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DISTRIBUTION OF HEAVY METALS IN VARIOUS
LITTER HORIZONS AND FOREST SOILS

J. HERTZ and CORNELIA ANGEHRN-BETTINAZZI

Institute of Inorganic Chemistry, University of Zurich, Winterthurerstr. 190,
8057 Zurich, Switzerland

H. STOCKLI

Zoological Institute, University of Berne, Baltzerstr.3, 3012 Berne, Switzerland

(Received 11 October 1988; in final form 10 February 1989)

In order to evaluate a procedure for estimating differences in the total input into a forest ecosystem,
heavy metal concentrations in various litter and soil compartments within two stands were considered.
As a basis for the investigation of differences between various stands, the variability within the different
horizons in a stand had to be evaluated.

The variance within a stand is lowest for sampling locations which are midway between two stems,
and thus these sampling locations were chosen for monitoring studies.

The concentrations of heavy metals in the L-horizon depends to a great extent on the immission
situation. For the other horizons, additional factors are important as well, for example Cd and Zn
concentrations in the A,-horizons depend mainly on pH. In the case of Pb, the local immission
situation is the predominant factor for all horizons. Because pH is an intrinsic parameter of a stand,
only to a minor extent influenced by the immission situation, it appeared logical to choose the Pb
content in the L-horizon in order to gain information about the local immission.

On the basis of this knowledge, it is possible to perform monitoring programs which enable different
stands to be classified according to their heavy metal burden, including interception.

INTRODUCTION

The total input of airborne contaminants into a forest ecosystem is difficult to
measure. As far as heavy metals are concerned, two pathways play major roles as
input mechanisms:

1. gravitational deposition, and
2. interception of airborne particulate matter containing heavy metals.

The input via gravitational deposition, for example, rain, snow, hail and sediment-
ing dust, can be estimated by respective measurements outside a forest stand.
Other inputs, such as those due to interception of particles and droplets (fog, mist)
or to gaseous dry deposition may contribute to a great extent,! but to date no
reliable methods exist for their evaluation. The relative contribution from intercep-
tion depends on intrinsic parameters of the forest stand under consideration. Not
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only the local immission situation but also the exposure of the stand (orographic
situation, height a.s.e.) and its vegetation play important roles.?

Heavy metals are accumulated in different compartments of a forest ecosystem.
High accumulation occurs in lower plants such as mosses and lichens and in
“dead” material, for example litter and, to some extent, soil.> The forest soil and
the litter layer provide a long-term sink for airborne contaminants and may thus
be considered to be the “ecosystem’s memory”.* From the concentration in these
compartments, information about the total input can be gained. In order to
estimate the total heavy-metal burden in a forest via “litter-monitoring”, it is
important to know the factors influencing the accumulation of these elements.

In a previous study,® these factors were roughly estimated. It was found that Pb
and Cu were more readily accumulated than Zn and Cd owing to the higher
complexing ability of the former two elements with the insoluble organic soil
matrix, leading to a fixation in the organic soil horizons. The higher accumulation
in spruce compared to beech stands and in stands at higher altitudes compared to
lower ones* was assumed to be due to the increased interception under these
circumstances. In order to establish differences between different stands, the
variance within a stand had to be evaluated as well.

Because interception occurs mainly during dry periods, metal-containing dust
accumulates on the leaf surfaces. This dust is washed off during a rain event and
reaches the soil via stem flow. The heavy metal content in the infiltration area of
the stemflow thus usually exhibits elevated values. Owing to the physical shape of
their branches, coniferous trees do not exhibit stemflow. For this reason, a
hardwood forest was chosen for the present study.

In addition to these horizontally distributed micro-stands, a vertical distinction
through the soil horizons had also to be made. The most important factor over all
was the degree of humification of the litter, which had to be taken into
consideration in order to obtain reliable results;® heavy metal concentrations in
the litter horizons have been shown to be drastically affected by the degree of
humification.’

