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Abstract: The forest litter and underlying mineral topsoil are typically sampled and analyzed
separately although they are in a dynamic balance, which ensures macro- and microelement cycling
in the forest ecosystem, including the flux and accumulation of xenobiotics in the contaminated sites.
Although the national legal regulations specify single limits of element concentration for the entire
“topsoil” layer, irrespectively of the kind of materials resting at the earth surface down to the specified
depth, the direct analysis of bicomponent forest topsoil (litter + mineral topsoil) was problematic
because of the lack of a suitable sampler. The paper presents a comparative analysis of Cu, Pb, and
Zn concentrations in the forest topsoil layers (0–25 cm), sampled using a new construction sampler
invented for a joint collection of the litter layer and underlying mineral layer (to the specified depth).
Litter samples (using a steel frame), mineral topsoil samples (0–25 cm, using gouge auger after litter
removal), and mixed topsoil samples (0–25 cm, including litter) were collected in 16 replicates from
four variably contaminated plots (copper mining and smelting area) afforested with poplar or pine.
Pseudo-total concentration of Cu, Pb, and Zn was analyzed after sample digestion in aqua regia.
The concentration of elements in the samples consisting of jointly collected litter and mineral layer
was noticeably higher than in the samples consisting of the mineral topsoil only, which confirmed
the effective inclusion of the litter. The concentrations of trace elements measured in the samples
of jointly collected litter and mineral topsoil did not differ (NIR Fisher test at p < 0.05) from the
concentrations calculated using the data for litter and mineral soil separately collected and analyzed,
which confirmed the usefulness of the new sampler for reliable collection of the forest topsoil samples
without skipping any material which may influence the results of soil contamination assessment and
risk assessment.

Keywords: forest soils; plant litter; topsoil; soil sampling; soil contamination; risk assessment

1. Introduction

Soil sampling strategies and techniques depend on the aim of an investigation, land
use, ecosystem and soil type, and available budget [1,2]. The most common objective of
forest soil sampling, mainly from topsoil layers, is to provide reliable information about soil
fertility and productivity [3], effects of forest management [4–6], and soil contamination
with various substances [7–12]. Forest soils are also common objects of studies on water
cycling, quality and retention [13,14], and carbon cycling and sequestration in relation
to climate change [15–17]. Beside the unique scientific projects and problem-oriented
inventories, large scale monitoring programs (i.e., on a regional, national, and continental
scale) were launched to determine both the spatial and temporal trends in relation to
environmental factors and human impacts [18–21].

Where the observation of the temporal variation has a priority, it is essential to mini-
mize the impact of spatial variability and maximize the reliability of the mean values for the
representative plots [1,22]. The typical solution is a respectively high number of primary
samples (replicates) from the plot, fitted to the expected or observed local variability [2,23].
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However, one of the most important sources of topsoil variability in forest soils is litter,
a key component of forest humus that may occur in a wide range of forms, depending
on soil trophic status, forest stand composition and age, climate and altitude, as well
as an ecosystem balance/transformation related to anthropic impacts (e.g., management
or pollution) [24,25]. Forest litter, depending on the humus form, may have little thick-
ness (as in a case of mull humus) or even more than 20 cm and noticeable layerin, as in
the case of mor humus [26]. Thus, forest litter may have variable physico-chemical and
biological properties [7,27] and may influence the rates of nutrient cycling [28], carbon
sequestration [29], soil acidification and base leaching [5,30]. Therefore, the forest litter may
influence the direction and rate of soil formation or transformation [31,32]. Moreover, the
surface organic layer may accumulate trace metals and other xenobiotics from industrial or
traffic emissions [33–38] and, therefore, must be included in the ecological and health risk
assessments [39–41].

