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Abstract

In the context of ongoing climate change, more attention is being given to soil
and its organic carbon pool. This is because soil could partially compensate for the
increasing amount of carbon dioxide in the atmosphere or, on the other hand, be a vast
pool of carbon dioxide if organic matter stored in soil mineralizes. Therefore, the
precision of soil organic carbon pool estimation, development of monitoring methods,
and revelation of factors controlling the pool have been more and more focused on by
soil scientists. Conventional soil sampling for soil organic carbon pool estimation and
modelling includes manual sampling, measuring forest floor depth and bulk density, and
taking soil samples for carbon concentration analysis. These are time and labour
demanding. Therefore, there is an effort to develop precise models predicting the carbon
pool based on its driving factors that would limit the amount of fieldwork. The models
often use remote sensing data, and, in addition, there is an effort to estimate soil organic
carbon concentration from soil spectral characteristics.

Nevertheless, another variable needed to estimate the organic carbon pool is
the thickness of the soil profile or individual soil horizons. The thickness can hardly be
determined from remote sensing data, so it has to be measured in the field. However,
some geophysical methods look promising and could provide thickness information in
greater detail and with less effort than manual sampling; in particular there is ground-
penetrating radar, which is being engaged to estimate the horizon depths non-
destructively.

This doctoral thesis aims to bring new knowledge about the soil organic carbon
pool, factors controlling the pool, and methods for estimating it in temperate forests. It
examines the variability of the soil organic carbon pool and its driving factors and,
subsequently, the variability of forest floor and topsoil thicknesses and their driving
factors. However, the main objective was to test the usability of ground-penetrating
radar to estimate forest floor and topsoil thicknesses.

The soil organic carbon pool was analyzed along several gradients across the
Czech Republic. The forest floor and topsoil thicknesses were studied at a finer scale at
a site of 1 km?® Both studies examined the effect of climatic conditions, vegetation,
anthropogenic acid deposition, and other factors on the soil organic carbon pool and the
forest floor and topsoil thicknesses. The potential of ground-penetrating radar for soil

survey was reviewed, based on 130 articles published on the Web of Science and



SCOPUS between 1995 and 2018. The review summarizes approaches, purposes, and
conditions of ground-penetrating radar use in soil surveying. The fieldwork comprises
ground-penetrating radar surveys of organic layer depths, repeatedly run on the same
transects on two study sites with contrasting soil types under different moisture
conditions. Ground-penetrating radar outputs were verified with the actual depth
measured manually at the field.

The study of the driving factors of soil organic carbon pool and forest floor and
topsoil thicknesses found that climatic conditions, vegetation, and acid deposition
controlled the soil organic carbon pool and the forest floor and topsoil thicknesses at
both scales (regional acrros the Czech Rpublic and local at 1 km? site). The best
predictors, however, differed between scales. An approach to data processing was
proposed to estimate forest floor and topsoil thicknesses using ground-penetrating radar.
The approach did not detect the boundary between the forest floor and topsoil, but it
was successful for the topsoil/mineral soil boundary. The average error of thickness
estimation was about 25%. However, the mean thickness at the transects applicable for
soil organic mass estimation showed a mean measurement error of only up to about 9%.
Average measurement errors were slightly lower under wetter conditions, but the mean

thickness estimation was more accurate under the driest conditions.

Key words: soil organic carbon pool, ground-penetrating radar, forest floor thickness,

topsoil thickness, moisture conditions



Abstrakt

wrwe

oxidu uhli¢itého v atmosféte, je stale vice pozornosti vénovano vypoctu organického
uhliku v pidé a moznostem jeho sekvestrace. Pida je nejvétSim terestrickym
zasobnikem uhliku a mize zpomalovat stoupajici mnozstvi oxidu uhli¢itého v atmosféie
jeho sekvestraci nebo v opa¢ném piipadé byt vyznamnym zdroje oxidu uhlicitého,
pokud by doslo k mineralizaci organického uhliku ulozeného v ptidé€. Proto se pedologie
stale vice zabyva zpiesiiovanim odhadii uhlikovych zéasob, vyvojem metod jejich
monitorovani a hledanim faktor(, které sekvestraci a stabilizaci uhliku v ptdé ovliviuji.
Konvenéni sbér dat za ucelem odhadti zasob uhliku v ptidé sestdva z manudlniho
terénniho prizkumu pomoci pidnich sond, méfeni mocnosti horizont a odbéru vzorki
pro stanoveni obsahu organického uhliku. Tyto prace jsou vSak Casové i1 financné
znaén¢ narocné. Proto je snahou nalézt faktory, které zasobu organického uhliku
ovliviiuji a na jejich zéklad¢ predikovat mnozstvi uhliku v mistech, kde ptdni priizkum
nebyl proveden. Vyznamny posun pfinesl i dalkovy prizkum zemé¢, ktery umoziuje
odhadovat koncentraci ptidniho organického uhliku na zaklad¢ spektralni odrazivosti
pudy. Nicméné, jednim z kli€ovych parametri potiebnych pro odhad zasob uhliku v
pudé je mocnost pudniho profilu (jednotlivych horizonttl), kterou vsak lze jen velmi
obtizné urcit pomoci ddkového priizkumu, a musi byt méfena v terénu. Usnadnéni
terénnich praci slibuji nékteré geofyzikalni metody, predev§im georadar (GPR radar),
ktery je urcen k méfeni hloubek bez naruseni povrchu a mohl by poskytnout data o
mocnostech piidnich horizontti ve vétSim detailu a s mensimi naklady.

Predkladana disertacni prace si klade za cil pfispét k poznani zésob
organického uhliku v pidé a faktord, které je ovliviiuji a dale ovéfit metodu méfeni
mocnosti piidnich horizontlh pomoci georadaru v temperatnich lesich.

Zasoby uhliku v pidé byly zkoumany na regionalni trovni celé Ceské
republiky, mocnost humusovych horizontii byla zkouména detailngji v ramci jednoho
povodi o rozloze 1km®. Studie na obou trovnich hodnotily vliv klimatickych podminek,
vegetace, kyselé atmosférické depozice siry a dusiku a dalSich faktorti na zdsobu uhliku
vpidé a mocnost humusovych horizonti. Vlastni aplikaci georadaru v piidnim
prazkumu piedchazela reserSe na zakladé 130 ¢lankh publikovanych mezi roky 1995-
2018 na Web of Science a SCOPUS. Nasledny vyzkum méfeni mocnosti humusovych

horizonti radarem GPR probihal opakované za odliSnych vlhkostnich podminek na



dvou lokalitach s kontrastnimi ptidnimi typy a vystupy byly porovndvany s mocnostmi
naméefenymi manudlné v terénu.

Na obou studovanych trovnich byl zjistén vliv klimatu, vegetace a kyselé
atmosférické depozice siry na zasoby uhliku v piidé a mocnost humusovych horizontd,
ale lisily se proménné, které¢ dany faktor vhodné charakterizovaly. Za ucelem zjistovani
mocnosti humusovych horizonti pomoci GPR radaru byl navrzen novy postup
zpracovani radarovych dat, sjehoz pomoci bylo detekovano rozhrani humusovych
horizontli a mineralni pidy. Primérnd chyba méfeni mocnosti se pohybovala kolem
25%, ale primérna mocnost na celém méteném transektu vykazovala chybu jen do 9 %.
Primérna chyba méfeni mocnosti byla mirné nizs$i za vlh¢ich podminek, ale odhad

primérné mocnosti byl nejptesnéjsi za nejsussich podminek.

Kli¢ova slova: zasoby uhliku v pidé, radar GPR, mocnost nadlozniho humusu,

mocnost organomineralniho horizontu, vlhkostni podminky
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1. Introduction

In the context of ongoing climate change, the attention paid to soil organic
carbon is increasing because soils act as an essential long-term carbon sink. The soil
organic carbon pool is several times larger than the atmospheric pool; thus, soils could
compensate for the increasing amount of carbon dioxide in the atmosphere or, on the
other hand, be a vast pool of carbon dioxide if organic matter in soil mineralizes (Lal,
2004). Therefore, numerous soil surveys and studies have focused on the accuracy of
soil organic carbon pool estimation and monitoring its changes in all environments,
from tropical forests (e.g., Rossi et al., 2009), desserts and semi-desserts (e.g., Brahim
et al., 2014), to subtropical vegetation (e.g., Conforti et al., 2016; Francaviglia et al.,
2017), temperate forests (e.g., Ahmed et al., 2016; Cremer et al., 2016; Marty et al.,
2015; Schoning et al., 2006), and boreal forests (e.g., Hansson et al., 2013; Kristensen et
al., 2015; Marty et al., 2015; Strand et al., 2016). Special attention has been paid to
forests because they store large amounts of organic carbon in their biomass and soil,
mainly in the forest floor (organic horizons). The proportion of organic carbon in soils
from the whole ecosystem pool increases from the equator to the poles, reaching 60% in
boreal forest soils (Pan et al., 2011).

Models of soil organic carbon pools calculate the soil organic carbon stock
using carbon concentration in soil, soil bulk density, and soil/soil horizon thickness.
Thus, at middle and larger scales, the models require a large number of soil samples for
the determination of carbon concentration, bulk density, and the thickness of soil
horizons. Conventional soil sampling is time and labour demanding; therefore, there is
an effort to develop models predicting soil organic carbon stocks based on easily
available data to predict soil organic carbon stocks precisely, also in areas where field
data are missing or scarce. These models often employ remote sensing data showing
land use, vegetation and its state; however, soil properties such as bulk density, organic
carbon concentration, texture, and soil depth are hard to determine from remote sensing
data (Sothe et al., 2022). Even if some studies try to estimate soil organic carbon
concentration based on hyperspectral airborne data calibrated using near-infrared
laboratory measurements (Hong et al., 2020), this method is not applicable on land with
dense vegetation or canopies. Therefore, most methods of organic carbon stocks
estimation using remote sensing data (e.g. vegetation cover) combine it with several

datasets (such as climatic data or existing soil types and geology maps) and predict the



soil organic carbon pool based on its relation to these variables (e.g., Gardin et al.,
2021; Sothe et al., 2022). Thus, there is still an urgent need to find factors that drive soil
organic carbon sequestration and stock (Tab. 1), and that could thus serve for organic
carbon pool estimation and predicting its changes. The factors are known at the global
level, but they differ at the regional and local levels. Studies that work with local factors
show better predictions of the organic carbon pool (e.g., Aitkenhead and Coull, 2020).

Still, one of the crucial variables needed to estimate the organic carbon pool is
soil profile depth or depth of individual soil horizons. Depth is hard to determine from
remote sensing data (Sothe et al., 2022). Therefore, depth has to be measured in the
field. There is a growing effort to apply geophysical methods in horizon thickness
estimating to avoid manual field sampling. Ground-penetrating radar was suggested to
help with surveys of soil stratigraphy (e.g., André et al. 2012; Novakova et al. 2013;
Zhang et al. 2014) and estimating soil organic horizons thicknesses (e.g., Li et al., 2015;
Voronin and Savin, 2018; Winkelbauer et al., 2011). The method offers time savings in
the field and, more importantly, produces continuous data from transects instead of
discrete information from point sampling. Another advantage is the possibility to repeat
the measurement at the exact location because the method does not disturb the soil.

This doctoral thesis aims to contribute to soil organic carbon pool estimation
and modelling effectiveness. Its objective is to determine whether the factors suggested
by previous studies to control soil organic carbon pool (Tab. 1) drive the organic carbon
pool in Czech Republic forest soils. The studied factors are climate, elevation, soil
moisture, topography, parent material, vegetation, soil type, soil texture, and soil
acidification (Tab. 1). Next, the thesis focuses on estimating forest floor and topsoil
thicknesses. We study whether forest floor and topsoil thicknesses are affected by the
same factors as the organic carbon pool in the mineral soil, and we examine the
possibility of using ground-penetrating radar in horizon thicknesses estimation. We
further compare ground-penetrating radar measurements performed under different

moisture conditions to recommend optimal conditions for such surveys.



2. Background

2.1. Organic carbon on Earth

Carbon on the Earth is dissolved in oceans and freshwaters, dispersed in the
atmosphere as carbon dioxide or methane, stored in the soil, builds organic tissues, and
is a compound of rocks (Fig. 1). The carbon of organic tissues is called organic carbon.
It can be stored in biomass, soils, and the lithosphere as a compound of fossil fuels or
dissolved in waters. Organic carbon in living organisms is changed into its inorganic
form and released into the atmosphere by biotic oxidation — respiration by plants and
animals (Hannah, 2011). Organic carbon in fossil fuels is released into the atmosphere
by combustion. From the atmosphere, inorganic carbon (carbon dioxide) is taken up
either by the ocean, where it is dissolved in seawater, or by vegetation, that incorporates
the carbon dioxide via photosynthesis into the organic tissue of plants as organic carbon
again (Hannah, 2011). Residues of plants, containing about 45% organic carbon mass,
are partly respired to the atmosphere by soil fauna and microorganisms performing
decomposition; they are partly decomposed and humified to a more stable organic form
that is stored in soil. From the soil, organic carbon can then be mineralized and released
back into the atmosphere (Duchaufour, 1997). In oceans, inorganic carbon from the
atmosphere is either uptaken by marine plants, and changed to organic carbon, or
sedimented and incorporated into rocks. From the rocks, it can be released by

weathering (Hannah, 2011).

W ocean

H soil
m vegetation

m atmosphere

Fig. 1 Organic carbon on Earth

Carbon in the lithosphere is not included because its pool is many times larger than the
sum of the other pools
Source: based on data from Hannah (2011)
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Thus, organic carbon stored in an ecosystem (vegetation, organisms, and soil)
all comes from the atmosphere. However, ecosystems differ in pools of organic carbon
and their distributions. Forests store more organic carbon than grasslands. Among them,

tropical forests represent the largest terrestrial pool of organic carbon (Fig. 2).

