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Abstract: An important component of the National Forest Soils Inventory (INFSI) is the investigation
of inorganic and organic pollutants. Forests are able to filter out large quantities of these substances
from the atmosphere and incorporate them into the soil for a long time. The aim of this study was the
integrative evaluation of organic and inorganic pollutant concentrations in forest soils in the state of
Brandenburg, Germany. With the help of principle component analysis, the pollutant concentrations
can essentially be explained by three significant environmental components, which explain 76%
of the total variance of all pollutants examined within the scope of the NFSI. The first component
characterizes the extent of the atmospheric pollution caused by flue gases and fly ash from lignite
combustion in the 1970s and 1980s and is mainly charged by the organic pollutants HCB and PAH,
and the elements arsenic and chromium. This component shows positive relation to both spatially
interpolated calcium-deposition data from the 1980s (as an indicator for the dust emission from
coal combustion) and crown defoliation data of pine stands from the forest condition survey in the
early 1990s. The depositions of zinc and cadmium from industrial sources, vehicle traffic and the
use of fertilizers in agriculture mainly characterize the second principle component. The use of the
pesticides DDT and lindane in the early 1980s and the associated pollutants input into the forest soils
are expressed by the third component. In expanding the term archiving function of soils, the results
illustrate their particular importance for the long-term archiving of anthropogenic inputs and the
associated potential stress factors for forests.

Keywords: forest soils; heavy metals; organic pollutants; forest soil inventory; forest crown condition;
lignite combustion; fly ash deposition; principle component analyses; Brandenburg

1. Introduction

Soils have several functions in ecosystems; e.g., they include a habitat for biological
activity and water and nutrient cycles. Moreover, soils show specific site histories and
also have, therefore, an archiving function. At a large scale, the specific soil properties
are reflections of the natural and cultural history of a region [1-4]. This aspect can also be
transferred to the pollutants stored in the soil resulting from anthropogenic factors. Thus,
the regional extent and significance of anthropogenic substance inputs in the past can be
examined from corresponding indicator substances in soils and in peat bogs and fluviatile
or limnic sediments [5-15].

An important component of the National Forest Soils Inventory (NFSI) as a part of the
forest monitoring in Germany is the investigation of inorganic and organic pollutants [16].
Forests are able to filter out these substances from the atmosphere and incorporate them in
the soil for a long time. In the NFSI, both inorganic [17] and organic pollutants [18] of forest
soils were examined for the first time at one and the same survey plots of a Germany-wide,
large-scale and site-representative monitoring system using uniform methods.
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In particular, little was known about the pollution of forest soils with organic pollu-
tants until the second forest soil condition survey was carried out in the period from 2006
to 2008. In the NFSI, the focus was on the so-called persistent organic pollutants (POPs),
which are only broken down very slowly in the environment and accumulate in organisms,
and are ecotoxic [18]. Although some of the organic pollutants such as polycyclic aromatic
hydrocarbons can arise naturally under certain conditions (e.g., in forest fires), these occur-
rences are negligibly small in comparison to the technogenically induced inputs. Most of
the pollutants were deposited in forests through the air, or they got directly onto the forest
floor as a result of the use of pesticides. In detail, it concerns the following substances:

Polycyclic aromatic hydrocarbons (PAH) arise from incomplete combustion processes
of organic substances, e.g., in power plants and by motor vehicles, but also in forest
fires [19-21]. Polychlorinated biphenyls (PCB) have a wide range of technical applications,
e.g., as components of plastics. They mainly reached the soil via atmospheric deposition
and they can also be transported over long distances [1]. PCB were banned worldwide
by the Stockholm Convention (UNEP 2001). A special group of organic pollutants are
plant protection products, to which various chemical pesticides and herbicides belong.
The following substance classes were examined within the framework of the NFSI: dield-
rin, hexachlorobenzene (HCB), hexachlorocyclohexane (x-HCH, g-HCH, v-HCH) and
dichlorodiphenyltrichloroethane (DDT) and its metabolites DDx (2,4’-DDT; 4,4'-DDT; 2,4'-
DDE; 4,4'-DDE; 2,4'-DDD; 4,4’-DDD).

Dieldrin is a pesticide that has not been used in Germany since 1971 [22]. Different
sources are discussed for HCB [18]. In addition to its role as fungicide and the possible
degradation product of yv-HCH (lindane, see below), there is also the possibility that HCB
is released from chlorine-containing substances from industrial manufacturing processes
and incomplete combustion processes. HCH are chemical compounds from the group of
halogenated hydrocarbons. The most common is y-HCH, which was used as an insecticide
and is known under the name lindane. In the forest protection sector in Brandenburg,
lindane preparations were used in combination with DDT applications in the early 1980s.
In the former German Democratic Republic DDT was used until 1988, whereas its use in
the old federal states was discontinued in 1972 [23]. The widespread use in the forests
between 1982 and 1984 to combat nun moths (Lymantria monacha) and companion species
(pine beauty moth (Panolis flammea), European pine shoot moth (Rhyacionia buoliana), bark
beetle (Scolytinae), etc.) is particularly relevant here.

The concentrations of inorganic pollutants, such as heavy metals like lead (Pb), cad-
mium (Cd), chromium (Cr), copper (Cu), nickel (Ni), zinc (Zn) and the metalloid arsenic
(As), in the soil depends not only on the parent material and the soil-forming processes,
but also on the anthropogenic inputs, especially caused by industrial emissions and car
exhaust. In the humus layer and topsoil in particular, the inputs from the air can exceed
the natural basic contents of the soil [17].