Forest litter and mineral topsoil differ in their physical forms and are, thus, most
commonly, separately sampled and analyzed, sometimes using different laboratory pro-
tocols [5,16,30,37,38,42–45]. Alternatively, even in the contaminated sites, the litter layer
is omitted and only the mineral topsoil is sampled and analyzed [7,9,11,27,32,34,39,46].
The legal regulations (national soil quality standards) commonly distinguish different
contamination levels for arable and forest sites. However, they do not specify separate
limits for forest litter and mineral topsoil but do specify a single baseline for the “topsoil”
layer, most commonly for the depth of 0–20, 0–25 or 0–30 cm [47–49]. Depending on the
“soil” and “humus” definitions in particular countries, forest litter is included or excluded
from the “soil”. This generates further questions about the “zero depth” in the soil profile
and the involvement of the litter layer thickness into the specified thickness of the “topsoil”
layer. It is clear that the complete risk assessment should include all surface layers, because
each of them may be a source of risk, respectively to the kind of contamination, risk type
(ecological or health risk), and the exposure path [39,40,49–51]. Due to the decomposition
and bioturbation, the litter is in a dynamic balance with the underlying mineral topsoil, and
there is no reason to exclude it from the contamination assessment [18,42]. Unfortunately,
there is no available device (sampler) or sampling technique which allows joint sampling
of the litter and mineral topsoil as one sample. The simple spade sampling and standard
professional samplers for mineral soils do not solve one or both technical problems, that is,
they (a) are unable to set the “zero” depth if litter is present, and (b) are unable to tightly cut
the litter and collect it proportionally to the thicknesses of organic and mineral sublayers
within a sampled interval.

The aim of the present study was to test the applicability of a new kind of soil sampler,
originally invented, which allows a simultaneous (joint), proportional sampling of the litter
and mineral layers considered as an inseparable forest “topsoil” in the context of legal
quality standards.

2. Materials and Methods

The sampler was tested on four variably contaminated plots located in an area influ-
enced by copper ore mining and smelting in south-west Poland, where the soil contamina-
tion was previously assessed using variable techniques [11,52,53]. The plots HML1 and
HML2 were located ca. 300 and 2000 m from the copper smelter, respectively, on Haplic
Luvisols developed from loess, formerly arable and afforested with poplar (Populus spp.)
in the early 1980s [14,54]. The plots ZM3 and ZM4 were located ca. 300 and 500 m from the
central tailings impoundment, respectively, on Brunic Arenosols developed from glacioflu-
vial sands, which were previously arable and afforested with pine (Pinus sylvestris L.) in
the late 1990s [6,22].

On each plot, 16 sampling sites (as 16 replicates) were located in a square grid (2 m dis-
tance between sampling sites) to quantify the variability within the plot and to get reliable
data for the comparison of the results of various sampling techniques. In each sampling
site, three samples were collected for further analyses. Forest litter (L) was collected using
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a stainless-steel cylinder frame (diameter 20 cm). The natural thickness of litter was noticed
in each sampling site after averaging of at least five measurements. After litter sampling
(i.e., complete removal of the organic layer within the frame), the mineral topsoil (T) was
sampled from the depth 0–25 cm (as required by [49]) using the gouge auger (diameter
5 cm, working length 30 cm) provided by Eijkelkamp (Figure 1A). This means the “zero
depth” for the T sample was at the mineral soil surface, and the sample consisted of the
mineral topsoil only. In the direct neighborhood of the frame, the joint litter + topsoil
sample (TLs) was collected from the depth 0–25 cm, where the “zero depth” was at the
surface of the litter layer, using a 25 cm long stainless-steel sampler, 5 × 5 cm in cross
section (Figure 1B,C). The sampler had (a) a flat, horizontal upper wall of the working
section, which compacted the litter layer during sampling, and (b) a transverse bar welded
directly above the working section of the sampler, which controlled the depth of sampler
insertion (Figure 1B). The edges of the sampler walls were tightly sharpened to precisely
cut the litter, irrespectively of the structure of the organic matter (important in the case of
fibrous litters). The rotation of the sampler inserted into the soil was impossible because of
its square cross-section. Thus, after complete sampler insertion, the standard spade (at least
25 cm long) was driven to soil along the open (front) wall of the sampler to cut the sampled
soil and to dig the free space in front of the sampler (Figure 1D), which allowed sampler
tilting and safe removal without any loss of the collected sample (Figure 1E). Typically, the
sampler was fully inserted “manually” (in fact using the leg pressure on the lower crossbar
as a footstep) to the depth of 25 cm. However, in some dry silty soils, the use of hammer
was necessary to reach the last 2–3 cm (the use of hammer was typically required to insert
the gouge auger without the footsteps, Figure 1A). The sampler construction is currently
under the patent application procedure in the Patent Office of Poland.

