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Abstract

Purpose Spatial and temporal patterns of past erosional events are a useful and needed information to explain observed soil
patterns in different landscapes. Soil thickness reflects the overall expression of pedogenesis and erosion. Forested soils of
Northern Germany exhibit varying soil thicknesses with thin soils on crest positions and buried soils at the footslope. The
aim of this study is to reconstruct the complex soil mass redistribution and soil patterns of this forested area due to different
periods of erosion and stability.

Methods We explored the explanatory power of both '°Be (in situ and meteoric) on a hillslope and we '*C-dated buried
horizons at different depths.

Results The '“Be depth profiles did not show an exponential decrease with depth. They had a ‘bulge’ shape indicating clay
translocation and interaction with oxyhydroxydes (meteoric 10Be), bioturbation and soil mass redistribution (in situ '°Be).
The combined application of both '°Be and '*C dating revealed progressive and regressive phases of soil evolution. Although
Melzower Forest is protected (same vegetation) since the past 250 years, both '°Be clearly indicated major soil mass redis-
tribution along the investigated catena.

Conclusion A strong erosion impulse must have occurred between 4.5 and 6.8 kyr BP indicating an earlier human impact
on soil erosion than previously postulated (~3 kyr earlier). Our findings correlate in fact with the first settlements reported
for this region (~ 6.8 kyr BP) and show their immediate effect on soils. The overall soil redistribution rates in this forest are
surprisingly similar to those obtained from a nearby agricultural area.
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Noordwijk et al. 1997; Van Oost et al. 2007; van der Meij
et al. 2018). Humans use soil preferentially based on their
assumed and experienced suitability for various purposes
(such as pasture, arable land, etc.). This leads to patterns
of varied land use and, as a consequence, the formation of
heterogeneous landscapes (Minasny et al. 2015).

One of the most important processes shaping the land sur-
face and soil profiles is the lateral transport of soil material by
erosion. On agricultural land of mid to high latitudes, water
erosion has been assumed to be the dominant mode since pre-
historic times, with the first evidence of erosion coinciding
with the first settlers (Troeh et al. 1981; Montgomery 2007,
Brevik and Hartemink 2010). In fact, many European land-
scapes have been altered by anthropogenic activities (e.g. land
use change, deforestation, etc.) since the Neolithic (Kappler
et al. 2018). However, the share of soil erosion by tillage and
human influence appeared to be even more important in his-
torical and recent times (Van Oost et al. 2005; Wilken et al.
2020). Erosion continuously moves soil material from upslope
to downslope (Heimsath et al. 1997) or even the other way
round (caused by tree uprooting; Samonil et al. 2017). From
a geomorphological perspective (black box approach), the soil
thicknesses are in steady state, when the lowering rate of the
soil-bedrock interface, so-called ““soil production”, is equiva-
lent to the surface lowering rate, caused by erosion (Heimsath
2006).

The development of isotopic techniques has facilitated
the quantification of long-term geomorphic processes at
the Earth’s surface (Banner 2004; Ivy-Ochs and Kober
2008; Preusser et al. 2008). Cosmogenic isotopes that are
formed in minerals at the Earth’s surface (in situ) or in the
atmosphere (meteoric) are now commonly used for dat-
ing and determining physical erosion and denudation rates
(Schoonejans et al. 2017). Soil production and denudation
rates can be assessed by using meteoric or in situ produced
10Be. Both deposition and soil erosion can be evaluated from
meteoric '°Be (using inventories similar to fallout radionu-
clide methods; Maejima et al. 2005; Egli et al. 2010; Hidy
et al. 2010). Burial may also be apparent from in situ '°Be
profiles, but so far, in situ 19Be has only been used for the
quantification of denudation and erosion.

The depth variations of in situ '°Be concentrations within
a weathering profile are a powerful approach to constrain
geomorphological parameters, including the mean denuda-
tion rate (e.g. Siame et al. 2004; Dosseto and Schaller 2016).
In geochemical studies, meteoric 10B¢ is often used as a
tracer for soil thickness development (McKean et al. 1993;
Jungers et al. 2009; Willenbring and von Blanckenburg
2010; West et al. 2013) and regolith residence time (e.g.
Pavich 1989; Bacon et al. 2012).

With the combination of both types of '°Be, the dynam-
ics of soils and related mass transports should be even more
traceable. We explored the explanatory power of both '’Be

forms in forested soils along a catena in the hummocky
ground moraine landscape of northeastern Germany. These
soils have been forested for at least 250 years, but exhibit
strongly varying thicknesses with very shallow soils on crest
positions (Riiffer 2018) and soils up to 1.5 m at the foot-
slope, due to (pre-)historical erosion processes (Riiffer 2018;
Calitri et al. 2020). The aim of this study is to reconstruct
the complex soil mass redistribution and soil patterns of this
forested area due to different periods of erosion and stability.
We !4C-dated buried horizons found in five footslope/back-
slope positions in the catchment to determine erosion peri-
ods and we measured both in situ and meteoric '°Be distribu-
tions along a soil catena to calculate erosion and deposition
rates. With these data, we complement a previous study done
in the same region on intensively used agricultural soils to
understand what '°Be distributions indicate in terms of soil
processes (e.g. erosion, sedimentation) and how and when
anthropogenic processes influenced soil mass redistribution
and soil patterns (Calitri et al. 2019).

2 Study area

The study area is located in the Uckermark region, north-
eastern Germany, which is a formerly glaciated landscape
(Fig. 1). The area has a hummocky terrain characterised by
knolls, a series of small lakes and kettle holes (Calitri et al.
2019). The kettle holes are closed catchments, which allow
quantification of soil erosion and deposition rates by mass
balance calculations. The hummocky ground moraine shows
a pronounced small-scale variation of soil properties and soil
units as a function of topography (Koszinski et al. 2013; van
der Meij et al. 2017).

The study region is characterised by a subcontinen-
tal climate with a mean annual temperature of 8.9 °C and
mean annual precipitation of about 500 mm (Kopp and
Schwanecke 1994). The climatic water balance is slightly
negative (with about —25 mm year™!). We selected the
“Melzower Forst” as study area in the region (Calitri et al.
2020). The Melzower Forst is an old forest complex, which
has been forested for at least the last 250 years, according
to historical maps of the late eighteenth century. It consists
of an old beech tree forest (Fagus sylvatica L.) with some
individuals having an age of up to 400 years (Riiffer 2018).