World biomes and carbon storage
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Source: Adapted from Olsof, D., M., Terrestrial Ecoregions of the
World: a new map ot life on Earth. Bioscience, 2001; WCMC 2009

Fig. 2 Organic carbon pool in world biomes
Source: GRIDA, 2015
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Fig. 3 Proportion of an ecosystem’s organic carbon stored in the soil
Source: Scharlemann et al. (2014)

However, grasslands store more organic carbon in mineral soils than forests,
where a considerable amount of the carbon is stored in live biomass (Birkenland, 1984;

De Kovel et al., 2000), which represents 42% of the total carbon pool in forests (Pan et



al., 2011). Another 5% of carbon is stored in the litter, 8% in deadwood, and 44% in the
soil to a one-metre depth (Pan et al., 2011). However, the proportion of the organic
carbon in soils increases from the equator to the poles (Fig. 3). In tropical forests, 32%
of organic carbon is stored in soils, whereas in boreal forests, organic carbon stored in

soil represents 60% of the ecosystem pool (Pan et al., 2011).

2.2 Variability of soil organic carbon pool and its modelling

The soil organic carbon pool differs across landscapes. Besides the already
mentioned climate and vegetation that drive its diversity, several other factors control

the organic carbon pool in soil (Tab. 1).

Tab. 1 Factors driving soil organic carbon stock

climate Jobbagy and Jackson, 2000; Marty et al., 2015; Wiesmeier et al., 2013

elevation Anschlag et al., 2017; Bojko and Kabala, 2017; Labaz et al., 2014; Marty et
al., 2015; Wiesmeier et al., 2013; Zhang et al., 2020

soil moisture  Nicola et al., 2014; Strand et al., 2016

topography Laamrani et al., 2014a,b; Nicola et al., 2014; Zhang et al., 2020

parent Bai and Zhou, 2020; Nicola et al., 2014; Ponge et al., 2011; Schoning et al.,

material 2006

vegetation Bai and Zhou, 2020; De Kovel et al., 2000; Paz-Gonzalez et al., 2000; Schulp
and Veldkamp, 2008; Wiesmeier et al., 2015

soil type Bai and Zhou, 2020; Bojko and Kabala, 2017; Brahim et al., 2014; Labaz et
al., 2014; Samonil et al., 2011; Strand et al., 2016

acidification = Mulder et al., 2001; Oulehle et al., 2018, 2008

SOC = soil organic carbon stock

Climate is considered the primary factor globally driving the amount of soil
organic matter through its impact on biomass productivity and decomposition rates
(Bellamy et al., 2005; Liski et al., 2002). The main climate variables impacting soil
organic carbon are temperature and precipitation (Jones, A., Breuning-Madsen, H.,
Brossard, M., Dampha, A. et al., 2013). In general, higher temperature favours biomass
production and its decomposition. Higher precipitation also favours biomass production
(Wiesmeier et al., 2019). However, the effect of precipitation on the decomposition is

less clear and differs in diverse biomes (Jones, A., Breuning-Madsen, H., Brossard, M.,



Dampha, A. et al., 2013; Jones et al., 2005). At a finer scale, the climate effect is even
less clear, and it depends on the limiting factor in the region (Wiesmeier et al., 2019). In
temperate forests, the soil organic carbon pool increases with precipitation and
decreases with temperature (Marty et al., 2015; Wiesmeier et al., 2019). Elevation can
be a good indicator at a regional and local scale instead of climatic variables
(Wiesmeier et al., 2019, 2013). The soil organic carbon pool in temperate forests
increases with elevation (Anschlag et al., 2017; Labaz et al., 2014; Marty et al., 2015).
A crucial role in soil organic matter accumulation has been attributed to soil moisture.
Its effect is similarly complex like the effect of precipitation, and it differs in diverse
biomes (Jones, A., Breuning-Madsen, H., Brossard, M., Dampha, A. et al., 2013; Jones
et al., 2005; Strand et al., 2016). In temperate forests, high moisture reduces microbial
activity due to reduced oxygen availability and, thus, reduced carbon losses via
heterotrophic respiration (Nicola et al., 2014; Strand et al., 2016; Wiesmeier et al.,
2019). Consequently, high soil moisture enhances soil organic matter accumulation and
storage in the forest floor and topsoil. The soil moisture regime is influenced by
topography, which forms conditions for water drainage or accumulation (Laamrani et
al., 2014,; Nicola et al., 2014; Wiesmeier et al., 2019). Lower slopes and concave sites
encourage water accumulation, whereas steep slopes and convex sites enhance water
runoff.

Other environmental factors controlling soil organic matter accumulation and
storage act mainly at local scales, and they comprise parent material, vegetation, and
soil type. Parent material is projected mainly to soil physical properties, such as soil
texture and bulk density, and chemical properties, including soil acidity. These soil
properties control water retention, biomass production, and decomposition rate (Nicola
et al., 2014; Ponge et al., 2011; Schoning et al., 2006; Wiesmeier et al., 2019). In
addition, soil organic matter in well-drained soils is held thanks to its association with
minerals with large specific surface areas, especially clays and iron and aluminium
oxides and hydroxides (Caravaca et al., 1999; Grand and Lavkulich, 2011; Spielvogel et
al., 2008).

Vegetation drives soil organic matter accumulation and storage through
biomass production and decomposability differences (Marty et al., 2015). The soil
organic carbon pool in the forest floor and topsoil is higher under coniferous trees due

to their acidic and recalcitrant litter (Cremer et al., 2016; Marty et al., 2015; Strand et



al., 2016; Wiesmeier et al., 2019). The average forest floor/topsoil thicknesses under the

most studied temperate and boreal forest tree species are shown in Tab. 2.

Tab. 2 Forest floor thickness under the most studied temperate tree species

Dominant tree Thickness |Stand age
species [em] [years] Studies
Kristensen et al.
Spruce 4.7 1882015
Picea abies or
Picea mariana 6.7 50 | Hansson et al. 2013
Kristensen et al.
8.1 18212015
8.4 mixed | Labaz et al., 2014
19 -21 mixed | Yu et al. 2002
Pine 2 young | Yu et al. 2002
Pinus sylvestris or
Pinus banksiana 4.2 100 - 130 | Liski 1995
4.7 50 | Hansson et al. 2013
5-7| middle-old|Yuetal 2002
8 70 | Smit 1999
10.7 84 | Bens et al. 2006
Aspen 3.8;5.6;7.4 35-70 | Fons et al., 1998
Populus tremula or
Populus tremuloides 9-10 mixed | Yu et al. 2002
European Beech 1-4 113 | Schoning et al. 2006
Fagus sylvatica 3.4 mixed | Labaz et al. 2014
3 -5] not specified | Conforti et al. 2016
6.4 91 | Bens et al. 2006
Silver Birch 2.1 50 | Hansson et al. 2013
Betula pendula

Forest floor and topsoil thicknesses and their soil organic carbon stock change
with forest age; the production of litter by young trees is low, and it increases with age
(Bens et al., 2006; Peltoniemi et al., 2004; Pregitzer and Euskirchen, 2004; Strand et al.,
2016; Yu et al., 2002). Simultaneously with growth, trees raise their carbon uptake.
Consequently, the forest floor and topsoil thicknesses and their carbon pool reach their
minimum at an age of 20 years and subsequently rise till the age of 120 years, when
litter production slows down (Peltoniemi et al., 2004). At the same time, litter
decomposability decreases with tree ageing because the concentration of recalcitrant
lignin increases in the litter (Trap et al., 2013). Besides litter production, plant roots also

contribute to organic matter accumulation (Ahmed et al., 2016; Smit, 1999). In addition,



understory vegetation can change organic matter inputs to soil, pH of the stand, and
then biological activity in the soil. It can significantly influence the forest floor and
topsoil thicknesses and their carbon stocks (Bens et al., 2006; Hansson et al., 2013;
Smit, 1999; Valtera et al., 2013).

Stand pH and soil biological activity with an impact on soil organic carbon
pool can change under anthropogenic inputs of acidifying compounds of sulphur or
growth-limiting nutrient nitrogen (Moldan et al., 2006; Oulehle et al., 2008). Lowered
soil pH favours soil fungi at the expense of soil bacteria (Oulehle et al., 2018) and
allows mobilisation of AI*", which is toxic for plant roots (de Wit et al., 2010). The
result is enhanced soil organic matter accumulation (Mulder et al., 2001). Acidification
induced by human activity is caused by the deposition of sulphur and nitrogen
originating in the combustion of fossil fuels. In central Europe, it is more important in
the highlands (Kopacek and Posch, 2011). Increased nitrogen in soil favours biomass
production and slows its decomposition (Berg and Matzner, 1997; Hobbie, 2008;
Janssens et al.,, 2010; Liu and Greaver, 2010; Waldrop et al., 2004). Thus, higher
nitrogen and sulphur contents lead to greater thicknesses of the forest floor and increase
its organic carbon pool (Mulder et al., 2001; Oulehle et al., 2008).

Factors controlling the soil organic carbon pool are the same as those
controlling soil-forming processes leading to pedogenesis of various soil types (Jones,
A., Breuning-Madsen, H., Brossard, M., Dampha, A. et al., 2013; Jones et al., 2005).
Thus, soil types differ in their characteristics (e.g. forest floor thickness). Several
studies show differences in the soil organic carbon pool per the soil types (e.g., Brahim
et al., 2014; Labaz et al., 2014; Samonil et al., 2011; Strand et al., 2016). In forest soils
of Central Europe, Samonil et al. (2011) suggested that forest floor plus topsoil in
Gleysols reach a thickness of 27.6 cm, in Stagnosols 16.6 cm, in Albic Podzols 13.7 cm,
in Entic Podzols 12.9 cm, in Haplic Cambisol 12.3 cm, and in Dystric Cambisol 11.2
cm. However, there is high variability between soil types, and direct comparisons are
impossible. In addition, even the same soil types differ in, for example, forest floor
thicknesses under different vegetation cover.

Overall, thanks to various factors, there is very high spatial variability of soils
and their properties, for example floor thickness (Bens et al., 2006; Kristensen et al.,
2015; Liski, 1995; Samonil et al., 2011; Valtera et al., 2013) and/or carbon pool
(Conforti et al., 2016; Heim et al., 2009; Marty et al., 2015; Muukkonen et al., 2009;
Rossi et al., 2009; Schoning et al., 2006). That is why precise soil organic carbon pool
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estimation based on conventional field sampling would require many well-designed
data samplings. Sampling is labour, cost, and time consuming. Therefore, there is an
effort to find data acquisition methods and develop models to precisely estimate the soil
organic carbon pool with more ease.

Among such parameters that are needed for precise soil organic carbon pool
estimation are soil horizon thicknesses or bulk density. These parameters are not
reliably detectable from remotely sensed data (Sothe et al., 2022). In recent years, there
has been an effort to deploy non-destructive geophysical methods to estimate these
parameters. These methods do not disturb the ground, so they allow repeatability of
such a survey, especially in case of thickness change determination. However, soils
represent a very shallow subsurface from the geophysical perspective; thus, most
geophysical methods do not apply to soils. One of several exceptions is ground-
penetrating radar. Compared to other earth science disciplines, where ground-
penetrating radar is more widely used (such as geology or sedimentology), its
application in soil science requires higher resolution, which is demanding for the
technical instruments and more precise data processing and interpretation. Ground-
penetrating radar has been more or less successfully applied to detect deeper soil
horizon boundaries or soil/bedrock boundaries (e.g., André et al., 2012; Novakova et al.,
2013; Simeoni et al., 2009; van Dam et al., 2003; van Dam and Schlager, 2000,
Doolittle and Butnor, 2009), but only a few studies focused on the detection of forest
floor and topsoil (e.g., Li et al., 2015; Voronin and Savin, 2018; Winkelbauer et al.,

2011). The results of these studies are, however, promising.

2.3. Principle of ground-penetrating radar

Ground-penetrating radar emits electromagnetic waves via an antenna-
transmitter and receives them by an antenna-receiver after their reflection (Fig. 4). The
reflections emerge on boundaries with contrasting electromagnetic properties if the

antenna resolution (i.e. frequency of emitted electromagnetic waves) is sufficient. A

reflection emerges on a boundary if W / j—c < 0.3 [m;m/s;Hz] (van Dam et al., 2003),

where W = boundary width; v=velocity of electromagnetic waves; f=antenna frequency.

