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A Dataset for Three-Dimensional Distribution of 39 Elements
Including Plant Nutrients and Other Metals and Metalloids

in the Soils of a Forested Headwater Catchment

B. Wu,* I. Wiekenkamp, Y. Sun, A. S. Fisher, R. Clough, N. Gottselig, H. Bogena, T. Piitz, N. Briggemann,

H. Vereecken, and R. Bol

Abstract

Quantification and evaluation of elemental distribution in forested
ecosystems are key requirements to understand element fluxes
and their relationship with hydrological and biogeochemical
processes in the system. However, datasets supporting such a study
on the catchment scale are still limited. Here we provide a dataset
comprising spatially highly resolved distributions of 39 elements
in soil profiles of a small forested headwater catchment in western
Germany  (http://teodoor.icg.kfa-juelich.de/ibg3searchportal2/
dispatch?searchparams=freetext-Wuestebach&metadata.detail.
view.id=7d37ae00-20f6-408e-8660-33bfba07¢869) to gain a
holistic picture of the state and fluxes of elements in the catchment.
The elements include both plant nutrients and other metals and
metalloids that were predominately derived from lithospheric or
anthropogenic inputs, thereby allowing us to not only capture the
nutrient status of the catchment but to also estimate the functional
development of the ecosystem. Soil samples were collected at
high lateral resolution (<60 m), and element concentrations were
determined vertically for four soil horizons (L/Of, Oh, A, B). From
this, a three-dimensional view of the distribution of these elements
could be established with high spatial resolution on the catchment
scale in a temperate natural forested ecosystem. The dataset can
be combined with other datasets and studies of the TERENO
(Terrestrial Environmental Observatories) Data Discovery Portal
(http://teodoor.icg.kfa-juelich.de/ibg3searchportal2/index.jsp)
to reveal elemental fluxes, establish relations between elements
and other soil properties, and/or as input for modeling elemental
cycling in temperate forested ecosystems.

Core ldeas

- A dataset of elemental concentrations for four soil horizons of
a forested catchment

+ Highly linked with a previous dataset on lateral and vertical dis-
tribution of nutrients

- The dataset can be used to explore biogeochemical elements
and their fluxes in natural soil systems
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LEMENTAL cycling in terrestrial ecosystems involves

various soil biogeochemical processes and fluxes that

are controlled by soil chemical and physical properties.
The source of elements in soils can be derived from the litho-
sphere through weathering of the parent materials, evolved in
pedogenic processes, and/or through anthropogenic activities.
Continuous weathering of parent materials leads to dissolution,
hydration, hydrolysis, oxidation, reduction, and carbonization
of elements that subsequently participate in pedogenic processes
forming secondary minerals that are relatively stable and equili-
brated with a particular soil environment (Kabata-Pendias and
Mukherjee, 2007). With changing soil conditions, such as those
caused by seasonal waterlogging or deforestation, these minerals
may become unstable and involved in leaching, adsorption, and
precipitation processes. Some of the elements become available
to plants in their dissolved or organically bound forms. Others,
however, may become immobilized and accumulate in the soil.
The majority of elements in the soil show a lithospheric charac-
ter, showing preference of binding with oxygen. However, many
clements are also concentrated in silicates, carbonates, phos-
phates, and sulfates (Sigel and Sigel, 2003).

Diverse soil characteristics and factors such as geomorphol-
ogy and vegetation result in spatially and temporally heteroge-
neous distribution of elements in the soil. Vertical and lateral
transportation and transformation of the elements are highly
related to the physical and chemical factors of abiotic systems,
as well as to living organisms. Fast development of analytical
techniques has resulted in an increase of the number of studies
on element content and speciation in terrestrial systems during
the last three decades (Kabata-Pendias and Szteke, 2015). Most
of the elements across the periodic table have been explored
with respect to their biogeochemical behaviors in terrestrial and
aquatic systems, and the investigation of nutrients and pollutant
clements is of particular interest.