On the basis of this work, it should be possible to carry out a monitoring
program to gain information about the total input of heavy metals in various
ecosystems in relation to the gravitational deposition. Such a program should
enable a relative estimate of the contribution from interception to be made. In the
present study, two beech stands were examined with the aim of carefully
evaluating the variance within a particular stand and quantitatively detecting the
contributions of the different influencing factors.

MATERIALS AND METHODS

The two sampling sites chosen were situated in “Oberstammheim”, in a rural
landscape and in “Winterthur”, on the outskirts of a city with about 80000
inhabitants. They were both at about 550m a.s.l. and did not differ considerably
in their orographic situation; they were stocked with about 80 to 90 year old
beech trees (Fagus silvatica). Both humus forms are of the mull type; Winterthur
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has a lower soil pH than Stammheim. Further details have been published
previously.®

About 160 samples were taken over the time period between May and
September 1986. Within each stand, 3 different locations were considered: one
midway between two stems, one at the base of the stem but not influenced by
stemflow, and the third in the infiltration zone of the stemflow.

The morphological characterization of the organic layers was done according to
Babel;’ the resulting nomenclature is used throughout. The percentage of organic
material was determined by thermal analysis. This method allowed a detailed,
reliable characterization of the degree of humification.’

Deposition data and concentrations of heavy metals in airborne particulate
matter were taken as mean values from a monitoring study which was performed
at the same locations during the time period 1984-87.2

Litter samples were digested using an HCIO,/HNO;-mixture, whereas soil
samples were extracted using 2M HNO; (soil:solution 1:10). The analysis was
performed by anodic stripping voltammetry and graphite furnace AAS. The details
of the procedures can be found in a previous paper.’

Soil and litter pH were determined according to DIN (No. 19684) by using
0.01 M CaCl,. The soil:solution ratio was 1:2.5 for mineral horizons and 1:10 for
litter layers.

Analysis of variance was performed on the mainframe computer at the
computing center, University of Zurich, Switzerland, using the procedures
“MEAN” and “General Linear Model (GLM)” from “Statistical Analysis System”
- Package (SAS); in addition “Statview 512+~ on an Apple Maclntosh SE was
used.

RESULTS AND DISCUSSION

Litter Horizons

Figure 1 shows the heavy metal content as a mean value in the various litter
horizons studied at the different locations at Stammheim.

Lead concentrations were generally highest in the F-horizon, a result which has
also been found for spruce stands.> The same behavior was shown for Cu, but to a
lesser extent. However quite a different picture emerged for Cd and Zn; the
concentrations in the L- and F-horizons were similar but decreased sharply in the
A,-horizon.

These findings are in agreement with the chemical behavior of the metals under
consideration as found in model studies® and can be explained as follows:

Pb readily forms complexes with high molecular weight compounds (e.g., humic
acids) which are firmly bound to the soil matrix. Thus the mobility of Pb
complexes under these conditions is low, leading to an accumulation in the
organic layers.

Cu exhibits similar behavior but it tends to form soluble complexes as well.
Therefore, the accumulation in the F-horizon was less pronounced.
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1a) Stammbheim, infiltration zone of stemflow
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Figure 1 Concentrations of heavy metals in various litter horizons at Stammheim (the F horizons
consist of an F/A, mixture, OM c. 40-60%).

The mobility of Cd in the litter layers is high compared to Pb and Cu!?;
therefore, no accumulation in the F-horizons could be seen. The mobility of this
element is governed by the mobility of the ligand in the complexes formed and by
the fact that the degree of complexation is strongly pH dependent. Thus, with
decreasing pH, increased mobility was found. The pH differences at the three
micro-sites were the highest in the A, -horizons owing to the long-term exposure of
the A,-horizon in the stem-flow region (see Table 1). This explains the lower Cd
concentrations in the A,-horizons of the infiltration zone of the stemflow
compared to the A, midway between stems (Figure 1).

Zn displays a lower complexing ability; thus, the pH dependence of its
concentrations in the litter was less pronounced.