Soil surveying commonly uses antennas with frequencies over 500 MHz.
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Fig. 4 Ground-penetrating radar principle
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Fig. 5 Common ground-penetrating radar outputs from an Arenic Podzol profile

a)

signal response (trace) — unfiltered

b) traces displayed in 2D radargram — filtered by common basic processing steps
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A common signal response (trace) consists of the two-way travel times and
magnitudes of received reflections (Bristow and Jol, 2003) (Fig. 5a). These outputs are
most frequently displayed in 2D radargrams (Fig. 5b) and edited using image processing
algorithms, such as those implementing frequency filters to accentuate the reflections.
The result is subsequently interpreted by visual expertise, so interpretation is subjective
to some extent. More objective approaches are numerical and based on inverse
modelling. However, these methods are demanding on technical instruments. They treat
data acquired by multi-offset antenna settings, commonly with separated antenna-
transmitters and antenna-receivers in various distances (Sena et al., 2008), with multiple
antenna-transmitters and antenna-receivers (Buchner et al., 2012), or with broadband
antennas with wide frequency bands (e.g., Lambot et al., 2004; Lavoué et al., 2014). To
create an image corresponding to the subsurface at a real scale, the two-way travel times
have to be recalculated to depth using the velocity of the electromagnetic waves in the
soil. Several methods are used to determine electromagnetic wave velocity in the soil.
The simplest way from the instrumental perspective is calculation from the two-way
travel time of the signal reflected from an object at a known depth (e.g., Ercoli et al.,
2018; Goodman et al., 2009; van Overmeeren et al., 1997). However, application in the
field can meet some difficulties. Electromagnetic wave velocity can be estimated from
soil electromagnetic properties determined by other tools, most often using the time-
domain reflectometry principle (e.g. Ardekani et al., 2014; Benedetto, 2010; van Dam et
al., 2003, 2002; van Dam and Schlager, 2000). Dielectric permittivity is measured, and
the velocity is acquired according to the relation v = c/+/ue (al Hagrey and Miiller,
2000; Reppert et al., 2000), where v is electromagnetic wave velocity in a soil; ¢ is
electromagnetic wave velocity in a vacuum; ¢ is dielectric permittivity; and u is
magnetic permeability, which is 1 for most soils. Signal velocity can also be determined
from ground-penetrating radar output. The method is performed by matching the shape
of hyperbolas originating in a reflection based on the assumption that the wider
hyperbola is the higher the velocity is (e.g., Elkarmoty et al., 2017; Olhoeft, 2000).

In addition to 2D images, 3D image models are sometimes employed to
provide more detailed interpretations of profile stratigraphy (Bristow and Jol, 2003).
The approach is widely used for tree root detection (e.g., Borden et al., 2016; Freeland,
2015; Guo et al., 2013b; Hirano et al., 2009; Li et al., 2016; Liu et al., 2018; Raz-Yaseef
et al., 2013; Rodriguez-Robles et al., 2017; Tanikawa et al., 2013; Tardio et al., 2016;
Wu et al., 2014; Yeung et al., 2016) and has also been shown to be suitable for soils
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(André et al., 2012). However, data collection and processing are much more
demanding for 3D models. The data must be acquired along closely spaced parallel

lines, or in a grid and then converted into a 3D block model (Bristow and Jol, 2003).

24. Effect of conditions on ground-penetrating radar surveying

The strength of the reflection is driven by the difference in electromagnetic
properties on the boundary: the more pronounced the difference in electromagnetic
properties on the boundary is, the more distinct is the reflection. Two dominant factors
of electromagnetic waves spreading in materials are considered to be dielectric
permittivity and magnetic permeability, the latter is often ignored due to its occurrence

only with ferromagnetic minerals (Cassidy, 2009). The reflectivity on a boundary is

defined as RC = (\/erp — /&r1) / (\/&r2 ++/&r1) (al Hagrey and Miiller, 2000; Huisman

et al., 2003; van Dam et al., 2003), where RC=reflectivity, and ¢,, ;=relative dielectric
permittivity of layer one and layer two. The relative dielectric permittivity is dielectric
permittivity expressed in values relative to a vacuum. The dielectric permittivity
reduces electromagnetic wave velocity and penetration (Cassidy, 2009). The relative
dielectric permittivity of most rocks is 3 - 5 (Cassidy, 2009; Conyers, 2012). The
relative dielectric permittivity of air is close to 1 (the value in a vacuum), and the
highest permittivity, with values reaching 80 - 81, was found in water (Cassidy, 2009;
Conyers, 2012). However, Saarenketo (1998) found that permittivity of soil water
differs according to how it is stored in the soil. Dielectric permittivity of free water
reaches a value of 81, whereas the permittivity of hygroscopic water can be below 4
(Saarenketo, 1998). The permittivity of capillary water is somewhere between these
values (Saarenketo, 1998). This fact indicates that water content impacts the dielectric
permittivity of soils the most. Therefore, soil moisture estimation is the most frequent
application of ground-penetrating in soil surveys applying a wide variety of approaches,
as reviewed by Huisman et al. 2003; Slater and Comas 2009; Klotzsche et al. 2018.

Soil profile consists of horizons that differ in soil particle distribution, bulk
density, and porosity and are, therefore, supposed to differ in their water content and
then in dielectric permittivity. This is the principle assumption to detect soil horizon
boundaries and describe soil stratigraphy using ground-penetrating radar. Moreover,
other factors determine soil dielectric permittivity in dry soil, for example presence of

calcite, bulk density, related porosity and compaction (Salat and Junge, 2010), or soil
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organic matter content (Jonard et al., 2014; Lauer et al., 2010); this is because dielectric
permittivity of organic matter is lower than that of mineral particles. Dry,
undecomposed biomass show dielectric permittivity values close to 1; as biomass
decomposition increases, the dielectric permittivity increases as well (André et al.,
2015; Ardekani et al., 2014; Jonard et al., 2014). The dielectric permittivity of dry
organic and organomineral horizons (containing 1.4% volumetric water content) was
determined in a laboratory to be €=1.19 for horizon Oi, £€=3.95 for horizon Oe, and
€=10.3 for Ah horizon (André et al., 2015, 2014). In the field, under more natural
conditions of higher moisture (volumetric water content 4.4% for Oi and 13.5-22.8%
for Oe), detected values were: €=2.9 for Oi and £=6.3 for Oe (André et al., 2016).

In other words, dielectric permittivity of soil consists of dielectric permittivities
of its three components: solid (mineral or organic), water, and air, as well as their
proportions. There are several models estimating soil dielectric permittivity based on
the proportion of the three phases and their permittivities, for example, a complex
refractive index method (Birchak et al., 1974) formulated as:

e=[(B %Sy *en) + ((1—0) xep) + (0% (1 —S,) */2))]
where ¢ is the dielectric permittivity of the soil; €, is the dielectric permittivity of water
(=81); &n 1s the dielectric permittivity of the matrix (usually between 3 and 5); €, is the

dielectric permittivity of air (=1); S, is water saturation; and @ is porosity.
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Fig. 6 Relationship of soil dielectric permittivity to soil volumetric moisture modelled
by complex refractive index method applied on an example soil

green — forest floor with 90% porosity; blue — topsoil with 75% porosity, red — subsoil
with 63% porosity
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Hypothetically, dry soils could differ in their porosity and/or organic matter
content and, as a result, differ in their dielectric permittivities. However, as shown with
an example soil modelled using the complex refractive index method (Fig. 6), and as
suggested by most studies, a more pronounced difference in dielectric permittivity
between soil horizons is achieved under moist conditions (Curioni et al., 2017; van Dam
et al., 2002; Zhang et al., 2014) with the conditions of field capacity being optimal, and

therefore recommended for ground-penetrating radar survey (van Dam et al., 2002).

3. Aims and objective

This doctoral thesis aims to contribute to soil organic carbon pool estimation
and modelling effectiveness. The intention is to determine whether the factors suggested
by previous studies (Tab. 1: climate; elevation; soil moisture; topography; parent
material; vegetation; soil type; soil texture; and soil acidification) drive soil organic
carbon stock at the regional and local level in temperate forests in the Czech Republic,
and what factors are the most important. Next, the thesis focuses on estimating forest
floor and topsoil thicknesses. We study whether forest floor and topsoil thicknesses are
affected by the same factors as the organic carbon pool in a mineral soil, and we test the
possibility of using ground-penetrating radar in horizon thicknesses estimation. We
further compare the measurements performed under different moisture conditions to
recommend optimal conditions for such surveys. The objectives were defined as

follows:

I. To determine soil organic carbon pool in the forest floor and different depths
of mineral soil down to 80 cm at the regional scale within the Czech Republic
and to reveal relationships between soil organic carbon pool and
environmental factors, including mean annual temperature, mean annual
precipitation, elevation, geology, the proportion of broadleaf trees, forest age,
anthropogenic acidification represented by historical sulphur and nitrogen

deposition, soil bulk density; and soil texture (publication I).

II. To reveal spatial variability of the forest floor and topsoil thicknesses at a
local scale (within a site of 1 km?) and to examine the relationship between
thicknesses and environmental factors. We hypothesize that other variables

are important at the local scale next to the factors determined in publication I.
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These hypothesized variables included: slope; topography wetness index;
dominant tree species; forest age; forest floor cover (needles, leaves,
graminoids, moss, bilberries, spruce seedlings); and soil moisture in the

subsoil measured in the field (publication II).

II. To review the possibility of ground-penetrating radar application in a soil
survey and review the strengths and weaknesses of this method in various soil

science applications (publication III).
IV.

a. To wuse ground-penetrating radar for forest floor and topsoil
thicknesses estimation at two forest sites with contrasting soils:

Dystric Cambisol and Arenic Podzosol (publication IV).

b. To evaluate the accuracy of the ground-penetrating radar method to
estimate forest floor and topsoil thicknesses and its potential in soil

organic carbon pool modelling (publication IV).

c. To assess the effect of soil moisture on the accuracy of the

measurements (publication IV).

4. Methodology

Most of the surveys were performed within 14 long-term monitored
catchments, coordinated by the Czech Geological Survey, across the Czech Republic
(Fig. 7). Most of the catchments are covered dominantly by Cambisols (60%) and
Podzols (22%) (publication I). The soil organic carbon pool was determined in all
catchments (publication I). Thicknesses of forest floor and topsoil were sampled in
detail in one of the catchments — Liz (publication II). Subsequently, we surveyed
shallow soil stratigraphy using ground-penetrating radar on a shorter transect in the
same catchment, and in addition at a locality of Arenic Podzol near the town of B¢la
pod Bezdézem in northern Bohemia (publication IV). The ground-penetrating radar
survey was designed after we had reviewed 130 papers published on the Web of
Science and SCOPUS from 1995 to 2018 (publication III). The keywords were: ground-

penetrating radar and soil.
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Fig. 7 Localization of long-term monitored catchments used as study sites

Source: Publication 1

The soil organic carbon pool was estimated based on quantitative soil pits to a
depth of 80 cm in mineral soil within 0.5 m”. The estimation was calculated from the
quantity of forest floor and mineral soil mass separately for forest floor and different
depths of mineral soil. The role of environmental factors on soil organic carbon pool
size was modelled using a linear mixed-effect model (publication I). The factors
included elevation, mean annual temperature, annual precipitation, geochemical
reactivity, forest age, proportion of broadleaf trees, and soil texture; because, in recent
decades, most of these catchments were exposed to significant nitrogen and sulphur
depositions (Oulehle et al., 2017), these variables were also included.

For a detailed analysis, the thicknesses of forest floor and topsoil were
measured at soil pits across the Liz catchment. We tried to evaluate their spatial
variability and analyse environmental factors affecting thicknesses (publication II).
Environmental factors included: soil edaphic category; forest age; dominant tree
species; forest floor cover (needles, leaves, graminoids, moss, bilberries, spruce
seedlings); topography described by elevation; slope and topography wetness index; and
soil moisture in the subsoil. Since the data showed spatial autocorrelation, they were

analysed by means of geographically weighted regression (Fotheringham et al., 2002).
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Finally, we surveyed forest floor and topsoil thicknesses using a shielded
bistatic antenna ground-penetrating radar system—-type Ramac by MALA Geosciences
(Sweden), with an 800 MHz antenna equipped with a wheel-odometer (publication 1V).
Ground-penetrating radar surveys were repeatedly run on the same transects on two
study sites with contrasting soil types; the Dystric Cambisol site in the Liz catchment
and the Arenic Podzol site in northern Bohemia near the town of B¢la pod Bezdézem,
under different moisture conditions. Time-depth conversion of ground-penetrating radar
data was made using velocity of electromagnetic waves calculated from soil dielectric
permittivity measured during the survey employing GS3 Soil Moisture Sensor, by
Decagon Devices, Inc., working on the principle of capacitance. Ground-penetrating
radar data were processed and interpreted in one-dimensional analysis trace by trace.
The data was not filtered to better show individual reflections of the ground-penetrating
radar signal and their oscillations. The determined point thicknesses were used for
detailed reconstruction of the forest floor plus topsoil thickness along the survey
transect, and compared with the actual depth measured manually in the field (referred to

as point values in the text).