In many respects the NFSI sample from the state of Brandenburg is particularly
suitable for an integrative study with regard to the significance of anthropogenic soil impact
factors: A characteristic of this study area is that the natural geogenically determined levels
of inorganic pollutants are particularly low due to the Pleistocene loose rock cover and,
moreover, so far, no forest liming has been carried out in Brandenburg that would have
affected the binding capacity for heavy metals [17]. Importantly, there was a high level
of air pollution in the past. Particularly in southern Brandenburg high dust depositions
(unfiltered fly ashes from brown coal-fired power plants) enriched the forest soils with
base cations and various pollutants in the 1970s and 1980s [24-30]. Until the first NFSI
carried out in 1992, southern Brandenburg was one of the regions of central Europe
most influenced by atmospheric immissions. This has changed dramatically after the
reunification during the early 1990s [31,32], when the atmospheric deposition strongly
decreased due to decommissioning of industrial plants, introduction of flue gas cleaning
systems and the use of low-emission energy sources. Although the pollutant emissions
have been severely restricted by environmental policy measures for decades, they were
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accumulated in forest soils and are still detectable. Hence, the inorganic and organic
pollutants in soils are suitable as an indicator of the general extent of the regional pollution
situation in former times.

Extensive evaluations of the NFSI data have already been carried out both nationwide
and for the federal states of Germany separately for heavy metals [17,33-36] and organic
pollutants [18,22,37]. Key target figures of these evaluations were the frequency of exceed-
ing ecological effectiveness thresholds, regional patterns and the derivation of background
values. The aim of this study is to present for the first time an integrative evaluation of
both organic and inorganic pollutant concentrations in forest soils exemplary of the federal
state of Brandenburg.

2. Material and Methods
2.1. National Forest Soil Inventory (NFSI)

The NFSI in the federal state of Brandenburg comprises a total of 322 inventory plots,
which are distributed on two 8x8km-inventory grids over the entire forest area [38]. On a
sub-sample of 50 plots, which are located in a 16 x 16 km-grid, investigations of persistent
organic pollutants were carried out in addition to the inorganic elements. The inventory
plots were sampled in 1992 (NFSI-1), 2006 (NFSI-2) and 2009 (NFSI-2a) for inorganic
pollutants and 2006 for organic pollutants. The location of the sampling plots is shown in
the map in Figure 1.

Mecklenburg-West Pomerania

Poland

35 Gy
9 @@

<o

@.
O
O
83
<
POXCA
B
53

S

2
oy 8
[

Inventory plots ,‘:'é Py .<>®°®<>° @
« NFSI1,2 R S e
® NFSI1,2 (POP) ‘.. @_2..2

© NFSI 2a Saxony

Figure 1. Map of the plots for investigation in the state of Brandenburg; NFSI 1,2 (POP) = sub-sample
of the NFSI with analysis data on persistent organic pollutants.

The nationwide standardized field methodology of the NFSI is described by
Wellbrock et al. [39]. In the state of Brandenburg, from each inventory plot eight satel-
lite samples were taken in a radius of 10 m around a central soil pit and combined to form
a mixed sample for the humus layer and the depths of 0-5 cm and 5-10 cm. The depths of
10-30 cm, 30-60 cm, 60-90 cm and 90-140 cm were sampled from the central soil pit. In
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this paper, the term “humus layer” is used for the organic layer on top of the mineral soil.
The information on the examined soil depths, however, always relate to the mineral soil.

2.2. Description of the Investigation Area

The German state Brandenburg is located in a transition zone between oceanic and
continental temperate climate. A climatic gradient ranges from North-West to South-East
towards an increasing continentality. The annual average temperature varies regionally
between 8.6 °C and 9.3 °C. The annual climatic water balance ranges from minimum values
of about —82 mm in central Brandenburg to maximum values of about +36 mm in the
northern parts of the investigation area [38].

The parent materials in the state of Brandenburg are quaternary sediments. In the
topsoil mainly glacial cover sands (60% of the inventory sites), glacial fluvial sand (17%),
aeolian dune sand (10%) and glacial loam (5% in 10 cm depth; 10% in 100 cm depth) occur.
Glacial marl appears in the subsoil of less than 5% of the sites.

The most common soil type is the podzolic Brown-earth (WRB: Spodic Arenosol,
according to FAO and IUSS [40] with a share of 64% of all samples. The brown-earths differ
in various degrees of the development of the spodic horizon. In addition, Podzols occur
on some nutrient-poor dune sands (7%), Albic Luvisols on glacial loam (8%), and soils
under the influence of groundwater (Gleysols) are found in areas of glacial valleys and
floodplains (7%). 14% of the sample are Regosols, Cambisols, Anthrosols and Histosols.

The NFSI-inventory sample consists of 78% pine, 4% oak and 6% beech stands; 8%
are other deciduous stands and 4% other coniferous stands (stocking type according to
Wellbrock et al. [39]). This corresponds roughly to the surface percentages of the tree
species in the total forest area.

2.3. Soil Analysis

Analytical methods of the NFSI are documented in detail in Wellbrock et al. [39]
and GAFA [41]. For the present study pH(KCI)-value, effective cation exchange capacity
(CECeg), organic carbon and clay content and the elements As, Pb, Cd, Cr, Cu, Ni and Zn
were considered. These elements were determined in the NFSI-2(a) in the humus layer
and in all sampled mineral soil depths. In the NFSI-1, only the heavy metals of the humus
layer were analyzed. The elements mentioned were extracted from the soil with a strong
acid (“aqua regia”) [41]. All information on heavy metal concentrations is therefore aqua
regia extractable contents. The CECg¢ was determined by percolation of the dried and
sieved samples with 1 M NH4Cl solution and subsequent measurement of the cations in
the extract. The organic carbon was determined by elemental analyses with elemental
analyser. Clay content (fraction < 2 um) was determined by the pipette method (sedimenta-
tion) [39,41]. Explanations of the analysis methods for organic pollutants can be found in
Aichner et al. [22,37] and Marx et al. [18]. The data on PAH;4, PCBg, Dieldrin, HCB, HCH,
and DDx taken into account in this study are available for the humus layer and the mineral
soil depth increments 0-5 cm and 5-10 cm.

