the laser used for the investigation.  All the 

factors regarding the laser, such as the spot size (which directly correlates with the amount of material 

that gets ablated) duration of the ablation, as well as frequency, wavelength and energy of the light 

pulse have an influence in constraining the detection (Binda et al., 2021). By increasing the spot size, 

it is possible to relax these constraints. As a matter of fact, the resolution is directly dependent on it; 

the bigger the diameter of the pulse, the more mass will be ablated, and the more elements can be 
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analysed. Vice versa, by decreasing the spot size, in addition to the fewer detectable elements, the 

analysis time can become excessively longer. However, it seems that in the recent literature there is 

still no consensus on the maximal value. Binda et al. (2021) affirm that dimensions over 100 μm are 

never used in analysis concerning tree rings. Instead, Kim et al. (2020) state that recent studies have 

been carried out using spot sizes ranging from 1 to 200 μm.  

One of the main drawbacks of the LA-ICP-MS is the presence of elemental fractionation (Günther 

and Hattendorf, 2005) which, in this case, it is caused by a thermal alteration on the surface of the 

ablated sample, induced by the laser (Pozebon et al., 2014). This phenomenon can occur if the large 

particles are not fully vaporised by the beam (Mokgalaka and Gardea-Torresdey, 2006) and it 

represents an obstacle when trying to acquire quantitative results about the signal of elements 

(Pozebon et al., 2014). The fractionation is influenced by the pulse of the laser, duration of the 

ablation, spot size and power used (Pozebon et al., 2014). The intensity of the effect depends on the 

target material, and it appears to be particularly pronounced for metals and geologic materials; 

nonetheless it can affect also biological tissues (Pozebon et al., 2014). The problem can be partially 

mitigated (especially for inorganic samples) by decreasing the thermal alteration of the sample 

through the employment of shorter wavelengths as well as shorter laser pulses (Mokgalaka and 

Gardea-Torresdey, 2006; Pozebon et al., 2014), and by using helium as a main carrier gas (Günther 

and Hattendorf, 2005). 
 

2.4.3.1 LA-ICP-MS analysis procedure 

Considering the high sensitivity level of this method, the tree cores require to be handled as carefully 

as possible in order to minimise the chances of contamination. Hence, the tree samples, once extracted 

with the increment borer, were immediately placed within their paper holder, where they rested until 

the day of the analysis at the at the laboratory of the Institute of Geochemistry and Petrology (ETH, 

Zürich, Switzerland). A total of 6 Norway spruce cores were measured. Three from site OU, three 

from site ON. Owing to the fact that the ablation chamber has a limited dimension of roughly 10 x 

15 cm, in order to fit all the cores without having to split them into two pieces, the shortest ones were 

selected. Despite minor inconvenience, for which a few cores required to be cut, they were all able to 

fit into the holder of the ablation chamber. The 6 samples were analysed in one run of the instrument.   

For the purpose of the current research, the heavy metal signal of the tree rings at intervals of 5 years 

was measured. Starting from 2018, and going back 45 years, until 1973, a total of 10 measurements 

per each core was performed. A total of 20 elements (Bi, Ca, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, 

Pb, Pd, Pt, Rh, Sn, Ti, Tl, V and Zn), which are mainly involved in the pollution caused by road traffic 

were analysed. The specification parameter of the laser used for this investigation are almost the same 

as the ones applied in the study of Perone et al. (2018). The differences between their and this 

investigation lay in the flow of the helium carrier gas transporting the ablated material to the next 

section of the instrument, and the crater size of the laser. In this study, the former was set at a rate of 

0.5 l/m, and for the latter a crater spot size of 163μm was used.  

Before each measurement, a cleaning round with the laser was performed so as to have the surface of 

the samples as clean as possible from contamination. The latewood region of the tree ring was ablated, 

since during the dormancy phase of the tree, the translocation of the elements should be less 

prominent than in the earlywood (Hagemeyer at al., 1994), which is the stage of vegetative growth. 

The measuring process with the spruce samples was quite straightforward, although the cores were 

utterly unprocessed and left in the same condition as they were right after the extraction, the annual 

rings were easily detectable. This allowed for a precise aiming of the laser beam on the sample 

surface, directly at the latewood section of the desired year. 
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2.4.3.2 LA-ICP-MS Data normalisation 

Due to the fact that trace metals are present in the environment at very different quantities and are not 

take up in equal quantities by the trees, the elemental signal within different trees might displays 

important fluctuations. Thus, the data needs to be normalised so that different elements coming from 

different trees can be compared. Consequently, the data obtained were normalised according to the 

process described by Bukata and Kyser (2008), which was also employed in more recent studies 

performed using the LA-ICP-MS technique over tree rings, such as Perone et al. (2018). Each element 

in each tree ring was normalised according to Eq. (2): 

 

𝑁𝑥 =  
(𝑆𝑥−𝑆𝑙)

(𝑆ℎ− 𝑆𝑙)
                                                                                    (2) 

 

Where: Sx is the normalised value for the target year, Sx is the signal measured by the LA-ICP-MS 

for the target year, Sl is the lowest signal found in the tree core and Sh is the highest signal found in 

the tree core. The resulting values are comprised between 0 and 1, with the lowest and highest values 

at the extremes (0 and 1 respectively) and all the others in between (Bukata and Kyser, 2008). 

2.4.3.3 LA-ICP-MS Statistical analyses 

Two statistical analyses were performed over the average time series of each element: 

1)  The Mann-Kendall test (M-K test) is generally used to detect monotonic trends in the data, 

either increasing or decreasing. In this context, the M-K test was performed so as to check if 

the trace metal signal in the two sites do follow a similar pattern. If it is the case, then it may 

be possible to assume that the temporal evolution of the signal of that specific element is 

dependent on factors affecting both sites, and therefore not site specific. 

2) The Pettitt test is often used in environmental sciences when working with time series 

analysis. Its main function is to locate change points, which can occur in the form of the 

beginning of a linear trend, the change of a trend or an abrupt change of the mean throughout 

the series (Rybski and Neumann, 2011). 
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Figure 12: δ15N value of 5-years clusters for sites OU (a), ON (b), CT (c), and the comparison of average values between 

sites (d) – ± SE. 
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Figure 12 represents the concentration of δ15N of 5-years clusters for sites OU (a), ON (b) and CT 

(c), as well as the comparison of the average δ15N value of each site (d). The graphs show that there 

is no site having all the trees with exactly the same pattern. Site OU appears to be the one with the 

most coherence, however in the lustrum 2006-2010 there is a value substantially lower for the Tree 

3.1 (Figure 12a). The results of site ON are similar, since, in the same period, Tree 6.1 displays a 

particularly low value when compared with the other samples (Figure 12b). The control site (CT) 

appears to be the one presenting the most confused signal with no easily identifiable pattern in the 

data (Figure 12c). By looking at the averages of the sites (Figure 12d), CT displays the lowest value 

of δ15N. Surprisingly, starting from the lustrum 1996-2000, the measured value for site ON becomes 

very similar to site CT, for all the most recent measurements. Nevertheless, a t-test performed to 

determine the statistical significance of the points’ similarities, disproved the equality of the means 

(P > 0.05). Site OU seems generally to be the one with the highest δ15N values. It is interesting to 

notice how in the period 2006-2010, the average δ15N measured for site OU is similar to the ones of 

the other two sites, however in the most recent lustrum, the curves diverge considerably, the former 

reaches a δ15N value of almost 5, while site ON and CT drop to -0.5. 
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3.1.2  N-concentration 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 shows the measured concentration of nitrogen [% N] within the tree rings of the 5-years 

clusters. The situation appears to be fairly similar to the one for δ15N, meaning that there is not exactly 

equal pattern among the measurements of the trees from the same site. The samples from site OU 

appears to have again a quite similar pattern, except for Tree 3.1, which on one occasion especially, 

the period 1991-1995, reports a higher measurement (0.57), almost the double compared to site Tree 

6.1 (0.33) and Tree 1.1 (0.38) (Figure 13a). Fairly similar are also the measures reported for site ON 

(Figure 13b). Site CT exhibit again a quite confused signal without patterns (Figure 13c). Among the 

average measurements per site (Figure 13d) the lowest values are recorded mostly in site CT, whereas 

the highest ones in site OU. In this case however, there seems to be a more coherent average value 

between all the sites, except for the lustrum 2016-2020, where like in Figure 12d, a divergence is 

displayed, with site OU showing an increase while site ON and CT a decrease.  
 

3.1.3  Reconstructed δ15N-NOx signal 
With the available data from the nitrogen isotope analysis, it is possible to display the relationship 

between the δ15N value with the N-concentration (Figure 14a). Figure 14a shows that for each site, 

there is a non-linear relationship between the concentration of nitrogen in the tree rings and the δ15N 

value. The graph (Figure 14a) indicates that higher concentration of nitrogen often does also 

correspond to elevated δ15N values. The relationship is particularly strong for site ON and CT, which 
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Figure 13: Nitrogen concentration [% N] of 5-years clusters for sites OU (a), ON (b), CT (c), and the comparison of average 

values between sites (d) – ± SE. 
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have an elevated R2 value of 0.93 and 0.88 respectively. As carefully explained in the study presented 

by Saurer et al. (2004), by assuming that the nitrogen taken up by the trees comes from only two 

sources (i.e., the soil, which is considered as the background concentration, and the one that is emitted 

from the exhausts of vehicles’ engines) the two-members mixing model of Figure 14b can be created.  
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Figure 14: The relationship between δ15N value and N-concentration measured in the tree rings (a), and the 

relationship between δ15N value with 1/N concentration (b). 
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For all the sites there is a strong linear relationship between δ15N and the inverse of the N-

concentration, showing an R2 of 0.56 for site OU, 0.90 for site ON and 0.96 for site CT (Figure 14b). 