We selected the study area “Melzower Forst” to compare
it with an intensively studied agricultural site on hummocky
ground moraines (“CarboZALF-D,” Calitri et al. 2019).
These sites share similar soil forming factors (e.g. climate,
terrain, parent material), except for land use (Calitri et al.
2020). Through this comparison, we want to assess the effect
of land use on erosion rates.

The parent material for soil development is an illitic,
calcareous glacial till. According to the geological map
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Fig. 1 Map of Germany and the study area ‘Melzower Forst’ (left). Relationship between terrain parameters and soil thickness (depth to C hori-

zons) and spatial pattern of the TPI (Topographic Position Index; right)

of Brandenburg (http://www.geo.brandenburg.de/boden/;
Geologische Ubersichtskarte, Dezernat Geologische Lande-
saufnahme/Geoarchiv), the morainic deposits are from the
Pleistocene, have a granitic character (Si-rich), are marly and
also contain some carbonates. Loess does not occur in this
region, because it was fully glaciated (Calitri et al. 2019).
These forest soils exhibit strongly varying thicknesses with
very shallow soils, Calcaric Regosols (FAO 2006; TUSS
Working Group WRB 2015), on crest positions (Riiffer
2018) and soils up to 1.5 m at the footslope (Stagnic Albic
Retisols, IUSS Working Group WRB 2015)(Calitri et al.
2020).

3 Materials and methods
3.1 Sampling strategy

A first soil survey at the “Melzower Forst” was completed
in November 2016 and consisted of a total of 29 soil cor-
ings down to a maximum depth of 3 m. The sampling
scheme was designed to select a variety of topographic
positions through a conditioned Latin hypercube sampling
design (n =20, Minasny and McBratney 2006), with addi-
tional points along a flow path (“hydrosequence”, n=5)
and on selected locations based on expert knowledge to
cover the full soils’ feature space (n=4). For the sampling,
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we used polypropylene (PP) tubes with a diameter of
63 mm (HT DN63) and a length of 2+ 1 m. Each PP tube
was inserted in a closed, metal driving core tube (M22;
Nordmeyer Geotool, Herne, Germany) that was driven into
the soil by a self-propelled vehicle (GTR 790; Nordmeyer
Geotool).

From the 29 coring sites, 16 sites were selected to
assess recent soil erosion/deposition rates using plutonium
(Pu) inventories (Calitri et al. 2020) and three to assess
soil redistribution rates along a catena using '°Be (this
study). We analysed both types of '°Be: in situ produced
and meteoric '°Be in the soils. For this purpose, a second
sampling campaign was carried out in November 2017. At
the three sites along the catena (Hydrol, crest position;
Hydro 3, backslope position; Hydro4c, footslope position;
Fig. 2), we sampled three soil cores down to the parent
material (Hydrol and Hydro3, 45 and 200 cm respec-
tively) and down to a buried horizon (c. 175 cm; Hydro4c).
To obtain enough material for in situ '°Be analyses, we
combined samples per horizon and depth: around 5-6 kg
of soil material was necessary to attain enough quartz
(extracted from the 0.25-0.50-mm fraction; see below).
From these samples, an aliquot of a few hundred grams
was taken to perform analyses for meteoric '°Be.

For radiocarbon dating of fossil Ah horizons, we selected
other 4 sites from the first sampling campaign (Hydro5,
LHS6, LHS18, LHS20 in Fig. 1).
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«Fig. 2 Picture of Melzower Forst and schematic cross section (using a
vertical exaggeration of a factor 3) of the investigated catena (hydro-
sequence with sites Hydrol, Hydro2, Hydro3, Hydro4c, Hydro5)

3.2 Soil chemical and physical analyses

Soil samples from cores were dried at 60 °C in the oven,
gently crushed and separated with a 2-mm sieve (fine
earth <2 mm; gravel >2 mm). To determine the particle
size distribution of the fine earth fraction, a combination
of wet sieving (> 63 pm) and pipette (<20 pm) method
(Schlichting et al. 1995) was used. Particle size analysis pre-
treatment consisted of three steps: (i) oxidation of organic
matter using H,0, (10 Vol.%) at 80 °C, (ii) carbonate dis-
solution with 0.5 N HCl (80 °C) and (iii) dispersion by mix-
ing for 16 h with a 0.01-M Na,P,0; solution (Schlichting
et al. 1995). Soil pH was measured using a glass electrode in
0.01-M CaCl, suspensions with a soil:solution ratio of 1:2.5
(w/v) after a 60-min equilibration period (Schlichting et al.
1995). Samples were combusted in an elemental analyser
(Vario EL, Elementar Analysensysteme, Hanau, Germany)
to measure total carbon and nitrogen contents. Carbonate
(CaCO;) was determined by electrolytic conductivity using
the Scheibler apparatus (Schlichting et al. 1995). Organic
carbon (C,,,) was calculated as the difference between total
carbon and inorganic carbon. All the analyses of the soil
properties listed above were performed in two lab replicates
per sample.

Total elemental contents were determined using X-ray
fluorescence (XRF). Finely milled samples of approximately
5 g were analysed using an energy-dispersive He-flushed
X-ray fluorescence spectrometer (ED-XRF, SPECTRO
X-LAB 2000, SPECTRO Analytical Instruments, Germany).
The quality of the analyses was checked using a soil ref-
erence material with certified total element concentrations
(Reference Soil Sample CCRMP SO-4, Canada Centre for
Mineral and Energy Technology).

3.3 Radiocarbon dating of organic matter fractions

The site Hydro 4c and four other soil profiles (Table 5;
Fig. 1) have an older buried soil beneath a more recent soil.
To date accumulation, soil organic matter of the buried soil
was radiocarbon dated. Soil organic carbon contains sev-
eral fractions: labile fractions with faster turnover along
with more stable fractions having an older radiocarbon age
(Eusterhues et al. 2005; Helfrich et al. 2007; Kdgel-Knabner
et al. 2008; Favilli et al. 2009). Particulate organic matter
(POM) was dated to approximately date the burial of the fos-
sil soil at these sites. This organic fraction usually contains
the youngest organic compounds and is thus a good indica-
tor of the burial event (Favilli et al. 2009). Furthermore,
we dated the H,0,-resistant fraction. This approximately
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indicates the oldest organic matter and gives an indication
about the start of soil development (Favilli et al. 2009).
The extraction of the organic matter fractions was done as
described in Favilli et al. (2008).