Spatial distribution of an element can reflect its cycling
during soil formation and utilization. Despite our knowledge
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on general element content in soils (Kabata-Pendias and Szteke,
2015), there is still a lack of understanding of the detailed links
among soil chemical and physical properties, biogeochemical
and hydrological processes, and a full spectra of spatial and tem-
poral variations of elements that are affected by and participate
in these processes on the catchment scale. The main reasons are
the high costs of the experimental setups and labor requirement
to perform such intensive studies. Investigations are currently
being performed to document biogeochemical and hydrologi-
cal processes at several long-term ecological research sites such
as the HOBE Hydrological Observatory in Denmark (Jensen
and Illangasckare, 2011) and the Critical Zone Observatory
(Anderson et al., 2008). However, comprehensive datasets are
still limited to establish spatially resolved interrelations between
biogeochemical properties and processes (Groffman et al., 2009;
Schmidt et al., 2011; Yu et al., 2014).

Within  the of TERENO
Environmental Observatories, http://teodoor.icg.kfa-juelich.

framework (Terrestrial
de/overview-en?set_language=en), a network of integrated
observation platforms has been established in Germany to inves-
tigate the consequences of global change for terrestrial ecosys-
tems (Bogena et al., 2010, 2015; Zacharias et al., 2011). The
research activities on these long-term (>15 yr) experimental sites
include analyses of system state such as soil moisture and temper-
ature, and the fluxes of water, matter, and energy within the con-
tinuum of the groundwater-soil-vegetation-atmosphere system,
as well as long-term changes of the composition and functioning
of microorganisms, plants, and fauna (Bogena et al., 2015). To
do so, networks of highly spatially resolved monitoring locations
have been set up to provide adequate resolution for documenting
the dynamics of the involved processes (Bogena et al., 2015). In
addition, integrated mathematical model systems are developed
and applied to derive more efficient prevention, mitigation, and
adaptation strategies (Bogena et al., 2015).

As an example, the Wiistebach catchment, one of the
TERENO observatories located in Western Germany, has been
comprehensively documented for site-specific information includ-
ing biogeochemical, hydrological, and meteorological states and
fluxes (Kunkel et al., 2013; Bogena et al., 2015). A comprehen-
sive dataset consisting of hydrological and geochemical measures
with high spatial resolution has previously been made available to
the public, providing insights into the biogeochemical status of
soils in this forested headwater catchment (Wickenkamp et al,,
2016a). It is one of the first three-dimensional representations of
biogeochemical soil parameters on the catchment scale. The data-
set includes 13 major nutrient concentrations, three soil physical
properties, and general soil descriptions at 155 sampling locations
in the catchment (Wickenkamp et al., 2016a).

In this study, we focus on a three-dimensional distribution
of additional 39 clements, not only nutrients, but also heavy
metals including rare carth elements (REEs), at the same sam-
pling locations to furnish the whole picture of the state and
fluxes of the catchment. With the element concentrations pro-
vided in the dataset, it is possible to explore the linkage between
subsurface chemical variability and geological characteristics,
such as the proximity to the stream and the degree of the hill
slope. In addition, the present dataset can be combined with that
of Wickenkamp et al. (2016a), for instance, to interpret rela-
tionships between element translocation and soil physical and

chemical parameters and to illustrate soil nutrient (e.g., Fe) pools
and elemental stocks. Moreover, the dataset can be linked with
other long-term environmental observation data such as hydro-
logical and meteorological data to help explain element cycling
within the catchment. In Supplemental Table S1, we give a list of
the analysis activities that have been performed in the catchment
for users of the dataset to obtain an overview of possible ways
to use the dataset and these measurements. A detailed descrip-
tion of these measurements is provided by Bogena et al. (2015)
and the references in Supplemental Table S1. Datasets of relevant
studies of the TERENO projects can be found in TERENO
Discovery Data Portal (http://teodoor.icg.kfa-juclich.de/ibg-
3searchportal2/index.jsp).