Moreover, to characterize the changes in soil properties and contamination with depth,
which may influence the results of investigation at different sampling depths, disturbed soil
samples were collected from the layers 0–5, 5–10, 10–15, 15–20, 20–25, and 25–30 cm in four
replicates (then mixed to obtain a representative sample) on each plot. The entire volume of
soil in the above-mentioned depth increments (starting from the soil surface) was collected
by spade from additionally prepared microprofiles. Additionally, undisturbed samples
were collected from the same layers, using the steel cylinders (Kopecky type), to measure
the soil bulk density. The “zero depth” for this sampling was at the mineral soil surface, as
in the case of the T samples.

All samples were dried at a temperature of 50 ◦C to a constant weight. L samples were
ground to pass the 2 mm sieve and partitioned to obtain the analytical samples (ca. 50 g),
which were further ground to pass the 0.1 mm sieve. T and TLs samples were crushed
and then manually ground and sieved to separate the skeletal fraction (>2 mm) if present.
All larger organic fragments remaining on the sieve (if any) were collected, separately
ground, and returned to respective soil samples. After thorough mixing and partitioning,
the derived analytical soil samples (ca. 100 g) were ground to pass 0.1 mm sieve.

The following analyses were conducted in all samples using the methods as described
by [55]: soil pH in distilled water, potentiometrically (Mettler Toledo Seven Multi S47), at
a soil:water ratio of 1:2.5 v/v; soil organic carbon (SOC)—by high-temperature catalytic
combustion (Elementar Analysensysteme Vario MACROcube); samples were free of car-
bonates, the measured total carbon was equal to SOC; pseudo-total concentration of Cu, Pb,
and Zn—by microwave plasma atomic emission spectrophotometry (Agilent Technologies
4200 MP-AES) after sample digestion with aqua regia (3:1 hydrochloric acid:nitric acid) in
aluminium heating block (VELP Scientifica Heating Digester DKL20). Soil digestion was
made in triplicate. Blank (reagent) samples and reference soil/sludge samples (BCR–142R,
BCR–277R, BCR–280R, ERM–CC136a) were used to control the quality of analysis. Particle-
size distribution was measured in the mineral samples collected in the 5 cm increments,
using the sieves (for sand fraction) and hydrometer (for silt and clay), after organic matter
removal and sample dispersion with Na-hexametaphosphate. Bulk density was measured
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by weighing the samples in steel cylinders after drying in a temperature of 105 ◦C to a
constant weight (according to [56]).
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Figure 1. Litter and topsoil sampling: (A) mineral topsoil sampling using gouge auger in a site where
first litter layer was sampled within a circle frame, (B) general view of a new sampler for joint litter
+ topsoil sampling, (C) jointly sampled litter + topsoil (0–25 cm), (D) cutting the soil sample with
spade and digging the hole in a sampler’s front, (E) the tilted sampler with the sampled topsoil.

To check the reliability of a new sampler, which provides the data for mixed samples
of topsoil and litter collected jointly, the concentration of elements was calculated based on
the separate results for L (litter) and T (mineral topsoil) samples, where the thickness of a
mineral part in a combination was reduced by litter thickness:

CTL = [(CL × ML) + (CT × MT)]/(ML + MT) (1)

where CTL is calculated element concentration in a two-component topsoil layer (mg kg−1);
CL is element concentration in litter as measured in L samples (mg kg−1); CT is element
concentration in mineral topsoil layer, as measured in T samples (mg kg−1); ML is mass
of the litter layer on a 1 m2 surface (kg); MT is the mass of the mineral topsoil on a 1 m2

surface (kg); and where MT was calculated using Equation (2):

MT = dv × (25 − hL) × 10 (2)

where dv is bulk density of mineral topsoil averaged for the layer 0–25 cm (g cm−3), hL is
thickness of the litter layer (cm), 25 is the total thickness of the topsoil sample, and 10 is the
unit recalculation factor.