From the graph in Figure 14b it is possible to retrieve the average δ15N value of the emissions that 

can be reconducted to nitrogen oxides (NOx), since this value is represented by the y-intercept of the 

curves (Saurer et al., 2004). The method can then be extended and applied to each time period (1976-

1980, 1991-1995, 1996-2000, 2006-2010, 2016-2020) of every site. Thus, every point shown in 

Figure 15, corresponds to the y-intercept value of the regression line created by the relationship 

between the δ15N value and 1/N-concentration from 3 data point from the 3 measured trees per site.  

Figure 15 represents the δ15N-NOx value originating from emissions. The signal for site ON appears 

to be rather stable throughout the whole measured period, and it could suggest that here the polluting 

source is the same for each 5-year cluster, or that the polluting sources have different signatures of 

δ15N-NOx, but their proportions either do not change or the variations eventually balance out at a 

similar value. The frequent fluctuations in site CT instead could indicate that there are different 

polluting sources affecting the location, making the signal unstable, as opposed to site ON. The 

biggest excursions in terms of δ15N-NOx value are reported by site OU. The sharp drop between the 

clusters 2006-2010 and 2016-2020 where the δ15N-NOx value shifts from 19.9 to 5.6‰, is particularly 

striking. This fluctuation could be interpreted as a change in the major polluting sources in site OU.  
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Figure 15: Reconstructed average δ15N-NOx signal per site. 
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3.2  Radiocarbon results (14C)  

3.2.1  Measured F14C values and local dilution effect 
The data of the radiocarbon analysis are presented in the form of F14C, which means that the 14C 

activity was corrected for δ13C and normalised to the standard of modern biosphere. Although Δ14C 

is a very useful measure for geochemical studies and pre 1962 samples, for post-bomb samples the 

use of F14C (i.e., fraction modern) is advised (Reimer et al., 2004; Stenström et al., 2011). The main 

issue related with Δ14C is that it will yield different results if a sample that was formed or grown in 

1962, is measured today versus if it was measured in 1962 (Reimer et al., 2004). In contrast, F14C is 

not dependent on the measurement year and does not change over time (Stenström et al., 2011). 

The F14C analysis was performed on 3 Norway spruce trees for each site, so as to obtain 3 

measurements per year per location. Subsequently an average value for each year (1980, 1994, 2000, 

2008 and 2018) at every site was calculated – the datapoint laying outside of the ± 2σ interval were 

not included in the average. The obtained results are visualised in Figure 16 – for the analysis the 

latewood was selected, therefore, the datapoints in the graphs are slightly shifted on the right, since 

they represent the summer months. The site averages were overlaid on the F14C curve from the data 

gathered by Levin and Kromer (2004) at 3450 m a.s.l. in the high-altitude research station located on 

the Jungfraujoch, in the Swiss Alps. 

Figure 17 represents the dilution effect at the three sites. The dilution effect shows the difference, in 

%, in terms of radiocarbon concentration between the measured values at the three sites and the 

background (“clean air”) concentration, measured at the Jungfraujoch station.  
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Lower F14C values, indicate that in the tree rings, and consequently in the atmosphere, there is a 

higher concentration of 12C. Thus, where the F14C signal in the experimental sites is lower in Figure 

16, which is also reflected by a higher dilution level in Figure 17, it can be concluded that a local 

Suess effect is taking place.  

This in turn suggests that the effect is presumably promoted by the presence of one or more polluting 

sources emitting radioactively dead carbon, possibly from the combustion of fossil fuels. This 

condition seems to apply to site OU for every measured year, given that its F14C value is consistently 

lower than the reference level. Site ON instead, does not show any sign of local Suess effect, until 

the year 2000, in which it is possible to see the begin of a minor dilution effect. These signs could 

reflect the construction of the bypass road and its opening in late 2005. Site CT presents mostly small 

fluctuation around 0% and with a relatively high standard error, except for year 2008, where there 

seem to be a slight dilution in F14C concentration. Overall, the values for the control site are 

reasonable since it is located more than 4 km away from the two main roads. What is particularly 

surprising is the magnitude by which site OU is consistently more polluted than site ON.  
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Figure 16: Average F14C concentrations for sites OU, ON and CT are represented and overlaid on the Jungfraujoch 

data gathered by Levin and Kromer (2004). 
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3.2.2  Fossil fuel CO2 component 
The quantification of the emissions produced by the burning of fossil fuels (CO2foss) at a local scale 

is a relevant measure for assessing its impact on a local Suess effect (Battipaglia et al., 2010; Levin 

et al., 2008; Rakoswky et al., 2008). The calculation of CO2foss is explained in detail by Levin et al. 

(2008) and can be estimated through Eq. (3): 

 

𝐶𝑂2𝑓𝑜𝑠𝑠 = 𝐶𝑂2𝑚𝑒𝑎𝑠
∆14𝐶𝑏𝑔 − ∆14𝐶𝑚𝑒𝑎𝑠

∆14𝐶𝑏𝑔 + 1000%
      (3) 

 

Where: CO2meas is the atmospheric CO2 concentration in ppm, Δ14Cbg is the background radiocarbon 

concentration from an unpolluted site, and Δ14Cmeas is the radiocarbon concentration measured at the 

experimental sites. Thus, in this investigation, for the atmospheric CO2 concentration the 

corresponding data collected at Mauna Loa by Keeling et al. (2001) are used. Instead, for the Δ14Cbg 

the Jungfraujoch data is used since it is the best radiocarbon reference for sites located in 

south/western Europe (Levin et al., 2008). The main reason is that the atmosphere at the Jungfraujoch 

measuring station is believed to not be influenced by any local Suess effects (Piotrowska et al., 2019). 

Consequently, it can best represent the global scale influences of 14CO2 sources and sinks such as 

stratosphere–troposphere exchange at this latitude and release of bomb 14CO2 from the terrestrial 

biosphere (Levin et al., 2008). The suitability of the data from the Jungfraujoch is also confirmed by 

the fact that all the collected samples at each site were checked with the Pearson correlation 

coefficient and all show a very high r value (> 0.99) with a high significance level (P << 0.01). 

 

Eq. (3), however, requires the use of Δ14C data, and not F14C, thus the measurements have to be 

transformed into Δ14C via Eq. (4), which details are explained by Plicht and Hogg (2006): 
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Figure 17:  Dilution effect in % at site OU, ON and CT (± SE). 
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∆14𝐶 = 1000 ∗ [(𝐹14𝐶 ∗ 𝑒−𝜆(𝑇𝑖−1950)) − 1]     (4) 

 

Where: λ is the decay constant for the 14C isotope, i.e., 8267 yr-1; and Ti is the calendar year in which 

the measured tree ring was formed. 

By means of Eq. (3) and Eq. (4), it is possible to create Figure18, which shows the fossil fuel CO2 

component emitted per site. Figure 18 shows that there is a clear influence of pollution from fossil 

sources in the last decades, predominantly in site OU, but also in site ON, although minorly. The 

CO2foss results however do not describe the patterns that were hypothesised according to the 

development of the traffic situation in Klosters. As a matter of fact, by comparing year 2018 of Figure 

18 with Figure 17 it appears that there is a discrepancy in the results, for the sites OU and ON. On 

the one hand, Figure 16 highlights a very strong increase in CO2foss for 2018 compared to 2008 

(+406.6% for site OU and + 408.2% for site ON). On the other hand, Figure 17 shows that there is a 

decrease in F14C dilution for the same periods (-52.1% for site OU and -52.3% for site ON), 

suggesting a weakening of the locals Suess effects.  
 

 

 

Figure 18: Estimation of fossil fuel CO2 component per site (± SE). 

 

 

 

-250

-150

-50

50

150

250

350

450

1980 1994 2000 2008 2018

C
O

2
fo

ss
[p

p
m

]

Fossil fuel CO2 component

Site CT Site ON Site OU



 3. Results  

45 
 

3.3  LA-ICP-MS results  

3.3.1  Measured heavy metals 
Out of the 20 elements that were measured with the LA-ICP-MS, only 9 (Ca, Cr, Cu, Hg, Mn, Mo, 

Pb, Ti and Zn) were considered in the evaluation of the results. The signal of the elements that were 

excluded (Bi, Cd, Co, Fe, Ni, Rh, Sn, Th, Pd, Pt, V), was below their limit of detection (LOD). The 

results obtained from the LA-ICP-MS are intrinsically complicated and their signals are time-

dependent (Longerich et al., 1996). The quantity of the material that is ablated from the sample is not 

constant between each analysis, but rather, it oscillates significantly. Therefore, it is required to 

calculate a new LOD for each analysis (Longerich et al., 1996). In this study, the LOD for each 

element was calculated according to the procedures illustrated by Longerich et al. (1996), and 

subsequently compared with the signal measured for each analysis. Thus, all the measurements whose 

elemental signal was lower than the LOD were discarded. The only elements kept are those that have 

a higher signal then the respective LOD for all 6 tree rings, for each of the 10 measurements. The 

majority of the elements discarded recorded a lower signal than their LOD for all the tree rings in 

every tree core. Fe and Cd have 2-3 measurements that were not admissible for each core, however 

the elements were discarded anyway so as to not further complicate the evaluation of the results.  