Dataset Description
Sampling Sites

The studied experimental test site has been described in
details in previous publications (Bogena et al., 2015; Gottselig
et al,, 2017). Briefly, the sampling sites are located within the
Wiistebach catchment, Germany, which is part of the Eifel/
Lower Rhine Valley Observatory in the TERENO network. The
catchment has been intensively studied over the last decade with
regard to its hydrological, biogeochemical, and meteorological
properties (Bogena et al., 2015), to understand, for instance, the
spatiotemporal characteristics of soil moisture and temperature
via the SoilNet network (Bogena et al., 2010), and to reveal
the spatiotemporal dynamics of discharge, dissolved organic
matter, and nitrate in stream (Graf et al., 2014; Bol et al., 2015;
Weigand et al., 2017). The setup has also provided new insights
into the spatial distribution of P-containing nanoparticles and
colloids in the stream (Gottselig et al., 2014), the spatial vari-
ability in nitrous oxide emission potential (Liu et al., 2016), and
the spatiotemporal variability in preferential flow occurrence
(Wiekenkamp et al., 2016¢).

In the riparian region of the Wiistebach catchment, the soils
are classified as Gleysols and Histosols according to the World
Reference Base (IUSS Working Group, 2006), whereas on the
upslope of the catchment and away from the stream, the soils
are characterized as Cambisols and Planosols. The soils typically
have a silty clay loam texture with occasional sandstone inclu-
sions (Richter and Piitz, 2009). The climate of the region is mild
humid with a mean annual precipitation of 1200 mm (Bogena
et al,, 2010) and a mean annual temperature of 7°C (Zacharias
etal, 2011).

In late summer (August-September) of 2013, ~8.6 ha of
spruce trees [Picea abies L. and Picea sitchensis (Bong.) Carriére,
planted ~1948] were logged (97% of the forest biomass; Etmann,
2009) close to the stream (22.3% of the catchment forestation)
to allow for natural regeneration of beech (Fagus spp.) forest. The
management practice, combined with the unique continuous
monitoring setup, revealed new insights related to effects of the
deforestation on spatiotemporal hydrological fluxes in the catch-
ment (Wiekenkamp etal., 2016b) and on the transport of sulfate
in stream, groundwater, and in the soils (Golor, 2016). The col-
lection of the soil samples for the present dataset was performed
before the deforestation, thus providing information on the soil
state before the disturbance.
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Sampling Campaign

As previously described (Gottselig et al., 2017), the sampling
of the soils was performed between 24 and 27 June 2013. The
sampling locations were mainly assigned to the existing points
of a wireless soil sensor network that were set up to support geo-
statistical analysis (SoilNet, 144 locations; Bogena et al., 2010;
Rosenbaum et al., 2012). Ten additional locations were assigned
to form five equally spaced transects through the catchment
(Fig. 1). Half of the SoilNet sampling points were arranged on
a 60-m x 60-m grid, whereas the rest SoilNet points were ran-
domly distributed within the grid to also sample small-scale vari-
ability (Rosenbaum et al., 2012).

A metal frame of 40 x 40 X 30 cm was forced into the
ground. Within the metal frame the bulk samples of the litter
and fermented litter layers (L/Of) and the humus-rich horizon
(Oh) were collected in bags, respectively. After the complete

0 175 350 Meters
| 1 ] 1 |

Symbology

° Regular Sampling Points

e Peat Sampler Points

@®  Transect Points
Wistebach Stream

,,,,,,,,,,,, Contour Lines

I:l Catchment Boundaries

FAO Soil Units

removal of the L/Of and Oh horizons, two soil cores of 30 cm
depth, including the A horizon and part of the B horizon, were
taken from the top of the organic-rich mineral layer (A) using a
punch-core sampler (HUMAX, Martin Burch AG). Apart from
the cores, the remaining soil material from the A horizon was
collected in bags. Subsequently, another two 30-cm soil cores
were taken directly below the first two cores, resulting in two
individual cores containing material of the B or B/C horizon. In
the Histosol region close to the source area of the stream, where
the soils were extremely wet, two 30-cm soil cores were extracted
using a peat sampler (location 501 and 502, H horizon; Fig. 1)
or a soil auger (Eijkelkamp) to sample liners down to 1-m depth
(location 50 and 450).

