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CHAPTER 1

General Introduction







1.1 Background

Tree roots are of fundamental functional importance on the individual tree as well as on the
ecosystem level. In simplified terms, woody coarse roots (> 2 mm in diameter) serve anchorage,
transport, and storage functions, while non-woody fine roots (< 2 mm in diameter)® primarily
serve nutrient and water uptake (Helmisaari et al. 2000; Pregitzer 2002). Moreover, roots play a
key role in ecosystem functioning with regards to biogeochemical cycling in terrestrial
ecosystems (Pregitzer et al. 2002; Yuan and Chen 2010; McCormack et al. 2015): besides their
acquisition and transport function for water and nutrients upwards, they are pathways for carbon
and nutrients in the downward direction, they facilitate deep water infiltration, affect the
weathering of minerals, and they have an impact on the activity of soil fauna (Schenk and
Jackson 2002).

Despite their importance, our knowledge on fine root system size, structure, morphology, and
anatomy of trees under different environmental conditions is still scarce, thereby limiting our
understanding of the role of belowground systems in ecological processes (Reich 2002; Comas
and Eissenstat 2009). Since root studies are in the majority confined to the upper soil horizons
(Gill and Burke 2002; Schenk and Jackson 2002, 2005), this is particularly true for the subsoil,
which is the lower part of the soil above the non-weathered parent material, between topsoil and
substratum. The lack of studies on trees’ root systems can be attributed to the methodological
difficulties and the enormous work load imposed by the study of fine roots in mature forests
(Vogt et al. 1996):

“The fine roots of perennial plants are a royal pain to study.” (Pregitzer 2002, p. 267)

Deep roots

Sampling of deep roots is even more time-consuming, technically demanding, and costly
(Maeght et al. 2013) — this is one reason for the scarcity of studies investigating the abundance,
distribution, and function of subsoil roots. The usually small share of roots in subsoil layers

compared to the bulk of root mass in the topsoil may be another reason for the negligence of deep

! Although an established definition of fine roots in terms of diameter-size range does not exist, conventionally roots
with a diameter smaller than 2 mm are termed fine roots (Fogel 1983; Vogt et al. 1983).
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roots in most studies; however, there is an increasing interest in investigating deep roots since
some studies indicate that their activity and functional importance is much more substantive than
their abundance may suggest (Stone and Kalisz 1991; Canadell et al. 1996; Lehmann 2003). The
large volume of subsoil often constitutes an important reservoir for water and nutrients, which
plants can tap with deep roots (Stone and Comerford 1994): soil moisture may be equal or higher
in the subsoil than in the uppermost horizons, and the absorption of water by deep-reaching roots
can secure trees’ water supply during dry periods (Nepstad et al. 1994). Furthermore,
considerable amounts of plant-available Ca, Mg, N, and S may be present below 20 cm soil depth
(Jobbaggy and Jackson 2001). And subsoils also play an important role in C cycling: > 50 % of
the total profile SOC is stored in soils below 20 cm depth (Gill et al. 1999).

Although it is uncontroversial that deep roots may fulfill important roles in plant nutrient and
water supply as well as in ecosystem functioning, their function and their development, whether
genetically or environmentally driven, is not well understood (Schenk and Jackson 2002; Maeght
et al. 2013). The deployment of deep roots appears to be dependent on tree species and their
specific strategies to ensure sufficient water and nutrient supply also in stressful environments
and in dry periods, modulated by the prevailing environmental conditions, most importantly
physical and chemical soil properties (Lehmann 2003): for instance, deep roots are much more
likely to occur in coarse- compared to medium-textured soils, most probably because the limited
storage-capacities of these soils for plant-available water require to tap greater soil volumes to
meet plants’ water demand (Jackson et al. 2000; Schenk and Jackson 2002, 2005; Mainiero and
Kazda 2006).

Root system development

Information on the plasticity of mature trees’ fine root systems in terms of biomass, distribution,
and morphology is in general still limited, not only with regards to the subsoil (Leuschner et al.
2004). More than 50 years ago Bradshaw (1965) specified that “plasticity is shown by a genotype
when its expression is able to be altered by environmental influences”. It is well-recognized that
root system development is governed by a combination of endogenous (genetics and hormonal

influences (Santner et al. 2009)) and exogenous factors (external physical and biochemical
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factors, soil temperature, moisture and inorganic nutrients, soil organisms (Leuschner and Hertel
2003; Maeght et al. 2013)) (Hodge 2006; Pierret et al. 2007; Hartmann and VVon Wilpert 2014).

Most decisively, the plasticity in root system architecture is considered to be a strategy directed at
optimizing resource uptake from the soil under different environmental conditions (Yanai et al.
1995), a continuous response to the variability in soil resource availability in space and time
(Harper et al. 1991). Soils are in the majority markedly heterogeneous on a spatial as well as on a
temporal scale with regards to resource distribution, which has led the scientific community to
describe soils as “patchy” environments (Hodge 2006). It is well established that root form is
determined by root function (within the limits of a species’ genetic make-up), and that
particularly fine roots can be considered to be the modular unit of plants’ belowground systems
(Pregitzer et al. 2002; Pierret et al. 2007; Maeght et al. 2013): plants may increase their
absorptive area via increasing their root system size or via alteration in morphological traits in
order to optimize the acquisition of essential nutrients (Hodge 2004; Ostonen et al. 2007; Comas
and Eissenstat 2009). Morphological parameters like specific root length (SRL, cm g™)and (SRA,
cm? g™) can be thought of as factors indicating the ratio of root benefit (resource acquisition) to
root cost (root construction and maintenance) (Eissenstat and Yanai 1997; Eissenstat et al. 2000;
Pregitzer et al. 2002; Ostonen et al. 2007). Developing this conceptual model further, fine roots’
morphological traits are thought to be shaped by the soil conditions they meet and are therefore
indicative for the mineral nutrition of trees at certain sites, since nutrient uptake from the soil
solution is a function of both soil and root properties (Yanai et al. 1995): roots might react to low
nutrient availability with the production of thinner roots, which have a larger specific surface area
per unit of carbon expenditure compared to thicker roots and can take up more nutrients at a
given resource investment. How the variation in specific root traits and variation in soil chemical
and/or physical characteristics are exactly linked is not well understood (Pregitzer et al. 2002;
Comas and Eissenstat 2004; Pierret et al. 2007; Pregitzer 2008; Chen et al. 2016), for the main
part because intra-species comparative studies particularly on fine root system morphology under
different environmental regimes are rare (Leuschner et al. 2004). Furthermore, plants may, but
were not always shown to (Caldwell et al. 1996) respond to soil heterogeneity with root

proliferation into patches, where resources are available (Hodge 2004), or with physiological,



morphological, and / or anatomical adjustments in the root system in order to optimize resource
capture (Fitter 1994; Forde and Lorenzo 2001; Pregitzer et al. 2002).

Overall, our knowledge about the linkages between structural, physiological, morphological, and
anatomical root system adjustment and root function is still extremely limited (Pregitzer et al.
2002) and a generalization of strategies in terms of plastic responses in root traits could not be
established yet (Ryser 2006).

The role of roots in the C cycle of forests

In terms of terrestrial C cycling, fine roots play a major role in forest ecosystems (Rasse et al.
2005; Comas and Eissenstat 2009): although their share in tree biomass may be less than 2%,
they consume up to 75% of forests’ annual net primary production (Keyes and Grier 1981; Fogel
and Hunt 1983; Fogel 1985; Vogt et al. 1996; Gill and Jackson 2000). Dead fine roots and
rhizodeposits are a major source of soil organic carbon (SOC) in soils, particularly in subsoils
(Rasse et al. 2005; Comas and Eissenstat 2009; Tefs and Gleixner 2012); however, how tree roots
exactly impact the spatial distribution, turnover and storage of soil organic matter (SOM) as well
as its chemical composition is not fully understood, yet (Angst et al. 2016). The SOC
concentration in subsoils is most often comparably low, but because the volume of subsoils
generally exceeds that of topsoils by several magnitudes, 30-60% of the global SOC is stored in
the horizons below the topsoil (Chabbi et al. 2009; Harrison et al. 2011; Koarashi et al. 2012;
Harper and Tibett 2013). Soils contain the largest terrestrial organic carbon (OC) pool (Jobbagy
and Jackson 2000; Janzen 2005), and forest soils contain up to 70% of all SOC (Jobbagy and
Jackson, 2000), which emphasizes the need to quantify belowground C-fluxes, including subsoil
properties and deep root systems, of forests to fully understand global C cycling (Jackson et al.
1997; Pollierer et al. 2007). Despite a comparably high number of studies investigating SOC
contents and stocks, most studies are confined to the topsoil and therefore quantitative
information on subsoil SOC stocks, cycling, and storage mechanisms are scarce (Rumpel and
Kdgel-Knabner 2011). In this regard, only little information is available on the effects of
contrasting parent material on the SOC cycle (Barré et al. 2017; Heckmann et al. 2009).