5. Major findings

5.1. The variability of soil organic carbon pool

The soil organic carbon pool of the forest floor was driven mainly by soil
acidification and the proportion of broadleaved trees in the forest, together explaining
27% of its variability. In comparison, total soil organic carbon in the whole soil profile
was only influenced by elevation, explaining 24% of its variability (Tab. 3). All of these
factors increased the soil organic carbon pool. Soil texture mainly influenced the soil
organic carbon pool in a mineral soil's shallower depths. Only half of the total soil
organic carbon pool down to 80 cm depth of the soil profile was located to the depth of
20 cm in mineral soil, and only 25% was stored in the forest floor. However, the soil
organic carbon pool of the forest floor changes significantly with anthropogenic factors,
as deduced from the role of acidification and proportion of broadleaved trees. In
addition, there was an essential effect of historical acidification on the thickness of the

forest floor (Tab. 3, publication I).
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Tab. 3 Most important factors controlling soil organic carbon pool and thicknesses
of forest floor and topsoil, and percentage of variability explained by these factors
or their combinations in models

regional scale local scale
organic carbon pool thickness thickness
mineral
soil to forest
forest | 40cm | mineral | total forest Oi+0e floor plus
variable floor | depth soil soil floor | horizon | Oa+topsoil | topsoil
elevation 19 24 0 0 0
soil
moisture NS NS NS NS NS 1.3 6 5
acid
deposition 28 NS NS NS
27

tree species 1.3 1.1 0
forest floor
cover NS NS NS NS NS 10.7 9 5.5
soil texture 27 NS NS NS

values are in% of explained data variability; NS — not studied

Source: results of publication 1]

Thicknesses of forest floor and topsoil show high spatial micro-variability
(publication II) in the managed forest, despite the thicknesses being found to be
spatially autocorrelated up to 300 m. Spatial autocorrelation explained 7.5% of its
overall variability. High variability at the microscale is apparent from the relatively high
nugget effect. The ratio of nugget semivariance to sill semivariance did not go under
58.7%. Besides spatial autocorrelation, several factors were found to control thicknesses
of the forest floor and the topsoil. Among them, forest floor cover explained 2 - 11% of
thickness variability, and soil moisture in the subsoil 2 - 7%. Oi+Oe horizon thickness is
controlled mainly by forest floor cover, and Oa+A horizon thickness is controlled by
soil moisture (Tab. 3). High soil moisture increases thicknesses; the thicknesses under
different forest floor covers are shown in Tab. 4. Characteristics representing
topography as slope and topography wetness index had a relatively minor effect. Other
tested stand characteristics were not significant, such as elevation, dominant tree

species, and stand age (publication II).
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Tab. 4 Thicknesses of forest floor and topsoil horizons under different forest floor

covers
Forest floor cover O+A Oi+Oe Oa+A
mean std |mean std | mean std
[em] [ecm] | [em] [cm] | [em]  [cm]
needles 50 15 8.4 3.8 2 11.1 8.1
needles+moss 54 15.4 6 4.6 2.1 11.2 57
moss 371 171 5.8 5.7 2.2 114 53
gramineous plants 91 14.1 1.2 4.4 1.2 9.7 1.6
gramineous plants+moss 12| 139 2.2 4.4 1.8 9.5 2.8
gramineous
plants+needles 2| 19.5 9.5 2.5 0.5 17 10
leaves 14| 153 5.7 5.7 1.9 9.7 53
leaves+needles 20 14 3.9 5.3 3 8.7 3.2
bilberries 11 17 5.5 6 1.9 12 6.5
spruce seedlings 12 16 5.1 4.5 2.3 12 4.5

Source: publication 11

5.2. Potential of ground-penetrating radar in soil organic carbon pool

estimating and effect of soil moisture conditions

Reviewed studies suggest that ground-penetrating radar could aid surveys of
soil stratigraphy in significantly layered soils, distinguishing organic and mineral
horizons in peats, as well as detecting root systems (publication III). Several studies
show its potential to detect forest floor or topsoil in soil profiles (Li et al., 2015;
Winkelbauer et al., 2011). Traditional approaches are based on image processing of
electromagnetic

signals reflected at the boundaries of layers with different

electromagnetic properties. These approaches are relatively simple in field
measurements and data treatments. However, data processing and interpretation can be
quite subjective. Application was relatively successful under favourable conditions,
usually including sandy soils; low numbers of other objects, such as stones or dead
wood; and the absence of rough surfaces and dense overgrowing vegetation (publication
I11).

During ground-penetrating radar measurements, either at the Dystric Cambisol
site or the Arenic Podzol site (publication IV), the detected uppermost horizon boundary
was the boundary between topsoil and mineral soil. The boundary between the forest
floor and topsoil was not distinguished. Therefore, forest floor and topsoil thicknesses
could not be estimated separately but as one horizon. The average error at the Dystric

Cambisol site, with strongly variable topsoil/mineral soil boundary with numerous tree
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roots and stones, was 25-35%; the average error at the Arenic Podzol site was 18-24%,
where tree roots and stones were rare (publication IV). The results show that the
thickness of forest floor plus topsoil can be estimated with an error of about 25% using
ground-penetrating radar and the suggested one-dimensional analysis. Thickness
estimation can be used for soil organic carbon pool modelling. Mean soil thickness at
the several metre long transects was determined with an error of up to 9% for the
Cambisol site and 8% for the Podzol site. The errors of point values were slightly lower
under moister conditions, probably due to a more significant difference in the dielectric
permittivity between the horizons. The mean thickness was most accurate under the
driest conditions (publication IV). Dielectric permittivity differed less than expected.
Despite this limitation, we were able to distinguish the boundary between topsoil and

mineral soil.

6. Synthesis and discussion

6.1. The variability of soil organic carbon pool

We studied soil organic carbon pool — the total pool (forest floor and pool
down to 80 cm depth of the mineral soil) and separately in different depths of the
mineral soil and the forest floor (publication I). We also studied the forest floor
thickness (publication II), which is essential for soil organic carbon pool estimation as a
substantial carbon pool is stored there. There is a strong correlation between soil
organic carbon stored in the horizons (layers) and their thicknesses (e.g., Liski, 1995;
Olsson et al., 2009).

The study of soil organic pool variability in publication I was performed at a
regional scale, while the study of the forest floor thickness in publication II at a local
scale. Both studies conclude very high variability in soil organic carbon pool and forest
floor thickness at both scales (publication I, II). Very high variability of forest floor
thickness 1s also confirmed by observations made during the study in publication 1V,
performed on a micro-scale. Spatial autocorrelation of forest floor and topsoil
thicknesses was up to 300 m in a temperate managed forest (publication II), which is
significantly more compared to studies in a natural forest, where spatial autocorrelation
was only up to 100 m, or 20 m (Samonil et al., 2011; Valtera et al., 2013). It is probable

that the more natural the forest is, the more heterogenous the forest floor is. The impact
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of higher species heterogeneity on higher spatial autocorrelation was also showed by
Bens et al. (2006). Some studies at the micro-scale observed spatial autocorrelation of
the forest floor thickness only up to 2 m (Bruckner et al., 1999; Liski, 1995;
Muukkonen et al., 2009). As pointed out by Kristensen et al. (2015), scale matters, and
it must be kept in mind when comparing studies. For example, studies observed an
increased forest floor thickness under trees (Bruckner et al., 1999; Liski, 1995;
Muukkonen et al., 2009) at the micro-scale, while there was no relation at a larger scale
(Smit, 1999).

Publication I showed elevation as the main factor controlling the total soil
organic carbon pool (Tab. 3). Elevation was suggested as a substitute to climatic
variables in regional studies (Wiesmeier et al., 2019). Therefore, our findings are in line
with previous studies which conclude that higher elevations reduce organic matter
decomposition and lead to soil organic carbon accumulation due to lower temperatures
and higher precipitations retarding microbial activity (Meier and Leuschner, 2010;
Wiesmeier et al., 2013).

Nevertheless, the effect of elevation is amplified by soil acidification because
historical sulphur deposition was higher at higher elevations (publication I). Sulphur
depositions were accompanied by nitrogen depositions, which were excluded from the
analysis due to correlation with sulphur deposition. Increased nitrogen availability
favoured biomass production and slowed its decomposition (Berg and Matzner, 1997,
Hobbie, 2008; Janssens et al., 2010; Liu and Greaver, 2010; Waldrop et al., 2004).
Similarly, increased sulphur concentrations inhibited organic matter decomposition
(Oulehle et al., 2018). Thus, higher nitrogen and sulphur content led to greater
thicknesses of the forest floor and increased its organic carbon pool (Mulder et al.,
2001; Oulehle et al., 2008).

Tree species and forest floor cover are other important factors controlling the
carbon pool. The proportion of broadleaf trees was found to drive the carbon pool of the
forest floor and upper layers of the mineral soil at a regional scale (publication I), but
there was no effect at a local scale (publication II) (Tab. 3). We suggest that it is better
substituted by forest floor cover (needles, leaves, graminoids, moss, bilberries, spruce
seedlings) at a local scale. Forest floor cover differs between tree species, representing
variability of litter inputs and their recalcitrance. Studies by Cremer et al. (2016), Jonard
et al. (2017), Labaz et al. (2014), Rothe et al. (2002), Vesterdal et al. (2013, 2008)

reported increased forest floor thickness and its carbon pool under coniferous trees
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compared to broadleaf trees. These results are in line with the results of publication 1.
However, forest floor and topsoil thicknesses did not differ pronouncedly under forest
floor cover of needles and leaves (publication II). The content of recalcitrant lignin in
beech litter does not differ from that of spruce under certain conditions (Vesterdal,
1999). Forest floor and topsoil thicknesses were the lowest under graminoids (Tab. 4).
Compared with pine needles, lower forest floor thickness under gramineous species was
also observed by Bens et al., 2006, and compared to moss and heather by Anschlag et
al. (2017). They both argued for better decomposability of gramineous litter. Bastianelli
et al. (2017) found thicker soil horizons under moss cover than lichens. They suggested
that moss, due to its higher water capacity, forms a water-saturated environment that
lowers decomposition rates. Forest floor and topsoil thicknesses increased only slightly
under moss in the study catchment of publication II (Tab. 4); however, a relationship of
thicknesses to soil moisture measured in subsoil was found (Tab. 3) (publication II).
This is in line with low decomposition rates at wet sites previousy discussed. At a local
scale, it is appropriate to use soil moisture as a proxy variable representing climate
because it expresses micro-climate variability. The elevation suggested as a proxy
variable of climate for studies at the regional level (Wiesmeier et al., 2019; results of
publication I) was also included in the local study (publication II), but no effect was
found.

The effect of the elevation was observed for the total organic carbon pool down
to 80 cm depth. In contrast, the soil organic carbon pool in the forest floor was affected
only by acidification and the proportion of broadleaf trees (publication I). Similarly, the
local study (publication II) showed the most pronounced effect of forest floor cover,
expressing vegetation impact on horizon thicknesses. It follows that climate effect on
the soil organic carbon pool is most remarkable in deeper parts of the soil profile, which
is in line with the findings of Wiesmeier et al. (2013). In the forest floor and topsoil, the
effect is masked by anthropic factors, such as land use (Wiesmeier et al., 2013) and acid
deposition (Bortvka et al., 2007). The local study (publication II) showed that the
thicknesses of Oi+Oe horizons are controlled by forest floor cover, which differs
according to forest management and drives litter deposition and its decomposition in the
first phases of the decomposition process, while the thicknesses of Oa+A horizons are
controlled mainly by soil moisture, slowing organic matter decomposition. It follows
that the organic carbon pool in the forest floor and topsoil changes more dynamically.

Therefore, the carbon pool of the forest floor and topsoil is essential in monitoring the
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soil organic carbon pool, despite the forest floor carbon pool representing only 25% of
the total soil organic carbon pool (publication I). However, the soil organic carbon pool
in deeper horizons/layers should not be omitted from total soil organic carbon pool
accounting. It usually represents the most recalcitrant part of the organic carbon pool

(Rumpel and Ko6gel-Knabner, 2011; Schmidt et al., 2011).

6.2. Potential of ground-penetrating radar in soil organic carbon pool

estimating

Doolittle and Butnor (2009) reviewed numerous studies of soil stratigraphy
using ground-penetrating radar and estimating depths of argillic, spodic, and placic
horizon or bedrock. These studies showed mean measurement errors between 2 and
40% (Doolittle and Butnor, 2009). The (topsoil)mineral soil/C horizon boundary or
soil/bedrock boundary are the most often detected by ground-penetrating radar (e.g.,
Zhang et al. 2014; Ikazaki et al. 2018; Samonil et al. 2020; Schaller et al. 2020; Schiavo
et al. 2020), but there are only a few studies focusing on the depth of forest floor or
topsoil (Li et al.,, 2015; Winkelbauer et al., 2011). These studies use conventional
ground-penetrating radar surveying with subsequent processing of signal reflections to
filtered 2D radargrams and interpret these. However, interpretation could be, to some
extent, subjective. Winkelbauer et al. (2011) considered the first signal reflection as the
surface and the following significant signal reflection as the lower boundary of the
uppermost horizon. However, they could not distinguish individual organic horizons.
The following reflection after the first reflection corresponded to topsoil/mineral soil or
topsoil/bedrock boundary (Winkelbauer et al., 2011). We considered the same signal
reflections as Winkelbauer et al. (2011), but we intended to interpret the ground-
penetrating radar outputs more objectively. Thus, we compared the reflection
amplitudes numerically trace by trace (publication IV). Nevertheless, the boundary
between forest floor and topsoil was not detected. The first detected boundary
corresponded to the topsoil/mineral soil boundary. Winkelbauer et al. (2011) argued that
this failure resulted from insufficient thicknesses of the respective organic horizons
relative to antenna resolution, as well as insignificant differences in dielectric
permittivity. However, during our measurements, dielectric permittivity differences
between forest floor and topsoil were more significant than that between topsoil and
mineral soil in some cases. Insufficient topsoil thickness in Dystric Cambisol and that of

the forest floor in Arenic Podzol could be the main reason why the boundaries were not
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detected. The topsoil/mineral soil boundaries were detected, although dielectric
permittivities differed less than between forest floor and topsoil. Corradini et al. (2020)
were also able to detect a boundary between layers showing a minimal dielectric
permittivity difference, but they noticed that the peak of the reflection was weak. We
could not distinguish the boundaries with low dielectric permittivity differences in the
2D radargrams because reflection was too weak; however, we distinguished these
boundaries using numerical analysis of individual traces in one-dimensional analysis
(publication 1V).