All samples were immediately labeled and digitally registered
using barcodes following ISO9001 quality management guide-
lines. After being labeled, the samples were kept at 4°C in a
trailer at the sampling field and then stored at —18°C in freezing

Cambisol/Planosol

Histosol

Fig. 1. Distribution of soil sampling locations in the Wiistebach catchment, adjusted from Richter (2008); resolution of the soil map: 1:2500. Note
that the reference stream is currently purely for discharge quantity and quality reference measurements in the catchment. It does not have a spe-

cific relevance for the present dataset.
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containers at Forschungszentrum Jiilich. These soil samples were
later subjected to analyses with respect to soil bulk density,
soil texture, pH, water content, carbon and nitrogen contents,
and concentrations of manganese, iron, potassium, sulfur, and
calcium in soil extractions (Wickenkamp et al., 2016a). For
elemental analysis in the present work, soils of L/Of, Oh, and
A horizons collected in bags and B horizons in one of the two
upper cores were used. Note that not all sampling locations had
a clear sequence of the four representative soil horizons (L/Of,
Oh, A, B); therefore, horizons and their respective thickness are
given specifically according to each location in the dataset. For
sampling locations close to the source area (Histosol region, cight
sampling locations), the A horizon was in most cases replaced by
an H horizon.

Sample Preparation and Concentration Determination

Soil samples of each horizon were homogenized by hand
in individual bags. The samples were air dried and then passed
through a 2-mm sieve. Subsamples of 2 g were weighed for each
horizon and extracted with 50 mL aqua regia by a certified com-
mercial laboratory (Landwirtschaftliches Labor Dr. Janssen
GmbH), which is accredited according to DIN EN ISO/IEC
17025:2005. Since no certified reference material was available
for soils with values for aqua regia extraction at the time of the
sample preparation, an in-house standard for aqua regia extrac-
tion of soils from the certified laboratory was run together with
the samples. The validation of the extraction procedure was per-
formed by analyzing element concentrations in the standard by
inductively coupled plasma optical emission spectroscopy (ICP-
OES). Aliquots of the extracted solutions were then diluted
with Milli-Q water (18.2€2, Merck Millipore) and analyzed by
either inductively coupled plasma mass spectrometry (ICP-MS,
Thermo Scientific X Series 2) or ICP-OES (Thermo Scientific
iCAP 7400) according to their natural abundance in common
soils (Kabata-Pendias and Mukherjee, 2007) at Plymouth
University. To eliminate possible spectral interferences of the
analytes, a collision/reaction cell was in operation in the ICP-
MS, where 7% H, in He was used as the reaction/collision gas.
Platinum was used as the internal standard at a concentration of
10 mg L™! to account for changes in nebulization efficiency and
any instrumental drift, with the latter also being monitored by
the analysis of check standards every 10 to 15 samples. To evalu-
ate analytical repeatability, ~20 samples were taken out randomly
and reanalyzed on different days and by different analysts. It was
showed that the repeatability was typically between 2 and 10%,
depending on the element and concentration of the element.
The elements P, Ca, and S were independently analyzed by both
Landwirtschaftliches Labor Dr. Janssen GmbH (Wiekenkamp et
al., 2016a) and Plymouth University (the present study), and the
difference between the values from the two laboratories was gen-
erally within 10%. Users of our dataset can refer to the dataset by
Wiekenkamp et al. (2016a) if these elements are needed. Table 1
gives a summary of the analyzed elements in the present study,
the corresponding analytical methods, and the detection limits
equivalents for solid fractions (pig element g™! soil, dry weight).
The elements of interest included (i) essential nutrients for plants
(Na, Mg, Mn, Fe, Cu, Zn, and Mo), (ii) light clements (density
<5 gem: Al, Se, Rb, and Ba), (iii) heavy metals and metalloids
(density > 5 gem™: Cr, Co, Ni, Ga, As, Ag, Cd, Sb, Hg, T1, Pb,

and U), and (iv) REEs (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, and Lu). All analyses were conducted under
ISO 9001:2008 certification.