Fagus sylvatica

European beech (Fagus sylvatica L.) is the most prevalent broadleaf tree species in Germany: it
covers about 1.680.072 ha or 15.4 % of the forest area in Germany (Bundeswaldinventur 2012) -
only pine and spruce cover a higher percentage of the forested area. Prior to deforestation and
management of forests, more than 300 000 km? of Central Europe were covered by European
beech (Leuschner et al. 2006). Today, beech and mixed beech forests are still the most important
and characteristic alliance in terms of spatial extension in Central Europe (Fig. 1.1) (Leuschner
and Ellenberg 2017). The success of the tree species is due to its tolerance of a very broad range
of site conditions and its ability to outcompete other native tree species owing to its shade-
tolerance at juvenile stage and by the production of shade at adult stage (Hertel 1999; Leuschner
and Ellenberg 2017). It thrives on almost all geological substrates and Central European forest
soil types, whether highly acidic or alkaline, if sufficient drainage is given. Due to its sensitivity
to hypoxia, European beech is absent on gleysols or other hydromorphic soils and does not grow
in waterlogged depressions either. European beech also tolerates a broad range of climatic
conditions: naturally, it would cover around 2/3 of the land area of Central Europe, apart from

azonal habitats with too cold or dry conditions (Leuschner et al. 2006; Bohn and Gollub 2007).
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FIGURE 1.1: Distribution map of Fagus sylvatica (adapted from EUFORGEN 2018)



1.2 General study aims

The present thesis investigates the belowground plasticity of Fagus sylvatica L. in a comparative
approach in six mature European beech forests on different bedrock in Northern Germany. The
studies aimed to reveal species-specific adaptations in beech fine root system size, structure,
morphology and anatomy as well as their impact on SOC content, distribution, and quality in the

top- and subsoil of the study sites along an edaphic gradient.
Major study aims were to

I.  quantify total stand fine root biomass and necromass and to analyze variation in fine root
distribution patterns in dependence on soil acidity and depth,

ii. investigate beech fine root morphological adaptations to different regimes of nutrient
availability in soils,

iii.  analyze the intraspecific variability in xylem anatomical and derived hydraulic traits of
small- and medium-sized beech roots with particular focus to soil depth-dependent
variation,

iv. assess the impact of beech roots on the amount, spatial distribution and chemical

composition of SOM with regards to the effect of different parent materials.

1.3 Paper outline
This dissertation is subdivided into five studies which deal with different aspects of fine root

biomass and necromass, root distribution and morphology, anatomical and derived hydraulic
properties and the role of fine roots in the carbon cycle of top- and subsoils under European

beech forests along an edaphic gradient.

CHAPTER 3:

Effects of bedrock type and soil chemistry on the fine root system and fine root morphology
of European beech — A study on the belowground plasticity of trees

In this comparative study, the variation in beech fine root system size, distribution, and
morphology was investigated in six mature stands on different bedrock down to the rock surface.

The following hypotheses were tested:



(i)

The stand total of fine root biomass increases with increasing soil acidity and

decreasing base saturation,

(i) fine root biomass density shows a steeper decrease from topsoil to subsoil in more
acidic soil profiles,

(iii)  the stand total of fine root biomass is smaller in shallow soil profiles with low bedrock
depth, irrespective of soil acidity,

(iv)  the live:dead ratio of fine root mass decreases with increasing soil acidity, while fine
root necromass increases,

(V) fine roots in acidic soils have a higher specific root length and area and smaller mean
root diameter in order to increase uptake efficiency under nutrient-deficient
conditions, and

(vi)  the frequency of fine root tips and root tip abundance per soil volume increase with
increasing soil acidity.

CHAPTER 4:

Influence of Root Diameter and Soil Depth on the Xylem Anatomy of Fine- to Medium-

Sized Roots of Mature Beech Trees in the Top- and Subsoil

In this study, the intraspecific variability in xylem anatomical and derived hydraulic traits of

small- to medium-sized roots (1-10 mm in diameter) was analyzed in the top- and subsoil down

to a depth of 200 cm in one mature Fagus sylvatica L. forest stand in Northern Germany.

The following hypotheses were tested:

(i) Vessel diameter and hydraulic conductivity are a function of root diameter and, thus, of

root age,

(ii) the variability in xylem anatomical and hydraulic traits in similar-sized roots is high at a

given soil depth with some roots exhibiting characteristics of “high-conductivity roots”,

(iii)vessel diameter and consequently hydraulic conductivity increase with increasing soil

depth.
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CHAPTER 5:
Factors controlling the variability of organic matter in the top- and subsoil of a sandy
Dystric Cambisol under beech forest
This study aimed to analyze the amounts and distribution of SOC and to elucidate the turnover
and storage mechanisms throughout deep soil profiles of a sandy Dystric Cambisol on
Pleistocene glacial deposits under beech forest in Northern Germany.
In particular the goals of this study were to

(i) identify the factors controlling the SOC distribution in subsoils to better understand the

mechanisms that engender the greater variability of subsoil OC, in order to
(i1) allow a better estimation of OC contents in subsoils, and
(iii)help to guide future management strategies for increasing subsoil OC stocks.

CHAPTER 6:
Spatial distribution and chemical composition of soil organic matter fractions in
rhizosphere and non-rhizosphere soil under European beech (Fagus sylvatica L.)
This study focuses on the impact of individual trees and their root system on the spatial
distribution and chemical composition of SOM fractions and the storage of SOC in subsoils.
Research was guided by the hypothesis that

(i) individual trees measurably influence the measured chemical composition of SOM

fractions, and this influence decreases with increasing distance to the trees’ stem base.

CHAPTER 7:
Soil organic carbon stocks in topsoil and subsoil controlled by parent material, carbon
input in the rhizosphere, and microbial-derived compounds
The aim of this study was to
(i) emphasize how differences in parent material influence the amount and distribution of
SOC in the top- and subsoil, in particular by investigating
a. the way in which substrate properties affect the input of OM

b. how differences in substrate properties impact SOC stabilization mechanisms.
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1.4 Project Framework

The current studies were conducted in the frame of research unit
FOR1806 "The Forgotten Part of Carbon Cycling: Organic
Matter Storage and Turnover in Subsoils (SUBSOM)", funded by
Deutsche Forschungsgemeinschaft (DFG). The overall aim of the

research unit was to improve the understanding of carbon cycling

in subsoils by identifying processes and controlling factors of

1 subsoil carbon turnover by means of a transdisciplinary approach.

The results are a prerequisite for numerical modelling of C-
dynamics in subsoils and moreover serve to improve the management and prediction of climate

change effects on soil C-pools.

A. Subsoil B. Regional
observatory variability
Determination of all subsoil Relating soil texture and
C-fluxes at high spatio- mineralogy to SOM-4C-age
temporal resolution and spatial heterogeneity

C. Lab and field experiments

Determination of factors controlling C-turnover in subsoils

D. Modeling C-turnover in subsoils

Development of a model with subsoil-specific processes and mechanisms

FIGURE 1.2: Project concept with four methodological approaches (Marschner et al. 2012)

The research unit consisted of nine closely interlinked subprojects implemented by several
working groups at different research institutes within Germany (Table 1.1). Four distinct
methodological approaches were combined in order to model the C-dynamics in the subsoil (Fig.
1.2). At six research sites, which are described in chapter 2, field C-flux measurements, detailed

analyses of subsoil properties, in-situ and laboratory experiments were conducted:
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A. A subsoil observatory for determining C-fluxes in the subsoil was set up in the Grinderwald

forest. At a high spatial and temporal resolution, all relevant fluxes were collected in-situ and

quantified.