2.4. Forest Condition Data

For 40 of the NFSI plots in the state of Brandenburg for which organic and inorganic
pollutants were examined, data from the official forest condition survey for recording
forest damage according to a nationwide standardized procedure [42-44] from the 1990s is
available. In the present analysis, the three-year mean values of the percentage of needle
loss from pine stands for which at least 15 individual crown assessments were carried out
in the years 1991-1993, were used [35]. Based on the defoliation classification at that time,
a distinction was made between pine stands with 0-25% mean needle loss (damage level
1-2: slightly healthy or slightly damaged) and pine stands with >25% needle loss (damage
level 3-5: moderately damaged, severely damaged or dead). In addition, the sample was
stratified into stands with a stand age < 40 years (15 inventory plots in damage level 1-2
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and 4 plots in damage level 3-5) and age older than 40 years (12 plots in damage level 1-2
and 9 plots in damage level 3-5). The reference year for the stand age was 1991.

2.5. Statistical Analyses

We used the Principle Component Analyses (PCA) to analyze relationships between
the individual organic and inorganic pollutants. Here the dimension of the original dataset
is reduced by transforming it to a new set of variables, that are linear functions of those in
the original dataset [45]. These so-called principal components possibly can be interpreted
in terms of the different sources of the soil contamination. The statistical analyses were
performed with SPSS 25 (Statistical Package for Social Science, IBM®). The number of prin-
ciple components to be extracted was determined using the Kaiser criterion [46,47], which
is the one most widely used since it does not require visual inspection of eigenvalue plots
and is easily computerized [48,49]. A varimax rotation [46,50] was performed to facilitate
interpretation of the result. The component values were calculated using regression.

We used geostatistical methods to obtain estimates of historical atmospheric depo-
sition rates of calcium. Isotropic variogram analysis and ordinary point kriging were
employed to convey available legacy data, that was measured within a former ecological
monitoring network (OWK = ecological forest condition control), to the current NFSI
plots. All geostatistics were conducted according to Webster and Oliver [51]. Computa-
tions were performed using SPSS’s matrix programs and nonlinear parameter estimations
routines [52].

Furthermore, standard statistical methods such as nonparametric test statistics (Mann-
Whitney U test), correlation analysis and multiple linear regression analysis and the LOESS
method [53] implemented in SPSS for determining and visualizing regression curves were
carried out. The correlation matrices presented in this paper refer to the Spearman correla-
tion coefficient. Multiple linear regression analyzes were carried out using the stepwise
method, which is a combination of both the forward selection and backward elimination
method [54]. Residual values were examined for heteroscedasticity and autocorrelation in
scatter plots and were additionally tested with the Durbin-Watson statistic for the latter.
We also calculated the F-statistic (F). The following levels of significance were used: *
significant (p < 0.05) and ** highly significant (p < 0.01).

Distributions of soil data were examined by histogram analyses with regard to the
occurrence of outliers. In the regression analyses in Section 3.1 peat soils were excluded
from the sample, and 4 plots with extremely high element concentrations, in order to
prevent individual outliers from leading to statistical bias and faking high coefficients of
determination. For the excluded plots with extreme values of the pollutant concentration,
local causes of the contamination could be determined in all cases; e.g., non-local (contami-
nated) soil material for road construction or garbage deposits in the immediate vicinity of
the soil samples taken. The regression relationships described in Section 3.1 are therefore
valid for the following ranges of the parameters related to the mineral topsoil (0-5 cm,
5-10 cm):

As <534 mg/kg

Cd <0.31 mg/kg

Cr < 8.63 mg/kg

Cu <770 mg/kg

Ni <5.14 mg/kg

Pb <39.23 mg/kg

Zn <3547 mg/kg

pH(KCI) < 6.0

Organic carbon content (Corg) < 15%
Clay content < 10%

Cation exchange capacity (CEC,g) < 120 mmol./kg
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3. Results
3.1. Inorganic Pollutants

Compared to the Germany-wide NFSI data, the peak values of inorganic pollutants in
Brandenburg are far below those in other regions in Germany due to the low geogenic base
concentrations [17,35]. For the levels of inorganic pollutants found in the mineral topsoil,
in addition to the atmospheric pollution from supra-regional and local emitters, the current
chemical soil condition also plays a decisive role.

The scatter diagrams in Figure 2 exemplify the univariate dependencies of the element
concentration on the CEC,¢. Of all the potentially influencing variables considered, CEC
shows the closest relationship to the concentrations of the examined trace elements. The
CEC,s expresses the quantity of clay minerals, hydroxides and oxides, the content of
organic soil colloids and—due to the partially pH-dependent charges—also the soil reaction.
These soil properties are crucial for the binding of heavy metals in the mineral topsoil and
delay their leaching into subsoil. This also applies to the partially anionically bound trace
elements such as As and Cr, although in these cases the relationship to the CEC. is of an
indirect nature, because top soils with high anion exchange capacity usually also have high
cation exchange capacity.

For each element, two regression models were calculated. The pH value is considered
in both models. In addition, the logarithmized organic carbon content and the clay content
were considered in the first model approach and the logarithmized effective cation exchange
capacity in the second approach. For the logarithmized CECgs or Corg content values,
the correlations were somewhat better than using the non-logarithmic values, so that a
non-linear relationship was generally assumed here. The results of the regression analyses
are shown in Table 1.

Trace element[mg/kg] = a * log(CECeg)[molc/kg] + b+ pH(KCI) + ¢ 1)

Trace element[mg/kg] = a * log(Corg)[%o] + b * clay content|%] +c* pH(KCI) +d  (2)

Table 1. Parameters of the multiple regression equations for the estimation of As, Cd, Cr, Cu, Ni, Pb
and Zn concentrations in the topsoil (0-5 cm, 5-10 cm depth) from CECg;, pH(KCI), Corg and clay
content; significance: * p < 0.05, ** p < 0.01.