 

 

Figure 19: Comparison between site OU and site ON of the average normalised signal of all the considered elements 

(Ca, Cr, Cu, Hg, Mn, Mo, Pb, Ti and Zn – ± SE). 

 

Figure 19 depicts the average signal of all the elements in site OU and ON. The curve for site OU 

shows higher values until 1983 where a marked decrease is presented until 1993. From 1998 to 2008 

there is a slight increase, followed by a drop in 2013. These findings are possible to be reconducted 

to the main events that took place in Klosters, i.e., the construction of the bypass road and its 

successive opening to the traffic. Even though there is a peak in 1998 which corresponds to the road 

work and higher pollution rates than site OU for 2013 and 2018, the curve for site ON appears to be 

more enigmatic to interpret. The lowest value is reached in 2008, when the area is supposedly polluted 
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by the roadworks and the increased traffic rates. However, as the error bar show, there is an important 

quantity of uncertainty in the data, making the interpretation harder. 

Cd, Cr, Hg, Pb and As (arsenic) are often considered as priority heavy metal, because of their 

accumulation in the environment and extremely toxic consequences for the living beings (Tilako et 

al., 2020). In Switzerland the monitoring of priority heavy metals is focused on Cd, Hg and Pb (Bass 

et al., 2021). Their indexed signals found with the LA-ICP-MS in site OU and ON are shown in 

Figure 18. The graph for Cd is not present because its detected signal is often lower than its LOD for 

the majority of the measurement. Thus, since such collected data are unreliable, Cd was omitted. In 

Figure 20a is represented the normalised average signal of Pb for sites OU and ON. The most peculiar 

behaviour is shown in site OU, where the Pb signal drastically drops from 1978 and stays on low 

levels for the whole period. In site ON instead the signal shows important oscillations with peaks in 

1988, 1998 and 2013. It is important to notice that the average for site OU was calculated with only 

2 datapoints per year, since the measures of Tree 3.2 were omitted. Tree 3.2 was excluded because it 

recorded extremely high values in comparison to the other trees, by several folds. This enrichment 

phenomenon was also recorded for Mn – the comparison with Tree 3.2 is visible in the graphs of Pb 

(Figure 38) and Mn (Figure 34) in the Appendix (the values for Tree 3.2 are recorded on the secondary 

y-axis, on the right side of the graph). Tree 3.2 is the only tree core for which all the measurements 

of Cd were higher than its LOD by a considerable amount – comparable to the other two anomalies 

in elemental signal in Tree 3.2 for Pb and Mn. Figure 20b depicts the normalised average signal of 

Hg, which in comparison with Pb is more similar among the sites. The main differences are to be 

found in year 1998, where the signal decreases for site OU and increases for site ON. Moreover, 

before 1998 the index is lower for site ON and higher for site OU. Instead, afterwards, site OU 

becomes the one the lower values and vice versa. Overall, the index value of Hg suggests that there 

is an increase of the element over time. 
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Figure 20: Normalised average signal per site for the elements Pb (a) and Hg (b) (± SE). 
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Despite the practical advantage of normalisation, and the potential interpretation issue presented by 

the use of raw data (i.e., non-normalised), these can still be useful to compare the signals of the same 

elements that are found in the two sites, in order to see where higher pollution rates are found (all the 

graphs can be found in the Appendix, with normalised and raw values). A good example of the utility 

of raw data is the signal of Cr (Figure 21). The signal of Cr for the two sites appears to be relatively 

stable over time without showing any major fluctuation. In this case site ON records consistently 

higher values than site OU. 

 

Figure 21:  Raw average signal per site for the element Cr (± SE). 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

2018201320082003199819931988198319781973

Si
gn

al

Cr signal - raw data

Average site OU Average site ON



 3. Results  

49 
 

Figure 22 depicts the normalised average signal of Mn (Figure 22a) and Ca (Figure 22b). Both the 

elements present an overall decreasing trend. For site ON the index value of Ca and Mn is particularly 

similar. The Mann-Kendall test confirmed that the two curves (for site ON) do have a similar 

monotonic trend with a Tau of 0.689 (P < 0.01). In contrast, the monotonic trend for site OU is not 

statistically significant as opposed to site ON, but it is present nonetheless, with a Tau value of 0.511 

(P > 0.05). 
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Figure 22: Normalised average signal per site for the elements Mn (a) and Ca (b) (± SE). 
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3.3.2  Statistical analyses performed 

3.3.2.1 Mann-Kendall test (M-K) 

 

The results of the M-K tests are shown in Table 

1, for the signal of single trace metals between 

sites, while Table 2 shows the result of the test 

for the average elemental signal per site (plotted 

in Figure 17). In the tables, the rows highlighted 

in grey correspond to the elements for which a 

monotonic trend has been confirmed, i.e., Ca, Cr, Mn and Mo. In 

contrast the result presented in Table 2 demonstrate that between the 

two sites’ average signals there is no monotonic trend. 

 

 

 

3.3.2.2 Pettitt test 

This test was applied to all the time series of each trace metal and of each site, separately, with the 

aim of finding a correspondence between the change points indicated by the Pettitt test, and the years 

having potential impactful events for the village of Klosters – e.g, the begin of the construction works 

or the opening of the bypass road. For the Pettitt test, the raw data are used, since the normalisation 

might heavily distort the values of the elemental signal. The test however did not identify any change 

point for any trace metal, in neither site. 

  

Table 2: result of the M-K test for 

each element 
Table 1: M-K test 

between site averages 

concentration of heavy 
metals 
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3.4  Tree-ring width results 

3.4.1  Comparison of tree-ring width with nitrogen isotope analysis  
Figure 23 represents the 

comparison between the 

concentration of nitrogen in 

the tree rings with the 

detrended tree-ring width 

for site OU (Figure 23a) 

and site CT (Figure 23b). In 

order to make the tree-ring 

width comparable with the 

5-year cluster data of the N 

analysis, the average 

detrended tree-ring width 

was also calculated in 5-

years clusters and only the 

clusters matching the 

analysed years for N are 

selected and presented in 

the graphs. This procedure 

is also applied for Figure 

24. 

In Figure 23a site OU 

presents a similar pattern 

for both variables. The 

main difference is that N 

concentration presents a 

negative peak in 1996-

2000, which is reported in 

the successive 

measurement (2006-2010) 

for the tree-ring width. The 

Pearson correlation 

coefficient reports a weak 

correlation between the two 

variables, with an r value of 

0.30 and a low level of 

significance (P = 0.63). Site 

CT does also show a 

similar pattern between N 

concentration in the tree 

rings and their detrended 

growth. In this case the fall 

of 2016-2020 of % N is not 

reported in the growth 

pattern. The Pearson 
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Figure 23: Comparison between the % N (± SE) with the 5-year average tree-ring 

width (± SE) of site OU (a) and site CT (b). 

Figure 24: Comparison between δ15N-NOx and the 5-year average tree-ring with (± 

SE) of the trees investigated through δ15N analysis for site OU. 
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correlation coefficient is sturdier this time (r = 0.60), although it is still not significant (P = 0.29).  

The correlation between the δ15N values and the detrended tree-ring growth was also checked with 

the Pearson correlation coefficient. Among these two variables however there is no correlations, since 

the r values are slightly negative for each site. A high correlation is shown instead in site OU by 

comparing the detrended tree-ring growth and the δ15N-NOx value (Figure 24). This correlation 

reports an r value of 0.84, despite not being statistically significant (P = 0.08). 

 

3.4.2  Comparison of tree-ring width with radiocarbon analysis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The comparison between the dilution of 14C and the detrended tree-ring width for each site is 

presented in Figure 25. Given that the 14C analysis are conducted only over precise years, in Figure 

25 it is represented only the detrended average tree-ring width of the site corresponding to the 

measured 14C year. Therefore, unlike Figure 23 and Figure 24, 5-year average clusters are not 

necessary. The two variables (detrended tree-rings width and 14C dilution) were checked with the 

Pearson correlation coefficient. Site ON and site CT reports a slightly negative r value, meaning that 

the correlation is weak. In contrast, site OU registered a very high correlation value is also statistically 

significant (P < 0.05). Thus, in site OU the strong correlation between the 14C dilution and the 

detrended tree-ring width indicates that high dilution rates are reflected in high growth rates and vice 

versa.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

-0.50%

-0.25%

0.00%

0.25%

0.50%

0.75%

1.00%

1.25%

1.50%

1.75%

20182008200019941980

D
ilu

ti
o

n
 [

%
]

In
d

ex
 v

al
u

es

14C dilution compared to the average detrended tree-ring width per 
site

Dilution OU Dilution ON

Dilution CT Detrended tree ring width OU

Detrended tree ring width ON Detrended tree ring width CT

Figure 25: Comparison between the radiocarbon dilution per site (± SE) with the tree-ring growth of the equivalent 

year (± SE). 