By applying one-dimensional analysis, the thickness of the forest floor plus the
topsoil was estimated with a 25 - 35% mean measurement error at the Cambisol site and
16 - 24% mean measurement error at the Podzol site (publication IV). The best
comparable study by Winkelbauer et al. (2011) presents forest floor plus topsoil
thickness estimation with a mean measurement error of 15%. However, they excluded
sites with bigger stones or tree roots from the analysis (Winkelbauer et al., 2011). Tree
roots and stones produce additional signal reflections and make interpretation difficult,
as found at the Cambisol study site (publication IV). The tree roots are usually parts of
organic horizons, so they should be filtered out during ground-penetrating radar data
processing to not disturb the horizon boundaries. On the other hand, bigger stones often
make the topsoil/mineral soil boundary. However, we were not able to distinguish
between stones and tree roots at this stage, and it remains a challenge for future
research. A way to distinguish stones and roots could be via the reflection coefficient (al
Hagrey and Miiller, 2000; Reppert et al., 2000). This method determines dielectric
permittivity of an object from the magnitude of its reflection amplitude, while the
permittivity of the medium (in this case, soil) must be known (al Hagrey and Miiller,
2000; Reppert et al., 2000). Contemporaneously, this approach is used to determine soil
water content where soil surface acts as an object and air as a medium (al Hagrey and
Miiller, 2000; Ardekani, 2013; Huisman et al., 2003). Dielectric permittivity of roots is
between 4.5 for dry roots and 22 for water-saturated roots (al Hagrey, 2007), while
dielectric permittivity of stones is between 3 and 5 (Cassidy, 2009). The dielectric
permittivity contrast could allow their distinction.

Part of the measurement errors of forest floor and topsoil thicknesses
mentioned above could be attributed to the ground-penetrating radar signal spreading
from the device. The signal spreads like a cone, and it can cause a slight shift of

irregular boundaries from the actual position (Fig. 4a). Another source of measurement
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error could originate from verification data collection. Ground-penetrating radar did not
pass right over the documented profile but alongside to keep the survey transect
undisturbed for following surveys. However, mean horizon thickness, used to calculate
the organic mass, eliminates inaccurate object positions. This approach yielded
estimation errors up to 9% for the Cambisol and up to 8% for the Podzol site. Thus, we
suggest this method to facilitate the estimation of soil organic carbon pool.

We assume that irregular horizon boundaries could also be detected more
precisely using 3D models, similarly to surveys of cryogenic wedges (Doolittle and
Nelson, 2009; Watanabe et al., 2013); however, data collection for the 3D model is
much more demanding (Bristow and Jol, 2003). Therefore, we do not consider the 3D
approach effective for soil organic carbon estimation because the potential accuracy

improvement would not pay for the time spent on additional fieldwork.

6.3. Effect of soil moisture conditions on estimation of forest floor and

topsoil thicknesses

The surveys in publication IV were performed under several assumed soil
moisture conditions at each site. However, moisture finally differed less significantly
than expected based on weather conditions, probably because the subsoil drained much
slower than topsoil at the Cambisol site and because the texture of individual horizons
did not show any significant difference at the Podzol site (publication 1V). For this
reason, dielectric permittivity between the horizons differed only moderately
(publication IV). Moisture conditions at field capacity (suggested advantageous by van
Dam et al. (2002)) were almost met at the Cambisol site, but estimation error of point
values was only slightly lower. Other studies (Curioni et al., 2017; van Dam et al.,
2002; Zhang et al., 2014) show better results under wetter conditions. In contrast, we
could see better deeper parts of irregular horizon boundaries under drier conditions
because of limited signal attenuation. For this reason, surveying during dry conditions
was suggested by Li et al. (2015). The mean thickness estimation error was the lowest
under the driest conditions as well (publication IV). It follows that both wet and dry
conditions can have advantages, depending on the survey objective. The same

conclusion was drawn by van Dam et al. (2002).
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6.4. Implications for soil organic carbon calculations

The accuracy of soil organic carbon stock estimation depends not only on the
accuracy of thickness estimation using the presented ground-penetrating radar approach,
but also on the accuracy of data on organic carbon concentration and bulk density. The
laboratory methods used to determine both are well established, but uncertainty arises
from spatial variability of these parameters in the field. Similarly, soil horizon thickness
is highly spatially variable, as found and discussed in publication II. Therefore,
thickness uncertainty arises not only from thickness estimation using ground-

penetrating radar, but also from the ability to cover its spatial variability.

Tab. 5 Organic carbon concentration in forest floor of soils in studied catchments

locality min max average | range | standard deviation
% of
% % % % % average

ANE 39.4 44.4 41.9 5.0 1.78 4.2%
CER 33.1 454 38.2 12.4| 4.29 11.2%
JEZ 25.0 40.7 36.0 15.7| 4.12 11.4%
LES 28.7 46.0 39.0 17.3| 5.13 13.1%
LIZ 38.1 46.7 42.8 8.7| 2.94 6.9%
LKV 41.8 45.7 435 3.9 1.55 3.6%
LYS 324 42.6 39.2 10.3| 4.11 10.5%
MOD 30.6 45.2 40.1 14.7| 4.36 10.9%
PLB 40.9 42.2 41.5 1.3| 0.44 1.1%
POM 33.9 43.7 39.4 9.8| 3.91 9.9%
SAL 39.7 46.7 45.0 7.0| 2.07 4.6%
uDL 39.0 42.0 40.7 3.1 1.22 3.0%
UHL 34.7 42.2 37.6 7.6| 2.36 6.3%
NAZ 34.5 42.2 38.7 7.7| 2.73 7.1%
all data 25 46.7 40.0 21.7| 4.29 10.7%
average per
catchments 35.1 44.0 40.3 8.9 2.93 7.4%

Source: data from forested catchments (Fig. 7, publication I)

Among the three soil properties needed for soil organic carbon stock
estimation, carbon concentration seems to show the least spatial variability (Tab. 5).
Organic carbon concentration in the forest floor reaches 25-47% over all studied soil
profiles across catchments (publication I, Fig. 7), with a range of 22% and standard
deviation of 4%, representing 11% of average value. However, variability within
individual catchments with an area of a few kilometres is lower. The average range of

carbon concentration within a catchment is 9%, with a standard deviation of 7% of
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average carbon concentration (Tab. 5). Still, published carbon concentration in topsoil
at a locality with similar soils shows comparable values. Soil organic carbon
concentration reached 15-24%, with a standard deviation of 18% of average value

(Valtera and Samonil, 2018).

Tab. 6 Bulk density of forest floor of soils in studied catchments

locality min max average | range | standard deviation
% of
g/cm3 g/cm3 g/cm3 g/cm?® | g/cm® | average

ANE 0.05 0.19 0.14 0.14| 0.05 35.7%
CER 0.08 0.18 0.13 0.10| 0.03 26.6%
JEZ 0.04 0.42 0.17 0.38| 0.09 55.7%
LES 0.04 0.19 0.11 0.15| 0.06 51.4%
LIZ 0.05 0.17 0.10 0.12 0.05 45.3%
LKV 0.06 0.11 0.09 0.05| 0.02 20.1%
LYS 0.07 0.18 0.12 0.10 0.04 32.2%
MOD 0.05 0.17 0.11 0.12| 0.04 38.1%
PLB 0.12 0.23 0.16 0.11 0.05 28.5%
POM 0.08 0.21 0.14 0.12 0.04 29.3%
SAL 0.07 0.16 0.13 0.09| 0.03 21.9%
uDL 0.09 0.17 0.13 0.08| 0.03 24.7%
UHL 0.08 0.21 0.15 0.13| 0.04 26.1%
ZEL 0.06 0.17 0.12 0.11| 0.04 33.6%
all data 0.04 0.42 0.13 0.38| 0.05 42.5%
average
per
catchment 0.07 0.20 0.13 0.13| 0.04 33.5%

Source: data from forested catchments (Fig. 7, publication 1)

Forest floor soil bulk density shows higher variability (Tab. 6). It reaches 0.04-
0.42 g/cm?®, with a range of 0.38 g/cm® and standard deviation of 42.5% of average
value across all catchments. However, similar to carbon concentration, variability is
lower within individual catchments showing a range of 0.13 g/cm?, with standard
deviation of 33.5% of the average value. Topsoil soil bulk density at a comparable
locality with similar soils studied by Valtera and Samonil (2018) reaches 0.35-0.48
g/cm?, with a standard deviation of 12% of average value.

High variability was also reported for forest floor thickness (Tab. 7). Thickness
values are between 1-15 cm, with a 14 cm range and a standard deviation of 44% of
average value. This variability is higher between catchments than within individual
catchments. The average range per catchment is 6.6 cm, and the standard deviation is

34% of average value (Tab. 7).
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Tab. 7 Forest floor thickness of soils in studied catchments

locality min max average | range | standard deviation
cm cm cm cm cm | % of average
ANE 1.3 5.7 3.9 44| 1.5 37.2%
CER 5.3 12.3 7.5 7.0 19 26.0%
JEZ 3.0 11.5 7.4 85| 2.7 36.7%
LES 3.5 9.3 54 58| 1.7 31.6%
LIZ 3.0 11.7 5.9 8.7| 3.0 50.3%
LKV 1.8 7.8 4.3 6.0| 1.8 42.4%
LYS 3.7 14.9 8.3 11.2| 4.2 50.3%
MOD 2.8 13.3 8.5 10.5| 3.5 41.2%
PLB 3.9 11.2 6.7 73| 2.7 40.8%
POM 4.0 8.0 5.9 40| 1.3 22.5%
SAL 3.7 9.1 5.8 54| 1.5 26.2%
uDL 6.7 9.2 8.0 25| 0.8 10.6%
UHL 9.0 13.8 10.6 48| 1.6 14.9%
ZEL 1.8 7.7 4.3 59| 1.9 43.8%
all data 1.3 14.9 6.7 13.6| 2.9 43.8%
average
per
catchments 3.8 10.4 6.6 6.6| 2.2 33.9%

Source: data from forested catchments (Fig. 7, publication I)

High variability of measured variables inevitably influences the uncertainty of
soil organic carbon stock estimation because uncertainties of all variables propagate.
Hypothetical uncertainty (most pessimistic scenario) of estimation of soil organic
carbon stock in the forest floor plus topsoil at one of the catchments, where all the
necessary data were collected (Liz catchment,) would be as follows (Taylor, 1982):
U= (02 +puZ)(ogp + uip)(of + ui)(0épr + Upr) — HZ * Upp * UG * UGpg; Where U
is uncertainty expressed as the variance of the estimation; o is standard deviation; p is
mean value; lowercase indices next to mean and standard deviation symbols stand for: ¢
- organic carbon concentration, BD - bulk density, 7 - thickness, GPR - thickness error
originated in using ground-penetrating radar. The uncertainty of estimating soil organic
carbon stock in the forest floor plus topsoil using thickness measured by ground-
penetrating radar exceeded 80% if expressed as standard deviation in the value relative
to average thickness. However, uncertainty of stock estimation using thickness
measured manually in the field at more than 164 random sampling pits per 1 km’
(publication II) reached almost 60%. It follows that the major uncertainty originates in

spatial variability of soil properties. In absolute values, the organic carbon stock in the
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forest floor plus topsoil at the Liz catchment was estimated to be 61.5 t/ha using
thickness from sampling pits. In comparison, estimation based on thickness acquired by
ground-penetrating radar was 57 t/ha. The difference between these two approaches is
less than 8%. In addition, if thickness measured manually along the ground-penetrating
radar transect (point values) for the method verification is used instead of thickness
from sampling pits, the difference to ground-penetrating radar estimation is under 5%. It
follows that the uncertainty originates from the spatial variability of the used
parameters.

Uncertainty originating from thickness spatial variability could be reduced by a
higher density of ground-penetrating radar transects. However, this approach could
potentially meet problems with reduced output clarity and higher signal attenuation in
lower layers caused by dense understory vegetation and forest litter, especially leaf litter
(Tanikawa et al., 2016) or attenuation caused by higher clay content in mineral soil
(publication III). Some authors state that in soils with 35% clay contents and above,
penetration depth of ground-penetrating radar measurements using frequencies over 500
MHz (commonly used for soil surveys) might not reach more than 0.5 m (Doolittle and
Butnor, 2009). However, the depth of 0.5 m usually suffices for surveys of forest floor and
topsoil. Signal attenuation due to dense understory vegetation was not observed in the
studied transect as the transect line was mainly covered by needles, with some patches of

moss and sparse grass.

7. Conclusions

Forest floor carbon pool represents only 25% of the total soil organic carbon
pool down to a depth of 80 cm, and it is the least recalcitrant part that is subject to the
most rapid changes. Therefore, its estimation is essential for monitoring soil organic
carbon pool changes. Forest floor and topsoil thicknesses are highly variable; thus, the
soil organic carbon pool is variable accordingly. Several factors controlling this
variability were identified at the regional and local scale: elevation; soil moisture;
historical soil acidification; tree species; forest floor cover; and soil texture. Although
processes acting at both scales are similar, the best predictors differ slightly. We found
that elevation can be used as a variable representing climate for soil organic carbon
modelling in regional studies in Central Europe. Still, in local studies, it is better to use

soil moisture that shows the microclimate of a site. At the regional scale, vegetation
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expressed as a proportion of broadleaf trees and conifers was a significant predictor of
the soil organic carbon pool. In contrast, at the local scale, forest floor cover (needles,
leaves, graminoids, moss, bilberries, spruce seedlings) predicted the soil organic carbon
pool better.

The driving factors of soil organic carbon pool also change with depth. The climate
controls the total soil organic pool, but its effect on the forest floor carbon pool is
outbalanced by the effect of organic matter deposition, its recalcitrance, and by acid
deposition retarding mineralization. Ground-penetrating radar can help estimate forest
floor and topsoil thickness, and thus model their organic carbon pool. However,
conventionally processed ground-penetrating radar outputs are often subjective. We
proposed a more objective approach, treating reflection amplitudes trace by trace. This
method still does not reveal the forest floor and topsoil boundary. The topsoil/mineral
soil boundary was detected with a mean measurement error of 25%. However, when
using mean thicknesses for a several metres long transect, the measurement error is only
up to 9%. Better results at points were obtained under wetter conditions, but not
significantly. By contrast, under drier conditions, deeper parts of irregular horizon
boundaries could be better detected and mean thickness was more accurate. This
approach could be improved by distinguishing tree roots and stones, which remains a

challenge for future research.