Equation (1)

a b C R F
As 2120 - —0.798" 0.34™ 50.0
Cd 0.160 ™ 0.054 ™ —0.369 ™ 0.65™ 105.0
Cr 3.280 ™ 0.873 ™ —3.866 0.49" 448
Cu 4394™ 0.489 ™ —-6.121" 0.62% 179.0
Ni 2.325" 0.929 ™ —4.406" 049" 45.7
Pb 24.197 —2.054" —13.334 " 0.65™ 207.2
Zn 18.633 7.126 ™ —40.608 0.60 155.9

Equation (2)

a b c d R F
As 1191 ™ 0.096 - 0.598 * 038" 24.0
Cd 0.091 ™ 0.0035 ™ 0.061 " —0.278"™ 0.64™ 65.8
Cr 1.336 ™ 0.342 ™ 0.787 " —1.369 " 0.50 ™ 30.5
Cu 2.566 " 0.093 ™ 0.453 ™ —2.741" 0.62" 119.2
Ni 0.998 ™ 0.222™ 0.833 " —2541" 0.54™ 37.6
Pb 15.56 0.692* —1.344° —0.150 0.70 ™ 174.3
Zn 9.778 ™ 0911 ™ 6.448 —24513" 0.61" 107.7
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Figure 2. Scatterplots of the As, Cd, Cr, Cu, Ni, Pb and Zn concentrations and the effective cation exchange capacity (CECg)
at 0-5 cm and 5-10 cm soil depth, and smoothed adaption function (LOESS smoothing).
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The concentrations of all trace elements increase with increasing values of CECegf, Corg
and clay content. By comparing the standardized regression coefficients, it can be seen
for the individual trace substances whether the organic colloids (Corg content) or the clay
minerals are more important for the binding. The picture is quite clear: The clay content
only plays a very subordinate role in binding Cd. The standardized regression coefficient
of the Cyrg content exceeds that of the clay content by about 30 times. For the elements Cu
and Pb, the standardized regression coefficients of the Corg content exceed those of the clay
content by 6 times and for Zn and As by two times. The clay content, however, is more
important for the binding of the elements Cr and Ni. Here the standardized regression
coefficients of the clay content are slightly higher than those of the Cyg content.

The effect of the pH value is positive for the elements Cd, Cr, Cu, Ni and Zn in all
regression equations. As the pH value decreases, these elements are mobilized and leached
out. Pb, on the other hand, is very strongly fixed right into the very acidic pH range. No
influence of the pH value can be determined for the element As.

For the humus layer there are only very weak or no significant correlations between
heavy metal concentrations and other soil chemical properties. Only the element Pb shows
a weakly significant negative relationship to the pH value and for the elements Zn and Cu
a weakly positive one to the Corg content.

3.2. Relationships between Inorganic and Organic Pollutants
3.2.1. Polycyclic Aromatic Hydrocarbons (PAH)

There are more or less close relationships between the levels of inorganic and organic
pollutants in the humus layer, which suggest common emission sources (Table 2, Figure 3).
For the mineral soil (0-5 cm depth) these relationships either hardly exist or are not
present at all. Here the deposited heavy metal quantities are obviously influenced to
a large extent by the current soil chemical properties and their effects on mobilization
processes (see Section 3.1).

The closest relationship between the PAH;4 values in the humus layer is to the As
content (Figure 3). As can also be seen for the element Pb, the scatter diagram for As
indicates that the best-fit curve runs almost through the origin of the XY-axis, so that for
these trace elements (and for PAH) only anthropogenic input sources can be assumed. With
regard to the correlation coefficients, the relationships to the heavy metal concentrations
of the NFSI-1 are similar to those of the NFSI-2. With a coefficient of determination of
R? = 0.64, PAH;4 can be estimated based on the As and Cr concentrations in the humus
layer. The corresponding regression equation is:

PAHq4[ng/g] = 367.3 x As[mg/kg| +291.0 x Cr[mg/kg| — 382.4 (3)

Table 2. Correlation coefficients between PAH;4 concentration and the As, Cd, Cr, Cu, Ni, Pb and Zn
concentrations in the humus layers of Brandenburg NFSI sites differentiated for data from NFSI-1
(n =36) and NFSI-2 (n = 50); significance: ** p < 0.01.

PAHq¢ As Cd Cr Cu Ni Pb Zn
NFSI-1 0.65 ** 0.69 ** 0.69 ** 0.74 ** 0.70 ** 0.54 **
NFSI-2 0.81 ** 0.52 ** 0.75 ** 0.71 ** 0.64 ** 0.71** 0.12

Looking at the correlation matrix of the PAH;¢ individual analytes and the inorganic
pollutants in the humus layer, it becomes evident that As and Cr are closely associated
especially to the low-molecular weight PAH with two or three aromatic rings (Table 3). The
correlation coefficients for As and Cr decrease significantly from the low molecular weight
substances with a maximum of R for naphtalin (2 aromatic rings) and fluoren (3 aromatic
rings) to the high molecular weight substances with a minimum of R for benzo(a)pyren
(5 aromatic rings). In contrast, for the elements Pb and Cu, there are significantly closer
relationships to the higher molecular weight PAHs than to the lower molecular weight ones.
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Appl. Sci. 2021, 11,1189

10 of 22

Table 3. Correlation coefficients between PAH;4 indicators and inorganic pollutants in the humus layer; significance:

*p <0.05,* p<0.01.