B. At all six study sites, soil samples were taken at a high spatial resolution and characterized

comprehensively. The selection of study sites in the same climatic region but developed on

different bedrock types allowed to study the role of different parent materials for the

stabilization and spatial distribution of subsoil organic matter.

C. In order to identify the determinants of SOC stability in the subsoil, field (e.g. *3C tracers,

reciprocal transfer of soil samples within the profile) and laboratory incubation experiments

with disturbed and intact soil samples were conducted.

D. A numerical model for SOC turnover which integrated the subsoil-specific controlling factors

for SOC sequestration has been developed.

TABLE 1.1: Subprojects of the SUBSOM research unit

Number of ) )

subproject Title of subproject

PC Project coordination: field site management, data synthesis and modelling of
subsoil C turnover.

P1 Effects of water content, input of roots and DOC, spatial inaccessibility on C-
turnover and spatial variability of subsoil properties.

P2 Organic matter composition in the subsoil: contribution of root litter and
microbial-derived compounds.

P3 14C content of specific compounds in subsoils.

P4 Micro-scaled hydraulic heterogeneity in subsoils.

P5 Origin and fate of dissolved organic matter in the subsoil.

P6 Vertical partitioning of CO, production and effects of temperature, oxygen and
root location within the soil profile on C-turnover.

P7 Root distribution and dynamics and their contribution to subsoil C-fluxes.

P8 Spatial heterogeneity and substrate availability as limiting factors for subsoil C-
turnover.

P9 Biological regulation of subsoil C-cycling under field conditions.
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The present doctoral thesis was conducted within the frame of the subproject “Root distribution
and dynamics and their contribution to subsoil C-fluxes” (P7) in a working group at the
Department of Plant Ecology and Ecosystems Research at the Georg-August University of
Gottingen. The main goals of this subproject were to investigate the vertical distribution and
activity of fine roots in soils under beech forest to analyze the role of roots in the C-cycle of

subsoils as well as in the water and nutrient cycles of soils.

14



1.5 References

Angst, G., Kdgel-Knabner, 1., Kirfel, K., Hertel, D., and Mueller, C. W. (2016) Spatial
distribution and chemical composition of soil organic matter fractions in rhizosphere and non-
rhizosphere soil under European beech (Fagus sylvatica L.). Geoderma 264: 179-187.

Barre, P., Durand, H., Chenu, C., Meunier, P., Montagne, D., Castel, G., Billiou, D.,
Soucémarianadin, L., and Cecillon, L. (2017) Geological control of soil organic carbon and
nitrogen stocks at the landscape scale. Geoderma 285: 50-56.

Bohn, U., and Gollub, G. (2007) Buchenwaélder als natlrliche Vegetation in Europa. Natur und
Landschaft 82: 391-397.

Bradshaw, A.D. (1965) Evolutionary significance of phenotypic plasticity in plants. Advances in
Genetics 13:115-155.

Bundeswaldinventur (2012) https://bwi.info/. Accessed in July 2018.

Canadell, J., Jackson, R.B., Ehleringer, J.R., Mooney, H.A., Sala, O.E., and Schulze, E.-D.
(1996) Maximum rooting depth of vegetation types at the global scale. Oecologia 108:583-595.

Chabbi, A., Kdgel-Knabner, 1., and Rumpel, C. (2009) Stabilised carbon in subsoil horizons is
located in spatially distinct parts of the soil profile. Soil Biology and Biochemistry 41(2):256-
261.

Chen, W., Koide, R.T., Adams, T.S., DeForest, J.L., Cheng, L., and Eissenstat, D.M. (2016) Root
morphology and mycorrhizal symbioses together shape nutrient foraging strategies of temperate
trees. PNAS 113(31): 8741-8746.

Comas, L.H., and Eissenstat, D.M. (2009) Patterns in root trait variation among 25 co-existing
North American forest species. New Phytologist 182: 919-928.

Comas, L. H., and Eissenstat, D. M. (2004) Linking fine root traits to maximum potential growth
rate among 11 mature temperate tree species. Functional Ecology 18(3): 388-397.

Eissenstat, D. M., and Yanai, R. D. (1997) The ecology of root lifespan. Advances in Ecological
Research 27: 1-60.

Eissenstat, D.M., Wells, C.E., Yanai, R.D., and Whitbeck, J. L. (2000) Building roots in a
changing environment: implications for root longevity. New Phytol. 147: 33-42.

EUFORGEN 2018. http://www.euforgen.org/. Accessed in July 2018.

15



Fitter, A.H. (1994) Architecture and biomass allocation as components of the plastic response of
root systems to soil heterogeneity. In: Caldwell, M.M., Pearcy, R.W. (eds.) Exploitation of
environmental heterogeneity by plants. Academic Press, 305-323, San Diego, USA.

Fogel, R. (1985) Roots as primary producers in below-ground ecosystems. In: Fitter, A.H.,
Atkinson, D., Read, D.., and Usher, M.B. (eds.) Ecological Interactions in Soil: Plants,
Microbes, and Animals (Special Publication No. 4 of the British Ecological Society). Blackwell
Scientific Publications, 23-36, Oxford, UK.

Fogel, R. (1983) Root turnover and productivity of coniferous forest. Plant & Soil 71: 75-85.

Forde, B., and Lorenzo, H. (2001) The nutritional control of root development. Plant and soil
232(1-2):51-68.

Gill, R.A., and Burke, 1.C. (2002) Influence of soil depth on the decomposition of Bouteloua
gracilis roots in the shortgrass step. Plant Soil 241: 233-242.

Gill, R.A., and Jackson, R.B. (2000) Global patterns of root turnover for terrestrial ecosystems.
New Phytologist 147: 13-31.

Gill, R.A., Burke, I.C., Milchunas, D.G., and Lauenroth, W.K. (1999) Relationship between root
biomass and soil organic matter pools in the shortgrass steppe of eastern Colorado: Implications
for decomposition through a soil profile. Ecosystems 2: 226-236.

Harper, R. J., and Tibbett, M. (2013). The hidden organic carbon in deep mineral soils. Plant Soil
368: 641-648. doi: 10.1007/s11104-013-1600-9.

Harper, J.L., Jones, M., and Sackville Hamilton, N.R. (1991) The evolution of roots and the
problems of analyzing their behavior. In: Atkinson, D. (ed.) Plant Root Growth: An Ecological
Perspective. Blackwell Scientific Publications, 3-22, Oxford, UK.

Harrison, R., Footen, P., and Strahm, B. (2011) Deep soil horizons: contribution and importance
to soil carbon pools and in assessing whole-ecosystem response to management and global
change. For. Sci. 57: 67-76.

Hartmann, P., and von Wilpert, K. (2014) Fine-root distributions of Central European forest soils
and their interaction with site and soil properties. Can.J.For.Res. 44: 71-81.

Heckman, K., Welty-Bernard, A., Rasmussen, C., and Schwartz, E. (2009) Geologic controls of
soil carbon cycling and microbial dynamics in temperate conifer forests. Chemical Geology
267(1-2): 12-23.

16



Helmisaari HS., Lehto T., and Makkonen K. (2000) Fine Roots and Soil Properties. In: Mélkénen
E. (ed.) Forest Condition in a Changing Environment. Forestry Sciences, vol 65., 203-217,
Springer, Dordrecht.

Hertel, D. (1999) Das Feinwurzelsystem von Rein-und Mischbestanden der-Rotbuche: Struktur,
Dynamik und interspezifische Konkurrenz. Dissertationes Botanicae, 317. J. Cramer, Berlin,
Stuttgart.

Hodge, A. (2004) The plastic plant: root responses to heterogeneous supplies of nutrients. New
Phytologist 162: 9-24.

Hodge, A. (2006) Plastic plants and patchy soils. Journal of Experimental Botany 57(2): 401-
411.

Jackson, R.B., Mooney, H.A., and Schulze, E.D. (1997) A global budget for fine root biomass,
surface area, and nutrient contents. Proceedings of the National Academy of Sciences United
States of America 94: 7362—7366.

Jackson, R.B., Sperry, J.S., and Dawson, T.E. (2000) Root water uptake and transport: using
physiological processes in global predictions. Trends Plant Sci. 5 (11): 482-488.