The carbon ratios were measured by accelerator mass
spectrometry (AMS) using the 0.2-MV radiocarbon dating
facility (MICADAS) of the Ion Beam Physics at the Swiss
Federal Institute of Technology Zurich (ETHZ). The cal-
endar ages were obtained using the OxCal 4.4 calibration
program (Bronk Ramsey 2001, 2009) based on the IntCal
20 calibration curve (Reimer et al. 2020). Calibrated ages
are reported with their 26 error range.

3.4 Sample preparation and measurement for '°Be
analyses

Sample preparation for meteoric and in situ '°Be is described
in detail in Calitri et al. (2019). In brief: to extract mete-
oric 1°Be, 2 g of soil sample was milled to a fine powder
that was spiked with 1 mg of the commercial °Be carrier
(Flucka 14205) and leached in HCI (16%). Be was extracted
from the leachate in the two consecutive steps: hydroxide
co-precipitation and chromatographic separation on Bio-Rad
AG50-X8 resin.

To obtain in situ '°Be, 30 g of pure quartz was separated
from the rest of the soil sample (fraction of 250-500 pum) by
froth flotation and leached in an HF solution. The quartz was
spiked with 0.35 mg of the commercial °Be carrier (Scharlau
BE3460100) and dissolved in concentrated HF. The resulting
fluorides were converted into chlorides and went through a
chromatographic separation on Bio-Rad AG1-X8 and AG50-
X8 resins.

The purified samples (meteoric and in situ '°Be) were
then precipitated into a hydroxide form, calcinated and
mixed with niobium powder prior to accelerator mass spec-
trometry (AMS) measurement. '°Be/’Be ratios were meas-
ured with the TANDY AMS system at the Laboratory of Ion
Beam Physics, ETH Zurich (Christl et al. 2013). The meas-
ured ratios were normalised to the ETH Zurich in-house
secondary standards S2007N and/or S2010N.

3.5 Calculation of mass redistribution rates

We applied different methods to calculate soil redistribution
rates, using both meteoric and in situ 0B contents.

3.5.1 Long-term redistribution rates using meteoric '°Be

Soils build up '°Be in time by atmospheric deposition (mete-
oric '°Be). The theoretical abundance of '°Be for a particular
site can be calculated by knowing the soil age of that landform
by independent dating. Measuring the meteoric '°Be concen-
trations in the soil allows the estimation of soil redistribution
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rates (Maejima et al. 2005; Egli et al. 2010). Consequently,
soil erosion and deposition can be calculated by comparing
the measured '°Be concentrations with the theoretical concen-
trations for the expected age. The surface age of the investi-
gated site was estimated to be 19 to 20 ka based on the timing
of deglaciation (Liithgens et al. 2011; Hughes et al. 2016;
Stroeven et al. 2016). Considering no erosion, the surface age
of a soil is given by

NEX
t:-lln<1—/1—p> (1)
A q
and
e —1
Nexp =q iy (2)

where N, (atoms cm™2) = calculated theoretical '°Be inven-
tory in the profile based on the soil age assuming no erosion,
g (atoms cm~? year™!) =annual '’Be deposition rate (cal-
culated according to Masarik and Beer 2009; Willenbring
and von Blanckenburg 2010), 1 (4.997 X 1077 a™h =decay
constant of '°Be and 7 (a) =soil age. As stated by Egli et al.
(2010), 'Be deposition rates need to be estimated for a
specific area. We estimated a deposition rate of ~ 10® atoms
cm™2 year~! (Masarik and Beer 2009) for the study area, tak-
ing into account the geomagnetic latitude. Considering soil
erosion, Eq. 1 is broadened to a non-steady-state approach
(Zollinger et al. 2017):

1 N
t=——ln<1—ﬂ—> 3
A q = pCiopfEsoir )

and

Eyi=—=—( +9) “
T pf Ciope N — 1

where C; g, (atoms g~ ') =average '°Be content in the top
eroding soil, E ;= soil erosion rate (cm year™!), f=fine
earth fraction and p (g cm™>) =bulk density of the topsoil.
Due to the evolution over time of C,5., We use an average
value between t=0 and 7 of ~ 0.5 X C;gpe(1oday) and assume

that erosion losses are concentrated on the topsoil (e.g.
0-20 cm). We obtain

Ny =N _ AN

t = E(N) ®)

C,(z,&1) = Z & -exp(—%> . [1 - exp(—t(
7 (% +,1m) A;

where E(N) (atoms cm™2 year~') = annually eroded '°Be. As

a result, the annual erosion rate (E,;; cm year™') is result-

ing in
Gt 6
soil pr ( )
where N, = 10Be content in the topsoil (with the thickness

Ziop)- TO convert erosion rates to tons per square kilome-
tre per year, E,; has to be multiplied by soil density and
referred to square kilometres. The concentrations of '’Be
measured in the C-horizon are used to calculate the '’Be
content due to pre-exposure.

An additional procedure (Lal 2001) was applied to estimate
erosion rates using meteoric '’Be and compare the different
methods. The soil erosion (E;) rate is calculated as

Eii = 20Kg (7
and
N +
=2 q”—i]—ﬁ ®)
NS ND

where 7, (cm)=thickness of topsoil horizons (consist of O
and A horizons), K =first-order rate constant for removal of
soil from the topsoil layer, N (atoms cm~2)='"Be inventory
in topsoil horizons, N}, (atoms cm~2) = °Be inventory in the
D layer (usually consists of B and C horizons or the rest of
the soil profile), Q (atoms cm™ year™') = flux of meteoric
10Be into the topsoil and q, (atoms cm™? year™!) =flux of
meteoric '°Be.

These approaches were suitable only for the sites Hydrol
and Hydro3 as a result of their meteoric '°Be depth trends.

