Estimating atmospheric deposition of
heavy metals in Germany using

LOTOS-EUROS model calculations and
data from biomonitoring programmes

Estimation des dépo6ts atmosphériques de
meétaux lourds en Allemagne par utilisation

du modéle LOTOS-EUROS et des données
Issues des programmes de biosurveillance

S. Nickel', W. Schréder?, M. Schaap?

Abstract

Objectives. Atmospheric deposition of heavy metals (HM) can be determined by use of numeric models, technical
devices or measurements on biomonitors such as mosses, leaves or needles. As part of the research and development
project “Impacts of Heavy Metal Emission on Air Quality and Ecosystems across Germany - Sources, Transport, Deposition
and potential Hazards’, commissioned by the Federal Environmental Agency of Germany, the numeric model LOTOS-EUROS
was used to calculate data on HM deposition at a spatial resolution of 25 km by 25 km throughout Europe. However, the
atmospheric transport model used in the European Monitoring and Evaluation Programme (EMEP) Europe-wide provides a
grid of 50 km by 50 km. With respect to monitoring data, the International Cooperative Programme on Effects of Air Pollution
on Natural Vegetation and Crops (ICP Vegetation Moss Survey) and the German Environmental Specimen Bank (ESB)
provide corresponding parameters on HM concentration in various biota. The present study aims at investigating, whether
an integrated use of model calculations and monitoring data can extend established methods for estimating and evaluating
spatial patterns of atmospheric Pb and Cd deposition across Germany.

Methods. Data from LOTOS-EUROS and EMEP modelling as well as from ESB and ICP Vegetation Moss Survey
measurements were spatially joined and then investigated for their statistical relationships between modelled atmospheric
deposition of Pb and Cd and respective concentrations in various biomonitors. LOTOS-EUROS and EMEP modelling
were evaluated by comparing them with respective biomonitoring data. Associations between modelled and observed data
were quantified by regression analysis. Regression equations were applied on geostatistical surface estimations of HM
concentration in mosses and then the residuals were interpolated by use of kriging interpolation. Finally, both maps were
summed up to a map of atmospheric Pb and Cd deposition across Germany.

Results and conclusions. Data from annual samplings from the German Environmental Specimen Bank (ESB) on HM
concentration in tree foliage are suitable, to compare and evaluate deposition estimations from different numeric models.
Compared to EMEP, LOTOS-EUROS-model reveals stronger correlations to respective concentration in leaves and needles.
The same holds true with respect to data on HM concentration in moss sampled across Europe. Here, the highest correlations
were found for the association between geostatistical surface estimations of HM concentration in moss and LOTOS-EUROS
model calculations. This could be utilized for data integration by use of Regression-Kriging-Technique, which leads to Cd and
Pb deposition maps at a high spatial resolution (3 km x 3 km). This approach should be transferred to future LOTOS-EUROS
model calculations with regard to As, Cr, Cu, Ni, V and Zn.
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Résumé

Obijectifs. Le dépo6t atmosphérique des métaux lourds (M.L.) peut étre déterminé a I'aide de modéles numériques, de
dispositifs techniques ou de bioaccumulateurs tels que des mousses, des feuilles ou des aiguilles. Dans le cadre du projet
de recherche et de développement « Impacts de I'’émission de métaux lourds sur la qualité de l'air et les écosystémes
a travers lAllemagne - sources, transport, dép6t atmosphérique et risques » commissionnée par IAgence Fédérale
Allemande de 'Environnement (Umweltbundesamt UBA), le modele numérique LOTOS-EUROS a été utilisé pour calculer
des données sur le dépot d’éléments traces a une résolution spatiale de 25 km par 25 km a travers I'Europe. Toutefois, le
modéle numérique appliqué dans le Programme Concerté de Surveillance Continue et d’Evaluation du Transport & Longue
Distance des Polluants Atmosphériques en Europe (European Monitoring and Evaluation Programme EMEP) fournit une
grille de 50 km par 50 km. En ce qui concerne les données de surveillance, le Programme international concerté relatif aux
effets de la pollution atmosphérique sur la végétation naturelle et les cultures (ICP Vegetation Moss Survey) et la Banque
des Echantillons de 'Environnement Allemand (Umweltprobenbank UPB) fournissent des paramétres sur la concentration
d’éléments traces dans divers bioaccumulateurs correspondants.

L'étude suivante présente une utilisation intégrée des calculs de modélisation et des données de biosurveillance pour
étendre les méthodes d’estimation et de I'évaluation de la répartition spatiale des dépdts atmosphériques de Pb et de Cd a
travers IAllemagne.

Méthodes. Les données des modeles LOTOS-EUROS et EMEP ont été combinées avec les données de la surveillance
des mousses du programme ICP Vegetation/UPB, puis étudiées pour leurs relations statistiques entre les dépbts
atmosphériques de Pb et de Cd et les concentrations respectives dans divers bioaccumulateurs.

Une analyse de régression a été réalisée pour étudier les relations entre les données modélisées et observées. Les
équations de régression se basent sur des estimations géostatistiques de concentration dans les mousses. Puis les résidus
ont été interpolés par la technique du Krigeage. Enfin, les deux cartes se résumaient a une carte de dép6ts atmosphériques
en Pb et Cd a travers [Allemagne.

Résultats et conclusions. Les données des prélévements annuels de la Banque des Echantillons de I’Environnement
Allemand sur la concentration en éléments traces dans les feuilles des arbres sont tout a fait appropriées pour comparer
et évaluer les estimations des dépots atmosphériques en métaux lourds calculées par différents modeles numériques.
Comparé a lTEMEP, LOTOS-EUROS indique de fortes corrélations entre la concentration respective dans les feuilles et les
aiguilles des arbres. Il en est de méme pour les concentrations en éléments traces dans les mousses prélevées a travers
I'Europe. Ici, les corrélations les plus fortes ont été trouvées pour la relation entre les estimations de surface géostatistiques
pour la concentration en éléments traces dans les mousses, et les calculs du modele LOTOS-EUROS. Cela pourrait étre
utilisé pour l'intégration de données par régression-Krigeage, ce qui permet une cartographie des dépots de Cd et de Pb
pour une résolution spatiale de 3 km par 3 km. Cette approche devrait étre transférée aux futurs calculs du modéle LOTOS-
EUROS pour As, Cr, Cu, Ni, V et Zn.

Abstract

Banque allemande d’échantillons de I'environnement, biosurveillance par les mousses, cadmium, EMEP,
LOTOS-EUROS, modélisation des dépbts, plomb.