Janzen, H. H. (2005) Soil carbon: A measure of ecosystem response in a changing world?.
Canadian Journal of Soil Science 85(Special Issue): 467-480.

Jobbagy, E. G., and Jackson, R. B. (2000) The vertical distribution of soil organic carbon and its
relation to climate and vegetation. Ecological applications 10(2): 423-436.

Jobbagy, E. G., and Jackson, R. B. (2001) The distribution of soil nutrients with depth: global
patterns and the imprint of plants. Biogeochemistry 53(1): 51-77.

Keyes, M.R., and Grier, C.C. (1981) Above- and below-ground net production in 40-year-old
Douglas-fir stands on low and high productivity sites. Canadian Journal of Forest Research 11:
599-605.

Koarashi, J., Hockaday, W. C., Masiello, C. A., and Trumbore, S. E. (2012) Dynamics of
decadally cycling carbon in subsurface soils. J. Geophys. 117: GO03033. doi:
10.1029/2012)G002034

Lehmann, J. (2003) Subsoil root activity in tree-based cropping systems. Plant and Soil 255: 319—
331.

Leuschner, C., and Ellenberg, H. (2017) Ecology of Central European Forests. Vegetation
Ecology of Central Europe, Vol I, Springer Nature, Cham, Switzerland.

17



Leuschner, C. and Hertel, D. (2003) Fine Root Biomass of Temperate Forests in Relation to Soil
Acidity and Fertility, Climate, Age and Species. Progress in Botany 64: 405-438.

Leuschner, C., Hertel, D., Schmid, I., Koch, O., Muhs, A., and Hélscher, D. (2004) Stand fine
root biomass and fine root morphology in old-growth beech forests as a function of precipitation
and soil fertility. Plant and Soil 258: 43-56.

Leuschner, C., Meier, I.C., and Hertel, D. (2006) On the niche breadth of Fagus sylvatica: soil
nutrient status in 50 Central European beech stands on a broad range of bedrock types. Annals of
Forest Science 63:355-68.

Maeght J.-L-, Rewald, B., and Pierret, A. (2013) How to study deep roots — and why it matters.
Frontiers in plant science 4: 1-14.

Mainiero, R., and Kazda, M. (2006) Depth-related fine root dynamics of Fagus sylvatica during
exceptional drought. Forest Ecology and Management 237: 135-142.

Marschner, B., Bachmann, J., Flessa, H., Gobel, M.-O., Guggenberger, G., Helfrich, M., Hertel,
D., Kandeler, E., Kdgel-Knabner, 1., Leuschner, C., Ludwig, B., Mikutta, R., Miller, C.W.,
Priesack, E., and Rethemeyer, J. (2012) The Forgotten Part of Carbon Cycling: Organic Matter
Storage and Turnover in Subsoils [SUBSOM]. Proposal for a DFG research unit (FOR 1806).
Bochum, Germany.

McCormack, M.L., Dickie, .A., Eissenstat, D.M., Fahey, T.J., Fernandez, C.W., Guo, D.,
Helmisaari, H.-S., Hobbie, E.A., Iversen, C.M., Jackson, R.B., Leppalammi-Kujansuu, J., Norby,
R.J., Phillips, R.P., Pregitzer, K.S., Pritchard, S.G., Rewald, B., and Zadworny, M. (2015)
Redefining fine roots improves understanding of below-ground contributions to terrestrial
biosphere processes. New Phytologist 207: 505-518.

Nepstad, D.C., de Carvalho, C.R., Davidson, E.A., Jipp, P.H., Lefebvre, P.A., Negreiros, G.H., da
Silva, E.D., Stone, T.A., Trumbore, S.E., and Vieira, S. (1994) The role of deep roots in the
hydrological and carbon cycles of Amazonian forests and pastures. Nature 372: 666—669.

Ostonen, 1., Pittsepp, U., Biel, C., Alberton, O., Bakker, M. R., L6hmus, K., Majdi, H., Metcalfe,
D., Olsthoorn, A. F. M., Pronk, A., Vanguelova, E., Weih, M., and Brunner, 1. (2007) Specific
root length as an indicator of environmental change. Plant Biosystems - An International Journal
Dealing with all Aspects of Plant Biology 141(3): 426-442. DOI: 10.1080/11263500701626069

Pierret, A., Doussan, C., Capowiez, Y., Bastardie, F., and Pageés, L. (2007) Root Functional
Architecture: A Framework for Modeling the Interplay between Roots and Soil. Vadose Zone
Journal 6(2): 269-281.

18



Pollierer, M.M., Langel, R. Korner, C., Maraun, M., and Scheu, S. (2007) The underestimated
importance of belowground carbon input for forest soil animal food webs. Ecology Letters 10:
729-736.

Pregitzer, K. S. (2002) Fine roots of trees — a new perspective. New Phytologist 154: 267-270.
d0i:10.1046/j.1469-8137.2002.00413 1.x

Pregitzer, K.S. (2008) Tree root architecture — form and function. New Phytologist 180: 562-564.

Pregitzer, K.S., DeForest, J.L., Burton, A.J., Allen, M.F., Ruess, R.W., and Hendrick, R.L.
(2002) Fine root architecture of nine North American trees. Ecological Monographs 72: 293-3009.

Rasse, D.P., Rumpel, C., and Dignac, M.-F. (2005) Is soil carbon mostly root carbon?
Mechanisms for a specific stabilization. Plant and Soil 269: 341-356.

Reich, P.B. (2002) Root-Shoot Relations: Optimality in Acclimation and Adaptation or the
“Emperor's New Clothes”? In: Waisel, Y., Eshel, A., and Kafkafi, U. (eds.) Plant Roots: The
Hidden Half, 205-220, Dekker, New York.

Rumpel, C., and Kdogel-Knabner, 1. (2011) Deep soil organic matter—a key but poorly
understood component of terrestrial C cycle. Plant and soil 338(1-2): 143-158.

Ryser, P. (2006) The mysterious root length. Plant Soil 286: 1-6.

Schenk, H. J., and Jackson, R. B. (2002) The global biogeography of roots. Ecological
Monographs 72: 311-328.

Schenk, H. J., and Jackson, R. B. (2005) Mapping the global distribution of deep roots in relation
to climate and soil characteristics. Geoderma 126: 129-140.

Stone, E. L., and Comerford, N. B. (1994) Plant and animal activity below the solum.
Proceedings on a Symposium on Whole Regolith Pedology: 57-74.

Stone, E.L., and Kalisz, P.J. (1991) On the maximum extent of tree roots. Forest Ecology and
Management 46: 59-102.

Tefs, C., and Gleixner, G. (2012) Importance of root derived carbon for soil organic matter
storage in a temperate old-growth beech forest-Evidence from C, N and **C content. Forest
Ecology and Management 263: 131-137.

Vogt, K.A., Vogt, D.J., Palmiotto, P.A., Boon, B., O"Hara, J., and Asbjornsen, H. (1996) Review
of root dynamics in forest ecosystems grouped by climate, climatic forest type and species. Plant
Soil 187: 159-219.

19



Vogt, K.A., Grier, C.C., Meier, C.E.. and Keyes, M.R. (1983) Organic matter and nutrient
dynamics in forest floors of young and mature Abies amabilis stands in western Washington, as
suggested by fine root input. Ecol. Monogr. 53: 139-157.

Yanai, R.D., Fahey, T.J., and Miller, S.L. (1995) Efficiency of nutrient acquisition by fine roots
and mycorrhizae. In: Smith, W.K., and Hinkley, T.M. (eds.) Resource Physiology of Conifers,
75-103, Academic Press, New York.

Yuan, Z.Y., and Chen, Y.H. (2010) Fine root biomass, production, turnover rates, and nutrient
contents in boreal forest ecosystems in relation to species, climate, fertility, and stand age:
literature review and meta-analyses. Critical Rev. Plant Sci. 29: 204-221.