3.5.2 Long-term redistribution rates using in situ '°Be

Hidy et al. (2010) developed a depth profile model for sedi-
ments that are not vertically mixed to estimates changes
in the in situ terrestrial cosmogenic nuclide production
rate considering that secondary cosmic ray flux attenuates
through materials. In this case study, the following model
was applied to the sites Hydrol and Hydro3.

The concentration C (atoms g~ ) for a specific nuclide m
that is produced only from high-energy nuclear and muo-
genic reactions (e.g. 10Be, 14C, 20A1, 21Ne) and is a function
of depth z (cm), erosion rate & (cm year™") and exposure time
t can be defined as

— 4+ /lm> >] + th,m . exp(—/lmt) )]

@ Springer



3776

Journal of Soils and Sediments (2021) 21:3770-3788

where i stands for the different production pathways for
nuclide m (neutron spallation, fast muon spallation, and
negative muon capture), P(0),, ; is the site-specific surface
production rate for nuclide m via production pathway i (in
this case, 4.29 atoms g~! year™!), 4, is the decay constant for
nuclide m (a™), p. is the cumulative bulk density at depth
z (g cm™3), A, is the attenuation length of production path-
way i (160 g cm™ for neutrons) and Cium 18 the inherited
(depositional) concentration of nuclide m (atom g~!). The
depth trends were modelled using Eq. (9) and a Monte Carlo
simulation. Each individual, the modelled depth trend of
the '’Be content was compared to the observed values and
iteratively fitted (using erosion rates and inherited '°Be) until
the differences were minimal. In case of vertical mixing, i.e.
clay translocation of the depth profile, as observed in our
study area, modelling becomes more difficult. Nonetheless,
with sufficient data points, the trend can equally be traced.
In the case of well-mixed soils, °Be can still be used to
determine erosion rates at the landscape scale from stream
sediments and at the plot scale for soil production rates (i.e.
Granger and Riebe 2007, 2014; Norton et al. 2010). For this
purpose, we used the ‘CRONUS’ online calculator for erosion
rate estimate (Balco et al. 2008; http://hess.ess.washington.
edu/). Erosion rates were calculated using an average '°Be
concentration of the top ~60 cm, assuming that these repre-
sent an average surface content due to the complete mixing.

3.6 Data and statistical analyses

Linear, multiple linear and polynomial (second order)
regressions were carried out to help explain the behaviour
of '°Be in the soils and describe it as a function of control-
ling factors. All data that were considered for this analysis
showed a normal distribution (Shapiro—Wilk test).

4 Results

4.1 Morphological, physical and chemical soil
properties

The soil thicknesses as derived from the depth to C-horizons
increase along the catena (Tables 1 and 2; Fig. 1; see also

Calitri et al. 2020). The intensity of redoximorphism increases
towards the lower slope soils but is mostly restricted to subsoil
horizons (see horizon designations in Table 2). All studied
soils have a sandy-loamy to loamy texture and a low gravel
content except for a few horizons at the Hydro3 site (Table 2).
Clay translocation from eluvial to illuvial soil horizons is
clearly recognisable as the main pedogenic process along
the catena (Fig. 3). Hydrol classifies as a Nudiargic Luvisol,
Hydro3 as an Endostagnic Albic Retisol and Hydro4c is a
Katostagnic Albic Retosol (IUSS Working Group WRB 2015;
Table 1). The clay increase towards the illuvial horizons (Bt)
in Hydro3 is almost twice as high as in Hydro4c. Together
with the much larger total thickness of Bt horizons (Hydro3
83 cm, Hydro4c 30 cm, Table 2), this indicates Hydro3 being
exposed to a much longer period of progressive soil develop-
ment (ceteris paribus). The topsoil of Hydro4c is acidic with
pH ranging between 3.6 and 5.1. Hydrol and Hydro3 have
pH values ranging from strongly acidic (4.0) to neutral (7.0).
The C horizons of Hydrol and Hydro3 are characterised by
higher pH values (7.5) due to carbonates (10% CaCOs;). The
soil organic carbon content (SOC) in the Ah horizon ranged
from 1.6 to 2.8%.

4.2 'C dating

We analysed soil samples from 5 buried horizons for *C dat-
ing (Fig. 1; Table 5). The buried horizons are located at simi-
lar depths (ca. 180-210 cm) except for the fAh horizon at the
LHS6 site (85-108 cm). All calibrated ages (POM fraction)
are comparable with an age (1-sigma range) spanning from
4607 to 4448 year cal BP (LHS18) to 6845-6745 year cal
BP (Hydro4c). Despite being the most superficially buried
horizon (85-108 cm), the fAh horizon at LHS6 is not the
youngest (5576-5335 year cal BP).

Three fossil Ah horizons (Hydro5, LHS18, LHS20)
treated with hydrogen peroxide (H,0,) treatment showed all
comparable ages around 11 kyr cal BP. LHS6 has a slightly
younger age 9696-9025 yr cal BP. In contrast, Hydro4c
is older than the rest of the soil profiles having an age of
17,560-16,161 year cal BP. The uncertainty in the 14C meas-
urements of the H,O,-treated fraction is relatively high for

Table 1 Location, landscape attributes and soil characteristics for study site “Melzower Forst”

Site name  Coordinates (°N/°E) Slope (°) TPI25 (m) dts(m) Soil classification (IUSS Working Depth to  Fossil Ah,
Group WRB 2015) C (cm) upper boundary
(cm)
hydrol 53.152938/13.883513 4.2 0.79 115 Nudiargic Luvisol (LV-ng) 30 -
hydro3 53.153241/13.884138 4.4 -0.23 58 Endostagnic Albic Retisol (RT-stn.ab) 154 -
hydro4c 53.153446/13.884194 4.1 -0.31 38 Katostagnic Albic Retisol (RT-stk.ab) 214 170

dts distance to sink
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Fig. 3 Detailed overview of grain sizes as a function of soil horizons for the sites a) Hydro1, b) Hydro3 and ¢) Hydro4c

all the samples — except for the Hydro4c site — due to a
too low amount of material for the AMS measurements. The
14C ages of the H,0,-resistant fraction indicates a start of
soil development around 17 kyr BP whereas the '“C ages of
the POM fraction evidence erosional events between about
4.5 and 6.8 kyr BP.