Dataset Format

Elemental concentrations (mg kg™ dry soil) associated
with their respective sampling locations and soil horizons are
summarized in a table format in an Excel file and can be down-
loaded from http://teodoor.icg.kfa-juelich.de/ibg3searchpor-
tal2/dispatch?searchparams=freetext-Wuestebach&metadata.
detail.view.id=7d37ae00-20f6-408¢-8660-33bfba07c¢869 (Wu
etal.,2017). In total, 621 data points per element describe both

Table 1. List of the analyzed elements, the analytical methods, and the
detection limit equivalents for solid fractions (LOD__ ).

solid:

Analytical

Category Element method+ LoD,
g kg™
Essential nutrients Na ICP-OES 65,500
Mg ICP-OES 163
Mn ICP-OES 100
Fe ICP-OES 600
Cu ICP-OES 563
Zn ICP-OES 150
Mo ICP-MS 17.9
Light elements Al ICP-OES 2,380
Se ICP-MS 55
Rb ICP-MS 2.88
Ba ICP-OES 150
Heavy metals and metalloids Cr ICP-OES 425
Co ICP-MS 1.63
Ni ICP-OES 425
Ga ICP-MS 1.25
As ICP-MS 8.88
Ag ICP-MS 525
Cd ICP-MS 2.50
Sb ICP-MS 2.50
Hg ICP-MS 33.8
Tl ICP-MS 1.13
Pb ICP-OES 3,130
U ICP-MS 1.50
Rare earth elements (REEs) Sc ICP-MS 9.13
Y ICP-MS 0.25
La ICP-MS 0.25
Ce ICP-MS 3.75
Pr ICP-MS 0.125
Nd ICP-MS 0.125
Sm ICP-MS 0.125
Eu ICP-MS 0.125
Gd ICP-MS 0.375
Tb ICP-MS 0.125
Dy ICP-MS 0.125
Ho ICP-MS 0.125
Er ICP-MS 0.125
Tm ICP-MS 0.125
Yb ICP-MS 0.125
Lu ICP-MS 0.125

1 ICP-OES, inductively coupled plasma optical emission spectroscopy ;
ICP-MS, inductively coupled plasma mass spectrometry.
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horizontal and vertical distributions of various elements within
the catchment area. The dataset is sorted first according to the
SoilNet locations, followed by the transect locations, so that
the element distribution per profile can be clearly seen for each
location. The present dataset is based on the same soil samples
in the previous studies of physical and chemical soil properties
by Wickenkamp et al. (2016a). Therefore, the descriptions of
detailed soil profile and soil texture and the determination of
soil physical and chemical parameters by Wickenkamp et al.
(2016a) can be used for the present dataset. It is important
to note that, in the present dataset, the concentrations of the
essential nutrients Fe, Mn, and Na in soils are based on the
more extensive extraction of the soils by aqua regia, rather than
by CaCL,-DPTA extraction, as shown in the previous study
(Gottselig et al., 2017), which was used to solely estimate the
Fe bound to organic matter.