20



CHAPTER 2

Material and Methods

21



22
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FIGURE 2.1: Map with the locations of the study sites (red numbers) in Lower Saxony
(1: GR; 2: HM; 3: RU; 4: EG; 5: DR; 6: GW) (adapted from Google Maps 2018)
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In order to investigate the impact of differential parent materials, nutrient availability, and soil
depth on different characteristics of the fine root system of beech as well as on SOM stocks in the
top- and subsoil, we selected six study sites (Table 2.1) for the criteria

)] similarity in climatic conditions,

i) sufficient comparability with regards to forest structural characteristics, and

i) variability in terms of soil characteristics.
The six study sites are mature European beech forests (Fagus sylvatica L.) on different bedrock
in Lower Saxony, Germany, covering the whole spectrum of soil types colonized by beech in this
region. The Grinderwald site (GR) is located 33 km northwest of Hannover in the Pleistocene
lowlands on glacial moraine deposits (Saalian), the other five study sites are located in the
vicinity of Goettingen in Hannoversch Muenden (HM), Ruedershausen (RU), Ebergoetzen (EG),
Dransfeld (DR) and Goettinger Wald (GW) in the central German uplands on Mesozoic or
Tertiary bedrock (Fig. 2.1).
For minimizing additional influences by variation in climatic conditions, all sites are within the
cool-temperate climatic zone and feature similar conditions with mean annual precipitation
between 709 and 902 mm and mean annual temperature ranging between 7.1 and 8.7 °C (World
Clim data base). The stands are either pure beech stands or dominated by F. sylvatica L. with
admixture of single trees of other species. The cumulative basal area of the stands ranged from
22.8 to 43.2 m? ha™ with mean dbh varying between 33.1 and 50.2 cm and stem density varying
between 111 and 300 ha™. With tree ages between 95 and 166 years, all stands could be qualified
as mature. Three sites (GR, HM, RU) are characterized by deep soil profiles (> 200 cm), the soils
of the other three sites are comparably shallow (< 80 cm) (EG, DR, GW).
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TABLE 2.1: Locational and soil characteristics of the six study sites grouped into deep and shallow profiles

Deep profiles

Shallow profiles

Plot no. 1 2 3 4 5 6

Site Grinderwald (GR) Hann.Muenden (HM)  Ruedershausen (RU) Ebergoetzen (EG) Dransfeld (DR) Goettinger Wald (GW)
Substrate type Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
Location N Lower Saxony S Lower Saxony S Lower Saxony S Lower Saxony S Lower Saxony S Lower Saxony

Coordinates

52° 34' 22.115" N
9° 18' 49.762" E

51° 26' 25.64" N
09°41' 24.25"E

51°34' 51.52" N
10° 14' 43.03" E

51° 34' 45.89" N
10° 03 59.52" E

51° 28' 35.60" N
09° 45' 32.46" E

51°32' 43.69" N
10° 02" 34.95" E

Elevation (m a.s.l.) 106 280 211 295 492 414
Inclination / Exposition slight inclined SW slight inclined O slight inclined NO level slight inclined W slight inclined NW
Mean annual temperature 8.7 8.1 8.1 7.7 7.1 7.1
Annual precipitation (mm) 718 761 709 772 902 881
Forest community Luzulo-Fagetum Luzulo-Fagetum Galio odorati-Fagetum Luzulo-Fagetum Galio odorati-Fagetum Hordelymo-Fagetum
Mean tree height (m) 26.8 35.3 32.9 36.1 29.1 26.3
Tree age (years) 100 118 95 133 153 166
Mean dbh (cm) 33.1 452 40.2 46.7 50.2 32.9
Stem density (ha™) 287 144 256 1 133 300
Plot basal area (m? ha™) 27.1 24.6 37.3 22.8 43.2 29.4
Bedrock Pleistocene glacio- Tertiary sand Quaternary loess Triassic sandstone Tertiary basalt Triassic limestone
Soil type * Dystric Cambisol Dystric Cambisol Semi-eutric Cambisol Dystric Cambisol Eutric Cambisol Chromic Cambisol
Organic layer Leptomoder Hemimor Leptomoder Leptomoder Mullmoder Vermimull
Thickness of organic layer 35 44 20 19 37 18
Maximum profile depth (cm) >200 >200 >200 60-80 60-80 60-80
Upper subsoil (cm) 20- 110 20- 110 20 - 110 20-50 20-50 20-50
Lower subsoil (cm) 110 - 200 110 - 200 110 - 200 50 - 80 50 - 80 50 - 80
SOC (%)
Topsoil (0-20 cm) 1.15 1.60 0.99 1.40 3.60 2.50
Upper subsoil 0.20 0.25 0.46 0.33 2.10 1.60
Lower subsoil 0.06 0.05 0.33 0.13 1.30 1.40
Texture
Topsoil (0-20 cm) Sandy loam Sandy loam Silt Loam Silt loam Silt loam
Upper subsoil Loamy sand Sandy loam Silt Silt loam Silt loam Silt
Lower subsoil Loamy sand Sandy loam Silt Silt loam Silt Silt
CEC (umolc g™)
Topsoil (0-20 cm) 25.1 32.6 52.8 50.9 100.1 117.8
Upper subsoil 16.4 10.4 78.6 52.2 83.9 303.5
Lower subsoil 14.9 12.2 98.7 84.7 175.9 204.3
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2.2 Methods
Table 2.2 gives an overview of the sampling designs, the investigated traits and the methods used

in this study. More detailed information is given in the ‘Materials and Methods’ sections in

chapters 3, 4, 5, 6, and 7.

TABLE 2.2: Overview of sampling designs, studies traits, and methods used

Chapter Sampling design

No.

Studied traits

Methods

3

Al six study sites
Soil coring method

3 soil pits per site, 200 cm depth (or to
bedrock depth at EG, DR, GW)

Organic layer, 0-10 cm, 10-20 cm, 20-
40 cm layers of mineral soil: 6 soil cores
(2 3.5 cm) per pit

Soil profile below 40 cm depth: depth
intervals of 20 cm, 3 soil cores (# 12.3
cm, sample volume of ~2.4 L) per soil
depth and pit

Fine root biomass and necromass

Extraction of rootlets > 10 mm length
Separation of into live and dead roots,

subsequently into fine (< 2 mm) and
coarse (> 2 mm) roots under the stereo-

microscope

Criteria for distinction of live and dead
roots: periderm colour, tissue elasticity,
cohesion of cortex, periderm and stele
(Hertel et al. 2013)

Root fragments < 10 mm length:
estimation of mass of small rootlets using
soil depth-specific regression equations
relating the mass of dead fine roots < 10
mm length to dead rootlets > 10 mm
length; established for every third sample
using a method introduced by van Praag
et al. (1988) and modified by Hertel
(1999)

Al live and dead root samples were
dried at 70° C and weighed.

Fine root morphology

Specific root length (SRL), specific root
area (SRA), mean root diameter (MD)
of live fine roots

Fine root length index (RLI), fine root
area index (RAI)

Root tip frequency (RTF)

Scan of the fine root biomass of each
sample (EPSON expression 1680,
EPSON America Inc.), analysis with use
of WinRHIZO 2005c¢ (Régent
Instruments Inc., Quebec, Canada)
Calculated by multiplying SRL or SRA
with the fine root biomass of the
respective depth layers and integrating
fine root length or surface area over the
whole soil profile

Determined by counting all turgescent
tips of two live fine root strands per
sample and relating the number to the
respective root dm
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TABLE 2.2 (continued): Overview of sampling designs, studies traits, and methods used

Chapter Sampling design
No.

Studied traits

Methods

GR site, 3 soil pits, 7 soil depths from 0- Xylem anatomical traits
20 cmto 160-200 cm (Axytem, VD, Aiymen, D, D)
Collection of fine-, small- and medium-

sized beech root segments of ~ 10 cm  Derived hydraulic traits
length (Kp)

Per soil pit and depth, selection of 6-10

root segments covering all root

diameters between 1 and 10 mm,

yielding 197 analyzed root segments in

total

Excavation of 4 complete root strands

belonging to 3 different tree individuals

located in the organic and topsoil layer;

from each strand, 6-10 segments were

processed, yielding 42 analyzed

segments in total

Al root samples were stained with
safranin; using a sliding microtome, 10-
20 mm semi-thin transverse sections
were cut. Images of every cross-
sectional transverse section were taken

with a stereo-microscope equipped with
an automatic stage and a digital camera
(SteREOV20, Carl Zeiss Microlmaging
GmbH, Géttingen, Germany) at 100x
magnification.

Image analysis with use of Adobe
Photoshop CS6 (version 13.0 x 64,
Adobe Systems Incorporated, United
States) and the particle analysis function
from ImageJ (version 1.49 v).