 4. Discussion 

53 
 

4  Discussion 

4.1 Nitrogen isotope analysis (δ15N) 
The implementation of nitrogen isotope analysis in studies 

about local pollution history is possible, and it has been 

documented by the various examples. However, particular 

caution is required due to the intrinsic complication of the 

internal interaction between nitrogen and plant, as well as 

the multitude of external variables that can influence the 

results. The δ15N results of the current investigation are 

fairly similar to what was found by Saurer et al. (2004) and 

Guerrieri et al. (2009), two studies carried out in settings 

similar to this research. For example, both were performed 

near a motorway in Switzerland, and analysed the presence 

of N within the tree rings of Norway spruce trees. In the 

case of the current investigation, however, the δ15N data fail to depict a clear temporal trend that can 

be related with the polluting events which took place in the area of Klosters in the last 50 years. As it 

is visible in Table 3 (and Figure 12d), site ON has only slightly higher δ15N value than the control 

site, whereas site OU is the one reporting the highest values. It appears that the construction works 

for the bypass road, as well as its opening did not leave a clearly detectable sign in the data. This 

result is comparable to the finding of Leonelli et al. (2012), who also did not report a clear response 

of δ15N in tree rings (of European larch – Larix decidua Mill.) for the variation of traffic volumes 

along the Mont Blanc motorway in Italy. 

The natural average δ15N value for a temperate forest is usually slightly in the negative range, between 

-2‰ and -5‰ (Amman et al., 1999). According to Table 3 the closest value to the “natural one”, is -

1.55‰ found in the period 1976-1980 for site CT. This site was chosen as control, since it is distant 

enough to avoid being under the influence of atmospheric pollution from both the bypass and the old 

road. Already at the distance of 1 km the effects of a motorway over the concentration of nitrogen are 

negligible (Saurer et al., 2004). Therefore, the nitrogen isotope ratio found in the tree rings of site CT 

should also be somewhat close to the local value of the soil (Gebauer et al., 1994). Considering that 

the values reported for site OU and ON differs from the ones of the control site and are relatively far 

from the natural value for temperate forests, we can assume that in the two sites during the last 50 

years there has been an ongoing perturbation of N, possibly from one, or multiple anthropogenic 

sources.  

 

 

4.1.1  Nitrogen uptake and δ15N signal in tree rings 
Using N for studies reconstructing the atmospheric pollution history presents some issues. Firstly, 

when dealing with different polluting sources, it has to be taken into account that they most likely 

have differing nitrogen isotopic ratios (Heaton, 1990). For this reason, disturbances in the δ15N signal 

might be recorded as either a decrease or increase of the 15N isotope, because they represent the 

resulting signature from the sum of different signatures values of the various sources (Guerrieri et al., 

2009; Savard, 2010). The difficulties in the interpretation of the δ15N signal are also related to the fact 

that the absorption of N is dual, meaning that it can happen through different processes, i.e, the leaves 

and the root system (Vallano and Sparks, 2007).  

 

Table 3: average δ15N [‰] values recorder per 

site 



 4. Discussion 

54 
 

The δ15N value found in tree rings is also related to the nitrogen cycle in the soil, therefore, changes 

in the cycle can have consequences over the isotopic ratio (Bukata and Kyser, 2007). Such 

disturbances are often induced by the local climatic conditions (Savard et al., 2009), which can 

manifest themselves as variations in the soil pH, increment in temperature of the soil, changes in the 

soil microbe communities or modification of the regional hydrology (Bukata and Kyser, 2007). In the 

soil, the main source of N for the plants is represented mostly by either nitrate (NO3
−) or ammonium 

(NH4
+) and in smaller part by organic nitrogen (Vallano and Sparks, 2007). The transformation 

process of organic N into an inorganic form (NO3
−, NH4

+ or NO2) is known as mineralisation. During 

this process, fractionation takes place within the soil (Guerrieri et al., 2009). However, it has been 

reported to not have a major influence over the δ15N value of nitrogen taken up through the roots 

(Evans, 2007; Savard, 2010). What could instead have an influence over the δ15N value assimilated 

by the root is any process that can potentially modify the ratio between NO3
− and NH4

+ (Savard, 2010). 

In fact, NO3
− typically has a more depleted nitrogen isotopic ratio than NH4

+. NO3
− is produced by the 

nitrification process, namely, a microbe mediated transformation of ammonium into nitrate. This 

compound (NO3
−) presents higher mobility in water than ammonium, nonetheless NH4

+ is preferably 

assimilated by the trees (Savard et al., 2009). This means that there is a discrimination process during 

the nitrogen uptake from the roots in favour of NH4
+, possibly because, in the tree, NO3

− before being 

synthetised into ammino acids still requires to be reduced (Cole, 1981). High rates of N deposition 

have been reported to increase the net nitrification process, increasing thus the concentration of NO3
− 

into the soil (Savard, 2009). Moreover, Norway spruce is a species whose roots are often converted 

to mycorrhizas. The fungi are known to be able to influence the nutrition of the tree and its reaction 

to environmental disturbances (Taylor et al., 2000). This symbiotic relationship has been reported to 

lead to lower δ15N values in the plants, due to elevated rates of isotopic fractionation happening within 

the fungi (Marshall et al., 2007). This phenomenon seems to be more prominent under N-limited 

conditions, since the tree has to rely more heavily on the nutrients provided by the mycorrhizae 

(Marshall et al., 2007; Vallano and Sparks, 2007).   

The second way in which plants assimilate N is through foliar uptake. Thanks to the implementation 

of models, it has been demonstrated that this pathway is responsible for the uptake of 3-16% of 

reactive nitrogen (i.e., the combination of oxidized, reduced, and organically bound nitrogen) used 

by the tree for the growth of new tissues (Vallano and Sparks, 2007). The foliar assimilation happens 

mainly through stomatal diffusion. This process is dependent on two main factors: firstly, the physical 

and chemical characteristics of the pollutant. Secondly the plant species and its physiological 

properties, such as its stomatal conductance and rate of N metabolism (Vallano and Sparks, 2007).   

The δ15N value in the tree rings is therefore a resulting combination of the N taken up by both leaves, 

from the atmosphere, and roots, from the soil. For this reason, it is important to be able to differentiate 

between the sources of nitrogen (Vallano and Sparks, 2007), and possibly isolate atmospheric signal. 

This step has often proven difficult to be put into practice in field studies, especially due to 

discrimination during uptake and assimilation of N, as well as the aforementioned mycorrhizal 

interaction (Vallano and Sparks, 2007). Nonetheless, although not perfectly, with the help of mixing 

models, it is possible to extrapolate general deductions regarding the uptake from the leaves (Marshall 

et al., 2007). As it is shown in Figure 15, in the current investigation we managed to isolate and 

reconstruct the δ15N-NOx signal with a two-component mixing model in order to highlight the role of 

atmospheric pollution.  

 

4.1.2  Reconstructed δ15N-NOx signal 
The interpretation of δ15N-NOx signal is not straightforward, since its value has been proven to also 

be highly different depending on the emitting source (Heaton, 1990; Walters et al., 2015). For 
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example, Heaton (1990) confirmed that the δ15N value emitted by a combustion engine can vary from 

-2‰ to -13‰. The emission difference is tied to the type of engine, the speed at which it is rolling 

and its load. The result showed that higher loads are reflected in a higher nitrogen isotope ratio, for 

both gasoline and diesel engines (Heaton, 1990). A more recent study by Walters et al. (2015) 

suggested that there is an even bigger excursion range of δ15N values for vehicle exhausts, from -23.3 

to 15.9‰ for diesel-fuelled vehicles and from -15 to 10.5‰ for gasoline-powered ones. A relationship 

was found between the concentration of NOx and the δ15N-NOx value, namely, a higher concentration 

is reflected by a lower isotopic ratio (Walters et al., 2015). Most of the emissions (around 70%) are 

expelled in the first 200 s of engines’ operation, since the catalyst is still cold (Walters et al., 2015), 

whereas, once the catalyst is warm, the emission of NOx tends to enrich in 15N. 

An important role in the regulation of the emissions of nitrogen is also played by catalysts, since after 

their introduction, the emissions from vehicles’ engines have been largely reduced, especially in terms 

of NOx. Fundamental in this abatement, is the role played by selective catalytic reduction (SCR) – 

which falls into the category of post-combustion control (Cheng and Bi, 2014). SCR catalysts were 

first introduced in the early 2000s with the Euro IV standards (Johnson, 2015), and are now one of 

the most efficient post-combustion technologies for the control of NOx emissions (Liu et al., 2016). 

4.1.3  Alternative sources affecting the δ15N value of tree rings 
Other perturbances affecting the δ15N value are related to the deposition of domestic animals 

(Battipaglia et al., 2010). The general average δ15N value for raw manure from various livestock is 

7.2‰ – while for cattle only it is slightly higher, 8.4‰ – (Bateman and Kelly, 2007; Choi et al., 2017; 

Lim et al., 2010). However, once the manure is deposited on a surface, the phenomenon of NH3 

volatilisation takes place, stripping away the lighter 14N isotopes and creating thus an enrichment of 
15N in the remaining N, up to 14‰ (Choi et al., 2017). Another issue is posed by the use of fertilisers, 

either in the form of composted manure or of synthetic nature, given that they both contain nitrogen. 

The δ15N value of composted manure is usually more enriched in 15N than raw manure, displaying a 

mean value of 16.3‰, but ranging between +4.9 and 20.9‰ (Choi et al., 2017), whereas the typical 

signature of N from synthetic fertilisers ranges from -3 to +3‰ in 90% of the cases (Choi et al., 2017).  