Major Characteristics of the Dataset

The dataset describes the spatial distribution of the concentra-
tion of 39 elements in the sampled soils, including plant essential
and beneficial nutrients, heavy metals and metalloids, some of
which are usually studied as environmental pollutants, as well as
the REEs whose oxides are used as tracers to determine erosion.
In this section, we provide general description for each of these
element groups using exploratory data analysis and geostatisti-
cal methods. Selenium, Al, Pb, and Ce were selected from each
group, because (i) Se and Pb are of wide interest in nutrition and
pollution studies, respectively; (ii) Al is highly relevant to the
catchment because the soils have very low pH values; and (iii) Ce
is the most abundant REE, and its distribution in soil profile and
across the catchment is representative of the REEs. To demon-
strate relative vertical abundance of each element, boxplots were
generated using individual horizon data (Fig. 2). The H horizon
of the sampling location close to the stream source was separated
from the A horizon of other locations in the boxplots to explore
whether elemental concentration at these areas were affected by
high soil water content. The significance of differences between
horizons was assessed by performing one-way ANOVA in
OriginPro (V. b9.2.272; OriginLab, 2015). To investigate the
spatial distribution of the elements within the catchment area,
kriging was used for each horizon (Fig. 3). It is important to note
that the H horizons were grouped within the distribution map of
the A horizons, since the H horizons were present at these loca-
tions instead of A horizons. In addition, these H horizons had
similar depth to the A horizons at other locations and had an Oh
horizon overlying them and a B horizon below them. Using krig-
ing, values at unsampled locations were predicted according to
spatial dependence among sampled locations (Goovaerts, 1998).
We used the approach used by Gottselig et al. (2017) and gen-
erated experimental semivariograms by calculating the semivari-

ance [(h)] using:

=

(b

) 2
N(B)=05N(h) > [2(u, )~ z(u, +5)|

o

where N is the number of pairs, and z(% ) — z(#_+ b) describes
the difference between a pair within a given distance class ()
(Goovaerts, 1998). Before the calculation of the semivariogram,

concentration data of some elements (here, Pb in the four hori-
zons and Al in the L/Of horizon, Fig. 3) were logarithmically
transformed to normalize their distributions. Manual fitting
of exponential semivariograms and ordinary kriging were per-
formed using the automap package (Hiemstra et al., 2009) in R
(V.3.3.2, R Core Team, 2016). In the end, the generated ASCII
files were imported into ArcGIS (V. 10.3; ESRI, 2014) for fur-

ther visualization.

Plant Essential and Beneficial Nutrients

The concentrations of essential cationic macronutrients (e.g.,
Mg), micronutrients (e.g., Zn), and beneficial nutrients (c.g., Se)
for plants were determined in the sampled soil profiles. Anionic
nutrients, such as P and S, were already provided in the dataset of
Wiekenkamp et al. (2016a), which can be combined with the pres-
ent dataset to provide an overview on the nutritional level of the
catchment area as a whole. In addition, by combining the element
concentrations provided in the present dataset and the soil depth
and bulk density in the dataset of Wiekenkamp et al. (2016a), one
can use the dataset to estimate the element stocks in the soil.

The vertical distribution pattern of the nutrients is related to
their abundance in soils. The median concentration of abundant
elements such as Fe, Mn, and Mg, increased with depth, where
the mineral horizons account for at least 70% of the total con-
centration in the whole profile. However, the concentrations of
trace elements such as Cu, Mo, and Se (Fig. 2a) decreased with
depth, with the organic layers (fresh litter layer and fermented
licter layer) containing up to 48% of the total concentration. The
peak concentrations of Cu and Se were found in the H horizons
close to the stream source. Notably, the Se concentrations in the
Wiistebach catchment were higher than the world average value
(0.33 mg kg!) but were still consistent with previous research
reporting that the surface layer of forest soils generally has a
higher content of Se (Kabata-Pendias and Mukherjee, 2007).
As the soil pH values in this catchment are generally very low
(between 2.5 and 4.0; Wickenkamp et al., 2016a), Al, a bene-
ficial element to some plant species (Osaki et al., 1997), is one
of the elements whose mobility can be significantly affected.
The median concentration of Al in the Wiistebach catchment
increased with depth, with majority of Al stored in the mineral
horizons. It is worth noting that the clear-cut of the spruce trees
in late summer 2013 (after the collection of the soil samples for
the present dataset) may have an effect on the soil pH values and
thus concentrations and motilities of the elements such as Al and
Fe, which are pH sensitive.