Root age

Counting of growth rings

GR site, soil coring method;

Grid sampling: transects of 330 cm
length, 200 cm depth, regular grid with
vertical and horizontal dimensions of 185 3¢ /12¢ jsotope ratios
cmand 315 cm, respectively;

sampling in steps of 45 cm horizontally,

in steps of 25 cm vertically at each grid  pH

intersection with round steel corer

(8.5 cm in diameter, 6 cm height),
yielding 64 soil samples per transect

Soil properties
SOC, N,

Soil texture

Vario EL analyzer (Elementar, Hanau,
Germany)

Isotope ratio mass spectrometer
(Thermo Fisher Scientific Delta plus,
Bremen, Germany)

Measured in 0.01 M CaCl, with a ration
of soil to solution of 1:2.5;

Laser particle sizer (Analysette 22,
Fritsch, Idar-Oberstein, Germany)

resulting in a total of 192 samples for Fine root biomass and necromass

see above

the whole site; Microbial biomass C

Chloroform fumigation extraction (CFE)
method

GR site Fine root biomass and necromass

see above

Grid sampling (see above) Soil texture, POM, oPOM

Combined density and particle size
fractionation

Soil and POM C and N contents

EA elemental analyzer (EuroVector,
Milan, Italy)

Specific surface area of clay fraction

Multi-point BET method (Brunauer et al.
1938) using Autosorb-1 analyzer
(Quantachrome, Syosset, NY, USA)

OC chemistry
(leaf litter, fine roots, OL material,
POM, clay fraction)

13C CPMAS NMR spectroscopy
(Bruker Avancelll Spectrometer)
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TABLE 2.2 (continued): Overview of sampling designs, studies traits, and methods used

Chapter Sampling design Studied traits Methods
No.

7 Allsixstudy sites, soil coring method,  Fine root biomass and necromass  see above

3 soil pits per site; Microbial biomarkers frombulk soil Measurement using a Trace GC Ultra
soil samples were taken in 10 cmand 85 samples (glucosamine, mannosamine,  coupled to and 1ISQ mass spectrometer
cm depth at 2 spots per depth increment galactosamine, muramic acid) (ThermoFisher Scientific, Waltham,
directly at the stem base and at 135 cm USA) after extraction following Zhang
distance to the tree using a round steel and Amelung (1996) and Liang et al.
corer (8.5 cm in diameter, (2012)
6 cm height) Soil texture, POM, oPOM Combined density and particle size
fractionation
C and N contents of bulk soil and EA elemental analyzer (EuroVector,
SOM fractions Milan, Italy)
14 ¢ contents of the clay fraction Radiocarbon analysis measured on a 6
MV Tandetron AMS (HVE, The
Netherlands)
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CHAPTER 3

Effects of bedrock type and soil chemistry on the fine
root system and fine root morphology of European
beech — A study on the belowground plasticity of trees

Kristina KIRFEL, Stefanie HEINZE, Dietrich HERTEL, and Christoph LEUSCHNER
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3.1 Abstract

We studied the fine root system of Fagus sylvatica in six mature stands on different bedrock
down to the rock surface (or to 2 m) to investigate whether (1) the stand total of fine root biomass
(FRB) increases, while the fine root live:dead ratio decreases, with decreasing soil base richness,
(2) specific root area (SRA) and root tip frequency increase with a decrease in base richness, and
(3) FRB is related to profile depth. The three beech stands on deep soil (> 2 m profile depth) had
on average by 38 % larger FRB totals than the stands on shallow soil (60-80 cm), suggesting that
limited root space is an important determinant of fine root system size in F. sylvatica. Despite
large variation among sites, soil chemistry influenced root morphology only little: fine root
diameter depended on soil C/N ratio and root tip frequency on base saturation in a few soil
horizons. Much larger morphological differences were found between topsoil and subsoil roots
within a profile. We conclude that the fine root system of F. sylvatica varies under similar
climatic conditions remarkably little between base-poor and base-rich sites, in contrast to the
pronounced topsoil-subsoil differences in root morphology and fine root density.

Keywords: base saturation, depth distribution, Fagus sylvatica, live:dead ratio, profile depth,

root system plasticity, root tips, specific root area, subsoil
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3.2 Introduction

Fine roots (conventionally defined as roots <2 mm in diameter) represent only a few percent of
the biomass of a tree, but play a key role in tree ecophysiology and in the biogeochemical cycling
of forests (Pregitzer et al. 2002; Yuan and Chen 2010; McCormack et al. 2015). Fine roots are
pathways for water and nutrients in upward direction, and for carbon and nutrients in downward
direction in the soil. Due to the rapid turnover of the finest rootlets, fine roots have been
estimated to consume up to 33% of global net primary production (Jackson, Mooney and Schulze
1997; Gill and Jackson 2000) or a third to more than half of annual canopy carbon gain in mature
forests (Keyes and Grier 1981; Fogel and Hunt 1983; Fogel 1985; Vogt et al. 1996; Gill and
Jackson 2000; Leuschner and Ellenberg 2017). Dying fine roots and rhizodeposits released by
fine roots are an important source of soil organic carbon (Rasse et al. 2005, Comas and Eissenstat
2009). Fine roots feed the net of mycorrhizal fungi with carbohydrates, affect the weathering of
minerals, and may have an impact on the activity of microbiota in the rhizosphere and the soil
fauna (Schenk and Jackson 2002). Despite its importance, fine root functioning and its response
to environmental change are only partly understood. Our knowledge is particularly limited with
respect to roots in the subsoil, which is defined by most authors as the profile below 20 or 30 cm
depth. Deep roots have been studied much less intensively than topsoil roots, because access is
more time-consuming, technically demanding and costly (Gill and Burke 2002; Schenk and
Jackson 2002, 2005, Maeght et al. 2013). While fine root abundance in deeper soil layers may be
low, their importance for water and nutrient acquisition and for soil development is often greater
than their share in root biomass (Stone and Kalisz 1991; Canadell et al. 1996; Lehmann 2003).
The same is valid for the C content in subsoils, which is often comparably low, but more than
half of the total soil C stocks of terrestrial ecosystems is found in the horizons below the topsoil,
emphasizing the need to investigate subsoil properties and deep root systems in greater detail for
fully understanding C cycling in forests (Harrison et al. 2011; Koarashi et al. 2012; Harper and
Tibett 2013).

One of the least studied aspects of tree root ecology is the plasticity of root systems to variation in
soil properties. More than 50 years ago, Bradshaw (1965) specified that “plasticity is shown by a
genotype, when its expression is able to be altered by environmental influences”. More recently,

Yanai et al. (1995) defined plasticity in root system development as a strategy directed at

34



optimizing resource uptake from the soil under different environmental conditions. Most soils
show considerable small-scale heterogeneity in both vertical and horizontal direction, reflected in
gradients in bulk density, soil moisture, soil organic carbon and nutrient concentration, which
influence root growth and vitality, but are in part also the result of root activity itself. This has led
the scientific community to describe soils as “patchy” environments (Hodge 2006). In vertical
direction, not only the mass of fine, coarse and large roots per soil volume changes dramatically
in response to vertical gradients in soil chemistry and physics, but the morphology and
functioning of fine roots may change as well in order to optimize the acquisition of essential
nutrients (Forde and Lorenzo 2001; Ostonen et al. 2007). Temporal variation in resource
availability is also large in most soils. Great variation in soil properties is further encountered
when different soil types along a gradient from acidic, base-poor to neutral or alkaline, base-rich
soils are colonized by the same tree species. For example, European beech (Fagus sylvatica L.)
forms in Central Europe productive stands on a great variety of bedrock and soil types, which
range from sandy infertile Pleistocene soils such as dystric Cambisols with very low cation
exchange capacity and base saturation to fertile eutric Cambisols or Luvisols with high base
saturation, and Leptosols on limestone rich in calcium carbonate. Wood biomass and yield data
from managed forests suggest that the large variation in soil chemical properties tolerated by
beech imprints remarkably little on the aboveground productivity and the canopy structure of this
species, as long as water availability is not limiting (Leuschner and Ellenberg 2017). It is not
clear whether the belowground response of F. sylvatica to this variation in soil chemistry is
governed by greater morphological and functional plasticity than is the aboveground response. A
few studies in mature forests along soil pH, temperature and precipitation gradients indicate that
temperate tree species may modify their root system structure and size considerably (e.g.
Leuschner and Hertel 2003; Finér et al. 2007; Hertel et al. 2013), suggesting particularly high

plasticity in the root system.