All the effects described above became more pronounced if only the infiltration
zone of the stemflow is considered (Figure 1a), but are reduced in the region lying
between tree crowns (Figure 1b).
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Table 1 Mean values for all microsituations (12 observations in each)

Stammbheim
Ah-1 Ah-2 Ah-3 L-1 L-2 L-3
X SA%) X S X S X S0 X S0 X SL%)

OM 1410 126 1007 74 1443 106 8971 1.5 8842 33 8123 63
Cd 0.18 281 017 172 024 115 040 70 042 71 032 63
Pb 3825 108 2645 57 12887 65 3329 107 29.8F 65 2523 58
Cu 999 99 858 73 1070 78 1095 9.7 1049 90 980 56
Zn 4121 98 3504 74 4027 54 5928 35 6266 79 5847 49
pH 386 255 432 294 448 314 459 92 464 119 469 100

Winterthur

OM 1994 124 1524 179 1531 174 8980 22 877 33 8350 4.1
Cd 015 200 019 158 023 43 051 59 056 54 053 57
Pb 7218 129 4434 122 3498 62 6738 127 516 93 3952 44
Cu 1626 135 1107 93 1502 224 1617 113 1405 75 1303 38
Zn 4328 121 49.78 101 4922 66 7231 38 7374 33 7187 36
pH 338 204 387 241 424 444 420 211 426 283 453 300
Ah, L: horizons; -1: infiltration zone of stemflow; -2: near stem but not influenced by stemflow; -3: between crowns; X:

mean values: S{°,): relative standard deviation of mean; OM: organic material given in %, weight loss in thermal
analysis; Cd. Pb, Cu, Zn: ppm (dry weight): pH: -log of mean value of H ' concentration (S(%) of H* -concentration)

Metal concentrations in F-horizons were highest thoughout, a fact which would
make this horizon the preferable choice for studying differences in heavy metal
input. However, in many stands, the F-horizon is missing. In order to provide best
comparability between the various sampling sites, A,- and L-horizons were chosen
since these were present in all situations.

Variability of Heavy Metals in the Organic Horizons within a Forest Stand

Table 1 shows the mean values for all sites together with their relative standard
deviations (S,mean)- The content of organic material (OM) is below 207 in all
A,-horizons and above 809 in all L-horizons. In most cases, the OM content was
higher in the infiltration zone of the stemflow compared to the other situations. In
the infiltration zone, there exists a different microclimate which leads to increased
stratification (e.g., the formation of additional humus horizons). A, samples in the
infiltration zone are therefore a mixture of A,, and A, with a correspondingly
higher content of organic material.

In Winterthur, Pb, Cu and Zn contents were higher than in Stammheim. For
Cd this was true only for the L-layers, whereas in A,-horizons, only small
differences between the stands were seen. These differences were mainly due to the
lower soil pH in Winterthur leading to a mobilization of Cd in these A,-horizons
and, therefore, to lower Cd content despite higher Cd inputs.

The standard deviations of pH were obtained by averaging H*-concentrations
and calculating corresponding standard deviations of the mean. The given mean
values are the negative logarithms of the mean H*-concentrations, but the
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standard deviations are given without calculating the logarithms. The standard
deviations of pH itself are asymmetric and have to be calculated separately.

The standard deviations are generally highest in the stemflow regions. This is
mainly due to the differences between individual trees with respect to age, crown
diameter and orographic situation, and precludes this microsite from application
in site-differentiating studies. The micro-site which is best defined is the zone
clearly lying between tree crowns.

Analysis of the Heavy Metal Variances in the Organic Layers of Two Forest Stands

In order to quantify the contribution of the various factors (immission situation,
pH, organic matter content) to the total variance of the heavy metals in the
different horizons of the two forest stands, a variance analysis was run using
different data-sets. Following subgroups were chosen from the collected data:

data-set 1: all L-horizons (including L-horizons of Winterthur and Stammbheim at
all microsites, 68 observations)

data-set 2: all Aj-horizons (including A,-horizons of Winterthur and Stammheim
at all microsites, 72 observations)

data-set 3: L-horizons midway between stems (12 observations)
data-set 4: A -horizons midway between stems (12 observations)