Nearly all measured variables (from individual plots) had the normal distribution
(checked by Shapiro–Wilk test), thus the mean values, standard errors, and standard devia-
tions were calculated to characterize the central tendency and data dispersion. Correlation
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coefficients were calculated using the Pearson algorithm. Significance of differences be-
tween means was checked using the post-hoc NIR Fisher test at p < 0.05. All calculations
were performed using the Statistica 13 package.

3. Results

Soils selected for a comparative analysis significantly differed in texture, physicochem-
ical properties, and contamination level. All soils were arable before their afforestation in
the 1980s–1990s, thus thick (22–26 cm) plough layers were still easily recognizable in the
profiles by their sharp (HML1 and HML2 plots) or clear (ZM3 and ZM4 plots) transition
to subsoil. Soils of the plots HML1 and HML2 had the texture class of silt loam: in ZM3,
sand, and in ZM4, loamy sand (Table 1). The SOC content was differentiated in the topsoil
layers, i.e., was noticeably uplifted in the sublayer 0–5 cm in all plots and then subsequently
decreased with depth, excluding the plot HML1, where SOC content was relatively stable
below the depth of 5 cm until the depth of 20–25 cm (Figure 2). The decrease of SOC was
abrupt or at least more rapid below the depth 20 or 25 cm, i.e., below the former ploughing
limit. Soil pH was neutral or slightly alkaline and relatively stable throughout the topsoil
layer in the plots HML1 and ZM4, slightly increasing with depth in ZM3 and noticeably
increasing with depth, i.e., clearly acidified in the near-surface sublayers, in HML2 (Figure 2).
The topsoil contamination with Cu and Pb in the plots under study was in the following
order: HML1 >> HML2 > ZM3 > ZM4. For Zn, it was HML1 >> HML2 > ZM4 > ZM3
(Table 1). In all cases, it decreased with depth (please note the logarithmic scale of Y axis)
(Figure 3). The largest decrease (often abrupt) was documented directly below the depth
of 25 cm, which may have a significant influence on the results of topsoil contamination
assessment at different sampling depths.
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Table 1. Range (minimum–maximum), means and standard deviations of the soil properties and concentration of Cu, Pb, and Zn.

Variable, Unit
HML1 HML2 ZM3 ZM4

Range Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD

L thickness (natural), cm 3.5–5.5 4.3 ± 0.61 3.0–5.5 4.1 ± 0.76 4.5–7.5 5.9 ± 1.01 4.5–7.5 5.8 ± 0.98
L thickness (compressed), cm 1.5–2.5 2.1 ± 0.27 1.5–2.5 2.0 ± 0.32 3.0–5.0 4.1 ± 0.68 3.0–5.0 3.9 ± 0.71

clay fraction in T, % 9–16 12 ± 2.3 13–16 15 ± 1.0 1–3 2 ± 0.6 6–7 7 ± 0.5
silt fraction in T, % 72–75 73 ± 1.1 51–63 59 ± 4.4 1–8 5 ± 2.3 13–17 15 ± 1.6

sand fraction in T, % 12–17 15 ± 2.3 22–34 26 ± 1.1 91–97 93 ± 0.6 77–80 78 ± 0.6
dv in T, g cm−3 1.15–1.46 1.30 ± 0.21 1.18–1.55 1.35 ± 0.20 1.21–1.62 1.50 ± 0.18 1.17–1.60 1.45 ± 0.16

SOC in L, % 20.7–32.3 24.9 ± 3.0 21.0–29.9 23.8 ± 2.45 20.1–27.8 23.6 ± 2.35 22.2–32.5 26.4 ± 2.99
SOC in T, % 1.2–1.7 1.4 ± 0.17 0.7–1.2 1.0 ± 0.12 0.5–1.0 0.8 ± 0.13 0.4–0.8 0.6 ± 0.10