8. References

Ahmed, L.U., Smith, A.R., Jones, D.L., Godbold, D.L., 2016. Tree species identity
influences the vertical distribution of labile and recalcitrant carbon in a temperate
deciduous forest soil. For. Ecol. Manage. 359, 352-360.
https://doi.org/10.1016/j.foreco.2015.07.018

Aitkenhead, M., Coull, M., 2020. Mapping soil profile depth, bulk density and carbon
stock in Scotland using remote sensing and spatial covariates. Eur. J. Soil Sci. 71,
553-567. https://doi.org/10.1111/ejss.12916

al Hagrey, S. a., Miiller, C., 2000. GPR study of pore water content and salinity in sand.
Geophys. Prospect. 48, 63—85. https://doi.org/10.1046/7.1365-2478.2000.00180.x

al Hagrey, S.A., 2007. Geophysical imaging of root-zone, trunk, and moisture
heterogeneity. J. Exp. Bot. 58, 839-854. https://doi.org/10.1093/jxb/erl237

André, F., Jonard, F., Jonard, M., Lambot, S., 2016. In situ characterization of forest
litter using ground-penetrating radar. J. Geophys. Res. Biogeosciences 121, 879—
894. https://doi.org/10.1002/2015JG002952.Received

André, F., Jonard, M., Lambot, S., 2015. Non-Invasive Forest Litter Characterization

32



Using Full-Wave Inversion of Microwave Radar Data. IEEE Trans. Geosci.
Remote Sens. 53, 828—840.

André¢, F., Jonard, M., Lambot, S., 2014. Full-wave Inversion of ground-penetrating
radar data for forest litter characterization. Proc. 15th Int. Conf. Grounds
Penetrating Radar, 2014. GPR 2014. 196-201.

André, F., van Leeuwen, C., Saussez, S., Van Durmen, R., Bogaert, P., Moghadas, D.,
de Rességuier, L., Delvaux, B., Vereecken, H., Lambot, S., 2012. High-resolution
imaging of a vineyard in south of France using ground-penetrating radar,
electromagnetic induction and electrical resistivity tomography. J. Appl. Geophys.
78, 113—122. https://doi.org/10.1016/j.jappgeo0.2011.08.002

Anschlag, K., Tatti, D., Hellwig, N., Sartori, G., Gobat, J.-M., Broll, G., 2017.
Vegetation-based bioindication of humus forms in coniferous mountain forests. J.
Mt. Sci. 14, 662—673. https://doi.org/10.1007/s11629-016-4290-y

Ardekani, M.R., Nottebaeret, M., Jacques, D., 2014. GPR data inversion for vegetation
layer. Proc. 15th Int. Conf. Grounds Penetrating Radar, 2014. GPR 2014. 170-175.

Ardekani, M.R.M., 2013. Off- and on-ground GPR techniques for field-scale soil
moisture mapping. Geoderma 200-201, 55-66.
https://doi.org/10.1016/j.geoderma.2013.02.010

Bai, Y., Zhou, Y., 2020. The main factors controlling spatial variability of soil organic
carbon in a small karst watershed, Guizhou Province, China. Geoderma 357,
113938. https://doi.org/10.1016/j.geoderma.2019.113938

Bastianelli, C., Ali, A.A., Beguin, J., Bergeron, Y., Grondin, P., Hély, C., Par¢, D.,
2017. Boreal coniferous forest density leads to significant variations in soil
physical and geochemical properties. Biogeosciences 14, 3445-3459.
https://doi.org/10.5194/bg-14-3445-2017

Bellamy, P.H., Lovejoy, P.J., Bradley, R.I., Lark, R.M., Kirk, G.J.D., 2005. Carbon
losses from all soil across England and Wales 1978-2003. Nature 437, 245-248.

Benedetto, A., 2010. Water content evaluation in unsaturated soil using GPR signal
analysis in the frequency domain. J. Appl. Geophys. 71, 26-35.
https://doi.org/10.1016/.jappgeo.2010.03.001

Bens, O., Buczko, U., Sieber, S., Hiittl, R.F., 2006. Spatial variability of O layer
thickness and humus forms under different pine beech-forest transformation stages
in NE Germany. J. Plant Nutr. Soil Sci. 169, 5-15.
https://doi.org/10.1002/jpIn.200521734

Berg, B., Matzner, E., 1997. Effect of N deposition on decomposition of plant litter and
soil organic matter in forest systems. Environ. Rev. 5, 1-25.

Birchak, J.R., Gardner, C.G., Hipp, J.E., Victor, .M., 1974. High dielectric constant
microwave probes for sensing soil moisture. Proc. IEEE 62, 93—102.

Birkenland, P.W., 1984. Soils and Geomorphology. Oxford University Press, New
York.

Bojko, O., Kabala, C., 2017. Organic carbon pools in mountain soils: Sources of
variability and predicted changes in relation to climate and land use changes.

33



Catena 149, 209-220. https://doi.org/10.1016/j.catena.2016.09.022

Borden, K.A., Thomas, S.C., Isaac, M.E., 2016. Interspecific variation of tree root
architecture in a temperate agroforestry system characterized using ground-
penetrating radar. Plant Soil 1-12. https://doi.org/10.1007/s11104-016-3015-x

Boruvka, L., Mladkova, L., Penizek, V., Drabek, O., Vasat, R., 2007. Forest soil
acidification assessment using principal component analysis and geostatistics.
Geoderma 140, 374-382. https://doi.org/10.1016/j.geoderma.2007.04.018

Brahim, N., Ibrahim, H., Hatira, A., 2014. Tunisian Soil Organic Carbon Stock - Spatial
and Vertical Variation. Procedia Eng. 69, 1549—-1555.
https://doi.org/10.1016/j.proeng.2014.03.154

Bristow, C.S., Jol, H.M., 2003. Ground Penetrating Radar in Sediments (Geological
Society Special Publication) (No. 211).

Bruckner, A., Kandeler, E., Kampichler, C., 1999. Plot-scale spatial patterns of soil
water content, pH, substrate-induced respiration and N mineralization in a
temperate coniferous forest. Geoderma 93, 207-223.
https://doi.org/10.1016/S0016-7061(99)00059-2

Buchner, J.S., Wollschldger, U., Roth, K., 2012. Inverting surface GPR data using
FDTD simulation and automatic detection of reflections to estimate subsurface

water content and geometry. Geophysics 77, H45-HSS.
https://doi.org/10.1190/ge02011-0467.1

Caravaca, F., LaX, A., Albaladejo, J., 1999. Organic matter, nutrient contents and cation
exchange capacity in fine fractions from semiarid calcareous soils. Geoderma 93,
161-176.

Cassidy, N.J., 2009. Electrical and Magnetic Properties of Rocks, Soils and Fluids, in:
Jol, H.M. (Ed.), Ground Penetrating Radar Theory and Applications. pp. 41-72.
https://doi.org/10.1016/B978-0-444-53348-7.00010-7

Conforti, M., Luca, F., Scarciglia, F., Matteucci, G., Buttafuoco, G., 2016. Soil carbon
stock in relation to soil properties and landscape position in a forest ecosystem of
southern Italy (Calabria region). Catena 144, 23-33.
https://doi.org/10.1016/j.catena.2016.04.023

Conyers, L.B., 2012. Interpreting Ground-Penetrating Radar for Archaeology. Walnut
Creek: Left Coast Press.

Corradini, E., Dreibrodt, S., Erkul, E., GroB, D., Liibke, H., Panning, D., Pickartz, N.,
Thorwart, M., Vott, A., Willershauser, T., Wilken, D., Wunderlich, T., Zanon, M.,
Rabbel, W., 2020. Understanding wetlands stratigraphy: Geophysics and soil
parameters for investigating ancient basin development at lake duvensee. Geosci.
10, 1-35. https://doi.org/10.3390/geosciences 10080314

Cremer, M., Kern, N.V., Prietzel, J., 2016. Soil organic carbon and nitrogen stocks
under pure and mixed stands of European beech , Douglas fir and Norway spruce.
For. Ecol. Manage. 367, 30—40. https://doi.org/10.1016/j.foreco.2016.02.020

Curioni, G., Chapman, D.N., Metje, N., 2017. Seasonal variations measured by TDR
and GPR on an anthropogenic sandy soil and the implications for utility detection.
J. Appl. Geophys. 141, 34-46. https://doi.org/10.1016/].jappgeo.2017.01.029

34



de Kovel, C.G.F., van Mierlo, A.(J.).E.M., Wilms, Y.J.O., Berendse, F., 2000. Carbon
and nitrogen in soil and vegetation at sites differing in successional age. Plant Ecol.
149, 43-50.

de Wit, H.A., Eldhuset, T.D., Mulder, J., 2010. Dissolved Al reduces Mg uptake in
Norway spruce forest: Results from a long-term field manipulation experiment in
Norway. For. Ecol. Manage. 259, 2072-2082.
https://doi.org/10.1016/j.foreco.2010.02.018

Doolittle, J., Butnor, J., 2009. Soils, peatlands, and biomonitoring, in: Jol, H.M. (Ed.),
Ground Penetrating Radar Theory and Applications. pp. 179-202.
https://doi.org/10.1016/B978-0-444-53348-7.00006-5

Doolittle, J., Nelson, F., 2009. Characterising Relict Cryogenic Macrostructures in Mid-
Latitude Areas of the USA with Three-Dimensional Ground-Penetrating Radar.
Permaft. Periglac. Process. 20, 257-268. https://doi.org/10.1002/ppp

Duchaufour, P., 1997. Abrégé de pedologie: Sol, végétation, environment. Masson,
Paris.

Elkarmoty, M., Colla, C., Gabrielli, E., Papeschi, P., Bondua, S., Bruno, R., 2017. In-
situ GPR test for three-dimensional mapping of the dielectric constant in a rock
mass. J. Appl. Geophys. 146, 1-15. https://doi.org/10.1016/j.jappgeo.2017.08.010

Ercoli, M., Di Matteo, L., Pauselli, C., Mancinelli, P., Frapiccini, S., Talegalli, L.,
Cannata, A., 2018. Integrated GPR and laboratory water content measures of sandy
soils: From laboratory to field scale. Constr. Build. Mater. 159, 734-744.
https://doi.org/10.1016/j.conbuildmat.2017.11.082

Fons, J., Klinka, K., Kabzems, R.D., 1998. Humus forms of trembling aspen ecosystems
in northeastern British Columbia. For. Ecol. Manage. 105, 241-250.
https://doi.org/10.1016/S0378-1127(97)00290-9

Fotheringham, A.S., Brudson, C., Charlton, M., 2002. Geographically Weighted
regression: the analysis of spatially varying relationships. Wiley, Chichester.

Francaviglia, R., Renzi, G., Doro, L., Parras-Alcantara, L., Lozano-Garcia, B., Ledda,
L., 2017. Soil sampling approaches in Mediterranean agro-ecosystems. Influence
on soil organic carbon stocks. Catena 158, 113—-120.
https://doi.org/10.1016/j.catena.2017.06.014

Freeland, R.S., 2015. Imaging the Lateral Roots of the Orange Tree using Three-
dimensional GPR. J. Environ. Eng. Geophys. 20, 235-244.
https://doi.org/10.2113/jeeg20.3.235

Gardin, L., Chiesi, M., Fibbi, L., Maselli, F., 2021. Mapping soil organic carbon in
Tuscany through the statistical combination of ground observations with ancillary

and remote sensing data. Geoderma 404, 115386.
https://doi.org/10.1016/j.geoderma.2021.115386

Goodman, D., Piro, S., Nishimura, Y., Schneider, K., Hongo, H., Higashi, N., Steinberg,
J., Damiata, B., 2009. GPR archaecometry, Ground Penetrating Radar Theory and
Applications. https://doi.org/10.1016/B978-0-444-53348-7.00015-6

Grand, S., Lavkulich, L.M., 2011. Depth distribution and predictors of soil organic
carbon in Podzols of a forested watershed in Southwestern Canada. Soil Sci. 176,

35



164-174.

GRIDA, 2015. Worlds biomes and carbon storage [on-line]. URL
https://www.grida.no/resources/6940 (accessed 2.20.22).

Guo, L., Lin, H., Fan, B., Cui, X., Chen, J., 2013. Impact of root water content on root
biomass estimation using ground penetrating radar: Evidence from forward
simulations and field controlled experiments. Plant Soil 371, 503—-520.
https://doi.org/10.1007/s11104-013-1710-4

Hannah, L., 2011. The Climate System and Climate Change, in: Hannah, L. (Ed.),
Climate Change Biology. Academic Press, pp. 13-52.
https://doi.org/10.1016/B978-0-12-374182-0.00002-9

Hansson, K., Froberg, M., Helmisaari, H., Kleja, D.B., Olsson, B.A., 2013. Carbon and
nitrogen pools and fluxes above and below ground in spruce , pine and birch stands
in southern Sweden. For. Ecol. Manage. 309, 28-35.
https://doi.org/10.1016/j.foreco.2013.05.029

Heim, A., Wehrli, L., Eugster, W., Schmidt, M.W.L., 2009. Effects of sampling design
on the probability to detect soil carbon stock changes at the Swiss CarboEurope
site Lageren. Geoderma 149, 347-354.
https://doi.org/10.1016/j.geoderma.2008.12.018

Hirano, Y., Dannoura, M., Aono, K., Igarashi, T., Ishii, M., Yamase, K., Makita, N.,
Kanazawa, Y., 2009. Limiting factors in the detection of tree roots using ground-
penetrating radar. Plant Soil 319, 15-24. https://doi.org/10.1007/s11104-008-9845-
4

Hobbie, S.E., 2008. Nitrogen effects on decomposition: A five-year experiment in eight
temperate sites. Ecology 89, 2633-2644.