The model that was applied to explain the variance within the four data-sets
included different parameters of the stands. The model was optimized in order to
eliminate self-dependent variables. For example, a high correlation was found
between the concentrations of heavy metals in airborne particulate matter and the
gravitational deposition. This led to the definition of a variable “immission”, which
consisted of wet and dry deposition. Further variables which proved to be of little
influence in the statistical analysis were withdrawn from the model. The following
variables were included in the final model:

immission: gravitational deposition
month: sampling time
pH: pH of the horizon (CaCl,)

organic matter; organic matter determined by thermal analysis

stem: microsites (midway between stems; infiltration zone of the stem; at
the base of the stem, but not in the infiltration zone)

Because results of chemical trace analysis do not usually exhibit normal
distribution, the analysis of variance was run using different mathematical
transformations. Based on the frequency distribution of the residues and the plot
of the predicted values against the residues, a logarithmic transformation was
chosen for Cd, Pb and Cu concentrations whereas no transformation was applied
for Zn.

Figure 2 shows the results of the analysis of variance; “100%,” refers to the total
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variance of the data-set, whereas, the height of the bar represents the variance
which can be explained by the model. The explainable part of the variance has
been further subdivided to show the contributions from the individual variables.

A high proportion of the variance in all data-sets can be explained by the
month of sample collection, especially for the L-horizon. This is due to the
increased accumulation with increasing time on one hand and gradual changes in
the decomposition of the material on the other. For example, the Pb concentration
in Winterthur increased from May to September by 16 %, whereas, the increase in
the same period in Stammheim was 38 9,. However, this factor can be eliminated
by an appropriate choice of the sampling month.

High r? values (i.e., the part of the variance which can be explained by the
model) are found for Cd, Pb (except A, w/o stem) and Zn. With Cd and Zn there
is exceptionally high dependence on pH for the whole data set, except in the L-
horizons where the pH-dependence is reduced to an arbitrary value. Owing to the
physical distance between L- and Aj-horizons, the influence of the soil pH on
heavy-metal concentrations in L was reduced, and pH measurements in the L-
horizons showed only small differences between the micro-sites. Only in late
autumn higher acidity in the stemflow region of L-horizons was observed.

In the L-horizon, immission proved to be the driving force for the metal content
in the litter; this was especially the case when the variance due to the sampling
time was not taken into consideration. For Pb, all cases gave the immission
situation as the predominant factor for the explanation of the variance, and little,
if no, dependence on pH was found. In the A,-horizons midway between stems,
only 209, of the total variance can be explained by the model indicating that the
model is not adequate. The influence of other important factors for the fixation of
Pb (and other heavy metals) in the mineral horizons, such as the presence of metal
oxides and hydroxides as well as clay fractions, has to be taken into account when
modelling A,-horizons.

Cu showed somewhat erratic behavior. Its concentrations are assumed to be
determined mainly by the natural content of this element in leaves and soil.

It is interesting to note that the micro-situation with respect to stemflow only
plays a major role for Pb. For Cd and Zn, the pH changes due to the higher input
of acids in the infiltration zone of stemflow seem to override the equally higher
input of these heavy metals, thus reducing the importance of the statistical factor
“stemflow”.

CONCLUSION

The heavy metal concentrations in different compartments of the forest floor are
dependent on various factors. The most important factor as far as Cd and Zn
concentrations in A, are concerned is soil pH, whereas, for Pb the immission
situation plays the predominant role.

In order to evaluate a procedure which is capable of estimating the relative total
input of heavy metals into a forest ecosystem, Pb is the element of choice. To
obtain the smallest possible standard deviation, and thus to be able to differentiate
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between different stands, the Pb content in the L-horizon, which is present in all
humus forms at sites lying between tree crowns, should be considered.

In this study, two stands were chosen with roughly the same orographic
situation and with the difference in atmospheric input mainly due to differences in
the gravitational deposition. To evaluate the importance of other input mecha-
nisms such as interception, a monitoring study incorporating 40 sites throughout
Switzerland is being performed. The results of this study will be published in a
future paper.
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