Heavy Metals and Metalloids

In this dataset, we also analyzed several heavy metals and met-
alloids that are considered by many authors to be environmental
pollutants (e.g., Pb, Cd, and As). The depth distribution of these
elements generally showed two distinct patterns. Whereas the
concentrations of Co, Cr, Ga, Ni, and U increased with depth,
showing lithospheric characteristics, the median concentrations
of Hg, Ag, As, Cd, Pb, Sb, and T1, in contrast, were higher in the
surface organic-rich horizons and underlying A horizons com-
pared with the deeper B horizons. For instance, the median con-
centration of Pb in the Oh horizon was more than five times than
that measured in the B horizon. The data distribution of these
elements within the catchment area was more diverse in the L/
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Fig. 2. Boxplots showing depth-profile of (a) Se, (b) Al, (c) Pb, and (d) Ce in the Wiistebach catchment. One-way ANOVA was performed, showing
significant differences among horizons at the 0.001 level for all the four elements. Notice that n values per horizon are given; most data is available
for L/Of, Oh, A, and B horizons. Extreme outliers were identified in R by setting the upper and lower limits as three times the inter-quartile range

above or below the upper and lower quartile range, respectively.

Of, Oh, and A horizons, whereas the concentrations were within
limited ranges in the B horizons. In contrast, clements with
lithospheric characteristics generally showed a larger concentra-
tion range among the sampled locations in deeper horizons than
in the organic-rich horizons, indicating the heterogeneity of the
parent materials.

Rare Earth Elements

Rare earth elements include 17 elements (i.e., the 15 elements
of lanthanides, as well as Sc and Y). Due to the fact that they
exhibit similar chemical properties, these 17 elements are generally
studied together. With respect to density, the REEs are categorized
as heavy metals. As in nature Pm is present only in trace amounts
and radioactive, it was not analyzed in the present study. In ter-
restrial systems, the contents of the REEs (here, the lanthanides)
decrease with an increase of their atomic number and follow the
Oddon-Harkins rule stating that an element with an even atomic
number is more abundant than the neighboring clement with
an odd atomic number (Kabata-Pendias and Mukherjee, 2007).
Our present dataset clearly confirmed this peculiarity, where Ce
(atomic number 58) (Fig. 2d) was the most abundant in the sam-
pled soils, and Lu (atomic number 71) was the least abundant. The

higher concentrations of the REEs were nearly exclusively found
in the mineral horizons in the catchment. However, the REEs con-
centrations in the Oh horizons were generally higher than in the
fresh litter horizons, indicating that organic compounds derived
from litter decomposition played an important role in the distri-
bution of the REEs (Kabata-Pendias and Mukherjee, 2007). The
temporal and spatial distribution of the REEs in soils can be used
as tracers for the study of soil erosion processes (see review paper

by Zhu et al., 2010).

Spatial Distribution

The present dataset consists of >600 data points collected at
highly spatially resolved sampling locations, providing informa-
tion on the concentration distributions of four key soil horizons
for each element. From these data points, one can reconstruct a
three-dimensional elemental distribution within the catchment.
For many elements we studied, the spatial distribution patterns
on individual horizons showed close relationships with the prox-
imity to the stream (such as T1, Cu, and Co), whereas others
showed a distinct distribution pattern on the two sides of the
steam, which were related to soil types (like Lu and U).
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Fig. 3. Spatial distribution of Al (left) and Pb (right) in the catchment area for the four principle soil horizons (L/Of, Oh, A, and B, top to bottom rows)
using ordinary kriging. Notice that the individual legend for each horizon for Al and Pb concentration distributions. Concentration data of Pb (all four
horizons) and Al (L/Of horizon) were logarithmically transformed before the calculation of the semivariogram. Extreme outliers were identified in R by
setting the upper and lower limits as three times the inter-quartile range above or below the upper and lower quartile range, respectively.