4.3 Meteoric and in situ '°Be

The contents of meteoric '’Be as a function of soil depth
are given in Fig. 4. The original data are found in the sup-
plementary Table S1. Site Hydrol has a much lower '°Be
content than Hydro3 or Hydro4c. The highest content was
usually found in the subsoil (E/Bth-Hydro3). The '°Be con-
tents in Hydrol match with the profile morphology (Ah, thin
Bt and C horizon), which suggests that former E and most
of the Bt horizons were removed.

Similar to the meteoric '°Be, the highest content of in situ
19Be was detected in the EA horizon in the Hydro3 pro-
file (Fig. 4). As in situ '°Be is measured in quartz, it seems
unlikely that the '°Be profile primarily reflects clay translo-
cation (eluviation/illuviation). This distribution might also
be a result of bioturbation, as intense earthworm and mice
activity was observed while sampling.

The profile Hydro4c shows an increase in the meteoric
19B¢ content with depth and the peak right in the fAh hori-
zon. This might be due to (i) the burial event per se, with the
deposition of soil material on the top of an older topsoil and
(ii) clay-mediated transport of 19Be (see Sec. 5.2).

Moreover, we compared the 10Be contents of the Mel-
zower Forst (Hydrol, Hydro3, Hydro4c) with °Be data
from an agricultural landscape in a similar geographical
setting, the CarboZALF site (with the profiles LP4, LP12N,
VAMOS; Fig. 4; Table 1; Calitri et al. 2019). As shown in
Fig. 4, the meteoric '’Be depth profiles of the Melzower
Forst are moderately comparable to those at the CarboZALF
study site. Both non-eroded soils show similar clay depth
functions and comparable depth profiles for both meteoric
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and in situ '°Be (Hydro3, backslope position vs. LP4, pla-
teau position). The two eroded soils with remnants of the
former Bt (Hydro 1, LP12N) resemble each other in Be
depth functions as well.

Table 4 shows the relationships between meteoric,
in situ '°Be and physical and chemical properties. !°Be
and pH exhibit the highest correlation. Although the pat-
tern of clay particles along the soil profile and meteoric
10B¢ look similar, the correlation between them is not
significant.

We found a good correlation of both types of °Be with
pH (Table 4). In the case of meteoric 10Be, the correla-
tion has a convex shape with a peak concentration at pH
5.5. Both 'Be showed a statistically significant correla-
tion with pH, Fe;,;, and Al , — meteoric '’Be: R?=0.40,
p-value =0.01, in situ '°Be R>=0.43, p-value =0.004.
Because in situ !°Be is extracted from quartz of the frac-
tion (250-500 pm), the relation to pH and pedogenic oxy-
hydroxides results from similar depth gradients of drivers
rather than being causal. Furthermore, Be shows affinities
to the major cations Al, Si and Mn, and the lithogenic
trace elements neodymium (Nd) and zirconium (Zr) (Ryan
2002). However, in terms of atomic structure and valence
state, it is associated with alkaline earth elements. A mul-
tilinear regression highlighted a weak correlation between
meteoric '°Be and Nd and Zr (R2=0.34; p-value=0.01;
data not shown) for the Melzower Forst.

4.4 Soil redistribution rates

The depth function model (Fig. 5) of Hidy et al. (2010)
was used to simulate the in situ !°Be contents along the
soil profile and to derive soil erosion rates. This model
could be applied successfully to Hydro3 and much less
convincingly to profile Hydrol, which had only three data
points along the profile. The Hydro4c site exhibited con-
stant in situ '°Be content along the profile; therefore, mod-
elling was not possible.
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Fig.4 Depth trends of meteoric
10Be (at ¢! fine earth —<2 mm
—x10%) and in situ '°Be (at

g~! quartz — 250-500 pm

—x 10%) contents of the forest
sites (Melzower Forst) Hydrol
(summit), Hydro3 (backslope)
and Hydro4c (footslope) in
comparison with depth trends
of meteoric and in situ '°Be

of soils in agriculture land
(CarboZALF) with the sites
LP4, LP12 and VAMOS (Calitri
et al. 2019). The grey line rep-
resents the C horizon, and the
dashed magenta line stands for
the fossil A horizon
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Fig.5 In situ '°Be distribution along the profiles and modelled trend using Eq. 9. Inherited '°Be and erosion rates were iteratively obtained by
minimising the difference between measured and modelled values. a Hydrol and b Hydro3

The soil redistribution rates derived from both meteoric
and in situ '°Be are reported in Table 3.

The erosion rates calculated for the site Hydrol (crest
position) are always higher than those of the sites Hydro3
and Hydro4c (backslope and footslope position) independ-
ent from the method used, except when using the depth
function model (Hidy et al. 2010). When using meteoric
10Be, the approach of Lal (2001) does not produce a mean-
ingful sequence. When using in situ '°Be, the calculated
soil erosion rates were usually lower. Independent of the
type of nuclide used, erosion rates were much lower at the
backslope site (i.e. Hydro4c) than at the other sites.

Moreover, we made an independent estimate of soil
erosion using a similar methodology as in van der Meij
et al. (2017) (Fig. 6). We calculated the current soil thick-
ness using linear regression of depth to C horizon using
the logarithm of flow accumulation (R?=0.62) with 29
soil observations of the study site. We then derived the
soil loss by subtracting the current soil depth from the

mean depth of undisturbed soils (i.e. soils affected by nei-
ther erosion nor deposition; 108 cm). The results show
the most soil loss at the crest positions (Fig. 6). Soil loss
decreases towards the centre of the catchment.

5 Discussion
5.1 Periods of stability and erosion

The Melzower Forst has a complex history of varying land
use and land cover, with stable periods with progressive
pedogenesis and unstable periods with regressive pedo-
genesis in the form of soil erosion. The 4C dating helped
us identify two of these periods.

The oldest '*C dating of the H,0,-resistant fractions
indicates a start of carbon uptake and progressive pedo-
genesis around 17 to 16 kyr BP. This date neatly follows
the deglaciation of the area around 19 ka BP (Liithgens
et al. 2011; Hughes et al. 2016; Stroeven et al. 2016).