Plants may respond to resource heterogeneity with root proliferation into soil patches, where
water and/or nutrients are available (Hodge 2004). The response can include physiological and
root morphological adjustments in order to optimize resource capture (Fitter 1994; Forde and
Lorenzo 2001; Pregitzer et al. 2002, Ostonen et al. 2007; Comas and Eissenstat 2009). Many

reactions in the root system appear to be highly species-specific (Campbell et al. 1991; Farley and
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Fitter 1999; Finér et al. 2007; Hartmann and von Wilpert 2014), seem to be specific to certain
nutrients (Hendrick and Pregitzer 1997; Forde and Lorenzo 2001; Neatrour et al. 2005) and to
depend on overall site fertility, relating to the plant’s demand for specific nutrients (Forde and
Lorenzo 2001; Hodge 2004). Root development is governed by a combination of endogenous
(genetic constitution, hormonal regulation, carbohydrate supply, Santner et al. 2009) and
exogenous factors (climate, soil moisture, nutrient availability, rhizosphere chemistry, interacting
soil fungi and procaryotes (Leuschner and Hertel 2003; Hodge 2006; Pierret et al. 2007; Maeght
et al. 2013, Hartmann and Von Wilpert 2014)), which are difficult to disentangle and poorly
understood (Pregitzer et al. 2002).

As our knowledge about changes in the fine root biomass and root system structure of mature
trees in dependence on environmental conditions is still rudimentary, particularly with respect to
subsoil roots, we conducted a comparative study on the fine root system of mature F. sylvatica
stands to 2 m soil depth along an extended soil chemical gradient. By selecting beech stands of
similar age and stand structure growing under similar climate, we were able to examine
relationships between soil chemical properties and soil depth, and stand fine root biomass, fine
root depth distribution and fine root morphology of a single tree species, while largely controlling
for tree species, stand structure and climate effects. Caused by large variation in bedrock type and
also profile depth, the availability of plant nutrient macro-elements (N, P, Ca, K, Mg) varies
greatly across this gradient. Assuming that the fine root system of beech responds to this variation
in edaphic conditions with modifications in total fine root biomass, root distribution and root
morphology in order to maximize resource uptake, we formulated six guiding hypotheses: (i) The
stand total of fine root biomass increases with increasing soil acidity and decreasing base
saturation, (ii) fine root biomass density shows a steeper decrease from topsoil to subsoil in more
acidic soil profiles, (iii) the stand total of fine root biomass is smaller in shallow soil profiles with
low bedrock depth, irrespective of soil acidity, (iv) the live:dead ratio of fine root mass decreases
with increasing soil acidity, while fine root necromass increases, (V) fine roots in acidic soils have
a higher specific root length and area and smaller mean root diameter in order to increase uptake
efficiency under nutrient-deficient conditions, and (vi) the frequency of fine root tips and root tip

abundance per soil volume increase with increasing soil acidity.
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TABLE 3.1: Topographic, climatologic and stand structural characteristics of the six studied mature beech forests on different
bedrock type in northern Germany. The sites are arranged from left to right in a sequence of increasing base richness of the soil,
with the plots # 1-3 representing deep profiles (>2 m profile depth), while the profiles # 4-6 are shallow profiles (<0.8 m depth).

Deep profiles

Shallow profiles

Plot no. 1 2 3 4 5 6

Site Grinderwald (GR) Hann.Muenden (HM)  Ruedershausen (RU) Ebergoetzen (EG) Dransfeld (DR) Goettinger Wald (GW)
Substrate type Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
Location N Lower Saxony S Lower Saxony S Lower Saxony

Coordinates

Elevation (m a.s.l.)
Inclination / Exposition
Mean annual temperature
Annual precipitation (mm)
Forest community

Mean tree height (m)
Tree age (years)

Mean dbh (cm)

Stem density (ha™)

Plot basal area (m? ha™)

52° 34' 22.115"N
9° 18 49.762" E
106
slight inclined SW
8.7
718
Luzulo-Fagetum
26.8
100
331
287
27.1

51° 26' 25.64" N
09° 41' 24.25" E
280
slight inclined O
8.1
761
Luzulo-Fagetum
35.3
118
45.2
144
24.6

51° 34' 51.52" N
10° 14' 43.03" E
211
slight inclined NO
8.1
709
Galio odorati-Fagetum
329
95
40.2
256
37.3

S Lower Saxony
51° 34' 45.89" N
10° 03' 59.52" E

295

level

7.7

772
Luzulo-Fagetum

36.1

133

46.7

111

22.8

S Lower Saxony
51° 28' 35.60" N
09° 45' 32.46" E
492
slight inclined W
7.1
902

Galio odorati-Fagetum

29.1
153
50.2
133
43.2

S Lower Saxony
51°32'43.69" N
10° 02' 34.95" E
414
slight inclined NW
7.1
881
Hordelymo-Fagetum
26.3
166
329
300
294
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TABLE 3.2: Soil characteristics of the six beech forests on different bedrock type. ‘Upper subsoil’ stands for 20-110 cm soil depth
at the GR, RU and HM sites with deep profiles, and 20-50 cm depth in the shallow profiles of the EG, DR and GW sites. ‘Lower
subsoil’ stands for 110-200 cm soil depth at the GR, RU and HM sites, and 50-80 cm depth at the EG, DR and GW sites.

Deep profiles

Shallow profiles

Plot no. 1 2 3 4 5 6

Site Grinderwald (GR) Hann. Muenden (HM)  Ruedershausen (RU) Ebergoetzen (EG) Dransfeld (DR) Goettinger Wald (GW)
Fjle}s tocene glamo— Tertiary sand Quaternary loess Triassic sandstone Tertiary basalt Triassic limestone

Bedrock fluviatile deposits (Saale)

Soil type * Dystric Cambisol Dystric Cambisol Semi-eutric Cambisol Dystric Cambisol Eutric Cambisol Chromic Cambisol

Organic layer
Thickness of organic layer
(mm)
Maximum profile depth (cm)
Upper subsoil (cm)
Lower subsoil (cm)
SOC (%)
Topsoil (0-20 cm)
Upper subsoil
Lower subsoil
CIN
Topsoil (0-20 cm)
Upper subsoil
Lower subsoil
pH (CaCl,)
Topsoil (0-20 cm)
Upper subsoil
Lower subsoil

Texture *
Topsoil (0-20 cm)
Upper subsoil
Lower subsoil

Bulk density (g cm™®)
Topsoil (0-20 cm)
Upper subsoil
Lower subsoil

Cation exchange capacity

(umolc g™*)

Topsoil (0-20 cm)
Upper subsoil
Lower subsoil

Base saturation (%)
Topsoil (0-20 cm)
Upper subsoil
Lower subsoil

Leptomoder
35

2200
20- 110
110 - 200

115
0.20
0.06

26.3
14.3
131

35
41
4.0

Sandy loam
Loamy sand
Loamy sand

12
15
15

(mmolc g™
25.1
16.4
14.9

9.0
6.3
6.2

Hemimor
44

2200
20-110
110 - 200

1.60
0.25
0.05

20.8
12.3
8.9

3.7
4.1
3.9

Sandy loam
Sandy loam
Sandy loam

12
14
14

32.6
10.4
12.2

4.8
9.3
10.7

Leptomoder
20

2200
20-110
110 - 200

0.99
0.46
0.33

12.8
8.2
5.7

3.6
3.7
4.0

Silt
Silt
Silt

11
14
15

52.8
78.6
98.7

16.3
39.4
99.5

Leptomoder Mullmoder Vermimull
19 37 18
60-80 60-80 60-80
20-50 20-50 20-50
50 - 80 50 - 80 50 - 80
1.40 3.60 2.50
0.33 2.10 1.60
0.13 1.30 1.40
17.4 14.1 13.6
10.7 13.2 11.4
5.4 15.0 11.6
4.0 37 4.3
3.9 4.1 55
38 4.8 6.6

Loam Silt loam Silt loam
Silt loam Silt loam Silt
Silt loam Silt Silt

11 n.a 1.2
15 n.a 14
12 na 13

50.9 100.1 117.8

52.2 839 303.5

84.7 175.9 204.3

26.8 14.2 57.4

245 51.0 99.8

227 97.5 96.5
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3.3 Material and Methods
Study sites