Hong, Y., Chen, S., Chen, Y., Linderman, M., Mouazen, A.M., Liu, Yaolin, Guo, L.,
Yu, L., Liu, Yanfang, Cheng, H., Liu, Y1, 2020. Comparing laboratory and
airborne hyperspectral data for the estimation and mapping of topsoil organic

carbon: Feature selection coupled with random forest. Soil Tillage Res. 199,
104589. https://doi.org/10.1016/].stil1.2020.104589

Huisman, J. A., Hubbard, S.S., Redman, J.D., Annan, A. P., 2003. Measuring Soil
Water Content with Ground Penetrating Radar A Review. Vadose Zo. J. 2, 476—
491. https://doi.org/10.2113/2.4.476

Ikazaki, K., Nagumo, F., Simporé, S., Barro, A., 2018. Soil toposequence, productivity,
and a simple technique to detect petroplinthites using ground-penetrating radar in
the Sudan Savanna. Soil Sci. Plant Nutr. 64, 623-631.
https://doi.org/10.1080/00380768.2018.1502604

Janssens, [LA., Dieleman, W., Luyssaert, S., Subke, J.A., Reichstein, M., Ceulemans, R.,
... Law, B.E., 2010. Reduction of forest soil respiration in response to nitrogen
deposition. Nat. Geosci. 3, 315-322.

Jobbagy, E.G., Jackson, R.B., 2000. The vertical distribution of soil organic carbon and
its relation to climate and vegetation. Ecol. Appl. 10, 423-436.

Jonard, F., Demontoux, F., Bircher, S., Razafindratsimat, S., Schwank, M.,
Weillermuller, L., Lambot, S., Wigneron, J.-P., Kerr, Y., Vereecken, H., 2014.

36



Electromagnetic characterization of organic-rich soils at the microwave L-band
with ground-penetrating radar , radiometry and laboratory measurements. Proc.
15th Int. Conf. Grounds Penetrating Radar 202—-207.

Jonard, M., Nicolas, M., Coomes, D.A., Caignet, 1., Saenger, A., Ponette, Q., 2017.
Forest soils in France are sequestering substantial amounts of carbon. Sci. Total
Environ. 574, 616-628.

Jones, A., Breuning-Madsen, H., Brossard, M., Dampha, A., D., J., Dewitte, O., Gallali,
T., Hallett, S., Jones, R., Kilasara, M., L.R., P., Micheli, E., Montanarella, L.,
Spaargaren, O., Thiombiano, L., V., Ranst, E., Yemefack, M. , Zougmoré R., (eds.)
2013, 176 pp., 2013. Soil Atlas of Africa. European Commission, Publications
Office of the European Union, Luxembourg.

Jones, A., Montanarella, L., Jones, R., 2005. Soil Atlas of Europe. The European Soil
Bureau, Joint Research Centre, Luxembourg.

Klotzsche, A., Jonard, F., Looms, M.C., van der Kruk, J., Huisman, J.A., 2018.
Measuring Soil Water Content with Ground Penetrating Radar: A Decade of
Progress. Vadose Zo. J. 17, 0. https://doi.org/10.2136/vzj2018.03.0052

Kopacek, J., Posch, M., 2011. Anthropogenic nitrogen emissions during the Holocene
and their possible effects on remote ecosystems. Global Biogeochem. Cycles 1-16.
https://doi.org/10.1029/2010GB003779

Kristensen, T., Ohlson, M., Bolstad, P., Nagy, Z., 2015. Spatial variability of organic
layer thickness and carbon stocks in mature boreal forest stands—implications and

suggestions for sampling designs. Environ. Monit. Assess. 187.
https://doi.org/10.1007/s10661-015-4741-x

Laamrani, A., Valeria, O., Bergeron, Y., Fenton, N., Zhen, L., Anyomi, K., 2014a.
Effects of topography and thickness of organic layer on productivity of black
spruce boreal forests of the Canadian Clay Belt region. For. Ecol. Manage. 330,
144—157. https://doi.org/10.1016/j.foreco.2014.07.013

Laamrani, A., Valeria, O., Fenton, N., Bergeron, Y., Zhen, L., 2014b. The role of
mineral soil topography on the spatial distribution of organic layer thickness in a
paludified boreal landscape. Geoderma 221-222, 70-81.
https://doi.org/10.1016/j.geoderma.2014.01.003

Labaz, B., Galka, B., Bogacz, A., Waroszewski, J., Kabala, C., 2014. Factors
influencing humus forms and forest litter properties in the mid-mountains under
temperate climate of southwestern Poland. Geoderma 230-231, 265-273.
https://doi.org/10.1016/j.geoderma.2014.04.021

Lal, R., 2004. Soil Carbon Sequestration to Mitigate Climate Change. Geoderma 123, 1-
22. https://doi.org/10.1016/j.geoderma.2004.01.032

Lambot, S., Slob, E.C., van den Bosch, I., Antoine, M., Gregoire, M., Vanclooster, M.,
2004. Modeling of GPR signal and inversion for identifying the subsurface
dielectric properties frequency dependence and effect of soil roughness. Proc.
Tenth Int. Conf. Grounds Penetrating Radar, 2004. GPR 2004. 79-82.
https://doi.org/10.1109/ICGPR.2004.179918

Lauer, K., Albrecht, C., Salat, C., Felix-Henningsen, P., 2010. Complex effective

37



relative permittivity of soil samples from the taunus region (Germany). J. Earth
Sci. 21, 961-967. https://doi.org/10.1007/s12583-010-0149-2

Lavoué, F., Brossier, R., Métivier, L., Garambois, S., Virieux, J., 2014. Two-
dimensional permittivity and conductivity imaging by full waveform inversion of
multioffset GPR data: A frequency-domain quasi-Newton approach. Geophys. J.
Int. 197, 248-268. https://doi.org/10.1093/gji/ggt528

Li, L., Xia, Y., Liu, S., Zhang, W., Chen, X., Zheng, H., Qiu, H., He, X., Su, Y., 2015.
Modified Method for Estimating Organic Carbon Density in Discontinuous Karst
Soil Using Ground-Penetrating Radar and Geostatistics. J. Mt. Sci. 12, 1229-1240.
https://doi.org/10.1007/s11629-015-3431-z

Li, W., Cui, X., Guo, L., Chen, J., Chen, X., Cao, X., 2016. Tree root automatic
recognition in Ground penetrating radar profiles based on randomized Hough
transform. Remote Sens. 8. https://doi.org/10.3390/rs8050430

Liski, J., 1995. Variation in soil organic carbon and thickness of soil horizons within a
boreal forest stand - effect of trees and implications for sampling. Silva Fenn. 29,
255-266.

Liski, J., Perruchoud, D., Karjalainen, T., 2002. Increasing carbon stocks in the forest
soils of western Europe. For. Ecol. Manage. 169, 159-175.
https://doi.org/10.1016/S0378-1127(02)00306-7

Liu, L., Greaver, T.L., 2010. A global perspective on belowground carbon dynamics
under nitrogen enrichment. Ecol. Lett. 13, 819—828. https://doi.org/10.1111/j.1461-
0248.2010.01482.x

Liu, X., Dong, X., Xue, Q., Leskovar, D.L., Jifon, J., Butnor, J.R., Marek, T., 2018.
Ground penetrating radar (GPR) detects fine roots of agricultural crops in the field.
Plant Soil 423, 517-531. https://doi.org/10.1007/s11104-017-3531-3

Marty, C., Houle, D., Gagnon, C., 2015. Variation in stocks and distribution of organic
C in soils across 21 eastern Canadian temperate and boreal forests. For. Ecol.
Manage. 345, 29-38. https://doi.org/10.1016/j.foreco.2015.02.024

Meier, 1.C., Leuschner, C., 2010. Variation of soil and biomass carbon pools in beech
forests across a precipitation gradient. Glob. Chang. Biol. 16, 1035—-1045.
https://doi.org/10.1111/j.1365-2486.2009.02074.x

Moldan, F., Kjenaas, O.J., Stuanes, A.O., Wright, R.F., 2006. Increased nitrogen in
runoff and soil following 13 years of experimentally increased nitrogen deposition

to a coniferousforested catchment at Gardsjon, Sweden. Environ. Pollut. 144, 610—
620. https://doi.org/10.1016/j.envpol.2006.01.041

Mulder, J., De Wit, H.A., Boonen, H.W., Bakken, L.R., 2001. Increased levels of
aluminium in forest soils: effects on the stores of soil organis carbon. Water. Air.
Soil Pollut. 130, 989-994. https://doi.org/10.1023/A:1013987607826

Muukkonen, P., Hikkinen, M., Mékipaa, R., 2009. Spatial variation in soil carbon in the
organic layer of managed boreal forest soil-implications for sampling design.
Environ. Monit. Assess. 158, 67-76. https://doi.org/10.1007/s10661-008-0565-2

Nicola, C. De, Zanella, A., Testi, A., Fanelli, G., Pignatti, S., 2014. Humus forms in a
Mediterranean area (Castelporziano Reserve , Rome , Italy): classification,

38



functioning and organic carbon storage. Geoderma 235-236, 90—99.
https://doi.org/10.1016/j.geoderma.2014.06.033

Novakova, E., Karous, M., Zajicek, A., Karousova, M., 2013. Evaluation of Ground
Penetrating Radar and Vertical Electrical Sounding Methods to Determine Soil
Horizons and Bedrock at the Locality Dehtate. Soil Water Res. 8, 105—-112.

Olhoeft, G.R., 2000. Maximizing the information return from ground penetrating radar.
J. Appl. Geophys. 43, 175-187. https://doi.org/10.1016/S0926-9851(99)00057-9

Olsson, M.T., Erlandsson, M., Lundin, L., Nilsson, T., Nilsson, ??ke, Stendahl, J., 2009.
Organic carbon stocks in swedish podzol soils in relation to soil hydrology and
other site characteristics. Silva Fenn. 43, 209-222.

Oulehle, F., Chuman, T., Hruska, J., Kram, P., McDowell, W.H., Myska, O., Navratil,
T., Tesat, M., 2017. Recovery from acidification alters concentrations and fluxes

of solutes from Czech catchments. Biogeochemistry 132, 251-272.
https://doi.org/10.1007/s10533-017-0298-9

Oulehle, F., Mcdowell, W.H., Hruska, J., Aitkenheadpeterson, J. A. Kram, P., Fottova,
D., 2008. Long-term trends in stream nitrate concentrations and losses across

watersheds undergoing recovery from acidification in the Czech Republic.
Ecosystems 11, 410—425. https://doi.org/10.1007/s10021-008-9130-7

Oulehle, F., Tahovska, K., Chuman, T., Evans, C.D., Hruska, J., Ruzek, M., Barta, J.,
2018. Comparison of the impacts of acid and nitrogen additions on carbon fluxes
in European conifer and broadleaf forests. Environ. Pollut. 238, 884—893.
https://doi.org/10.1016/j.envpol.2018.03.081

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips,
O.L., Shvidenko, A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala,
S.W., McGuire, A.D., Piao, S., Rautiainen, A., Sitch, S., Hayes, D., 2011. A large
and persistent carbon sink in the world’s forests. Science, 333, 988-993.
https://doi.org/10.1126/science.1201609

Paz-Gonzalez, A., Viera, S.R., Taboada Castro, M.T., 2000. The effect of cultivation on
the spatial variability of selected properties of an umbric horizon. Geoderma 97,
263-272.

Peltoniemi, M., Mikipad, R., Liski, J., Tamminen, P., 2004. Changes in soil carbon with
stand age - An evaluation of a modelling method with empirical data. Glob. Chang.
Biol. 10, 2078-2091. https://doi.org/10.1111/j.1365-2486.2004.00881.x

Ponge, J.F., Jabiol, B., Gegout, J.C., 2011. Geology and climate conditions affect more
humus forms than forest canopies at large scale in temperate forests. Geoderma
162, 187 — 195.