The use of fertilisers might not represent an issue for site OU and ON, due to the fact that they are 

mostly comprised of forested areas – even though accidental contamination due to spillage could still 

happen (especially for site OU, given its closer proximity to the road). Furthermore, random 

deposition from wild animals cannot be excluded. In contrast, for site CT, fertilisers and manure 

might represent an issue, since there the trees are more spaced between each other, and the area might 

be used as a pasture for cattle.  

4.1.4  Nitrogen concentration in tree rings 
Similar to the results of δ15N and δ15N-NOx, the concentration of nitrogen in the tree rings (Figure 

13) does not provide specific evidence for the main events that took place in Klosters. There could 

be multiple reasons to explain this behaviour. As a matter of fact, whenever employing methods 

involving important nutrients for the plant physiology, such as nitrogen, there is an important level 

of uncertainty that has to not be neglected. Due to its metabolic utility for the tree, the plant can 

manage N according to its physiological necessity (Saurer et al., 2004), with the aim of increasing 

the N use efficiency (Meerts, 2002). This phenomenon, which is known as lateral/radial transport (or 

translocation), constitutes an issue for the application of dendrochemical analyses on tree rings. 

(Saurer et al., 2004; Tomlison et al., 2014). Lateral translocation generally takes place during the 

cellular transformation procedure of sapwood into heartwood. When the cells die, the tree usually 

recovers nitrogen from them and moves it to the living and younger parts of the tree, namely, the 

sapwood and developing leaves (Saurer et al., 2004; Tomlison et al., 2014). The presence of such a 
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phenomenon can potentially invalidate the use of tree-ring N-concentration as a reliable tool to track 

the nitrogen deposition rates. One of the main reasons is that due to this process, nitrogen from past 

polluting events might be displaced to younger sections of the tree (Battipaglia et al., 2010). 

Consequently, annual resolution is precluded a priori, however the δ15N signal can potentially be 

affected only minorly, if during the process of nitrogen-recovery fractionation is not prominent. Thus 

N-concentration can still retain a certain degree of utility (Saurer et al., 2004; Savard, 2010).  

4.1.5  Limitations of nitrogen isotope analysis in this investigation 
The study carried out by Saurer et al. (2004), was able to benefit from the data about the nitrogen 

condition in the soil collected by Amman et al. (1999), since the two research were conducted in the 

same location. For the present project, no assessment of the soil N was made, which could have helped 

to discriminate between the various sources of N. Furthermore, a total of 3 trees were analysed per 

each site, which is a relatively low number; therefore, in a successive study, using a higher number 

of samples could be helpful to give more robust results which are less influenced by outliers. 

Moreover, the distance of the trees from the road is dependent on the site and on the individual, and 

thus it is uneven between the samples. This changes the level of exposition to the pollution, since 

individuals closer to the road interact with the higher quantity of pollutants. The quantity of pollutants 

to which a tree is exposed, is also influenced by the wind speed and direction (Guerrieri et al., 2009), 

thus having a deeper insight into this aspect could be highly beneficial for the interpretation for the 

results. 

 

4.2  Radiocarbon analysis (14C) 
As shown in Figure 16 and 17, the radiocarbon results do not match the expectations, and partially 

fail to show the polluting effect of road traffic in terms of fossil carbon emissions. Most surprising is 

the low signal response in site ON, which should be particularly exposed to such pollution. A 

somewhat similar result was obtained by Sensula et al. (2018). In their case, Scots pine (another 

coniferous species) was sampled in proximity of heavy industrial factories, and radiocarbon analysis 

over tree rings were carried out. Analogously, in some of the sites which the authors hypothesised to 

be particularly affected by an important local Suess effect, no clues regarding pollution were found 

by the radiocarbon analysis. The absence of dilution in the 14C isotope was mainly attributed to 

physiological factors of the trees, i.e., how carbon is stored as well as external factors – such as nuclear 

power plants (Sensula et al., 2018).  

Among the sampled sites, the ratio 14C/12C is always the lowest in site OU. However, Figure 16 

highlights a clear decrease in 14C dilution, starting in year 2000. On the one hand, this behaviour 

could be suggesting that the opening of the bypass road in late 2005, by diverting the majority of the 

traffic, affected the local concentration of radiocarbon. As a matter of fact, the environmental impact 

assessment report states that in 1987 approximately two thirds of the carbon emission in Klosters 

were produced by road traffic, while the remaining one third was attributed to other sources of fossil 

fuel combustion, such as heating implants (Tiefbauamt des Kantons Graubünden, 1991). In 2005, 

once the bypass road would have opened, the prediction in the environmental impact assessment 

report states that the carbon emission percentages in the village would have shifted from 66.6% to 

8.5% for road traffic and from 33.3% to 91.5% for combustion and heating implants (Tiefbauamt des 

Kantons Graubünden, 1991). On the other hand, another possible explanation for the decreased 

dilution could be found by glancing at the location of the sites (Figure 8). Given that site OU is much 

closer to the village and its buildings than site ON, the local trees could be primarily affected by the 

pollution produced by “Feuerungen”, i.e., the burning of fuels for industrial production and heating 
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of building (FOEN, 2021). Moreover, the role of “Feuerungen” is possibly enhanced by the 

geographical location of Klosters. The village lays de facto in a mountainous region at 1200m a.s.l. 

with an average annual temperature of 2.2 °C, and therefore the higher number of heating degrees 

induces larger quantities of CO2 emitted per capita in comparison to cities in warmer conditions 

(Bergeron and Strachan, 2011).  Thus, the drop in the dilution signal could be also partially 

reconducted to a technological improvement of the combustion plants fuelled by either oil or gas. 

This improvement took place (in Switzerland) at a national level during the 90’s and helped greatly 

in the mitigation of atmospheric pollution (FOEN, 2021). The key elements of the emission’s curbing 

can be identified in better combusting techniques, higher fuel quality and periodical controls once the 

new air quality law (Luftreinhalte-Verordnung) was introduced in 1986 (FOEN, 2021). 

4.2.1  Trees’ uptake of carbon and 14C signal 
Green plants are able to fix carbon dioxide (CO2) from the atmosphere by bounding it with water 

(H2O) into glucose (C6H12O6). This process, known as photosynthesis, requires the energetic input of 

light to produce chemical energy. The photosynthetic reaction takes place into the chloroplast of the 

chlorophyll – the green parts of the plant (Agrios, 2005). Trees play an important role in this section 

of the carbon cycle, i.e., the atmospheric carbon fixation and storing through photosynthesis. For this 

reason, forests are considered as major carbon sinks (Saurer et al., 2003). The carbon present in the 

atmosphere can be found in the stable forms of 12C and 13C or in the radioactive form of 14C. During 

the photosynthesis, plants take up one of the three isotopic forms of carbon, fix it into glucose and 

use it to sustain their metabolic functions. Therefore, part of this carbon consists of 14C, and it reflects 

the fractions of carbon isotopes in the atmosphere (Suess, 1980). Unlike the quantity of 13C, whose 

assimilation depends on the in-situ conditions during the tree growth, the quantity of radiocarbon 

uptake is for the most part independent by the geographic location (Suess, 1980). A decrease of the 
14C/12C ratio in the atmosphere, which is not attributable to the natural decay of the radioactive isotope 
14C, is known as Suess effect. This effect can have global, regional, or local character (Levin et al., 

2008), and can be induced by the burning of fossil fuels. 

 

4.2.2  Radiocarbon concentration in tree rings 
Tree rings are generally believed to be an optimal passive record of 14C, since the cellulose of the 

plant is usually a direct sample of the atmospheric carbon concentration (Kromer, 2009). For this 

reason, the 14C curves for the radiocarbon dating method are calibrated on the value retrieved by tree 

rings (Kromer, 2009). Nonetheless, although not as prominent as with nitrogen, even for 14C there 

are both internal and external factors that influence the concentration of radiocarbon present within 

the tree rings. One of the most important internal factors related to such variabilities is represented 

by nonstructural carbon – NSC (McDonald et al., 2019). NSC is carbon that has been recently 

photosynthesised but was nonetheless not integrated into structural tissue – as instead it is the case 

for the majority of the photosynthesised C – but it is stored to be used in other circumstances, such 

as stressful events (McDonald et al., 2019; Sensula et al., 2018). As a matter of fact, when the tree is 

under stress it tends to reallocate carbon as a response, and if this reallocation is not sufficient to 

overcome the stress-related disruption, the plant might die (Cherubini et al., 2021). It has been 

demonstrated that trees having a higher amount of NSC stored and ready to be used, are most likely 

to survive the impact of important disturbances. In some cases, carbon older than 10 years was 

reallocated in order to cope with extremely stressful events (McDonald et al., 2019). Droughts 

represent one of these major, and always more frequent, stress factors for forests worldwide. 

Prolonged periods of dryness can disrupt the hydraulics of the tree, the quantity of nutrients taken up 

and the assimilation of carbon (Joseph et al., 2021). Extended droughts can lead the tree to repeatedly 
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recur to the use of stored C so as to sustain vital processes such as respiration (Gessler and Treydte, 

2016). Thus, when a summer is particularly hot and dry, the isotopic signatures of carbon found in 

tree rings might not reflect the atmospheric composition (Gessler and Treydte, 2016).  