1. Introduction

Heavy metals (HM), which are emitted into the atmo-
sphere from natural and anthropogenic sources, are
deposited on the ground — after either short or long-
range transport — in dependency of their physical and
chemical properties, as well as of atmospheric and
topographical conditions (Ferrante et al., 2012; Ruhling
and Tyler, 2001). Total atmospheric deposition of heavy
metals encompasses dry, wet and occult deposition,
generally leading to various (eco)toxicological hazards
(Becker et al., 2013; Truhaut, 1977) and, therefore, are
used for assessing environmental quality. Impacts of
HM emission on air quality and ecosystems can be
assessed by measuring atmospheric HM deposition,
sampled by technical devices and biomonitors such as
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mosses, leaves or needles or by numeric modelling.
None of these methods has so far proven to be the best
solution, thus all three approaches can complement
each other with its specific advantages.

Since 1979 the Convention on Long-range
Transboundary Air Pollution (CLRTAP) has been en-
deavouring to limit, reduce and prevent air pollution in-
cluding long-range trans-boundary air pollution. Under
CLRTAP the Aarhus Protocol, last amended in 2012,
aims at reducing emissions and immissions of cadmium
(Cd), lead (Pb) and mercury (Hg) and its chemical com-
pounds. In this context the European Monitoring and
Evaluation Programme (EMEP) collects emission data
and measurements of air and precipitation quality from
European countries to model atmospheric transport
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and deposition of air pollutants (Terseth et al., 2012).
The EMEP model has so far produced data at a spatial
resolution of 50 km by 50 km. In addition to deposition
modelling, since 1990 the European Moss Survey ev-
ery 5 years provides measurements on concentration
of up to 40 metallic elements in moss (Harmens et
al., 2010). In Germany, a network with 700-1000 moss
sampling sites could be established. All over Europe, up
to 7000 sites are sampled (Harmens & Norris, 2008). In
the last few years, these monitoring data were used for
evaluating the EMEP model and can also be used for
mapping deposition of heavy metals (Cd, Pb) at a rela-
tively high spatial resolution of 3 km by 3 km (Schréder
et al., 2011). Further data of HM accumulation in biota
(i.e. needles or leaves) has been produced in interna-
tional monitoring programmes (ICP Forests) and on na-
tional level (German Environmental Specimen Bank).

Against this background, the research and develop-
ment project “Impacts of Heavy Metal Emission on Air
Quality and Ecosystems across Germany - Sources,
Transport, Deposition and Potential Hazards] com-
missioned by the Federal Environmental Agency of
Germany, aims at extending established methods of
modelling and mapping heavy metal deposition in
Germany and risk assessing, respectively (Builtjes et
al., 2014). In this framework, three different groups of
HM are investigated: Group A (Cd, Hg and Pb) dealt
with highest priority; Group B (As, Cr, Cu, Ni and Zn)
considered with medium intensity; Group C comprises
other HM (V, Mn, Sb, Ti, Th, Co, Mo and Pt). In this proj-

ect i.e. the following specific objectives are addressed:
1. Determining the contribution of long-range transport
to the current load; 2. Comparing modelled HM depo-
sition with data on HM concentration and other infor-
mation; 3. Risk assessment; 4. Estimating atmospheric
Hg deposition by means of data from a specific water
catchment area (case study). The present paper aims
at comparing and evaluating different numeric models
by use of available data on HM concentration in various
biomonitors (mosses, leaves, needles). Furthermore it
will be presented, how an integrated use of regression
analysis and geostatistical methods can be applied to
transform HM concentration in moss (sampled in 2005)
into deposition maps (Cd, Pb).

2. Materials

Associations between data on atmospheric depo-
sition derived from numeric models LOTOS-EUROS
(Builtjes et al., 2014) and EMEP (Terseth et al., 2012)
and respective data on HM concentrations in biomon-
itors, such as mosses or tree foliage were examined
(Table 1). Spatial information on HM concentration
in moss at a spatial resolution of 3 km by 3 km was
available through Pesch et al. (2007). Data on HM con-
centration in leaves and needles, sampled between
2005 and 2011, could be received from the German
Environmental Specimen Bank (UBA, 2008).

Table 1. List of data sources used for statistical analysis and data integration.

Liste des sources de données utilisées pour I'analyse statistique et I'intégration de données.

Data

Comment & Source Unit

Total deposition of Cd and Pb from 2005 and from 2007 to 2011,

. 5
Al CETeEieT modelled with LOTOS-EUROS, 25 by 25 km (Builtjes et al,, 2014) | H9/M*@
Total deposition of Cd and Pb from 2005 and
from 2007 to 2011, EMEP model calculation, pg/m2 a

50 by 50 km (Terseth et al., 2012)

HM concentration in foliage

Concentration of Cd and Pb in needles and leaves,
measured in 2005 and between 2007 and 2011, held in the ua/g
German Environmental Specimen Bank (UBA, 2008)

HM concentration in moss

Concentration of Cd and Pb in moss, y
measured in 2005 (Pesch et al., 2007) Ho’9

Concentration of Cd and Pb in moss, geostatistical
surface estimation, 3 by 3 km (Pesch et al., 2007)

Hg/g
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2.1. Deposition Modelling

2.1.1. European Monitoring and Evaluation
Programme (EMEP)

The European Monitoring and Evaluation
Programme (EMEP) is part of the UNECE (United
Nations Economic Commission for Europe)
Convention on Long-range Transboundary Air
Pollution (CLRTAP). EMEP serves to collect report-
ed spatial emission data from European countries to
model atmospheric transport and deposition of air
pollutants (Terseth et al., 2012). The EMEP model
provides data on Europe-wide atmospheric depo-
sition of Pb, Cd and Hg calculated with a grid size
of 50 km by 50 km. In this study data for the total
atmospheric deposition of Cd and Pb (2005, 2007-
2011) were used as a corresponding parameter to the
HM concentration in tree foliage and moss, respec-
tively. The EMEP grid consists of 204 cells across
Germany with Cd total deposition between 15,45 and
181,13 pg/m? a and a median amounting to 35,59
pg/m2 a (2007-2011). For Pb, the values came out
to be between 571,18 and 4087,26 pg/m? a (median
1245,08 pg/m? a).