SOC in TL, % 2.0–2.9 2.3 ± 0.26 1.6–2.3 1.8 ± 0.23 1.5–2.5 1.9 ± 0.37 1.0–1.9 1.4 ± 0.24

pH in L 7.1–7.6 7.31 ± 0.34 6.4–7.0 6.62 ± 0.17 6.7–7.0 6.85 ± 0.07 6.0–6.7 6.42 ± 0.26
pH in T 6.4–7.5 7.03 ± 0.33 6.0–6.5 6.27 ± 0.15 6.9–7.6 7.39 ± 0.17 7.2–7.7 7.50 ± 0.14

pH in TL 6.5–7.5 7.08 ± 0.26 6.1–6.8 6.33 ± 0.26 7.0–7.5 7.35 ± 0.10 7.1–7.7 7.37 ± 0.17

Cu in L, mg kg−1 9960–13,900 11,530 ± 1050 392–784 582 ± 119 339–580 441 ± 75.5 325–628 439 ± 85.7
Cu in T, mg kg−1 1990–3520 2810 ± 543 130–189 163 ± 17.7 31.5–53.5 43.5 ± 5.28 15.5–33.0 25.8 ± 3.72

Cu in TLs, mg kg−1 2270–3950 3140 ± 556 136–192 170 ± 17.6 43.8–62.5 52.8 ± 5.94 29.0–45.1 34.9 ± 4.66
Cu in TLc, mg kg−1 2260–3760 3090 ± 532 142–200 172 ± 18.7 44.3–64.4 54.5 ± 5.22 27.5–46.2 36.4 ± 4.09

Pb in L, mg kg−1 6950–9320 7880 ± 765 330–570 449 ± 84.2 160–270 212 ± 31.1 95.0–155 124 ± 19.4
Pb in T, mg kg−1 530–950 777 ± 149 58.0–85.5 75.2 ± 8.37 19.5–26.5 22.9 ± 1.85 8.6–13.5 10.3 ± 1.93

Pb in TLs, mg kg−1 675–1210 960 ± 184 64.8–94.5 82.2 ± 8.23 21.1–31.8 27.3 ± 3.18 9.5–16.9 12.6 ± 2.14
Pb in TLc, mg kg−1 762–1190 1000 ± 150 67.4–93.1 83.7 ± 8.95 25.0–33.2 28.1 ± 1.91 10.6–16.8 13.3 ± 2.13

Zn in L, mg kg−1 2390–3180 2740 ± 274 205–484 316 ± 79.7 58.0–87.0 72.3 ± 9.16 59.0–87.0 69.5 ± 8.40
Zn in T, mg kg−1 145–230 183 ± 29.1 37.8–51.4 43.9 ± 3.82 15.5–26.0 22.8 ± 2.61 21.5–36.0 25.5 ± 3.65

Zn in TLs, mg kg−1 185–340 240 ± 46.6 42.8–56.6 49.3 ± 3.56 17.0–27.0 23.9 ± 2.43 23.2–37.8 26.9 ± 3.74
Zn in TLc, mg kg−1 213–315 264 ± 32.5 43.2–57.7 50.1 ± 4.37 16.8–27.1 24.2 ± 2.52 22.5–36.8 26.6 ± 3.59

Explanation: L—forest litter layer, T—mineral topsoil layer (0–25 cm, without litter), TLs—topsoil layer (0–25 cm, litter and mineral topsoil sampled jointly), TLc—calculated data for topsoil layer (0–25 cm, litter
and mineral topsoil sampled separately), dv—bulk density, SOC—soil organic carbon, SD–standard deviation.
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Figure 3. Cu, Pb, and Cu concentrations in the subsequent sublayers of the mineral topsoil layers.

The L (litter) layer, characterized in early September, i.e., before an autumn leaf-fall,
had a mean thickness of 4–4.5 cm on HML1-HML2 plots and ca. 6 cm on ZM3-ZM4
plots (Table 1), and was clearly in relation to forest type, i.e., broadleaf versus coniferous,
respectively. L layers contained large amounts of trace elements in the HML1 plot, i.e., up to
13,900 mg kg−1, 9320 mg kg−1, and 3180 mg kg−1 of Cu, Pb, and Zn, respectively (Table 1).
Concentrations of elements in the L layer decreased on the other plots in a similar order as
listed above for mineral topsoil layers and were the lowest on ZM4 plot (Table 1).