Table 3 Long-term soil redistribution rates. Positive values indicate soil erosion/loss

Site Meteoric '°Be In situ "%Be
Model used
Lal (2001) Zollinger et al. Depth function (Hidy et al. ~ Cronus (Balco et al.,
(2017) 2010) 2008)
tha™! year™ tha™! year™ tha™! year™ tha™! year™!
Hydrol 1.62 392 0.11 1.20
Hydro3 2.99 0.47 0.19 0.77
Hydro4c 2.83 —3.88 - 0.81
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Table 4 Relationship between physical/chemical properties and meteoric and in situ '’Be. Numbers reported refer to R? values

Clay (%) pH (CaCl,) Fe,, (2kg™h) Fegy (2 kg™) Al (kg™ Mng,,, (mg kg™h)
met °Be ns. | 0.67:#%8 0.35%:T 0.26*" ns. | 0.37%T
In situ '°Be - 0.607% 3 0.26%%8 0.26%F 0.27%% 0.20%F

n.s. not significant
*p-value < 0.05; **p-value < 0.01; ***p-value < 0.001
TLinear regression

$Polynomial regression

This stable phase ended around 7 ka BP, as the 4c
datings from the POM fractions indicate (Table 5). The
fAh horizons were all buried about 4.6 to 6.8 ka cal BP.
Around this time, the first settlements and agricultural
activities started in the region, triggering a regressive
phase of soil erosion by deforestation and primitive land
management (Schatz 1999; Jahns 2000, 2001; Kulczycka-
Leciejewiczowa and Wetzel 2002; Kappler et al. 2018; van
der Meijj et al. 2019). Kappler et al. (2018) mention that
in spite of numerous Neolithic settlements in the study
area, no correlative colluvial sediments were detected so
far. They attributed first that human-induced soil erosion
is attributed to the Late Bronze Age, i.e. c. 4000 years
ago. With our 14C data, we can show that this human-
induced erosion most likely started earlier than previ-
ously thought and that it better matches with the start of
the first settlements in that region. The Melzower Forst
was probably also affected by these agricultural activi-
ties, because deforestation and land management are the
main causes of soil disturbance and erosion in such small
catchments. This fits well to records of many sedimentary
archives globally, where an increase in erosion rates is
often observed 6 to 7 ka BP (Owens 2020). Deforestation
and fires can accelerate soil erosion by water distinctly but

cannot explain highest erosion at crest position (accord-
ing to profile truncation). The observed soil patterns, with
most erosion on the convex crests and deposition at the
footslopes (Fig. 6), are generally caused by tillage erosion
(De Alba et al. 2004; Wilken et al. 2020). The spread in
the '“C ages over such small differences in the depression
can indicate a gradual infilling of the colluvium. The same
was observed at CarboZALF, where the ages of colluvium
can vary hundreds to thousands of years of a distance of
tens of metres (van der Meij et al. 2019). Charcoal parti-
cles and other burnt organic remnants to testify the human
presence and deforestation were not found in any of the
buried horizons. Nonetheless, we can hypothesise that a
change of land use in the Neolithic (4776-2595 BC) trig-
gered a regressive period in the soil development of the
area.

The current stable phase started at least 250 years ago,
according to the historical maps. With reforestation of the
catchment, the soil-stabilised and progressive pedogenic
processes, such as clay translocation, could start again. This
especially holds true for Hydro 4c, where distinct E and Bt
horizons developed in the colluvial deposits.

With the use of '*C dating and historical maps, we
could identify these three periods of soil and landscape

Table 5 Analysed soil material and related results of radiocarbon dating

Site/sample UZH-/ETHZ-code Material Depth (cm) Treatment Cl14 age (BP) +1c cal age (calBP)
lo 20

Hydro4c fAh  UZ-6516/ETH-96758 Soil 180-210 POM 5965 27 6845-6745 6888-6731
Hydro5 fAh  UZ-6518/ETH-96760 Soil 185-213 POM 5128 26 5925-5767 5981-5753
LHS6 fAh UZ-6515/ETH-96757 Soil 85-108 POM 4741 26 5576-5335 5581-5329
LHS18 fAh  UZ-6517/ETH-96759 Soil 180-210 POM 4067 25 4607-4448 4795-4438
LHS20 fAh  UZ-6519/ETH-96761 Soil 170-219 POM 5609 27 6405-6317 6445-6307
Hydro4c fAh  UZ-6834/ETH-106293.1.1  Soil 180-210 H,0, 13,895 454 17,560 — 16,161 18,177 — 15,695
Hydro5 fAh  UZ-6836/ETH-106295.1.1  Soil 185-213 H,0, 9567 270 11,240 - 10,507 11,808 — 10,225
LHS6 fAh UZ-6833/ETH-106292.1.1  Soil 85-108 H,0, 8440 254 9696 — 9025 10,180 — 8774
LHS18 fAh  UZ-6835/ETH-106294.1.1 Soil 180-210 H,0, 9762 283 11,688 — 10,708 12,431 - 10,300
LHS20 fAh  UZ-6837/ETH-106296.1.1 Soil 170-219 H,0, 9551 348 11,308 - 10,291 12,098 — 9999

POM particulate organic matter (potentially the youngest fraction), H,0, hydrogen peroxide (H,0O,)-resistant organic matter (potentially the old-

est fraction)

@ Springer



3782 Journal of Soils and Sediments (2021) 21:3770-3788
Depth to C [cm] Soil loss [cm]
o 3 o
0 <, 0
S \/w% S
()] [*2]
o] B «Q
[Te) [Te)
Q 50 /
~
. 700 — 300
- -20
- 250
3 B
S 4 - 200 & - -40
I} © LHS18 -
3 - 150 3
® ¢ hydro5 — -60
— 100
- - -80
— 50
o o
0 n
[ee] [ee)
o — (]
[ee] o)
o] o)
wn n

3425300 3425400 3425500

3425300 3425400 3425500

Fig. 6 Interpolation of the depth to parent material (C horizon; m) and estimation of erosion (soil loss; m)

development in the Melzower Forst. Our findings corre-
late well with reconstructions of historical land use in the
Uckermark region (Jahns 2000; Kappler et al. 2018; van
der Meij et al. 2019). Since the beginning of agricultural
activities, increased erosion events distinctly affected soils
and their characteristics giving rise to a landscape with
truncated soil profiles and colluviums. However, there
might be more periods that we have not yet identified in
the deposits at Melzower Forst, such as periods of aban-
donment and peaks in settlements of the Bronze Age or the
Migration Period (Jahns 2000; Schultz 2009). Additional
datings of carbon and sediments throughout the colluvial
soil profiles will increase the temporal resolution of the
land use reconstruction and can shed light on different
periods of landscape stability and instability.