2.1.2. LOTOS-EUROS deposition modelling

The second dataset relies on the chemical transport
model LOTOS-EUROS (Builties et al., 2014). The total
deposition is estimated based on separate assessments

Total degasition

for dry and wet deposition fluxes (F,, =F, .+ F, ). The nu-
meric model is used to calculate land use dependent dry
deposition distributions across Germany for the metals
that allow explicit modeling (As, Cd, Cr, Cu, Pb, Ni, V and
Zn). Calculations are performed using existing emission
databases or through the modeling of particulate matter
(PM) in combination with metal contents. With respect
to the wet deposition flux, data on rain water composi-
tion from available deposition networks are used. For the
present study, Cd and Pb simulations were performed for
the years 2005 and 2007-2011 with a spatial resolution of
25 km by 25 km Europe-wide (Figure 1). For Cd, the me-
dian of the time period 2007-2011 account for 25,70 pg/
m? a. The range of variation is between 13,98 und 51.96
pg/m? a. For Pb, the values are between 334,65 and
1567,63 pg/m? a, the median amounts to 604,62 pg/m? a.

2.2. European Moss Survey

The EMEP/ECE-Project Atmospheric Heavy Metal
Deposition in Europe - estimations based on moss
analysis (European Moss Survey) is associated with
the Convention on Long-range Transboundary Air
Pollution (CLRTAP). Since 1990 the Europe-wide
Moss Survey has been providing data on HM con-
centrations in naturally growing moss following a
harmonized methodology (ICP Vegetation, 2005;
Harmens et al., 2004, 2008 and 2010). Moss is pre-
dominantly used to determine spatial distribution and
temporal trends of HM pollution as a serious prob-
lem of human health. Metal ions are predominantly
absorbed above ground and the annual increment
of growth allows temporal allocation of HM concen-
tration in the moss habitus. In the year 2005 moss

Total depasition

Figure 1. Spatial distribution of LOTOS-EUROS modelled Cd and Pb total deposition [ug/
m? a] and respective measured HM concentration in moss [ug/g] for the year 2005.

Répartition spatiale des dépdts totaux de Cd et de Pb [ug/im?a] calculée avec LOTOS-EUROS et
les concentrations en €léments traces mesurées dans les mousses [ug/g] pour I'année 2005.
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specimens were collected at 728 sample sites across
Germany. Further data derived from moss specimen
collected at 41 plots in the year 2004; two regions in
the North West and Middle East Germany (Schréder
et al. 2007) were added. The sampling sites were at
least 300 m away from major roads and 100 m away
from any road or houses. Samples of the species
Hypnum cupressiforme, Pleurozium schreberi and
Scleropodium purum were collected. The majority of
samples were taken in broad-leaved and coniferous
forests. Other sites included moor, grassland and
park areas. Concentrations of up to 40 elements in
moss were studied according to a standardized pro-
tocol (ICP Vegetation, 2005). For Cd, these 769 sam-
plings reveal concentrations in moss between 0,06
und 1,71 pg/g (median 0,20 pg/g). The Pb concen-
tration varies between 1,19 und 40,41 pg/g (median
3,70 pg/g). On this basis, Germany-wide maps on
HM concentrations in moss were calculated by use
of geostatistical methods (Pesch et al., 2007). These
geostatistical surface estimations for the year 2005
were computed with a grid size of 3 km by 3 km and
are available for the elements As, Cd, Cr, Cu, Hg, Mn,
Ni, Pb, Sb, Ti, V and Zn.

2.3. Environmental Specimen Bank (ESB)

Data on HM concentrations in tree foliage (leaves
and needles) were received from the German
Environmental Specimen Bank (ESB). Spatio-
temporal data from the years 2005 and 2007 through
2011 in representative terrestrial ecosystems (agrar-
ian, urban-industrial, forestry and nearly natural)
were acquired. In particular, these data comprise
annual samplings of leaves from beech (Fagus syl-
vatica) and poplar (Populus nigra ‘Italica’) and 1-year
old shoots from spruce (Picea abies) and pine (Pinus
sylvestris). All samples are annually analyzed for As,
Cd, Co, Cr, Cu, Hg, Mo, Nk, Pb, Ti and Zn concentra-
tions in the biomonitors according to a strictly applied
standardized guideline for sampling and sample
treatment (UBA, 2008). Thus, ESB can be consid-
ered as a reliable data source. However, contrary to
the European Moss Survey, the ESB network of fo-
liage specimen is not very dense and encompasses
merely 20 sampling plots. For the time period 2007-
2011, Cd concentrations in leaves and needles came
out to be between 0,01 and 1,75 pg/g (median 0,12
pg/g). For Pb, the median amounts to 0,46 pg/g with-
in a range of between 1,14 and 1,95 pg/g (N = 87). All
station data' and measurements? are freely provided
via Internet.

1) http://www.env-it.de/stationen/public/open.do
2) http://www.umweltprobenbank.de/de/documents/
investigations/analytes
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3. Methods

The following methods serve for integrating and
comparing atmospheric deposition of heavy metals
from LOTOS-EUROS model with measured HM con-
centrations in tree foliage and moss. All analyses were
implemented in R (R Development Core Team, 2011).
Strength of the correlation was classified as very weak if
r<0,2, weak if ris between 0,2 and 0,4, moderate if r is
between 0,4 and 0,6, strong if r is between 0,6 and 0,8
and very strong if r > 0,8 (Brosius, 2013). Comparisons
of correlation coefficients (LOTOS-EUROS vs. biomon-
itors, EMEP vs. biomonitors) were done according to
Formula 3.1 (Sachs & Hedderich, 2009):

5 K ,
x0T = Eizltne —3)(z,—2)" Formula 3.1

with:

X2 = Test value

k = Degree of freedom (number of coefficients)

n, = Number of samplings

z, = Transformed correlation coefficient according to Fisher

z = Hypothetical z-value according to Sachs & Hedderich (2009)

On this basis, homogeneity of correlation coefficients
were tested at a significance level of a = 0,05. Significance
of homogeneity increases with the similarity of correlation
coefficients and also in particular with the number of sam-
plings. If x? is lower than the hypothetical z-value accord-
ing to Sachs & Hedderich (2009), the homogeneity of
correlation coefficients can be considered as significant.

3.1. Correlating modelled HM deposition with HM
concentration in tree foliage

One step in the investigation was to correlate mod-
elled HM deposition (EMEP, LOTOS-EUROS) with
respective measurements on HM concentrations in
tree foliage from ESB. As LOTOS-EUROS model cal-
culations were calculated with emissions for 2005, the
results for different years only show the inter-annual
variability due to meteorology, but not any trend. Thus,
data from the ESB were firstly detrended with regard
to LOTOS-EUROS comparisons, whereby the slope
of the trend model was used, therefore (Formula 3.2).