Aromatic cd Cr Cu Ni Pb Zn
Rings

Naphtalin 2 0.81 ** 0.49 ** 0.76 ** 0.70 ** 0.59 ** 0.65 ** 0.04
Acenaphthylen 3 0.78 ** 0.48 ** 0.76 ** 0.70 ** 0.58 ** 0.64 ** 0.08
Acenaphthen 3 0.77 ** 0.52 ** 0.71 ** 0.69 ** 0.65 ** 0.71 ** 0.18
Fluoren 3 0.81 ** 0.47 ** 0.78 ** 0.72 ** 0.62 ** 0.67 ** 0.07
Phenanthren 3 0.80 ** 0.49 ** 0.74 ** 0.69 ** 0.61 ** 0.67 ** 0.10
Anthracen 3 0.79 ** 0.51 ** 0.75 ** 0.73 ** 0.62 ** 0.70 ** 0.14
Fluoranthen 3 0.80 ** 0.53 ** 0.74 ** 0.72 ** 0.64 ** 0.73 ** 0.17
Pyren 4 0.80 ** 0.50 ** 0.74 ** 0.71 ** 0.62 ** 0.72 ** 0.17
Benz(a)anthracen 4 0.75 ** 0.49 ** 0.68 ** 0.73 ** 0.65 ** 0.78 ** 0.25
Chrysen 4 0.76 ** 0.58 ** 0.69 ** 0.77 ** 0.69 ** 0.79 ** 0.31*
Benzo(b)fluoroanthen 5 0.75 ** 0.54 ** 0.66 ** 0.74 ** 0.69 ** 0.80 ** 0.26
Benzo(k)fluoroanthen 5 0.75 ** 0.53 ** 0.68 ** 0.75 ** 0.68 ** 0.78 ** 0.28 *
Benzo(a)pyren 5 0.69 ** 0.50 ** 0.63 ** 0.73 ** 0.63 ** 0.76 ** 0.26
Indeno(1,2,3-cd)pyren 6 0.73 ** 0.51 ** 0.64 ** 0.71** 0.61 ** 0.72 ** 0.30*
Dibenz(a,h)anthracen 6 0.73 ** 0.52 ** 0.64 ** 0.72 ** 0.64 ** 0.76 ** 0.30 *
Benzo(g/h,i)perylen 6 0.74 ** 0.51 ** 0.65 ** 0.73 ** 0.64 ** 0.77 ** 0.29 *
mean 0.77 0.51 0.70 0.72 0.64 0.73 0.20

3.2.2. Polychlorinated Biphenyls (PCB)

The correlation of the PCBg with the heavy metal concentration of the humus layer is
overall lower than that of the PAH;4 (Table 4). In both the NFSI-1 and the NFSI-2 sample,
there is the closest relationship to the Pb levels. Since no significant source of PCB emissions
is seen in motor vehicle traffic, this could be an indirect connection, according to which
Pb pollution is increased in areas close to settlements, where PCB emitters may also be of
greater importance.

Table 4. Correlation coefficients between PCBg concentration and the As, Cd, Cr, Cu, Ni, Pb and Zn
concentrations in the humus layer of Brandenburg NFSI sites, differentiated for data from NFSI-1
(n =36) and NFSI-2 (n = 50); significance: ** p < 0.01.

PCBg As Cd Cr Cu Ni Pb Zn
NFSI-1 0.71 ** 0.56 ** 0.64 ** 0.66 ** 0.78 ** 0.70 **
NFSI-2 0.72 ** 0.53 ** 0.68 ** 0.70 ** 0.72 ** 0.84 ** 0.24

3.2.3. Chemical Pesticides and Herbicides

There are no significant relationships between Dieldrin and the inorganic pollutants
in both the NFSI-1 and the NFSI-2 (Table 5). This seems plausible, since the use of pes-
ticides is less of a causal factor for the heavy metal concentration in the soil, but rather
technogenic sources.

Table 5. Correlation coefficients between Dieldrin concentration and the As, Cd, Cr, Cu, Ni, Pb
and Zn concentrations in the humus layers of Brandenburg NFSI sites differentiated for data from
NFSI-1 (n = 36) and NFSI-2 (n = 50).

Dieldrin As Cd Cr Cu Ni Pb n
NFSI-1 0.11 0.12 0.13 —0.01 0.01 0.15
NFSI-2 0.02 —0.06 0.14 0.15 0.07 0.15 —0.07

The relatively close relationships between HCB with inorganic pollutants (Table 6)
point in particular to the importance of the technogenic origin of HCB in the state Branden-
burg. The corresponding correlation coefficients in the NFSI-2 data set are only slightly
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below those determined for PAHs (Table 2) and, like these—with the exception of the
element Zn—are all highly significant. With a coefficient of determination of R? = 0.63,
HCB can be estimated from the As and Cr contents in the humus layer. The corresponding
regression equation is:

HCB[ng/g] = 0.541 x As[mg/kg] + 0.559 * Cr[mg/kg] + 0.471 )

Table 6. Correlation coefficients between HCB concentration and the As, Cd, Cr, Cu, Ni, Pb and Zn
concentrations in the humus layers of Brandenburg NFSI sites differentiated for data from NFSI-1
(n =36) and NFSI-2 (n = 50); significance: * p < 0.05, ** p < 0.01.

HCB As Cd Cr Cu Ni Pb Zn
NFSI-1 0.35* 0.67 ** 0.61 ** 0.64 ** 0.54 ** 0.29
NFSI-2 0.80 ** 0.48 ** 0.72 ** 0.62 ** 0.57 ** 0.65 ** 0.01

«-, B- and y-HCH and their sum value are significantly higher at the Brandenburg
NFSI plots compared to the Germany-wide NFSI sample [35]. The percentage cumulative
frequency distribution in Figure 4 shows that the majority of the Brandenburg values
are between the 70 and 100 percentile of the nationwide sample and that the particularly
high values (>90 percentile) are mostly found in Brandenburg. In the mineral topsoil,
the majority of the measured values are below the detection limit and there is no significant
difference between the nationwide and Brandenburg sample.