5.2 Beryllium-10 ('°Be) along the soil profile

The depth trends of meteoric '°Be in the three profiles are
classified in literature as a ‘bulge’ type. In these soils, the
peak of the meteoric '°Be content can be found in a clay-rich
B-horizon layer. Graly et al. (2010) showed in their review
that this kind of shape is typical for older and slowly eroding
soils. The ‘bulge’-type profile of the investigated soils seems
rather due to clay translocation than by age and/or slow ero-
sion (Pavich et al. 1984; Egli et al. 2010). Schaller et al.
(2018) investigated the contribution of climate and vegeta-
tion cover on hillslope denudation in Chile using in situ '°Be
and found ‘bulge’ '°Be depth profiles. In that particular case
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study, the ‘bulge’ shape was attributed to natural soil mixing
(e.g. bioturbation).

We compared the '“Be depth profiles of the present study
to '°Be depth profiles from an agricultural landscape (at the
CarboZALF research station; see Calitri et al. 2019) in the
same research area (Fig. 4; Table 1). Although the quantities
of '°Be at Melzower Forst are generally higher than those of
CarboZALF, the trends of '’Be along the soil profiles match
quite well with each other.

For the erosional site Hydro 1 (Nudiargic Luvisol), the
current soil thickness of 30 cm is caused by erosion in the
strongly regressive phase that started about 7 ka BP. The soil
horizonation of Hydro 1 matches that of profile LP12N at
CarboZALF, although the thickness of the Bt is much lower
at Hydro 1. Profile morphology corresponds to similar '’Be
depth functions in both profiles.

The profile of Hydro3 (Endostagnic Albic Retisol) in a
backslope position shows a complete soil profile (Table 2)
and resembles LP4 at CarboZALF. Based on the horizona-
tion and the typical bulge shape of the meteoric '°Be, ero-
sion of this profile can be assumed minimal. However, in situ
19B¢ does not show an increasing content to the soil surface
as would be expected from non-eroding soils (Schaller et al.
2018). Instead, the in situ 19B¢ content is lower in the topsoil
(<30 cm) compared to horizons just below. We can explain
this depth trend by viewing the topsoil of this backslope
position as a transport zone, in which erosion and deposition
is balanced. The soil profile Hydro4c (Katostagnic Albic
Retisol) has developed at a depositional position. In order
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for the sediments to reach the depression, they have to be
transported along the slope. The '°Be content of the trans-
ported material decreases, because subsoil material, having
a lower '%Be content, has been exposed at the surface of
soils at a higher position along the catena. In consequence,
the transported material deposited at Hydro4c represents a
mixture of differently eroded (top-)soils from the catchment.

The depositional nature of Hydro4c is supported by the
presence of a buried topsoil (fAh), just as profile VAMOS
at CarboZALF. The meteoric '°Be profiles show a similar
trend, with an increasing '°Be content up to the fAh horizon.
The in situ '°Be profiles slightly differ, with a constant '°Be
content at Hydro4c throughout the profile and a small bulge-
shape in the '°Be content at VAMOS.

Although the current land use of Melzower Forst and
CarboZALF differ, their °Be profiles still match fairly well.

5.3 Correlation of '°Be with soil physical
and chemical properties

The depth distribution of meteoric '°Be is controlled by a
wide range of factors. In Luvisols and Podzols, meteoric
10Be may be transported by lessivation and podzolization
processes (Pavich et al. 1984; Egli et al. 2010). Despite the
documented clay translocation in the region (Sommer et al.
2008; Calitri et al. 2019), which was also observed in the
present study (Fig. 3), the correlation with meteoric '°Be is
not significant.

In tropical Oxisols, the meteoric '“Be is primarily in the
oxyhydroxide fraction, which allows more transport to depth

pH (CaCl,)

than simple clay translocation (Barg et al. 1997). Indeed,
we found a positive correlation with the oxalate-extractable
Fe (weakly or non-crystalline forms; Fe ), the dithionite-
extractable Fe (Feg,,) and dithionite-extractable Mn gy,
(Table 4). Meteoric '°Be can be incorporated as a cation in
oxyhydroxide complexes (Barg et al. 1997; Takahashi et al.
1999). Therefore, the distribution pattern of meteoric '’Be
is governed to a certain extent by Fe—-Mn oxyhydroxides.
Wyshnytzky et al. (2015) and Campforts et al. (2016)
identified pH as one of the key variables controlling mete-
oric 1°Be sorption reactions. In contrast, Graly et al. (2010)
did not find a statistically significant effect of soil pH
on meteoric '’Be. According to Boschi and Willenbring
(2021), the cation exchange capacity and the inverse abun-
dance of quartz best predict Be sorption. Similarly, Chen
et al. (2020) argue that grain size, mineralogy, pH and cat-
ion exchange capacity control the '°Be contents in soils.
The cation exchange capacity is influenced by soil acidity.
In our investigated soils, pH seems to exert an influence on
meteoric 'Be (Fig. 7); the processes or factors that lead
to this non-linear pattern, however, seem diverse. In the
pH range 3.5-5.5, meteoric '°Be decreases with decreas-
ing pH. This effect points to chemical leaching (transport
in dissolved forms) and translocation with clay particles.
As already pointed out by Heyn (1989) and Keilen et al.
(1977), a decreasing pH increases the solubility of Be. The
E-horizons often have a pH-value <5 indicating a leaching
of soluble '°Be and co-translocation with clays. An active
clay migration at Hydro4c in the top 40 cm is strongly
limited to inexistent owing to a too low pH. Here, solute
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transport seems to dominate while at the sites Hydrol and
Hydro4 predominantly clay migration or a combination
with solute transport is the determining process. In the pH
range > 6 to 7.7, the contents of meteoric 10B¢ decrease with
increasing pH. This is due to the fact that high pH values are
encountered in the subsoil or parent material where only a
small amount of '°Be accumulated (Table 5).