F=(@*J,+b)/(a* Jp + b) Formula 3.2
with:
F = Conversion factor
J, = Base year
J, = Sampling year
a = Slope oft the trend model
b = Intercept of the trend model
5
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Geographical information on modelled atmospheric
Cd and Pb deposition and concentrations in leaves
(beech, poplar) and 1-year old shoots (spruce, pine)
from the years 2005 and 2007-2011 were combined by
means of GIS functions (overlay, spatial join). Based
on this matrix, diagnostic plots were used to identify
and, if necessary, exclude outliers. Homogeneity of
data was assessed by plotting residuals against fitted
values. Quantile-quantile plots (QQ Plots) were used
to assess, whether residuals were normally distribut-
ed. Afterwards, the association between data on atmo-
spheric HM deposition and respective concentration in
the tree foliage were quantified by use of Kendall cor-
relation coefficient r . Significance was tested accord-
ing to Mann-Kendall, also due to small sample size.
Correlations were evaluated, whether they are specific
for metals, specimen types or ecosystem types (agrar-
ian, forestry, urban-industrial, near natural). Finally,
the results of the correlation analyses were used to
compare both LOTOS-EUROS and EMEP model cal-
culations in relation to available measurements of bio-
accumulation (according to Formula 3.1).

3.2. Correlating modelled HM deposition with HM
concentration in moss

Geostatistical surface estimations of Cd and Pb
concentrations in moss (2005/2006) were spatially
combined with model calculations (LOTOS-EURQOS,
EMEP) for preprocessing. The respective median of
HM concentration within each cell of LOTOS-EUROS
grid (25 km by 25 km) and EMEP grid (50 km by
50 km) was calculated. Additionally, moss sampling
sites from the years 2004 and 2005/2006 were joined
with modelled data. Again, QQ Plots and scatter-
plots (residuals vs. fitted) were used to exclude out-
liers and assess homogeneity of data. For correla-
tion analysis, we used Spearman’s rank coefficient
o because sampling sizes were relatively high, but
data on HM concentration in moss were not normally
distributed and, thus, did not meet the assumptions
for parametric statistics. Correlations were evaluat-
ed, whether they are specific for land-use classes
(open landscape, forests) or various HM loads ar-
eas. Afterwards, LOTOS-EUROS and EMEP mod-
el calculations and their associations to respective
moss data were compared according to Formula 3.1.
Reflecting to the strongest correlations, relationships
between model calculations and data on bioaccu-
mulation in moss were quantified by building linear
regression models, whereby non-normal distributed
data were transformed. Finally, explained variance
or goodness-of-fit were measured by calculating the
R-squared value.

3.3. Integrating LOTOS-EUROS model
calculations on HM concentration in bio-monitors

This method aims at integrating two sources of
information, i.e. numeric modelling and moss mon-
itoring data, for computing deposition maps of Cd
and Pb across Germany at a high spatial resolution.
This approach for mapping atmospheric deposition
by use of Regression-Kriging-Techniques (Hengl et
al., 2004; Odeh et al., 1995) has proven success-
fully in similar cases (Schréder et al., 2011). The
procedure encompasses following steps: (1) ap-
plying regression models (Formula 4.1 and 4.2) to
available geostatistical surface estimations on HM
concentration in moss (regression maps as result),
(2) analyzing and interpolating residuals (regression
model vs. LOTOS-EUROS) by use of geostatistical
methods (residual maps as result) and (3) a final
summation of both (HM deposition maps as result).
E.g., for 2005, regression models were applied to
spatial data on Cd and Pb concentration in moss
(predictors) to compute a corresponding number
of regression maps with Cd and Pb concentrations
in atmospheric deposition (response variables).
Residuals of regression functions, which represent
the unexplained variation after fitting the linear mod-
els, were determined, exponentiated and then inter-
polated for each centerpoint of the corresponding
LOTOS-EUROS grid. Results were investigated for
their spatial auto-correlation using variogram anal-
ysis. Spatial auto-correlation is defined as the sim-
ilarity of, i.e. correlation between values of a pro-
cess at neighboring points (Johnston et al., 2001). A
semi-variogram describes the spatial auto-correla-
tion of point measurements. Relevant parameters
for evaluating the semi-variogram are the so-called
nugget, sill and major range. The nugget effect is
defined by the intercept of the semi-variogram mod-
el with the ordinate. Additionally, the nugget effect
is determined by confounding factors such as mea-
surement errors or high spatial variability within the
interval encompassing the smallest spatial distanc-
es between measurement points or underneath
the mesh size. The major range is the distance in
between point measurements showing high spatial
auto-correlation. The value at which the fitted var-
iogram curve attains this range is called the sill. A
high partial sill, also called a sill-nugget, indicates
a positive auto-correlation within the major range
which enables to calculate comprehensive residu-
al maps by use of kriging interpolation. Based on
the data-driven geostatistical model, kriging takes
into account weighted distances between a mea-
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surement point and its neighboring points as well
as between the neighboring points themselves. At
the end of the process, the regression and residual
maps were summed up to several maps of Cd and
Pb deposition (2005) on a grid of 3 km x 3 km.

4. Results

4.1. Correlating modelled HM deposition with HM
concentration in tree foliage

Correlations were only calculated for specimen
types with more than 10 samplings over the whole time
period, i.e., data of 1-year old shoots from pine were
excluded due to small sampling size (N = 6). The num-
ber of samplings between 2005 and 2011 amounted to
28 (beech), 17 (poplar) and 35 (spruce). Metal specific
correlations could be determined as follows.

Cadmium. For Cd, the association between mea-
sured Cd concentration in leaves and LOTOS-EUROS
modelled deposition reveal significant positive cor-
relations (p < 0,05). For LOTOS-EUROS, Kendall’s
correlation coefficients amounts to r,, = 0,31 (beech)
and r, = 0,37 (poplar). By contrast, correlations
based on EMEP data are non-significant and some-
what lower to LOTOS-EUROS (r,, = 0,23 for beech
and r, = 0,26 for poplar). Correlations between Cd
concentration in 1-year old shoots from spruce and
modelled deposition were ecosystem type-specific.
For LOTOS-EUROS, significant strong and moderate
correlations (p < 0,05) were achieved for 1-year old
shoots from spruce in forest ecosystems (r,, = 0,64)
and near natural terrestrial ecosystems (r(k) = 0,49).
Again, EMEP data showed non-significant and lower
correlations compared to LOTOS-EUROS (r, = 0,40
in forestry ecosystems and r = 0,36 in near natural
terrestrial ecosystems). For spruce in urban-industrial
ecosystems, we found non-significant correlations of
rey = 0,33 (LOTOS-EUROS) and r, = 0,29 (EMEP).
Negative correlations in agrarian ecosystems for both
LOTOS-EUROS and EMEP did not look plausible.