With the exception of Cr, there are no significant relationships to the inorganic pol-
lutants of the NFSI-2. In contrast, significant relationships exist for the NFSI-1 sample
for the elements Cr, Cu, Ni, and Pb. However, the correlation coefficients are mostly at a
comparatively low level (Table 7).

c @

10 100
HCH [ng/g] (humus layer)

Figure 4. Percentage cumulative frequency distribution of the HCH concentrations (sum of a-HCH, g-HCH, y-HCH) of the
nationwide NFSI sample in the humus layer; plots of the NFSI in Brandenburg are indicated by green circles.

Table 7. Correlation coefficients between HCH concentrations (sum of a-HCH, -HCH, v-HCH) and
the As, Cd, Cr, Cu, Ni, Pb and Zn concentrations in the humus layers from Brandenburg NFSI plots
differentiated for data from NFSI-1 (n = 36) and NFSI-2 (n = 50); significance: ** p < 0.01.

HCH As Cd Cr Cu Ni Pb n
NFSI-1 0.18 0.61 ** 0.58 ** 0.57 ** 0.54 ** 0.27
NFSI-2 0.30 0.01 0.36 ** 0.23 0.25 0.26 -0.13

The most noticeable median differences between the nationwide and Brandenburg-
wide NFSI samples can be found for DDT and its metabolites. For these substances, the Bran-
denburg medians, both in the humus layer and in the mineral soil, are very clearly above the
nationwide ones. Figure 5 shows the cumulative frequency distribution for the DDx sum
values (DDT and metabolites). Hence, the majority of the Brandenburg NFSI plots are above
the 80 percentile of the federal sample for the humus layer and above the 70 percentile for
the mineral soil. There are no or only weak relationships to the heavy metal concentrations
(Table 8), although the relationship in some cases is highly significant (p < 0.01).
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Figure 5. Percentage cumulative frequency distribution of the DDx concentrations (DDT and metabolites) of the nationwide

NFSI sample in humus layer and 0-5 cm depth; plots of the NFSI in Brandenburg are indicated by green circles.

Table 8. Correlation coefficients between DDx concentrations (sum of DDT and its metabolites) and
the As, Cd, Cr, Cu, Ni, Pb and Zn concentrations in the humus layer of the Brandenburg NFSI locations
differentiated for data of NFSI-1 (n = 36) and NFSI-2 (n = 50); significance: * p < 0.05, ** p < 0.01.

DDx As Cd Cu Ni Pb Zn
NFSI-1 0.32 0.51 ** 0.46 ** 0.59 ** 0.45 **
NFSI-2 0.24 0.28 0.38 * 0.40 * 0.54 ** 0.03

3.3. Principle Component Analysis (PCA) of the Organic and Inorganic Pollutants

In the present evaluation, the parameters listed in Table 9 were used as input variables
for the principle component analysis. As a result of the PCA, three principle components
were extracted, the rotated charges of which are shown in Table 9. Principle component 1
already explains 37% of the total variance. Principle component 2 explains another 20% and
principle component 3 another 19%. In total, 76% of the total variance of all the parameters

considered is explained.

Table 9. Correlation coefficients between organic and inorganic pollutants in the humus layer and

the first three factors resulting from principle component analysis after Varimax rotation with Kaiser

normalization (NFSI-2, n = 50).

Principle Component

Parameter
1 2 3

HCB [ng/g] 0.90

As [ppm] 0.89

Cr [ppm] 0.86
PAHj6 [ng/g] 0.82

Ni [ppm] 0.69 0.52

Pb [ppm] 0.56 0.53 0.44

Zn [ppm] 0.82

Cd [ppm] 0.49 0.74

Cu [ppm] 0.60 0.61

DDx [ng/gl 0.80

Dieldrin [ng/g] 0.70

PCBg [ng/g] 0.41 0.48 0.64
HCH [ng/g] 0.45 0.58
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Table 9 shows that principle component 1 is mainly charged by the organic pollutants
HCB and PAH and the elements As and Cr. In addition, there are weaker relationships,
especially with Ni, Pb and Cu. PCB and HCH are of minor importance and the pesticides
DDx and Dieldrin play no role. In contrast, principle component 2 primarily represents
the Zn and Cd concentration and, to a lesser extent, Cu, Pb, Ni, and PCB. Principle
component 3 is significantly charged by the pesticides DDx and Dieldrin. In addition,
it receives a weak charge from PCB and HCH, and the Pb concentration also shows a
positive relationship to this principle component. Thus, all three principle components
are influenced to the same extent by the Pb concentration and PCB concentrations. Their
accumulation is therefore rather unspecific and can occur on all sites contaminated in any
way by anthropogenic inputs.

3.4. Relationship to Historical Forest Condition Data

The ecological effectiveness of the pollutants examined can be traced using data from
the forest condition survey [35]. For four age defoliation groups, the Figures 6-8 show
the level of the pollutants in the humus layer considered in the present paper. Due to the
small sample sizes, only tendencies can be derived from the graphical representations in
Figures 6-8. With the help of the Mann-Whitney U test, significant median differences
(p < 0.05) can only be determined for Dieldrin, HCH, Cd, and Pb in the young pine stands
and DDx (DDT and metabolites), As and Cr in the old stands.
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Figure 6. Box plots of the contents of HCB, PAH;4, PCBg, HCH, DDx and Dieldrin in the humus layers of pine stands
differentiated according to stand age and crown condition (percentage needle loss); ° outliers, * extreme values.

However, the box plots show that in old stands, for almost all the substances examined,
higher levels of the examined pollutants can be found than in young stands. This age
effect is very likely due to the higher surface roughness and possibly longer exposure of
the old pine stands. Increased levels of organic pollutants that can be traced back to the
use of pesticides, such as Dieldrin and DDx, are found in the group of young stands with
increased needle losses. It can be assumed that damage caused by insect pests in these
stocks was primarily combated with pesticides.
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Figure 7. Box plots of the content of the PAH;¢4 from individual analytes in the humus layer of pine stands differentiated
according to stand age and crown condition (percentage needle loss); ° outliers, * extreme values.
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Figure 8. Box plots of the contents of As, Cd, Cr, Ci, Ni, Pb and Zn in the humus layers of pine stands differentiated
according to stand age and crown condition (percentage needle loss).