Cu and Pb concentrations in L layer were 4–11 times higher than in the T layer (mineral
topsoil layer, 0–25 cm), and Zn concentrations were 3–15 times higher in L than T layers
(Table 1). Therefore, the inclusion of litter to a jointly sampled topsoil (TLs), collected
using the new sampling device, often resulted in noticeably higher concentrations of all
elements in TLs than in T samples (Table 1). The differences were statistically significant
in most cases, excluding Cu in HML2 and Zn in ZM3-ZM4 (Figure 4). This means that
the inclusion of litter resulted in a significant difference between TLs and T if the element
concentration in L layer was at least 5 times higher than in T layer. Estimated element
concentrations in the 0–25 cm topsoil layers (TLc), calculated according to Equations (1)
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and (2), based on separately measured values for L and T samples, were also significantly
higher than the concentrations in the T layer. The exceptions were the concentrations of Cu
in HML2 and Zn in ZM3-ZM4, which were higher than in the T layer, but the difference
was not significant. The calculated concentrations (TLc) were very well correlated with
TLs concentrations and, in most cases, slightly higher than TLs (Figure 5, the case for Cu),
but this difference was generally insignificant (at p < 0.05), while statistically significant in
one case only, i.e., for Zn on the plot HML1 (Figure 4C).
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deviation. Letters a, b designate the homogeneous groups of means checked by NIR-Fisher test (on
each plot separately).
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Figure 5. Correlation between Cu concentrations in TLs (topsoil layer 0–25 cm, litter and mineral
topsoil sampled jointly) and TLc (calculated data for topsoil layer 0–25 cm, where the litter and
mineral topsoil were sampled separately).

Moreover, the admixture of the forest litter in the jointly collected topsoil samples’
TLs was reflected in soil pH and SOC content (Figure 6). As expected, the pH of TLs
samples on HML1-HML2 plots was higher than in T samples because of the significantly
higher pH of L layers (Figure 6B). Adversely, the significantly lower pH of L compared to
T layers in ZM3-ZM4 plots resulted in reduced pH values in TLs samples. However, the
differences in pH values in T and TLs samples typically were not significant due to the
noticeable variability of results within the plots (Figure 6B). The enrichment with organic
matter from litter during the joint collection of TLs samples resulted in SOC contents
higher by 1.7–2.4 times in TLs compared to T layers (Figure 6C). The variability of SOC
content in TLs samples was clearly higher than in T samples, but the differences between
mean values were large enough to be significant in all plots. The lower enrichment of
TLs samples with SOC on HML plots was related to the lower thickness of litter on these
plots, in particular after compression in a sampler (Figure 6A). Mean thickness of the
compressed litter from the HML1-HML2 plots amounted to ca. 2 cm, while from ZM3-ZM4
plots it reached ca. 4 cm, which resulted in respectively reduced thickness of the sampled
mineral soil.
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Figure 6. Comparison of the measured variables in the plots under study: (A) natural thickness of
forest litter layers and thickness of the litter compressed during sampling (TLs samples), (B) pH
of the litter layer (L), mineral topsoil layer (T), jointly collected litter+mineral topsoil layer (TLs),
(C) SOC content in the mineral topsoil layer (T) and jointly collected litter+mineral topsoil layer (TLs).
Central square indicates the mean value, box—standard error, whiskers—the standard deviation.
Letters A, B, a, b designate the homogeneous groups of means checked by NIR-Fisher test.
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4. Discussion
4.1. Including or Excluding the Litter Layer at the Contamination Assessment