Lead. For Pb, we found significant moderate and
very strong relationships between measured Pb con-
centration in leaves and LOTOS-EUROS model cal-
culations (p < 0,01). Coefficients according to Kendall
amounts to r,, = 0,48 (beech) and r, = 0,81 (poplar).
The association between LOTOS-EUROS data and
Pb concentrations in 1-year old shoots from spruce
also revealed a moderate coefficient (r(k) =041,p<
0,01). Again, the correlation between EMEP data and
Pb concentration in beech foliage is relatively low
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compared to LOTOS-EUROS, but appeared to be
significant (r,, = 0,43, p < 0,01). Same holds true for
poplar (r, = 0,44, p < 0,05) and 1-year old shoots from
spruce (r, = 0,27, p < 0,05). To summarize, LOTOS-
EUROS model calculations of Pb deposition related to
data from ESB revealed correlation coefficients, which
were relatively high in contrast to EMEP. According
to Formula 3.1, merely Pb concentrations in poplar’s
specimen showed significant differences of both cor-
relation coefficients. This is in particular due to small
sample sizes.

In view of these correlations, regression analyses
were carried out with respect to the association be-
tween LOTOS-EUROS model calculations and re-
spective data on HM concentration in biomonitors. The
results, calculated separately for various specimen
types, are depicted in Figure 2.

4.2. Correlating modelled HM deposition with HM
concentration in moss

The relationships between atmospheric Cd and Pb
deposition, modelled with LOTOS-EUROS and EMEP,
and respective data from the European Moss Survey
(samplings and geostatistical surface estimations)
can be characterized as follows.

Cadmium. For Cd, the association between mea-
sured Cd concentration in moss samplings and
respective atmospheric deposition from LOTOS-
EUROS model revealed significant statistical asso-
ciation in terms of Spearmans’s rank coefficient of
rey = 0,32 (p < 0,01). By contrast, the coefficient with
respect to EMEP data is lower (r(s) = 0,27, p < 0,01).
According to Formula 3.1, the differences between
the two coefficients were significant (p < 0,05). This
is due to the relatively high number of sample sites (N
= 769). Correlations between LOTOS-EUROS mod-
elled data and measured accumulations in moss were
land-use-specific. For plots in forest areas, a low cor-
relation (r, = 0,7 N = 741) was determined, sample
sites in open landscape showed a significant high cor-
relation (r, = 0,65, N = 28). Relating 25 km by 25 km
LOTOS-EUROS model calculations with correspond-
ing medians of 3 km by 3 km surface estimations of
Cd concentration in moss (N = 573), the coefficient
amounts to r = 0,39 (p < 0,01).

Taking the data with the strongest correlations
(LOTOS-EUROS and surface estimations of Cd con-
centration in moss), Scatterplot and QQ-Plot indicate
a positive, non-linear association between both vari-
ables. Thus, the response variable was logarithmized
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Figure 2. Regression analysis of the association between atmospheric Cd and Pb
deposition [pg/m?2a] and respective concentration in tree foliage [pg/g] (detrended)
for the period 2005 - 2011 related to various specimen types.

Analyses de régression entre les dépéts atmosphériques de Cd et de Pb [ug/m?a] et
les concentrations dans le feuillage des arbres [ug/g] (corrigé de la tendance sous-
jacente) pour la période 2005-2011 relatifs a divers types d’échantillons.

to get a log-linear model (Figure 3). Following regres-
sion equation could be extracted for further analysis:

y = 1.788x + 2.633 Formula 4.1

with:
y = In Cd total deposition (LOTOS-EUROS) [ug/m?a]
x = Cd concentration in moss [ug/g]

The coefficient of determination amounts to R? =
0,26, i.e. the regression model explains 26 % of the
variance. Within the range of validity (0,01 — 0,55
pg/g Cd in moss) Cd deposition can be determined
with deviation of +/- 7,93 pg/m2 a from LOTOS-
EUROS data. In open landscape, the deviation is
somewhat lower at +/- 5,06 pg/m? a (N = 28). The
range of variation of LOTOS-EUROS is wider than
the range of statistical model (Table 2), i.e., the re-
gression equation causes a smoothing effect on the
response variable.

o = standard deviation

Compared to the regression model, median
of LOTOS-EUROS is somewhat higher (118 %).
Examining medians in various Cd load areas (< 20
pg/m2 a = low; 20 — 30 pg/m? a = intermediate; > 30
pg/m2 a = high), zones with low und intermediate Cd
loads revealed similar values (97 - 108 %), whereas
high levels of Cd deposition correspond with signifi-
cantly higher deposition rates in the LOTOS-EUROS
model calculations (142 %).

Lead. For Pb, again modelled atmospheric deposi-
tion was significantly associated with respective con-
centration in moss. Data from LOTOS-EUROS and
the moss samplings (N = 769) revealed a Spearman’s
correlation coefficient of foy = 0,35 (p < 0,01). Based
on EMEP modelled data, a similar coefficient of r
= 0,.31 (p < 0,01) could be determined. Again, ac-
cording to Formula 3.1, the differences between the
two coefficients were significant (p < 0,05). Plots of
open landscape showed a significant moderate cor-
relation coefficient of r = 0,48 (N = 28). Again, for
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Table 2. Statistical characteristics of LOTOS-EUROS modelled Cd deposition
compared to calculated Cd deposition according to Formula 4.1 (N = 769).

Valeurs statistiques caractéristiques des dépéts totaux de Cd modélisées
avec LOTOS-EUROS et calculées selon la formule 4.1 (N = 769).

Variable Unit Min Max Median Mean o
Cd deposition 2005
(accordinz to Formula 4.1) pHg/m? a 15,49 35,89 19,89 20,96 3,46
(Lgsodse-%ojgggzngggel) ug/m2 a 9,35 85.11 23,57 24.77 725

40
o

In Cd (mkg/im? a)

Cd (mkg/g) im Moos

-1/Pb (mkg/m? a}
-00015 -0.0010 -0.0005
o

-0.0020

-0.0025

-0.0030

Pb (mkg/g) im Moos

Figure 3. Regression models for the association between Cd concentration in moss
(left) and Pb concentration in moss (right) and respective atmospheric deposition
derived from LOTOS-EUROS model calculations for the year 2005.

Modeéles de régression entre la concentration de Cd dans les mousses (a
gauche) et la concentration de Pb dans les mousses (a droite) et les dépéts
atmosphériques, calculés avec LOTOS-EUROS pour 'année 2005.

samplings in forestry areas, a relatively low correla-
tion r, = 0,28 (N = 741) was calculated. The relation
between Pb concentration in moss (3 km by 3 km
grid) and LOTOS-EUROS indicated a significant cor-
relation amounting to r = 0,48 (p < 0,01). Compared
to Cd, the correlation is somewhat stronger, but still
moderate.