4.2.3  External variables radiocarbon concentration 
Among the external variables that can affect the atmospheric radiocarbon value, except for local and 

regional Suess effects, the most important one is the interaction between the sun and the Earth’s 

geomagnetic field, which determines the rate of 14C production (McDonald et al., 2019). The solar 

winds do determine the subannual 14C variation amplitude, which was found to be particularly high 

(up to 5-6 ‰) at the Jungfraujoch measuring station, in Switzerland (Levin and Kromer, 2004). These 

fluctuations however take place at a global or regional scale, whereas the focus of the current 

investigation regards the local scale.  What could instead influence differently the sampled sites in 

Klosters, is the effect caused by the presence of biogenic CO2 in the soil (Sensula et al., 2018).  As a 

matter of fact, biogenic CO2 can lead to increases in the concentration of 14C in tree rings (Piotroswka 

et al., 2019), thus masking the local Suess effect. It refers to the decomposition of older plant material 

that was incorporated into the organic matter of the soil, which might conceal the atmospheric 14C 

value, given that this material contains higher 14C concentrations – since this is age dependent 

(Piotrowska et al., 2019). This effect could apply for the higher values found for site ON, and the 

seemingly absence of a strong Suess effects – especially in 1980, since in this year the site shows a 

concentration higher than site CT; although not higher than the Jungfraujoch data. Nevertheless, this 

is just a speculation. Other factors that influence the radiocarbon value are for example nuclear power 

plants, which do exert an enriching effect over the local concentration of 14C (Sensula et al., 2018). 

However their effect is spatially limited up to 2.5 km of radius (Monlnar et al., 2007), therefore, for 

this investigation their influence is absent. 

4.2.4  Limitations of radiocarbon analysis in this investigation 
The obtained results are difficult to compare. The dilution graph shows that the ratio 14C/12C starting 

from 2008 is decreasing for both sites, OU and ON. While simultaneously it appears that in the same 

period the CO2 fossil fuel component emitted is strongly increasing. Nevertheless, the dilution effect 

is arguably more trustworthy, because it is based only on measured data obtained by Levin and 

Kromer (2004), from the Jungfraujoch station. In contrast, the estimation of fossil fuel component of 

CO2 requires an additional input data – i.e., the atmospheric concentration of CO2, for which the 

concentration of Mauna Loa, from Keeling et al. (2001) was chosen, and it relies on various 

calculations and simplifications. As a matter of fact, for the calculation of the CO2 fossil fuel 

component of the current investigation, the influence on Δ14C of the biospheric component was not 

taken into account. Levin et al. (2008) suggest that if the magnitude of the local biospheric component 

is important, it should not be disregarded. However, given its unknown magnitude for the study area 

of Klosters, this component was neglected. Furthermore, similar to nitrogen, the unequal distance 

between the road and the trees that were sampled plays an important role in the intensity of the 

recorded 14C signal, due to the very high sensitivity levels of the radiocarbon analysis (Battipaglia et 

al., 2010).  

 

4.3  LA-ICP-MS analysis 
The low signals detected for Cd are surprising since in Switzerland it is considered as a priority heavy 

metal, and according to Table 4 it is present in the traffic emissions with a signal twice as high as the 

one of Hg. In general, on a national level the emissions of Pb, Hg and Cd drastically decreased since 
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1980 (Bass et al., 2021). The emissions of Pb reduced by as much as 98.8% until 2019, Cd by 87.2% 

and Hg by 91.1% for the same period (Bass et al., 2021). For Hg and Cd, the main improvements in 

emissions curbing are tied to the implementation of more severe regulations and limits imposed to 

the waste incinerations plants (Bass et al., 2021). In contrast, the important decrease showed by Pb is 

mainly attributable to the countrywide ban on leaded gasoline in the year 2000 (Bass et al., 2021). 

Table 4 represents the evolution of the emissions of priority heavy metals in Switzerland and their 

relevance in the transportation sector. The evolution of Hg is relatively stable throughout time, thus 

its signal found in tree rings is not particularly surprising. In contrast, the results for Cd are 

unexpected, since most of the time, the signals found in tree rings in Klosters were not higher than its 

LOD. Pb shows the biggest differences in terms of index values between the two sites. In site OU it 

appears that Pb is following the Swiss trend, 

with a steep decrease since the 1980, whereas in 

site ON, no such trend is present, but there are 

rather higher oscillations trough time (Figure 

18a). Such comparisons cannot be made for Cr 

and the other non-priority heavy metals, since 

they are not measured on a national level and 

are therefore missing from the Swiss inventory 

(Bass et al., 2021).  

 

4.3.1  Heavy metal signal in tree rings 
The signals of heavy metals found in tree rings is dependent on several factors, such as: (i) the quantity 

of anthropogenic emissions, (ii) the metabolism of the tree, (iii) the mobility of metals in the soil due 

to the pH variations and redox potential and (iv) the uptake mechanism – roots, leaves or bark 

(Jonsson et al., 1997).  

The mobility of the elements in the xylem is related to their solubility in the solution transported by 

the xylem – i.e., the sap (Cutter and Guyette, 1993). The sap is the liquid flowing in cells of the wood 

(Taiz and Zeiger, 2002). The rings that usually conduct the sap are the younger ones, usually 10 to 

12, and among those, the transport happens through the outer-most ones, since they are the most 

efficient (Bodo and Arain, 2021). For Norway spruce the exact dimension of the sapwood is not 

always constant but varies according to the age of the tree, and also whether the tree is dominant – 

which translates to bigger sapwood – or suppressed – which equals to smaller sapwood – (Sellin, 

1996). Longuetaud et al. (2006) reported a range of 2.4 to 7.1 cm for the sapwood width of Norway 

spruce. The number of tree rings that compose the sapwood are higher at the bottom of the trees and 

lower at the top (Longuetaud et al., 2006). Therefore, the height at which a tree is sampled defines 

the sapwood width, which presents a higher concentration of heavy metals in comparison to the 

heartwood. As a matter of fact, the sapwood transport allows for the translocation of trace metals 

from ring to ring influencing the detected signal, especially where most of the sap transits (Prohaska 

et al., 1998). There are multiple ways in which this kind of transport can influence the final elemental 

concentration in the tree rings, including: i) the amount of time for which the ring is an active part of 

the sap transport, ii) the concentration of the element in the sap passing through the ring, iii) the ability 

of the xylem matrix of a tree ring to bind cations (Hagenmeyer and Hübner, 1999), iv) the heartwood-

sapwood equilibrium and v) the pH of the sap (Prohaska et al., 1998). The effect of the sap transport 

is identifiable in an accumulation of the trace elements in the outer most rings of the sapwood, as well 

as an increased concentration in the cell walls of the vessels transporting the sap (Locosselli et al., 

2018). 

Table 4: Emissions of the transportation sector in 

Switzerland in tonnes (data from Bass et al., 2021). 
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Prohaska et al. (1998) highlighted the role of compression wood for the concentration of heavy 

metals. This kind of wood is much likely to attract and to bind ions in comparison to its opposite 

wood; thus, higher trace metals concentrations, up to a factor of 4-6, are to be found if compression 

wood is present (Prohaska et al., 1998). The selected trees for this study were seemingly unaffected 

by compression wood, however no further analyses, other than in-situ observations, were performed 

to exclude this option. The elemental concentration of heavy metals in tree rings could also be related 

to the effects of injuries or infections, since these can change the properties of the wood and lead to 

substantial increases of element concentrations in tree rings (Danek et al., 2015). Higher 

concentration of pollutants near the outer most rings (visible in Figure 19) could also be the result of 

airborne uptake from the bark (Garbe Schönberg et al., 1997). Most trees tend to show a decrease in 

the quantity of elements present in recent tree rings as the plant ages, mostly due to the lower binding 

ability of its woody tissues (Prohaska et al., 1998). For Ca and Mn (Figure 22) this tendency is clearly 

observable, it is not the case for Hg and Pb (Figure 20). 

In some cases, despite the soil having a notably high concentration of heavy metals, if the tree is 

growing at particularly fast rates, the signal of the element might not be detected (Prohaska et al., 

1998). Alternatively, due to the extreme level of pollution, causing severe stress, the plant might 

behave abnormally (Garbe Schönberg et al., 1997). Individual trees can display different behaviours, 

and their uptake of trace elements is not always consistent. As a matter of fact, when in presence of 

heavily polluted soils, they can move the location of their roots to less polluted spots, such as deeper 

horizons, where the concentration of chemical compounds is different (Garbe Schönberg et al., 1997). 

The horizon depth that the roots reach to absorb the nutrients is also dependent on the water regime 

(Mihailjevic et al., 2011). In case of dry period the uptake of heavy metals happens more deeply in 

the soil, whereas when enough water is available, the trace metals are absorbed mostly from the upper 

layers (Mihailjevic et al., 2011).   
 