To provide an example, we used ordinary kriging to obtain
spatial maps for Al and Pb (Fig. 3) and to illustrate their distri-
bution pattern for the individual horizons across the catchment
arca. Separate variogram models were fitted for each individual
soil horizon, and individual maps were generated for the four
dominant horizons (L/Of, Oh, A, and B). Note that the H hori-
zons at the stream source were presented in the distribution map

of the A horizon. The overall Al concentration increased with
the depth as observed in the boxplots. In all the four main hori-
zons, lower Al concentrations were found in the riparian zone
near the Wiistebach stream. Furthermore the Al concentrations
in the L/Of, Oh and A horizons were found to be the lowest
in the stream source region. However, the B horizon of the cen-
tral and the lower part of the Wiistebach catchment exhibited
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the lowest Al concentration. The highest Al concentration was
found on the upslope of the east side of the stream in the B hori-
zon, whereas the A horizon of this side did not show a particu-
larly high amount of Al In contrast, the upslope on the west side
away from the stream showed similar concentrations in both A
and B horizons. The areas with hotspots (relatively high Al con-
centration) in the Oh horizon were clearly linked to the high Al
concentrations in the A horizon.

For Pb, however, surface soil layers had a considerably higher
overall Pb concentration than the deeper B horizons. In addi-
tion, in these highlighted horizons Pb seemed to be higher on
the east upslope of the catchment, whereas in the B horizons, Pb
was more abundant on the west upslope. However, Pb concen-
trations in the B horizon showed a limited range across the catch-
ment. Our results suggested that Pb in the Wiistebach catchment
might not have originated from the parent material but derived
from other sources, such as forest litter, and accumulated in the
Oh horizons over the years with a subsequent downward move-
ment trend into the A horizons.

Correlations among Elements

The large number of data points in our dataset allowed us to
investigate interrelations among the elements on the catchment
scale. In addition, correlations of soil chemical properties pro-
vided in this study and our previous dataset can be established.
Here, as an example, we explored the Pearson correlation coef-
ficient between every two elements that we analyzed using all
the data from the four dominant horizons (Supplemental Table
S2). The REEs showed significant positive linear correlations
with each other with the coefficients p > 0.73. The general
trend for the lanthanides was the closer their atomic numbers,
the closer the linear relationship between the two. However, a
better coefficient was found between Y and the HREs (second
group of the REEs from Tb to Lu) than Y and the LREs (first
group of the REEs from La to Gd). The coeflicients between Sc
and the rest of REEs were similar (0.73 < p < 0.83). In addition,
U had a highly positive linear correlation with the REEs, espe-
cially with the HREs (p > 0.9). Other elements that showed
highly positive linear coefficients with the REEs were Mg, Fe,
Al, Rb, Cr, Co, Ni, and Ga, all of which were abundant in the
mineral horizons. Moreover, these elements also showed good
positive linearity between each other. Additionally, Mo, Sb,
Ag, and Pb were well correlated with each other (p > 0.68).

Summary

The present dataset on elemental concentrations of both
plant nutrients and other metals and metalloids in soils was
based on the analyses of a large number of samples that were
highly spatially resolved in a catchment located in western
Germany. It provided a three-dimensional view of elements
reflecting natural soil development of a forested ecosystem on
the catchment scale. Investigating the vertical and lateral dis-
tribution of individual elements, exploring the interrelation-
ship among the elements, and linking the present dataset and
others (Wickenkamp et al., 2016a) will provide insights into
elemental cycling in terrestrial and aquatic ecosystems. Future
research may involve temporal distribution of these elements
and other soil chemical and physical properties to facilitate the

understanding of management- and climate-induced changes
on catchment processes and responses.
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