A non-linear relationship between both variables
was found. Model linearization was carried out by
transforming the response variable with 1 / y corre-
sponding to a cubic function (Figure 3):
y = 0.0001813x -0.0026695 Formula 4.2
with:

y =-1/Pb (ug/m? a) total deposition (LOTOS-EUROS) [ug/m?a]
x = Pb concentration in moss [pg/g]

POLLUTION ATMOSPHERIQUE N°226 - JUIN-SEPTEMBRE 2015

The coefficient of determination, R? = 0,30 indicates,
that the regression model explains about 30 % of the
variance. The range of validity is between Pb concen-
trations of 2,5 — 9,0 pg/g in moss. Within this range, at-
mospheric Pb deposition can be estimated with a devi-
ation of +/- 279 pg/m? a, compared to LOTOS-EUROS.
Sample sites of open landscape reveal a relatively low
root mean square error of +/- 156,29 pg/m2 a (N = 16).

o = standard deviation

With respect to LOTOS-EUROS, the range of vari-
ation is wider and the median is higher (116 %) than
the respective values of the statistical model (Table 3).
Again, within modelled zones of low und intermediate
contamination, similar Pb deposition rates were calcu-
lated (99 - 116 %). By contrast, areas with high levels
of HM deposition indicated significantly higher deposi-
tion rates by use of LOTOS-EUROS model (143,6 %).
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Table 3. Statistical characteristics of LOTOS-EUROS modelled Pb deposition
compared to calculated Pb deposition according to Formula 4.2 (N = 561).

Valeurs statistiques caracteéristiques des dépots totaux de Cd modélisées
avec LOTOS-EUROS et calculées selon la formule 4.2 (N = 561).

Variable Unit Min Max Median Mean c
(accor;ﬁ;ffgz':mla2202‘;; ug/m2 a 451,58 961,89 514,32 547,86 96,66
(LOngf’EeSggtéonmiggﬁ ug/m2 a 261,06 2968,32 596,15 650,96 263,66

4.3. Integrating LOTOS-EUROS model
calculations and HM bioaccumulation

The surface estimations of atmospheric Cd and Pb
deposition as result of Regression-Kriging computa-
tions are as follows (figure 4).

Cadmium. For Cd, variogram model revealed a
nugget / sill ratio of 15 % and a major range of 375
km, within which point estimations are significant.
Based on the spatial distribution depicted in Figure
4 the Cd deposition is between 12,09 and 60,44
pg/m? a. Arithmetic mean of the regression-kriging
data amounts to 21,30 pg/m2 a (K = 4,79). The ra-
tio between the median of the regression-kriging
data (20,60 pg/m? a) and the median of LOTOS-
EUROS deposition data (20,43 pg/m? a) is near
1. Variability of the LOTOS-EUROS modelled Cd
deposition is relatively high compared to the re-
gression-kriging data. Core areas with Cd total
deposition above 25,3 pg/m2 a (= 90" percentile)
are located in North Rhine-Westphalia, Berlin, in
the east of Saxony and in Bavaria close to the bor-
der with Austria.

Lead. For Pb, the nugget / sill ratio amounts to 10
% and the major range to 420 km, respectively. The
total deposition is in a range of 330,70-2147,98 ug/
m?2 a. Again, modelled deposition showed a higher
variability (337,57-2626,44 pg/m?2 a). The arithmetic
mean of the regression-kriging data on total depo-
sition amounts to 563,05 pg/m? a (K = 176,39). The
median of data corresponding to Figure 4 (520,11
pg/m2 a) and the median of modelled distribution
(517,65 pg/m?) revealed a ratio near 1. Centers with
values > 704,27 pg/m2 a (= 90™ percentile) have
been detected in North Rhine-Westphalia and the
south of Bavaria and Baden-Wirttemberg in the
year of 2005.
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5. Discussion and Conclusions

Data from annual samplings on HM concentra-
tion in tree foliage from the German Environmental
Specimen Bank (ESB) are suitable for comparison
with model calculations of atmospheric HM deposi-
tion (i.e. LOTOS-EUROS, EMEP). Due to the use of
standard operating procedures at the ESB (sampling,
transport, sample preparation, analytics), a high de-
gree of data quality is guaranteed (UBA, 2008). Based
on this, predominantly significant correlations be-
tween ESB data on HM concentration in leaves and
needles and respective modelled deposition (p < 0,05)
could be proved. For Pb, correlations were specific for
specimen types, and for Cd, additionally ecosystem
type-specific. Compared to EMEP, correlations with
respect to LOTOS-EUROS were higher. By contrast,
the differences between the coefficients were pre-
dominantly not significant, except Pb concentrations
in poplar’'s leaves. This was in particular due to the
small number of samplings in the ESB (N = 87 be-
tween 2005 and 2011). The low number and, thus,
spatial coverage of 20 sample sites also may imply
a low spatial representativity. Since ESB samplings
are taken annually, they are predestined in particular
for trend analysis. Here, these advantages could not
be optimally utilized, because LOTOS-EUROS model
calculations were based on emission data from 2005,
so the different years only show the inter-annual vari-
ability due to meteorology and not any trend.

By comparison, the data from the European Moss
Survey 2005 reveal a relative high spatial representa-
tivity with a site density of 2.0 sites / 1000 km? (Pesch
et al., 2007). Due to a harmonized methodology (ICP
Vegetation 2005), the data from the Moss Survey can
be considered as a reliable data source allowing for
spatial and temporal comparisons. Corresponding
to this, it could be indicated, that the correlations of
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Figure 4. Regression-Kriging-Maps and results of geostatistical analyses for atmospheric Cd deposition (left)
and Pb deposition (right) calculated for the year 2005 with HM concentration in moss as predictor variable.

Cartes de régression-Krigeage et résultats des analyses géostatistiques pour les dépots
totaux de Cd (a gauche) et les dépébts de Pb (a droite) calculés pour I'année 2005 avec la
concentration en éléments traces dans les mousses comme variable explicative.
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HM concentrations in moss and respective LOTOS-
EUROS model calculations were highly significant,
with Pb being higher compared to Cd. Correlations
based on geostatistical surface estimations were
relatively strong compared to those based on the
moss samplings. These results are in line with earli-
er Europe-wide studies, dealing with HM deposition
values from EMEP model (Schréder et al.,, 2011).
Correlations between moss data and LOTOS-EUROS
were relatively high compared to EMEP. It has to be
noticed, that validating the absolute values of both
models is not possible, but spatial patterns of HM
deposition and accumulation can be compared.