With regard to the indicators for the influence of fly ash and flue gases from lignite
combustion (principle component 1, Section 3.3), it should be emphasized that in old stands
with increased needle loss there are usually greater variances and strongly right-skewed
frequency distributions. This mainly affects the organic pollutants HCB and low molecular
weight PAH;¢ individual analytes (naphthalene, acenaphthylene, fluorene, phenanthrene,
anthracene, fluoranthene and pyrene). Of the inorganic pollutants, As, and Cr are increased
with higher needle loss in old pine stands.

4. Discussion

The concentration of organic and inorganic pollutants in the soil can be used as a
chemical fingerprint to identify the historical pollution of the NFSI plots by anthropogenic
influences. The results of the present study make clear that inorganic pollutants in the
mineral top soil depend to a large extent on the respective current soil chemical properties,
which significantly influence their binding and mobilization behavior. The pollutant
concentrations in the humus layer, however, show relationships that suggest common
sources of input. The close relationship between low molecular weight PAH and the
elements As and Cr is particularly noticeable. It confirms that the low molecular weight
PAHs in particular were released on a large scale through the combustion of coal, as is also
assumed for As [55,56]. Khalili et al. [57] associate high levels of low molecular weight
PAHs (especially naphthalene and phenanthrene) with coal mining. In the Germany-wide
analysis of NFSI data, Aichner et al. [37] found relationships between high concentrations
of two- and three-ring PAHs in the soil and the emissions released from lignite opencast
mining and (brown) coal-fired power plants, especially in eastern Germany.

In the second half of the last century, the entire forest area of Brandenburg was heavily
affected by atmospheric emissions from flue gases and fly ash from lignite combustion. In
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southern Brandenburg, even at the time of the second NFSI (2007-2009), the Brandenburg-
wide highest base cation stocks were found in naturally nutrient-poor early Pleistocene
sandy soils, which can be attributed to the cumulative input of basic (i.e.,, Ca, Mg, K-
containing) dusts from the atmospheric deposition [27,38,58]. It can be assumed that,
together with these nutrients, which had a rather beneficial effect on the trees” growth,
a wide variety of pollutants, such as heavy metals and organic pollutants, were also
deposited with the fly ash [59]. In the long term, these have changed the properties of the
affected soils and might have had a destabilizing effect on the forest ecosystems [60].

The principal component analyses (PCA) is particularly suitable for the characteri-
zation of pollutants in the soil with regard to their origin and historical allocation [61].
Inorganic and persistent organic pollutants in soils or sediments were also evaluated by
Zimmer et al. [12], Lasota and Bloriska [62] and Morillo et al. [63] with the help of the PCA
and by Bonelli and Manni [64] additionally with geostatic methods in order to analyze
correlation patterns, to group sites according to the degree of their overall pollution and to
identify regional emission sources. Overall, close relationships between the organic and
inorganic substance groups could always be observed in these studies, which suggests
common origins.

In the present study, both principle component 1 and principle component 2 represent
the influence of technogenically induced inputs into the soil. The principle component
1 shows, that specific organic substances, such as polycyclic aromatic hydrocarbons and
the compound hexachlorobenzene, which can be attributed to emissions [37], are closely
associated with As and Cr. This component thus expresses the technogenic pollutant inputs,
as they result above all from the burning of lignite and possibly other industrial plants.
The element As in the humus layer seems to be suitable for indicating depositions from
the former lignite combustion. Due to the anionic occurrence, the fixation of As to the soil
colloids increases with a decreasing pH-value, so that due to the predominantly acidic soil
conditions, the element apparently remained stably integrated in the humus for decades
and still shows regionally differentiated the influence of lignite combustion in the 1970s and
1980s. The element Cr has similar indicator properties if it is anionic in oxidation state VI.
Technogenic sources are also most likely responsible for the level of principle component 2,
which is significantly charged by the heavy metals Zn and Cd. Metal-processing industries
and power plants and emissions from motor vehicle traffic, in particular from tire abrasion
and combustion residues, are possible. Furthermore, agricultural emission sources in the
form of fertilizers could also be important for the level of principle component 2. However,
it is also possible that it only expresses the similar mobility behavior of Zn and Cd in
the soil.

It is noteworthy that the deposited substances are obviously largely retained in the
organic matter of the humus layer and have been fixed in such large quantities that they
can still be detected even after several decades. With the help of magnetic susceptibility
measurements also Klose and Makeschin [65] found that fly ash is mainly accumulated in
the humus layer of the forest soils. According to Klose et al. [66] ferromagnetic components
of fly ash are mainly accumulated in the Oe and Oa horizons. The authors considered
these horizons as specific diagnostic horizons because they show indicative properties
for detection of atmospheric lignite-derived deposition into forest soils. In this context,
Lasota and Btoniska [62] point out that the pollutants originating from the same sources
and accumulated in the soil depend on the humus form and that the highest concentration
of PAHs and heavy metals can be recorded in mor humus type.

After the end of the Second World War, lignite production in the area of the former
German Democratic Republic (GDR) was 85.2 million tons and in the mid-1980s it reached
a maximum of 312.2 million tons [67]. The use of lignite in power plants grew steadily until
the year 1989. It was increasingly burned as raw brown coal in the industrial agglomeration
areas of the GDR. The emitted dusts were partly deposited in the vicinity of emission
sources and due to emission with high chimneys also transported over long distances
settling particularly at forest ecosystems because of their high surface roughness. On
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the basis of deposition measurements since the 1960s [68-70] and extensive analyses of
bark samples on the grid of the forest condition survey of the former GDR (691 inventory
plots) in the years 1985 to 1988 [71,72], spatial distribution of the calcium deposition of
pine stands were roughly calculated [38]. According to these estimations approximately
50 kg/ha/year of Ca was deposited on average into pine stands in the state of Brandenburg
at the time of the highest incidence of atmospheric pollution in the 1980s [38].