4.3.2  Pb  
The ban on leaded gasoline introduced in 2000 seems to not have affected the signal of Pb in site ON 

(Figure 20a). Pb is usually considered as an element having low mobility between tree rings. The 

reason is tied to its low solubility in the sap that hinders its translocation between the ring’s boundaries 

(Cutter and Guyette, 1993). The establishment of the uptake mechanism for Pb, either root, leaves or 

bark is not possible to verify with precision and for this reason, a consensus has still not been reached, 

leading to diverging answers. For example, Bindler et al. (2004), favoured the theory of the bark 

uptake mechanism being the most prominent; Novak et al. (2010) and Kim et al. (2020) suggested 

that the preferred way is through foliar uptake, whereas various studies focused on the absorption of 

lead from the soil, such as Hagemeyer and Hübner (1999). The latter authors conducted a controlled 

experiment regarding the growth of Norway spruce in Pb contaminated soil and they noticed that the 

highest signal of the element in the tree rings do not always reflect the year in which its signal was at 

highest levels in the soil. Previous studies on the concentration of Pb in tree rings (Hagemeyer and 

Weinland, 1996; Prohaska et al., 1998) found a radial distribution pattern, where the rings closest to 

the pith recorded the highest values, whereas the youngest rings recorded the lowest values. Prohaska 

et al. (1998) concluded however that, despite the radial distribution pattern, the concentration of lead 

in the rings did not reflect the applied change of Pb in the soil. Furthermore, according to studies over 

lead isotopes, the uptake via roots might not be the preferred absorption way for this trace metal 

(Mihailjevic et al., 2011). Stille et al. (2012) suggest that the uptake of Pb and its presence is the result 

of all the three mechanisms. As a matter of fact, there is a relationship regarding the soil pH and the 

concentration of Pb in tree rings (Bukata and Kyser, 2008). Lower pH values in the soil correspond 

to higher quantities of Pb in tree rings (Stille et al., 2012). This condition is mainly due to the fact 
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that in such soils more Pb is mobilized and available for the plant to be absorbed (Stille et al., 2012). 

Thus, for the monitoring of historical Pb fluctuations in the atmosphere, it is important that the chosen 

soil has an elevated pH, especially when using Norway spruce (Stille et al., 2012). 

 

4.3.3  Hg  
Mercury is emitted by both anthropogenic and natural sources. In case of natural sources, it is either 

released by volcanoes eruption or through re-emission from the burning of biomass that was 

previously contaminated by Hg and acting as a storage unit (Cooke et al., 2020). In case of the 

anthropogenic sources, the main emissions are derived from the burning of fossil fuels. Among 

several other natural archives, such as ice, firn, peat, as well as lake and marine sediments, tree rings 

are a sink for mercury (Cooke et al., 2020). Conifers in particular represent good interceptors of Hg, 

due to their all-year-round presence of needles, in comparison to deciduous species (Arnold et al., 

2018). Unlike Pb, where the uptake mechanism still represents an ongoing debate, for Hg it has been 

recently proven that foliar uptake and subsequent phloem transportation to the ring is the predominant 

way of absorption (Arnold et al., 2018; Pekham et al., 2019). Furthermore, concentration of Hg in 

foliage, bark and tree rings are seemingly not influenced by its quantities in the soil, thus the 

measurements recorded in the tree represent potential proxies for the monitoring of the atmospheric 

concentration of Hg (Arnold et al., 2018). The main concerns and debates are tied to the radial 

translocation. According to Peckham et al. (2019), it appears to not represent an issue for Hg, at least 

in their experiment, since no signs of the phenomenon were found. In contrast, Arnold et al. (2018) 

and Wang et al. (2021) call for caution when studying long term trends of mercury concentration in 

tree rings, due to the presence of radial translocation, which was assessed in their investigations. This 

finding would invalidate the annual resolution of Hg chronologies.  

Unlike the study conducted by Perone et al. (2018), in the current investigation (Figure 20b) we did 

not find a decrease of the signal of Hg, but rather a slight increase over time. The discrepancy in Hg 

records found in tree rings, with the development of the local traffic situation in Klosters could be 

reconducted to biological and physiological processes of the plants, such as asymmetrical growth, 

stomata conductance, tree age and canopy dynamics (Wang et al., 2021). Thus, due to the latter 

reasons, the concentration of Hg seems to be particularly specific to the individual tree, showing a 

high degree of variation within the same site (Wang et al., 2021). 
 

4.3.4  Cr  
Cr is considered to be an element with moderate levels of mobility within tree rings, thus showing 

higher solubility in the sap than Pb (Prohaska et al., 1998). Therefore, the effect of the sapwood 

transport, displaying an enrichment of the element in, at least, the outermost ring, should be visible 

in Figure 21. In contrast, the raw signal of Cr is similar to the findings of Prohaska et al. (1998), for 

both sites. OU and ON. The signals remain at stable levels throughout all the investigated timespan 

and do not show any particular fluctuations for neither site. 

 

4.3.5  Ca and Mn  
Ca and Mn, in addition to being part of the exhausts of fossil fuel combustion, they are also plants’ 

nutrients. Within the wood structure, they tend to show a moderate radial mobility between tree rings 

(Tendel and Wolf, 1988). Their measured signals in this investigation (Figure 22) are similar to what 

was also observed by previous studies on tree rings (Prohaska et al., 1998; Rodriguez et al., 2015), 

showing a decreasing radial trend with highest values near the pith and the lowest in proximity of the 

bark. The presence of Al in the soil has been reported to favour the immobilisation of both Ca and 
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Mn, reducing thus their uptake and consequently their presence within tree rings (Hoffmann et al., 

1994). The content of these two nutrients has been found to be also moderately dependent on the pH 

values of the soil (Augustin et al. 2005; Prohaska et al., 1998).  

 

4.3.6  Limitations of LA-ICP-MS analysis in this investigation 
The choice of using unprocessed cores, although it minimises the risk of contamination from external 

sources, presents two new challenges for the LA-ICP-MS analysis. Firstly, the fact that the surface 

of a sample extracted with an increment borer is rugged and presents a cylindrical shape, can be an 

issue. The reason is that relatively large wood particles can always detach from the surface of the 

core, and especially if it is unprocessed, which translates into a loss of material, which in the analysis 

yields to unreliable results (Danek et al., 2015; Monticelli et al., 2009). Secondly, due to the roughness 

of the surface of the core, the laser might penetrate at differing depths, leading to uneven quantities 

of material analysed and consequently to misleading results (Danek et al., 2015).  

 

Considering the various factor that influences the uptake and the storage of heavy metals within trees, 

increasing the number of sampled individuals per site, possibly more than 10, so as to obtain more 

measures per year leads to have results that are less dependent on extremes values (Wang et al., 2021). 

Moreover, in successive studies it is recommended to carefully study the location of the sampled 

trees. Both in terms of physical position respect to the polluting source, as well as in terms of soil 

condition (including presence of above- or underground streams and possibly land use changes), since 

even small-scale changes can lead to highly different results, as it is the case for Tree 3.2 in site OU. 

 

4.4  Tree-ring width analysis 

4.4.1  Detrended tree-ring width compared with nitrogen isotope analysis results 
The addition of nitrogen to an environment can exert a fertiliser effect, since this nutrient is very often 

limiting the biomass production (Evans, 2001; Vallano and Sparks, 2007). In previous studies 

(Schleppi et al., 1999; Hart and Classen, 2003; Guerrieri et al., 2009) a relationship was found 

between the tree rings having a higher δ15N value and a fertilisation effect. In this research however, 

none of the comparison between the δ15N value of nitrogen of the 5-years clusters and the average 

detrended tree-ring width for the equivalent period showed a statistically significant correlation. 

Likewise, higher concentrations of nitrogen were not correlated significantly with higher growth 

rates. Only site OU reported an elevated correlation value between the detrended tree-ring growth 

and the δ15N-NOx value, showing although a non-significant statistical correlation (P > 0.05). These 

results are not unprecedented in N deposition studies using Norway spruce. For example, Guerrieri 

et al. (2009), for their sampled site near a Swiss freeway, did not report a fertilisation effect in relation 

to the δ15N value, or to the N-concentration. The absence of fertilisation effect was also found by 

Saurer et al. (2004); however, the presence of the effect was not ruled out. As a matter of fact, it is 

possible that the fertilisation effect is masked behind the mutual existence of positive and negative 

effects for the tree-ring growth, which, once added together result in a neutralisation of the 

fertilisation effect (Saurer et al., 2004). Guerrieri et al. (2009) stated that over short terms N-

fertilisation affects positively the plant, however if the accumulation of inorganic nitrogen persists 

over longer periods of time, it can disrupt the biogeochemical cycles of forest ecosystems. 

Furthermore, these experiments are conducted in proximity of a trafficked road which emits a 

conspicuous amount of environmentally toxic pollutants, among which, also Ozone (O3) is present. 

O3 is produced in the troposphere due to the reaction of NOx emissions from traffic exhaust with 
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volatile organic compounds, under the irradiance of the sun (Zhang et al., 2019). Ozone is currently 

considered to be one of the most harmful pollutants for the environment (De Temmerman et al., 2002; 

Vacek et al., 2015). Long term exposure to O3 can severely hinder the trees’ production of biomass 

and therefore limit the radial stem growth (De Temmerman et al., 2002; Matyssek and Sandermann, 

2003). This chemical compound induces the closure of the stomata, and consequently, the trees' 

photosynthesis is reduced (Cherubini et al., 2021). An additional explanation to the seemingly absent 

N-fertilisation could be reconducted to the fact that this specific forested ecosystem might be 

particularly resistant to the effect of pollution, and thus the variations in δ15N or N-concentration do 

not noticeably affect the trees (Saurer et al., 2004).  