Based on data integration by use of Regression-
Kriging-Technique (surface estimations of HM con-
centration in moss and LOTOS-EUROS) Cd and Pb
deposition maps were calculated on a 3 km by 3 km
grid. Specific advantages of model calculations (the-
matic information on deposition rates) and monitoring
data (measurements at a relatively high spatial resolu-
tion) can be combined. However, for LOTOS-EUROS
(25 km by 25 km), the positive effects of data integra-
tion were less pronounced compared to EMEP (50 km
by 50 km). The most recent data for Germany were
only available for the year 2005. In the sense of an
improved integrative analysis it would be highly ben-
eficial, if Germany participates in the next monitoring
campaign planned for 2015/2016.

Research and development project “Impacts of
Heavy Metal Emission on Air Quality and Ecosystems
across Germany - Sources, Transport, Deposition and
Potential Hazards’, which is going to run until 2016,
should model other metals with LOTOS-EUROS
such as As, Cr, Cu, Ni, V and Zn. These deposition
data should be compared as well with data from the
European Moss Survey, Environmental Specimen
Bank and, additionally, ICP Forests Level Il. It also
should be determined, to what extent Regression-
Kriging leads to higher thematic accuracy. This
could be done by a comparative analysis of the dif-
ferent deposition maps with respective deposition
measurements.
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Annexes

Supplemental material

Objectives for statistical analysis and data integration

Data @ @ @
Cd Pb Cd Pb Cd Pb
EMEP (50 km by 50 km) v v v v
LOTOS-EUROS (25 km by 25 km) v v v v v v
Moss Survey v v
Moss estimations (3 km by 3 km) v v v v
ESB v v

v = used data

@ = Comparing LOTOS-EUROS and EMEP model calculations with data from the ESB

@ = Comparing LOTOS-EUROS and EMEP model calculations with data from the European Moss Survey

@ = Mapping atmospheric HM deposition integrating LOTOS-EUROS and accumulation data from the European Moss Survey
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Figure 1. Comparing total modelled Cd and Pb deposition for the time period between 2007 and 2011
across Germany (EMEP, LOTOS-EUROS) with LOTOS-EUROS' European median for the year 2010.

Comparaison des dépoéts atmosphériques totaux de Cd et de Pb (2007-2011) a travers I'Allemagne
(EMEP, LOTOS-EUROS) et les médianes européennes (2010) modélisés avec LOTOS-EUROS.
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Figure 2. Comparing temporal trends of atmospheric Cd and Pb deposition (circles) [ug/m? a] and respective
concentration in tree foliage (crosses) [pg/g] between 2005 and 2011 related to various specimen types.

Comparaisons des tendances temporelles des dépots totaux de Cd et de Pb (cercles)
[ug/m?2a] et des concentrations respectives dans le feuillage des arbres (croix)
[ug/g] pour la période 2005-2011 relatifs a divers types d’échantillons.
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Figure 3. Detrended data on Cd and Pb concentration in tree foliage [pg/g]
between 2005 and 2011 related to various specimen types.
Correction de la tendance sous-jacente pour les concentrations de Cd et de Pb dans le
feuillage des arbres [ug/g] pour la période 2005-2011 relatifs a divers types d’échantillons.
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Figure 4. Regression analysis of the association between atmospheric Cd and Pb deposition [pg/m?2a] and
respective concentration in tree foliage [pg/g] for the period 2005 - 2011 related to various specimen types.

Analyses de régression entre les dépots atmosphériques de Cd et de Pb [ug/m?Za] et les

concentrations respectives dans le feuillage des arbres [ug/g] (corrigé de la tendance
sous-jacente) pour la période 2005-2011 relatifs a divers types d'échantillons.
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Table 1. Descriptive statistics of the total modelled deposition of Cd and Pb across Germany (EMEP,
LOTOS-EUROS) and respective concentrations in moss, leaves and needles (2005-2011).

Statistiques descriptives des dépéts totaux de Cd et de Pb (LOTOS-EUROS, EMEP) et des concentrations
respectives dans les mousses, les feuilles et les aiguilles d’arbres a travers I'Allemagne (2005-2011).

Variable Unit N Min Max Median  Mean StDev
Cd total depasition 2005 (LOTOS-EURCS) pg/m? a 204 5,35 81,11 23,57 24,77 7,25
Cd total d siti 2007-2011 (LOTOS-
otal geposition l: pg/m? a 204 13,58 51,56 25,70 26,34 £31
EUROS)
Cd totald ition 2005
otal depositian pg/m?a 204 15,59 92,13 41,29 44,15 14,55
(EMEP)
Cd total deposition 2007-2011 (EMEP) pg/m* a 204 15,45 181,13 35,55 41,32 20,20
cd N 2005
cone. nmoss ug/e 769 0,06 1,71 0,20 0,24 0,14
(measured values)
cd conc. in mass 2005
527 0,06 0,60 0,21 0,23 0,06
[geostatistical surface estimation) he/e !
Cd conc. in 1-year old shoots from spruce
2007-2011 (ESB) pg/g 35 0,01 0,24 0,11 0,11 0,06
Cd conc. in 1-year old shoots from pine
6 0,18 0,24 0,21 0,21 0,02
2007-2011 [ESE) hele
cd inl f beech 2007-2011
cane. i feaves from besc ug/g 228 0,01 0,18 0,05 0,07 0,05
(ESE)
Cd conc. in | f oplar 2007-2011
[ESB;"”C n leaves fram popiar ng/s 18 0,72 1,75 1,35 1,25 0,25

Pb total deposition 2005 (LOTOS-EURDS) pg/m* a 204 261,06 2568,32 556,15 650,96 263,66
Pb total deposition 2007-2011 (LOTOS-

pg/m#a 204 33465 156763 604,62 629,50 161,32

EUROS)
Pb total d ition 200%
[EM‘;PEJ Eposition ug/mia 204 63472 324438 166033 169204 53945
Pb total deposition 2007-2011 (EMEP) pg/m?*a 204 571,18 408726 124508 133356 483,12
Pb conc. in moss 2005 pg/g 769 1,15 40,41 3,70 454 3,28
(measured values)
Pb CONc. in moss 2005

527 2,50 11,55 400 432 3,28
(geostatistical surface estimation) he/e ! ' ’ ' ' '
Pb conc. in 1-year old shoots from spruce

35 0,14 1,85 0,45 0,57 037
2007-2011 (ESB) hele ' : : = =
Pb conc. in 1-year old shoots from pine

11 0,46 0,55 0,45 0,51 0,05
2007-2011 (ESB) hele ' : ' : :
Pb conc. in leaves from besch 2007-2011 ug/e - 0.2 077 037 042 014
(ESB)
[F’Ebsgc;nc. in l2aves from poplar 2007-2011 ug/e 18 020 185 051 066 035
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Table 2. Kendall correlation coefficients for the relation between LOTOS-EUROS model
calculations and data from the Environmental Specimen Bank (2005-2011).