Pregitzer, K.S., Euskirchen, E.S., 2004. Carbon cycling and storage in world forests:
Biome patterns related to forest age. Glob. Chang. Biol. 10, 2052-2077.
https://doi.org/10.1111/j.1365-2486.2004.00866.x

Raz-Yaseef, N., Koteen, L., Baldocchi, D.D., 2013. Coarse root distribution of a semi-
arid oak savanna estimated with ground penetrating radar. J. Geophys. Res.
Biogeosciences 118, 135-147. https://doi.org/10.1029/2012JG002160

Reppert, P.M., Morgan, F.D., Toksoz, M.N., 2000. Dielectric constant determination

39



using ground-penetrating radar reflection coefficients. J. Appl. Geophys. 43, 189—
197. https://doi.org/10.1016/S0926-9851(99)00058-0

Rodriguez-Robles, U., Arredondo, T., Huber-Sannwald, E., Ramos-Leal, J.A., Yépez,
E.A., 2017. Technical note: Application of geophysical tools for tree root studies in

forest ecosystems in complex soils. Biogeosciences 14, 5343-5357.
https://doi.org/10.5194/bg-14-5343-2017

Rossi, J., Govaerts, A., De Vos, B., Verbist, B., Vervoort, A., Poesen, J., Muys, B.,
Deckers, J., 2009. Spatial structures of soil organic carbon in tropical forests-A

case study of Southeastern Tanzania. Catena 77, 19-27.
https://doi.org/10.1016/j.catena.2008.12.003

Rothe, A., Kreutzer, K., Kuchenhoff, H., 2002. Influence of tree species composition on
soil and soil solution properties in two mixed spruce-beech stands with contrasting
history in Southern Germany. Plant Soil 240, 47-56.
https://doi.org/10.1023/A:1015822620431

Rumpel, C., Kégel-Knabner, 1., 2011. Deep soil organic matter - a key but poorly
understood component of terrestrial C cycle. Plant Soil 338, 143—158.
https://doi.org/10.1007/s11104-010-0391-5

Saarenketo, T., 1998. Electrical properties of water in clay and silty soils. J. Appl.
Geophys. 40, 73—-88. https://doi.org/10.1016/S0926-9851(98)00017-2

Salat, C., Junge, A., 2010. Dielectric permittivity of fine-grained fractions of soil
samples from eastern Spain at 200 MHz. Geophysics 75, J1-J9.
https://doi.org/10.1190/1.3294859

Samonil, P., Phillips, J., Danék, P., Benes, V., Pawlik, L., 2020. Soil, regolith, and
weathered rock: Theoretical concepts and evolution in old-growth temperate
forests, Central Europe. Geoderma 368, 114261.
https://doi.org/10.1016/j.geoderma.2020.114261

Samonil, P., Valtera, M., Bek, S., Sebkové, B., Vrika, T., Houska, J., 2011. Soil
variability through spatial scales in a permanently disturbed natural spruce-fir-
beech forest. Eur. J. For. Res. 130, 1075—-1091. https://doi.org/10.1007/s10342-
011-0496-2

Schaller, M., Dal Bo, L., Ehlers, T.A., Klotzsche, A., Drews, R., Fuentes Espoz, J.P.,
Van Der Kruk, J., 2020. Comparison of regolith physical and chemical
characteristics with geophysical data along a climate and ecological gradient,
Chilean Coastal Cordillera (26 to 38° S). Soil 6, 629-647.
https://doi.org/10.5194/s01l-6-629-2020

Scharlemann, J.P.W., Tanner, E.V.J., Hiederer, R., Kapos, V., 2014. Global soil carbon:
Understanding and managing the largest terrestrial carbon pool. Carbon Manag. 5,
81-91. https://doi.org/10.4155/cmt.13.77

Schiavo, J.A., Pessenda, L.C.R., Buso Junior, A.A., Calegari, M.R., Fornari, M.,
Secretti, M.L., Pereira, M.G., Mayle, F.E., 2020. Genesis and variation spatial of
Podzol in depressions of the Barreiras Formation, northeastern Espirito Santo
State, Brazil, and its implications for Quaternary climate change. J. South Am.
Earth Sci. 98, 102435. https://doi.org/10.1016/j.jsames.2019.102435

40



Schmidt, M.W.1., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G. Janssens, [.A.,
..., Trumbore, S.E., 2011. Persistence of soil organic matter as an ecosystem
property. Nature 478, 49-56.

Schoning, 1., Totsche, K.U., Kogel-Knabner, 1., 2006. Small scale spatial variability of
organic carbon stocks in litter and solum of a forested Luvisol. Geoderma 136,
631-642. https://doi.org/10.1016/j.geoderma.2006.04.023

Schulp, C.J.E., Veldkamp, A., 2008. Long-term landscape — land use interactions as
explaining factor for soil organic matter variability in Dutch agricultural
landscapes. Geoderma 146, 457-465.
https://doi.org/10.1016/j.geoderma.2008.06.016

Sena, A.R., Sen, M.K., Stoffa, P.L., 2008. Modelling of ground penetrating radar data in
stratified media using the reflectivity technique. J. Geophys. Eng. 5, 129-146.
https://doi.org/10.1088/1742-2132/5/2/001

Simeoni, M., Galloway, P., O’Neil, A., Gilkes, R., 2009. A procedure for mapping the
depth to the texture contrast horizon of duplex soils in south-western Australia
using ground penetrating radar, GPS and kriging. Aust. J. Soil Res. 47, 613-621.
https://doi.org/10.1071/SR08241

Slater, L., Comas, X., 2009. The Contribution of Ground Penetrating Radar to Water
Resource Research, First Edit. ed, Ground Penetrating Radar Theory and
Applications. Elsevier. https://doi.org/10.1016/B978-0-444-53348-7.00010-7

Smit, A., 1999. The impact of grazing on spatial variability of humus profile properties
in a grass-encroached Scots pine ecosystem. Catena 36, 85-98.
https://doi.org/10.1016/S0341-8162(99)00003-X

Sothe, C., Gonsamo, A., Arabian, J., Snider, J., 2022. Large scale mapping of soil
organic carbon concentration with 3D machine learning and satellite observations.
Geoderma 405, 115402. https://doi.org/10.1016/j.geoderma.2021.115402

Spielvogel, S., Prietzel, J., Kogel-Knabner, 1., 2008. Soil organic matter stabilization in
acidic forest soils is preferential and soil type-specific. Eur. J. Soil Sci. 59, 674—
692. https://doi.org/10.1111/5.1365-2389.2008.01030.x

Strand, L.T., Callesen, 1., Dalsgaard, L., de Wit, H.A., 2016. Carbon and nitrogen stocks
in Norwegian forest soils — the importance of soil formation, climate, and

vegetation type for organic matter accumulation. Can. J. For. Res. 1473, 1-15.
https://doi.org/10.1139/cjfr-2015-0467

Tanikawa, T., Hirano, Y., Dannoura, M., 2013. Root orientation can affect detection
accuracy of ground-penetrating radar 317-327. https://doi.org/10.1007/s11104-
013-1798-6

Tanikawa, T., Ikeno, H., Dannoura, M., Yamase, K., Aono, K., Hirano, Y., 2016. Leaf
litter thickness, but not plant species, can affect root detection by ground
penetrating radar. Plant Soil 408, 271-283. https://doi.org/10.1007/s11104-016-
2931-0

Tardio, G., Gonzalez-Ollauri, A., Mickovski, S.B., 2016. A non-invasive preferential
root distribution analysis methodology from a slope stability approach. Ecol. Eng.
97, 46-57. https://doi.org/10.1016/j.ecoleng.2016.08.005

41


http://dx.doi.org/10.1016/j.geoderma.2008.06.016

Taylor, J.R., 1982. An Introduction to Error Analysis: The study of uncertainties in
physical measurements. University Science Books, Sausalito, California.

Trap, J., Héttenschwiler, S., Gattin, 1., Aubert, M., 2013. Forest ageing: An unexpected
driver of beech leaf litter quality variability in European forests with strong
consequences on soil processes. For. Ecol. Manage. 302, 338-345.
https://doi.org/10.1016/j.foreco.2013.03.011

Valtera, M., Samonil, P., 2018. Soil organic carbon stocks and related soil properties in
a primary Picea abies (L.) Karst. volcanic-mountain forest. Catena 165, 217-227.
https://doi.org/10.1016/j.catena.2018.01.034

Valtera, M., Samonil, P., Boublik, K., 2013. Soil variability in naturally disturbed
Norway spruce forests in the Carpathians: Bridging spatial scales. For. Ecol.
Manage. 310, 134—146. https://doi.org/10.1016/j.foreco.2013.08.004

van Dam, R.L., Schlager, W., 2000. Identifying causes of ground-penetrating radar
reflections using time-domain reflectometry and sedimentological analyses.
Sedimentology 47, 435-449. https://doi.org/10.1046/5.1365-3091.2000.00304.x

van Dam, R.L., van den Berg, E.H., Schaap, M.G., Broekema, L.H., Schlager, W.,
2003. Radar reflections from sedimentary structures in the vadose zone, in: Ground
Penetrating Radar in Sediments. pp. 257-273.

van Dam, R.L., van den Berg, E.H., van Heteren, S., Kasse, C., Kenter, J. a. M., Groen,
K., 2002. Influence of Organic Matter in Soils on Radar-Wave Reflection:
Sedimentological Implications. J. Sediment. Res. 72, 341-352.
https://doi.org/10.1306/092401720341

van Overmeeren, R., Sariowan, S., Gehrels, J., 1997. Ground penetrating radar for
determining volumetric soil water content; results of comparative measurements at
two test sites. J. Hydrol. 197, 316-338. https://doi.org/10.1016/S0022-
1694(96)03244-1

Vesterdal, L., 1999. Influence of soil type on mass loss and nutrient release from
decomposing foliage litter of beech and Norway spruce. Can. J. For. Res. 29, 95—
105. https://doi.org/10.1139/x98-182

Vesterdal, L., Clarke, N., Sigurdsson, B.D., Gundersen, P., 2013. Do tree species
influence soil carbon stocks in temperate and boreal forests? For. Ecol. Manage.
309, 4-18. https://doi.org/10.1016/j.foreco.2013.01.017

Vesterdal, L., Schmidt, I.LK., Callesen, 1., Nilsson, L.O., Gundersen, P., 2008. Carbon
and nitrogen in forest floor and mineral soil under six common European tree
species. For. Ecol. Manage. 255, 35-48.
https://doi.org/10.1016/j.foreco.2007.08.015

Voronin, A.Y., Savin, I.Y., 2018. GPR Diagnostics of Chernozem Humus Horizon
Thickness. Russ. Agric. Sci. 44, 250-255.
https://doi.org/10.3103/s1068367418030199

Waldrop, M.P., Zak, D.R., Sinsabaugh, R.L., 2004. Microbial community response to
nitrogen deposition in northern forest ecosystems. Soil Biol. Biochem. 36, 1443—
1451. https://doi.org/10.1016/j.s0ilbi0.2004.04.023

Watanabe, T., Matsuoka, N., Christiansen, H.H., 2013. Ice- and Soil-Wedge Dynamics

42



in the Kapp Linné Area, Svalbard, Investigated by Two- and Three-Dimensional
GPR and Ground Thermal and Acceleration Regimes. Permafr. Periglac. Process.
24, 39-55. https://doi.org/10.1002/ppp.1767

Wiesmeier, M., Liitzow, M. von, Spoérlein, P., GeuB, U., Hangen, E., Reischl, A.,
Schilling, B., Kogel-Knabner, 1., 2015. Land use effects on organic carbon storage
in soils of Bavaria: The importance of soil types. Soil Tillage Res. 146, 296-302.
https://doi.org/10.1016/;.sti11.2014.10.003

Wiesmeier, M., Prietzel, J., Barthold, F., Sporlein, P., Geu3, U., Hangen, E., Kogel-
Knabner, 1., 2013. Storage and drivers of organic carbon in forest soils of southeast

Germany (Bavaria) - Implications for carbon sequestration. For. Ecol. Manage.
295, 162-172.

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Liitzow, M., Marin-Spiotta, E.,
van Wesemael, B., Rabot, E., Lie3, M., Garcia-Franco, N., Wollschldger, U.,
Vogel, H.J., Kdgel-Knabner, 1., 2019. Soil organic carbon storage as a key function
of soils - A review of drivers and indicators at various scales. Geoderma 333, 149—
162. https://doi.org/10.1016/j.geoderma.2018.07.026

Winkelbauer, J., Volkel, J., Leopold, M., Bernt, N., 2011. Methods of surveying the
thickness of humous horizons using ground penetrating radar (GPR): An example
from the Garmisch-Partenkirchen area of the Northern Alps. Eur. J. For. Res. 130,
799-812. https://doi.org/10.1007/s10342-010-0472-2

Wu, Y., Guo, L., Cui, X., Chen, J., Cao, X., Lin, H., 2014. Ground-penetrating radar-
based automatic reconstruction of three-dimensional coarse root system
architecture. Plant Soil 383, 155—172. https://doi.org/10.1007/s11104-014-2139-0

Yeung, S.W., Yan, W.M., Hau, C.H.B., 2016. Performance of ground penetrating radar
in root detection and its application in root diameter estimation under controlled
conditions. Sci. China Earth Sci. 59, 145-155. https://doi.org/10.1007/s11430-015-
5156-9

Yu, Z., Apps, M.J., Bhatti, J.S., 2002. Implications of floristic and environmental
variation for carbon cycle dynamics in boreal forest ecosystems of central Canada.
J. Veg. Sci. 13, 327-340. https://doi.org/10.1111/j.1654-1103.2002.tb02057.x

Zhang, J., Lin, H., Doolittle, J., 2014. Soil layering and preferential flow impacts on
seasonal changes of GPR signals in two contrasting soils. Geoderma 213, 560-569.
https://doi.org/10.1016/j.geoderma.2013.08.035

Zhang, J., Zhang, M., Huang, S., Zha, X., 2020. Assessing spatial variability of soil
organic carbon and total nitrogen in eroded hilly region of subtropical China. PLoS
One 15, €0244322. https://doi.org/10.1371

43



9. Supplements

9.1. Publication I

Chuman, T., Oulehle, F., Zajicova, K., Hruska, J., 2021. The legacy of acidic deposition
controls soil organic carbon pools in temperate forests across the Czech Republic.
European Journal of Soil Science 72, 1780—1801. https://doi.org/10.1111/ejss.13073

9.2. Publication II

Zajicova, K., Chuman, T., 2021. Spatial variability of forest floor and topsoil
thicknesses and their relation to topography and forest stand characteristics in managed
forests of Norway spruce and European beech. European Journal of Forest Research
140, 77-90. https://doi.org/10.1007/s10342-020-01316-1

9.3. Publication 111

Zajicova, K., Chuman, T., 2019. Application of ground penetrating radar methods in
soil studies: A review. Geoderma 343, 116-129.
https://doi.org/10.1016/j.geoderma.2019.02.024

94. Publication IV

Zajicova, K., Chuman, T. (in review). O and A soil horizons' boundaries detection using
GPR under variable soil moisture conditions. Geoderma

44


https://doi.org/10.1111/ejss.13073
https://doi.org/10.1016/j.geoderma.2019.02.024