5.4 Soil redistribution rates

The calculated soil redistribution rates vary substantially,
depending on the type of '°Be and the model that are used
to calculate the rates. The calculated erosion rates vary from
0.1 to 3.9 t/ha/year (Table 3); in some situations, accumu-
lation was determined. The erosion rates correspond to a
soil loss of 0.1 to 3.1 m over the entire Holocene. These
rates seem too high for (pre-)historic agricultural erosion
and would require unrealistic high soil development rates.
The measured accumulation rates using meteoric '°Be for
the last 6.8 kyr (Hydro 4c) give a deposition of about 1.7 m
which corresponds quite exactly to the soil layer measured
above the buried horizon at this site.

We estimated the spatial pattern of soil loss in Fig. 6.
If we divide the estimated soil loss by the surface age of
the investigated site of 19 ka, we obtain an estimate of the
spatial variation in long-term soil erosion. The average ero-
sion rate for the entire catchment is 0.3 +0.2 t ha™! year™!.
For the Hydrol site, the long-term erosion rates range from
0.6 to 0.8 t ha™! year™!. These rates are in the same order of
magnitude as the soil redistribution rates calculated using
in situ '°Be. Based on the estimated soil loss, there was
no erosion at the Hydro3 and Hydro4c sites, because their
interpolated soil thickness exceeded the reference thickness.
The distribution pattern of these calculations match with
the results obtained from '°Be (calculate version using the
approach of Zollinger et al. 2017). The absolute values of
erosion however differ (with higher values when using '°Be
compared to this modelling approach).

The calculated rates are higher than long-term, large-
scale erosion rates calculated for middle European river
catchments (0.3—1.5 t/ha/year, Schaller et al. 2001).
However, the catchment of the Melzower Forst is much
smaller than those of the European rivers studied by
Schaller et al. (2001), which would indicate severe ero-
sion and deposition in the Melzower Forst. Also, the cal-
culated erosion rates using in situ '°Be are higher than
those at CarboZALF (0.03-1.61 t/ha/year, Calitri et al.
2019). This is surprising, because the CarboZALF site
has been intensively used in the last centuries, especially
since the Second World War, contrary to the Melzower
Forst that was forested in that period. This period after
the Second World War is generally considered to be the
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most erosive, due to intensification of agriculture and
increase of machine power (Frielinghaus and Vahrson
1998; Sommer et al. 2008).

Other difficulties may arise in the estimation of erosion
rates using in situ '°Be if a model (e.g. CRONUS) consid-
ers only the topsoil. The approach according to Zollinger
et al. (2017) and Hidy et al. (2010) have problems in solving
bulge-shaped '°Be distribution profiles that are due to clay
translocation, bioturbation or other processes. An additional
error source might be the difficulty in precisely estimating
the input rate of meteoric '°Be. The meteoric '°Be flux on
Earth’s surface is the most critical parameter in estimating
soil erosion rates (Chen et al. 2020; Derakhshan-Babaei
et al. 2020). Therefore, the calculation of soil erosion or
denudation rates using '°Be may be prone to errors depend-
ing on the environmental settings. The calculated erosion
rates at Melzower Forst using '°Be are higher than expected.
An explanation for this can be found in the complex erosion
and land use history of Melzower Forst and the limitations
of the applied Beryllium-erosion models to account for dif-
ferent phases of erosion and stability. The soil deposition
rates, however, seem to match the conditions.

At Melzower Forst, periods with erosion and deposition
alternated with more stable conditions. When calculating
erosion rates using in situ or meteoric 10Be, an average
value over the entire soil development period (i.e. since the
last deglaciation and Holocene) is obtained. This includes
therefore also stable periods, where little or no erosion has
occurred. Consequently, the erosion rates are underestimated
in periods (like 7 kyr BP-250 years ago) having instable and
regressive conditions and overestimated for stable periods
having progressive conditions for soil formation.

Soil removal from eroding positions, transport over the
hillslope and deposition in the depression affected the Beryl-
lium profiles differently at different hillslope positions. The
current Be profiles are a product of alternating periods of
stability and erosion and landscape position. To disentangle
the Be-profiles and reconstruct the erosion history, the used
model approaches for '°Be have some difficulties. Numerical
process-based models may help in explaining the complex
soil mass redistribution (e.g. Campforts et al. 2016).

6 Conclusions

The application of meteoric and in situ '°Be and '*C dating
along a soil catena in a small forested catchment revealed
progressive and regressive phases of soil evolution. Mete-
oric and in situ '°Be exhibited sometimes depth profiles
with a ‘bulge’ shape. Clay translocation can explain in part
the profile distribution of meteoric '°Be, but not only. The
depth trend of in situ '°Be along the profiles at the mid-
slope position is more or less according to the expectances.
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In addition, in situ '“Be revealed the different layers and
enabled a differentiation between buried horizons, deposited
material, biologically reworked and redistributed material.
The footslope soil did not show any depth trend and exhib-
its strongly depositional conditions. The crest position had
the lowest '°Be content for both, meteoric and in situ '°Be.
Although the Melzower forest is protected and has been a
forest since least 250 years, '°Be clearly indicates major soil
mass redistribution along the investigated catena. The cal-
culation of soil deposition rates using meteoric '°Be gave
realistic values. The determination of meaningful erosion
rates was, however, difficult — independent of the type of
19Be and related model for rate calculations. Furthermore,
we applied an independent spatial modelling approach where
the current soil thickness was related to flow accumulation.
Knowing soil depth distribution and their age, the erosion
patterns and rates could be calculated. Using this procedure,
a quality check with the '°Be results was enabled. The soil
redistribution rates (over the entire period of soil formation)
were similar to those obtained from a nearby area that is
used for intense agriculture (CarboZALF area). This means
that the effects of the past, long-term soil mass redistribution
still overshadow the present-day erosion.

The '“C ages of buried soil horizons point to strongly
regressive soil development phases (with erosion and depo-
sition) that started particularly between about 4.5 and 6.8 kyr
BP. Although absolute proofs are lacking, this seems to be
due to human impact that started to increasingly affect soil
properties at that time. The temporal erosion pattern fits with
archaeological finds of first settlement in the region around
7 kyr BP. However, stronger soil erosional signals were so
far dated back to about max 5 kyr BP. We show now that
strong erosional processes already occurred earlier and seem
to coincide with the onset of these settlements.
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