Coefficients de corrélation de Kendall entre les calculs du modéle LOTOS-EUROS et
les données de la Banque des échantillons de 'environnement (2005-2011).

Heavy Metal Specimen Type N TRy p

Fb beech 28 0,42 <001
Pb poplar 17 0,79 < 0,01
Fb spruce 34 0,31 0,01
Fb pine 6 0,60 0,13
cd beech 28 0,28 0,03
Cd poplar 18 0,39 0,03
cd spruce a5 0,06 0,65
cd ping 6 0,33 0,45

Table 3. Kendall correlation coefficients for the relation between LOTOS-EUROS model
calculations and data from the Environmental Specimen Bank (2005-2011, detrended).

Coefficients de corrélation de Kendall entre les calculs du modéle LOTOS-EUROS et les données de
la Banque des échantillons de I'environnement (2005-2011, corrigé de la tendance sous-jacente).

Heavy Metal Specimen Type N [11%] ]

Pb beech 28 0,48 <0,01
Pb poplar 17 0,81 < 0,01
Pb spruce 34 0,41 <0,01
Pb pine & -0,37 0,45
Cd beech 28 0,31 0,02
Cd poplar 18 0,37 0,03
Cd spruce 35 0,09 0,48
cd pine 6 0,33 0,45

Table 4. Kendall correlation coefficients for the relation between EMEP model
calculations and data from the Environmental Specimen Bank (2005-2011).

Coefficients de corrélation de Kendall entre les calculs du modéle de I'EMEP et les
données de la Banque des échantillons de I'environnement (2005-2011).

Heavy Metal Specimen Type N (%] p

Pl beech 28 0,43 <0,01
Pb poplar 17 0,44 0,02
Pb spruce 34 0,27 0,03
Fb pine 6 0,73 0,06
Cd beech 28 0,23 0,09
cd poplar 12 0,26 0,15
cd spruce 35 0,19 01

Cd pine =] -0,07 1,00
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Table 5. Kendall correlation coefficients for the relation between LOTOS-EUROS model
calculations and data from the Environmental Specimen Bank (2005-2011).

Coefficients de corrélation de Kendall entre les calculs du modéle LOTOS-EUROS et
les données de la Banque des échantillons de I'environnement (2005-2011).

m Specimen Type ystem Type N Tk P
Fb besch agrarian ecosystams & -0,20 0,70
Fb beach forestry ecosystems 2 0,50 0,11
Fb besch near-natural ecosystems 14 0,25 0,23
Pb poplar urban-industrial ecosystems 17 0,79 < 0,01
Pb spruce agrarian ecosystems & 0,07 1
Fb spruce urban-industrial ecosystems & -0,33 0,45
Fb spruce forestry ecosystems 8 0,25 0,35
Pb spruce near-natural ecosystems 14 0,15 0,38
Pb pine urban-industrial ecosystems & -0,60 0,13
cd besch agrarian ecosystams & -0,20 0,71
cd besch forestry ecosystams g 0,57 0,06
Cd besch near-natural ecosystems 14 0,56 0,01
Cd poplar urban-industrial ecosystems 18 0,39 0,03
cd spruce agrarian ecosystems & -0,87 0,02
cd spruce urban-industrial ecosystems 7 0,08 1
cd spruce forestry ecosystems 8 0,57 0,06
Cd spruce near-natural ecosystems 14 0,52 0,01
cd pine urban-industrial ecosystems 6 0,33 0,45

Table 6. Kendall correlation coefficients for the relation between LOTOS-EUROS model
calculations and data from the Environmental Specimen Bank (2005-2011, detrended).

Coefficients de corrélation de Kendall entre les calculs du modéle LOTOS-EUROS et les données de
la Banque des échantillons de I'environnement (2005-2011, corrigé de la tendance sous-jacente).

m Specimen Type SR N g P

Pb besch agrarian ecosystems & 0,47 0,26
Pb besch forastry ecosystems 8 0,64 0,04
Pb besch near-natural ecosystems 14 0,56 0,01
Pb poplar urban-industrial ecosystems 17 0,44 0,02
Pb spruce agrarian ecosystems = 0,07 1,00
Pb spruce urban-industrial ecosystems & 0,33 0,45
Pb spruce forastry ecosystems g 0,43 0,17
Pb spruce near-natural ecosystems 14 0,21 0,32
Pb pine urban-industrial ecosystems & 0,73 0,06
cd beach agrarian ecosystams & 0,07 1,00
cd besch forastry ecosystems 8 0,65 0,02
Cd besch near-natural ecosystems 14 0,43 0,04
cd poplar urban-industrial ecosystems 12 0,26 0,15
cd spruce agrarian ecosystems = -0,73 0,06
Cd spruce urban-industrial ecosystems 7 0,25 0,45
cd spruce forastry ecosystems g 0,40 0,21
cd spruce near-natural ecosystems 14 0,36 0,08
cd pine urban-industrial ecosystems & -0,07 1,00
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Table 7. Kendall correlation coefficients for the relation between EMEP model
calculations and data from the Environmental Specimen Bank (2005-2011).

Coefficients de corrélation de Kendall entre les calculs du modéle de I'EMEP et les
données de la Banque des échantillons de I'environnement (2005-2011).

m Specimen Type SR N g P

Pb besch agrarian ecosystems & 0,47 0,26
Pb besch forastry ecosystems 8 0,64 0,04
Pb besch near-natural ecosystems 14 0,56 0,01
Pb paplar urban-industrial ecosystems 17 0,44 0,02
Pb spruce agrarian ecosystems = 0,07 1,00
Pb spruce urban-industrial ecosystems & 0,33 0,45
Pb spruce forastry ecosystems g 0,43 0,17
Pb spruce near-natural ecosystems 14 0,21 0,32
Pb pine urban-industrial ecosystems & 0,73 0,06
cd beach agrarian ecosystams & 0,07 1,00
cd besch forastry ecosystems 8 0,65 0,02
Cd kesch near-naturzl ecosystems 14 0,43 0,04
cd poplar urban-industrial ecosystems 12 0,26 0,15
cd spruce agrarian ecosystems = -0,73 0,06
Cd spruce urban-industrial ecosystems 7 0,25 0,45
cd spruce forastry ecosystems g 0,40 0,21
cd spruce near-natural ecosystems 14 0,36 0,08
cd pine urban-industrial ecosystams & -0,07 1,00
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