Some authors believe there is no need to sample the forest litter layer for the assessment
of topsoil contamination because the element pools in the litter do not have a significant
impact on the total element concentration in the bi-component topsoil due to the low
bulk density of the litter layers and low element pools in the litter even at their high
concentrations in this layer [7,9,11,39,46]. In fact, the importance of litter may be hard to
provide evidence for in the case of ecosystems characterized by a high rate of biomass
decomposition, where the organic remains may disappear within months or even weeks
of the leaf-fall [27,32,34]. In the broadleaf forests of temperate climate in Europe, it may
be the case of soils with mull humus on base-rich bedrock [24]. However, the results of
the present study have shown that the key factor may be the contamination level because
it may disturb biomass decomposition and lead to an accumulation of undecomposed
plant remains [57,58] and accumulation of air-born elements in atypically thick litter,
even in potentially eutrophic sites [53]. Broadleaf forests on silt-textured Luvisols are
considered (in Poland and Central Europe) eutrophic, biologically active habitats. Thus,
in late summer, they may not have any litter layer or may have a thin, residual layer
only [26,59]. In contrast, in the close vicinity of the copper smelter (in the plots HML1 and
HML2), the litter in early September formed a continuous cover of still undecomposed
leaves, 4 cm thick on average (Figure 6A), and, in some sites in the surroundings of the
HML1 plot, up to 10 cm thick. An omission of that layer, as in the former inventories [11],
may result in statistically lower results for all three elements under study (Figure 4), and
an improper spatial classification of contaminated sites, which require remediation. The
differences between mineral topsoil (T) and joint (TL) samples were insignificant for Cu
and Zn in some plots (Figure 4A,C), where the element concentration in the litter was less
than 5 times higher than in the underlying mineral topsoil. It means that the omission
of litter may give statistically lower results of contamination assessment under various
conditions, depending on the soil contamination and trophic status, but also depending on
the site history, i.e., previous land use, reclamation techniques influencing the mobility of
trace elements (e.g., depth of ploughing, liming, and organic fertilization), forest species
composition and forest management, etc. Most of these factors are unknown or are hard
to predict at the beginning of the investigation/assessment (in particular, the ratio of
element concentration in the litter and mineral topsoil). Thus, the obligatory inclusion of
the litter layer in the assessment of the topsoil contamination seems a reliable rule, as it
allows avoiding the error in any case. Moreover, the presumed requirements of the legal
regulations cannot be ignored [47]. If the regulations specify the concentration limits for the
topsoil at 0–25 cm (or other, respectively), all the materials which rest on the earth surface
down to this specified depth must be included in the analyzed sample [48–50]. This rule
makes impossible any selective (intentional) “overlooking” of wastes/pollutants resting
on the soil (ground) surface, which may have crucial importance for contamination and
risk assessments [51].

4.2. Applicability of the New Forest Topsoil Sampler

An assessment of a reliability of the sampler used for joint collection of litter and
mineral topsoil is difficult because no comparable or alternative samplers or techniques
exist. We assumed the concentration of elements in a sample collected jointly using a new
sampler should be similar to the concentration calculated based on the separately collected
and analyzed litter and mineral topsoil layers. At least two methodological problems
have to be decided in such a calculation. First, the weighed mean concentration cannot be
calculated simply from the element concentration and the thicknesses of the layers, as the
layers have incomparable bulk densities. Thus, the calculation was based on the pools of
elements in the subsequent layers (litter and mineral topsoil) creating the block of soil (in
Equations (1) and (2) the block had a dimension of 100 cm × 100 cm × 25 cm, where 25 cm
was a vertical dimension, i.e., the topsoil thickness). Second, the sum of the thicknesses of
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separately sampled litter and mineral topsoil layers always exceeded the required thickness
of 25 cm. However, in the case of significantly lower contamination of the mineral topsoil
than the litter, each additional centimeter of mineral soil may result in a noticeable decrease
of the calculated element concentration due to the significantly higher bulk density of
the mineral soil. Therefore, the thickness of the mineral topsoil taken for calculation was
a difference between 25 (total required thickness of the assessed layer) and the natural
thickness (measured in the field, uncompressed) of the litter layer In Equation (2), mean
concentrations of elements in TLc samples (calculated concentrations) were expectedly
higher than in T samples (mineral topsoil without litter), excluding the case of Cu in HML2
and Zn in ZM3-ZM4 plots, where TLs (jointly sampled topsoil sublayers) also did not differ
from T (Figure 4A,C). Of crucial importance for the present study was the fact that the
mean concentrations of elements in TLc samples were somewhat higher but did not differ
statistically from the concentrations in TLs samples, with the only exception of Zn in HML1
(Figure 4). The lower concentrations of elements in TLs samples (compared to TLc) were
expected, as described above, due to compression of the litter by the sampler (Figure 6A),
which resulted in a larger thickness of the sampled mineral layer by ca. 2 cm (on average).
Zn concentration noticeably decreased with depth in the plot HML1 (Figure 3), and the
difference in Zn concentrations between litter (L) and mineral topsoil (T) samples was the
largest in this plot (Table 1), which explains the significant difference between TLs and TLc
for Zn (in HML1, Figure 4C), which was done with an additional 2 cm of soil from the
sublayer 20–25 cm.