The spatial distribution of the Ca loads is derived from the calculated values at the sur-
vey plots of the former ecological forest condition control (Figure 9). Both the lignite-fired
power stations in the south of Brandenburg and the lignite use for domestic fires, especially
in Berlin, are responsible for the regional pattern of the pollution. Figure 9 makes clear that
the deposition was strongly concentrated in the south of Brandenburg and was about four
times higher than in the north. It is noteworthy that the Ca loads in northern Brandenburg
also exceed today’s loads by five times. The regional pattern coincides with descriptions
by Heinsdorf et al. [73] and with the results of Wellbrock et al. [26], who derived different
types of deposition for the reference year 1989 with the help of multivariate analysis of
regionalized deposition rates. Accordingly, a very high deposition of sulphur together with
base cations from flue ash such as Ca, Mg and Na represents the south of Brandenburg.
The corresponding deposition type is dominated by emissions from the combustion of
lignite in eastern Germany up to the beginning of the 1990s. The evaluations also show
that the deposition situation and the spatial distribution patterns of the deposition rates
were completely different after 1990 than in the 1980s [26,74].

Waldbodenbericht Brandenburg (Riek etal. 2015)

Ca-deposition

[kg/ha/a]
0-15
® 16-25
® 26-40
® 41-55
® 56-65
® 66-85
® 86-125

Figure 9. Calculated throughfall inputs of calcium for 1988 on the basis of pine bark samples on the
grid of the forest condition survey of the former GDR (from: Riek et al. [38]).

The estimated Ca deposition at the plots of the former forest condition survey was
transferred to the NFSI plots by ordinary point kriging. A combined variogram model
(nugget + exponential) adequately fitted the observed sample variogram (R? = 0.95). The
results of a leave-one-out cross-validation (R? = 0.63) suggested, that the kriging estimates
obtained for the NFSI plots were reliable. The kriging estimates can thus be correlated
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to the principle components derived in Section 3.3 (Table 9). As a result, there is a close
relationship with the principle component 1; the principle components 2 and 3 show no
relationship with the atmospheric Ca deposition. Accordingly, there are also significant
relationships to the inorganic and organic pollutants that have high charges on principle
component 1 (Table 10). In the case of inorganic trace substances, the closest relationships
exist with As and Cr, which, according to Bonelli and Manni [64], are closely associated
with the dust emissions from carbon combustion plants. The individual analytes of PAH;4
tend to show higher correlation coefficients to the low molecular weight compounds with
a maximum of R = 0.65 for fluorine and phenanthren (3 aromatic rings) (Table 11).

Table 10. Correlation coefficients between the pollutant concentration of the humus layer and the
estimated Ca deposition from the NFSI plots for the reference year 1988 (kg/ha/a); significance:
*p <0.05,* p<0.01.

Parameter of the Humus Layer Correlation Coefficient
Principle component 1 (cf. Table 9) 0.60 **
Principle component 2 (cf. Table 9) —0.05
Principle component 3 (cf. Table 9) 0.15

As [ppm] 0.48 **
Cd [ppm] 0.18
Cr [ppm] 0.54 **
Cu [ppm] 0.43 **
Ni [ppm] 0.30 *
Pb [ppm] 0.25
Zn [ppm] —0.04
HCB [ng/g] 0.56 **
PAH;j4 [ng/g] 0.59 **
PCBg [ng/g] 0.39 **
HCH («-, -, v-HCH) [ng/g] 0.51 **

Table 11. Correlation coefficients between 16 PAH indicators in the humus layer and estimated Ca
deposition at the NFSI plots for the reference year 1988 (kg/ha/a); significance: * p < 0.05, ** p < 0.01.

PAH;4 [ng/g] in Humus Layer Correlation Coefficient
Naphtalin 0.63 **
Acenaphthylen 0.64 **
Acenaphthen 0.64 **
Fluoren 0.65 **
Phenanthren 0.65 **
Anthracen 0.62 **
Fluoranthen 0.57 **
Pyren 0.58 **
Benz(a)anthracen 0.49 **
Chrysen 0.45 **
Benzo(b)fluoroanthen 0.41 **
Benzo(k)fluoroanthen 0.44 **
Benzo(a)pyren 0.46 **
Indeno(1,2,3-cd)pyren 0.41 **
Dibenz(a,h)anthracen 0.43 **
Benzo(g/h,i)perylen 0.44 **

5. Conclusions

The present evaluation suggests that, especially together with the dust input from
lignite combustion, large amounts of potentially toxic pollutants were deposited into the
forest ecosystems and accumulated in the soil. Potential effects on the soil organisms and
the roots of the plants can hardly be assessed retrospectively. In this article, therefore, no
specific ecological assessment of the pollutants accumulated in the soil can be carried out,
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but rather the function of the soil as “memory” for the overall historical pollution and its
corresponding indicator suitability should be examined. It became clear that large-scale,
methodologically comparable data sets, such as those obtained by the NFSI in the context
of forest environmental monitoring, are well suited for recording pollutants originating
from decades ago. The data provide information on the extent of past, not-directly-visible
influences of human activity on forest ecosystems and their spatial distribution.

Up until the beginning of the 1990s, the forest’s soil condition in the study area
was considered to be influenced to a high degree by atmospheric substances, which
increasingly began to have a negative impact on the vitality of the trees and the ecosystem
balance [75,76]. The main focus was on the effects of nitrogen, acid and base cation inputs.
The role of inorganic and organic pollutants as harmful factors was not explicitly taken
into account. The present retrospective evaluations give indications that the “novel forest
damages” at that time were actually linked to immission and deposition processes and
can be interpreted as a complex ecosystemic disease triggered by cumulative stress from
increasing air pollution.
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