4.4.2  Detrended tree-ring width compared with radiocarbon analysis results 
In contrast to the comparisons with nitrogen, there is a statistically significant result obtained with 

the Pearson correlation coefficient between the detrended tree-ring width of site OU and its local 

Suess effect (r value = 0.91, P < 0.05). This correlation indicates that when the dilution of 14C is 

higher, possibly due to the emission of radioactively dead carbon from the burning of fossil fuels, the 

trees of site OU tend to produce radially larger tree rings. In general, the topic of CO2-related 

fertilisation in unlimited N environments presents conflicting results (Klein et al., 2016).  At the 

global level, up to 20% of the forested ecosystems are expected to experience forms of CO2-

fertilisation effects on the growth rate of tree rings, due to the increased greenhouse gases emissions 

and consequently higher atmospheric concentration of carbon dioxide (Martinelli, 2004; Huang et al., 

2007; Gedalof and Berg, 2010). CO2 can stimulate the plant growth mainly in two ways: firstly, by 

increasing the carbon dioxide reaction rate with the rubisco enzyme during photosynthesis (due to its 

higher atmospheric concentration, and consequent larger pressure) while simultaneously inhibiting 

photorespiration. Secondly, by fostering reduced stomatal conductance that could increase water use 

efficiency, and therefore increase the plant resistance to droughts (Gedalof and Berg, 2010).  

On the one hand, Telewsky et al. (1999) conducted a controlled experiment on loblolly pine (Pinus 

taeda L.), where they supplied the trees with the necessary nutrients, in an environment with a CO2-

enriched atmosphere. The results showed that when there is no nitrogen limitation, the enrichment of 

CO2 was reflected in an increased radial growth (Telewsky et al., 1999). Similar findings, with 

positive association between CO2 concentration and higher tree-ring growth were also drawn by 

Huang et al. (2007). Kienast and Luxmoore (1988), investigated conifer trees growing into different 

natural environments and conditions, and concluded that CO2-fertilisation was found on a relatively 

small portion of the trees sampled. Thus, they concluded that for this phenomenon to happen specific 

environmental conditions have to be met, especially favourable climatic condition, including 

moderate temperature and/or low water stress (Kienast and Luxmoore, 1988). On the other hand, the 

growth of tree rings is dependent on several factors (Schweingrüber, 1996), and the CO2-fertilisation 

effect could be attributable to spurious correlations driven by the choice of the samples and population 

dynamics (Brienen et al., 2012). As a matter of fact, studies on Norway spruce (Hättenschwiler et al., 

1996; Klein et al., 2016), as well as several Mediterranean species (Tognetti et al., 2000) did not find 

evidence of CO2-fertilisation. Tognetti et al. (2000) documented that despite the presence of a natural 

CO2 spring enriching the local atmosphere, the nearby plants did not show an increased production 

of biomass. Hättenschwiler et al. (1996) conducted instead, a controlled experiment over Norway 

spruce trees by supplying the plants with nutrients and increased amount of CO2, however, no 

increased radial growth was found. Likewise, Klein et al. (2016) concluded that higher atmospheric 

CO2 concentrations do not lead to a fertilisation effect for tall Norway spruce trees, even when larger 

quantities of N are available. The CO2 effect due to higher concentrations has only subtle effects on 

the growth of Norway spruce trees (Klein et al., 2016). Moreover, photosynthetic activities of trees, 

C storage, respiration and their radial growth are seemingly regulated by other limiting soil nutrients 
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than nitrogen (Klein et al., 2016), such as phosphorus, potassium, or manganese (Hättenschwiler et 

al., 1996). The exact circumstances in which CO2-fertilisation verifies are not yet completely clear, 

however, relatively warm climatic conditions with moderate water stress levels and large N 

availability appear to be prerequisites (Huang et al., 2007). 

4.4.3  Limitations of nitrogen isotope and radiocarbon analyses in this investigation 
The comparison of the tree-ring width with the nitrogen isotope analysis and the radiocarbon analysis, 

in order to find temporal trends was mainly hindered by the limited number of measurements 

performed and samples available. As a matter of fact, the relatively high correlations found with the 

Pearson test, were often not significant, possibly due to the low number of points, in both the number 

of sampled trees used (3 per site), as well as the measurements performed on each tree core (5). 

Additionally, the chosen years for the analyses were not over regular temporal intervals, thus, the 

pattern might result weighted towards the periods with higher concentration of measurements. Lastly, 

the N analysis were performed using 5-years clusters instead of single year. Although, this procedure 

might help mitigating the effect of radial translocation, in also preclude the analysis of exact years, 

which can be important when investigating events taking place in a specific year. 
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5  Conclusion 
The construction of the bypass road of Klosters has certainly improved the livelihood of the village, 

restoring its image of a clean, quiet, and picturesque mountain resort. Traffic congestion is no longer 

a daily hassle for the local population, but rather a distant memory. However, assessing the magnitude 

of the presumed beneficial effects on the local air quality brought by the opening of the new A28 road 

is not as trivial as noticing the absence of traffic. In this investigation, the characteristic of trees as 

environmental archives was taken into account by testing the efficacy of a combination of three 

different dendrochemical approaches, usually employed individually, and aimed at detecting 

temporal patterns of pollutants within tree rings.   

In order to reconstruct the history of the local pollution for the last 50 years, from 1970 to 2020, 

Norway spruce trees were sampled at three locations. The first site is located along the old road, close 

to the village, the second site lays along the old and the new bypass road, and the last one, serving as 

control site, was selected as far away as possible from both roads and other major polluting sources. 

Given the profound changes in traffic flow dynamics that took place since the opening of the bypass 

road, the site near both the old road and the new A28 was expected to record a much higher quantity 

of pollutants than the site in the village. 

The signal of various elements within the tree rings of the extracted cores of Norway spruce trees 

from each site was examined. Nitrogen analysis was performed to determine the N isotope ratio, and 

the N-concentration. The results did not yield unequivocal evidence for a clear pattern ascribable to 

the local historic pollution. The LA-ICP-MS analysis, applied to monitor the presence of heavy metals 

showed feeble differences among the investigated sites that could be due to changes in traffic flows. 

Moreover, the majority of the trace metals displays vastly different behaviours, indicating the lack of 

a general pattern in the data. On the other hand, radiocarbon analysis demonstrated that air quality in 

the village is not mainly influenced by road traffic, but by other factors, such as fossil fuels burned 

for heating. Thus, events related to the bypass road do not appear to be clearly visible in the measured 

data. 

All the methods applied in this investigation over tree rings are subject to a multitude of internal 

physiological factors, as well as external influences that could swing the results to different outcomes. 

Therefore, it is hard to draw conclusions on which method is the most suitable for the investigation 

of local pollution histories. The previous studies conducted using similar approaches were located in 

areas subject to higher emissions of atmospheric pollutants. Thus, the relatively low traffic rates 

registered in Klosters (less than 10’000 daily vehicles) might not be sufficient to unequivocally affect 

the local vegetation with clear-cut evidence. The outcome of this survey suggests that although tree 

rings are able to record environmental pollution data, if the target source is not the most prominent, 

then it is particularly difficult to isolate its signal and separate it from the noise produced by the other 

surrounding sources. 

For future pollution monitoring studies using tree rings, it is advised to improve the experimental 

settings. Due to the complicated, intertwined interactions between soil and trees, studying the soil 

conditions beforehand is firmly recommended. The pH value in particular can provide useful 

information, since it affects the roots’ uptake of several elements. Increasing the number of sampled 

individuals can increase the sturdiness of the results and mitigate the level of uncertainty, while a 

higher number of measurement per samples allows the application of more thorough statistical 

calculations. Lastly, considering the sensitivity of the analytical methods employed, either precise 

measurements of distances between the pollution sources and the sampled trees should be recorded, 

or only trees at a similar distance, independently of the site, should be sampled. 
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Figure 27: Normalised average signal per site for the element Ca (± SE). 
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Figure 26: Raw average signal per site for the element Ca (± SE). 
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Figure 28: Raw average signal per site for the element Cr (± SE). 

 

 

 

Figure 29: Normalised average signal per site for the element Cr (± SE). 
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Figure 30: Raw average signal per site for the element Cu (± SE). 

 

 

 

Figure 31: Normalised average signal per site for the element Cu (± SE). 
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Figure 32: Raw average signal per site for the element Hg (± SE). 

 

 

 

Figure 33: Normalised average signal per site for the element Hg (± SE). 
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Figure 34: Raw average signal per site for the element Mn (± SE), with the concentration of tree 3.2 OU on the 

secondary y-axis. 

 

 

 

Figure 35: Normalised average signal per site for the element Mn (± SE). 
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Figure 36:  Raw average signal per site for the element Mo (± SE). 

 

 

 

Figure 37: Normalised average signal per site for the element Mo (± SE). 
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Figure 38: Raw average signal per site for the element Pb (± SE), with the concentration of tree 3.2 OU on the 

secondary y-axis. 

 

 

Figure 39: Normalised average signal per site for the element Pb (± SE). 
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Figure 40: Raw average signal per site for the element Ti (± SE). 

 

 

 

Figure 41: Normalised average signal per site for the element Ti (± SE). 

-0.00002

-0.00001

0

0.00001

0.00002

0.00003

0.00004

0.00005

0.00006

12345678910

Ti signal - raw data

Average site OU Average site ON

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

2018201320082003199819931988198319781973

Ti signal - normalised data

Average site OU Average site ON



 Appendix 

85 
 

 

Figure 42: Raw average signal per site for the element Zn (± SE). 

 

 

Figure 43: Normalised average signal per site for the element Zn (± SE). 
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