Topsoil sampling using the new sampler requires the additional use of the spade to
both cut the sample from one side and to allow sampler removal from the soil. The use of
the spade and digging are disadvantages of the sampling technique. However, a standard
“round” sampler (as, for example, the gouge auger used for mineral topsoil sampling) did
not guarantee precise cutting off the fibrous litter layer during the turning of the sampler,
even if the wall edges were tightly sharpened. Moreover, the large-diameter sampler
removed from the soil without supporting digging may lose its content, in particular
in the case of dry sandy soil, whereas larger diameters (cross-sections) of samplers are
recommended to decrease the possible error of litter sampling [60,61].

Theoretically, the topsoil samples could be collected using the spade alone, by digging
a soil “slide” and cutting a rectangular bar from the “slide” [2]. The spade sampling
technique, tested and proven for arable and grassland mineral soils, was useless in the
present study. First, the extraction of undisturbed soil “slide” was highly problematic in
sandy forest soils overgrown with tree roots. Then, the precise cut-out of the bar (having
the same thickness along all its length) from both the mineral topsoil (due to roots) and,
in particular, from the litter layer was impossible due to dispersal (crushing) after slide
extraction. It was concluded that the litter and underlying mineral material layers have to
be cut from all sides before sample extraction if the proportional sampling of all sublayers
is a priority.

The precisely defined (square) cross-section and the volume of the sampler allow the
calculation of the pools of elements (macro- and microelements) and SOC in the topsoil
of forest soils without additional sampling and analysis of soil bulk density, which is an
additional source of uncertainty and cost [56,62]. Joint collection of litter and mineral
topsoil will allow the comparability of data for arable and forest sites without skipping any
important topsoil component, and it will also allow avoiding separate data presentation
for mineral topsoil and litter layers in the forest sites [2].

5. Conclusions

Comparative analysis of Cu, Pb, and Zn concentrations in the forest topsoil layers
(0–25 cm), sampled using a new construction sampler, invented for an intentional joint
collection of the litter layer and underlying mineral layer (to the specified depth), led to
the following conclusions. The concentration of trace elements in the samples consisting
of jointly collected litter and underlying mineral layer was noticeably higher than in the
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samples consisting of the mineral topsoil only, which confirmed the effective inclusion
of the litter in the sample collection. The difference was statistically significant if the
concentration of elements in the litter was at least five times higher than in the underlying
mineral layer. The concentrations of trace elements measured directly in the samples of
jointly collected litter and mineral topsoil did not differ (NIR Fisher test at p < 0.05) from
their concentrations calculated for the topsoil consisting of litter and mineral soil, but based
on separately collected and analyzed litter and mineral topsoil layers. The comparability
of directly measured and calculated results confirmed the usefulness of the new sampler
for reliable collection of forest topsoil samples without skipping any material, which may
influence the results of soil contamination assessment and risk assessment. In particular,
the sampling of the forest topsoil using the new sampler, ensured a conceptual concordance
of the sampling procedure and analyzed samples to the legal regulations, which specify
single limits of element concentration for the entire “topsoil” layer, irrespectively of the
kind of materials resting on the earth surface down to the specified depth.

6. Patents

The forest topsoil sampler construction is currently under the patent application
procedure in the Patent Office of Poland.
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