The study was conducted in six mature European beech forests on different bedrock in Lower
Saxony, Germany, covering the whole spectrum of soil types colonized by beech in this region.
Five study sites (HM, RU, EG, DR, GW) are located in the central German uplands on Mesozoic
or Tertiary bedrock in the surroundings of Goettingen, one site (GR) is situated 33 km northwest
of Hannover in the Pleistocene lowlands on glacial moraine deposits (Saalian). The climate of the
study region is cool-temperate with mean annual temperature ranging between 7.1 and 8.7 °C,
and mean annual precipitation between 709 and 902 mm (World Clim data base). The stands are
either pure beech stands or dominated by F. sylvatica with admixture of single trees of other
species and sufficiently comparable in terms of forest structure (26-36 m in height, 111-300
stems ha) and age (95-166 years) (Table 3.1). Three sites are characterized by deep soil profiles
(> 2 m), which developed from Pleistocene fluvial and aeolian sandy deposits (GR), Tertiary
sand (HM), or Quaternary loess (RU). The soils of the other three sites developed from Triassic
sandstone (EG), Tertiary basalt (DR) or Triassic limestone (GW), and are comparatively shallow
with a maximum profile depth of 60-80 cm. Due to the largely different bedrock types, the soils
differ widely in their chemical and physical properties, in particularly in terms of soil texture,

cation exchange capacity and base saturation (Table 3.2).

Soil sampling and analyses

Soil sampling was conducted in June 2013 (GR) and May 2014 (HM, RU, EG, DR, GW) along
three randomly distributed transects per site with a minimal distance of 10 m from each other,
each aligned towards a main tree. The transects of 330 cm length were excavated to a maximum
depth of 200 cm (or to a maximum depth of 80 cm at the shallow sites EG, DR and GW).
Samples were taken in a regular grid with vertical and horizontal dimensions of 185 and 315 cm,
respectively (Angst et al., 2016). The regular grid started close (10-50 cm) to a main tree (Fagus
sylvatica L.) and extended horizontally in steps of 45 cm and downwards in 25 cm-steps. Soil
samples were taken at each grid intersection with a circular steel core sampler (diameter: 8.5 cm,

height: 6 cm) at 0, 45, 90, 135, 180, 225, 270, 315 cm horizontal distance and 10, 35, and 60 cm
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depth at all sites, and additionally at 85, 110, 135, 160, and 185 cm depth at the sites GR, HM
and RU. Thus, a total of 24 (EG, DR, GW) or 64 (GR, HM, RU) soil samples were taken in each
transect, resulting in a total of 72 or 192 samples per site. Immediately after sampling, the fresh
soil samples were sieved (< 2 mm) to remove stones and roots. The soil samples were stored after

sieving in polyethylene bags at 4 °C.

For the analysis of soil organic carbon and total nitrogen, the soil samples were prepared through
drying for 3 d at 50 °C and grinding by a planet micromill (Fritsch Pulverisette 7). Total C and N
contents were determined by gas chromatography (Vario EL elemental analyzer, Elementar,

Hanau, Germany).

The pH of the fresh soil samples was measured in a 0.01 M CaCl; solution (ratio soil to liquid:
1:2.5). Since all samples were free of carbonate, all C referred to organic C. For the analysis of
soil texture, soil samples with a SOC content >1.2 % were pretreated with H,O, to oxidize the
organic matter. Soil texture was analyzed with a particle sizer (Analysette 22, Fritsch, Idar-
Oberstein, Germany); the samples were separated into two size fractions (>0.2 and < 0.2 mm)
with a 0.2 mm sieve, and each fraction was measured separately to increase the accuracy of the
measurement. The base saturation and cation exchange capacity (CEC) of the samples were

determined through ICP analysis after BaCl, percolation.

Root sampling and fine root system analysis

We used the soil coring method to study beech fine root density (in g d.m. m™ soil volume) and
abundance (in g m? ground area per soil layer) in the top- and subsoil of profiles dug to 2 m
depth, or to the surface of the bedrock. In each forest, a plot of ca. 30 x 30 m was demarcated,
and each three subplots of ca. 25 m?2 size were placed by random in the direct neighborhood of
the stems of a mature beech tree. Each six samples from the forest floor and the upper mineral
soil layer were extracted at random locations using a soil corer of 3.5 cm in diameter; the
extracted soil cores were sliced into the organic layer, and the 0-10 cm, 10-20 cm and 20-40 cm
layers of the mineral soil. For every sample, the thickness of the organic layer (consisting of the
L, Of, Oh layers) was measured at the undisturbed wall left after the extraction of the soil core.

Samples of the lower profile (= 40 cm depth) were taken in each one soil pit of 1.35 m length per
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subplot (i.e. three per study site) that was dug with an excavator to 2 m depth (or to bedrock
depth at the sites EG, DR and GW). Using a steel cylinder of 12.3 cm in diameter, each three soil
samples were taken from the three walls of a pit at depth intervals of 20 cm, corresponding to a
sample volume of ~ 2.4 L. Each sample was taken right under the sample of the next higher
depth. In total, nine samples (three per soil pit, three pits) were extracted per soil depth and site,
resulting in a total soil volume of ca. 22 L that was analyzed per depth layer. All samples were

transferred to plastic bags and stored at 4 °C until being processed in the laboratory.

In the laboratory, the samples were gently washed over sieves of 0.25 mm mesh size to separate
the roots from adhering soil particles. We soaked the sample remains in demineralized water and
extracted all roots greater 10 mm length with tweezers for further examination; smaller root
fractions were neglected in two out of three samples to keep the workload reasonable. Under the
stereo-microscope, the larger rootlets >10 mm length were separated into live (biomass) and dead
(necromass) roots, and subsequently into fine (<2 mm in diameter) and coarse roots (> 2 mm in
diameter). The distinction of live and dead roots was done based on the criteria root and periderm
color, tissue elasticity, and cohesion of cortex, periderm and stele (Hertel et al. 2013). Even
though the small root fragments < 10 mm in length were neglected, the procedure has been found
to be suitable to collect the largest part of fine root biomass (> 95%) (Bauhus and Bartsch 1996;
Leuschner et al. 2001). Fine root necromass, however, is considerably underestimated by the
neglect of root fragments < 10 mm length. We used soil depth-specific regression equations to
correct this error by extrapolating the necromass from precisely analyzed samples to those
samples that were only partly analyzed. The regressions relate the mass of dead fine roots < 10
mm in length to the necromass particles > 10 mm in length, established separately for every third
sample. In these precisely investigated samples, the mass of small dead roots was quantified with
a method introduced by van Praag et al. (1988) and modified by Hertel (1999). After the
extraction of the large rootlets, the sample residue was evenly spread on a filter paper (730 cm2),
which was divided into 36 even-sized small quadrats. Six of the quadrats were randomly selected
and even the finest necromass particles collected under the microscope. All live and dead root

samples were dried at 70°C for 48 h and weighed.
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Analysis of fine root morphology

For determining specific root length (SRL, in cm g d.m.™), specific root surface area (SRA, in
cm? g d.m. ™), and the mean root diameter (MD, in mm) of the live fine root fraction < 2 mm, the
fine roots of each sample were scanned (EPSON expression 1680, EPSON America Inc.) and
analyzed using the WinRHIZO 2005c image analysis software (Régent Instruments Inc., Quebec,
Canada). Fine root length index (RLI, in m root length m ground area) and fine root area index
(RAI, in m? root area m™ ground area) were calculated by multiplying SRL or SRA with the fine
root biomass of the respective depth layers and integrating fine root length or surface area over
the whole soil profile. Root tip frequency (RTF, in n mg™ root d.m.) was determined by counting
all turgescent tips of two live fine root strands per sample and relating the number to the
respective root dry mass; root tip abundance (RTA, n m? ground area) was calculated by
multiplying RTA with the fine root biomass of the respective soil layer, root tip density (RTD, n
L) by relating to soil volume.

Statistical analyses

Means and standard errors were calculated by averaging over the each three soil pits of a study
site, while the each three samples taken in the same depth of a pit were treated as pseudo-
replicates by averaging over them.

We used the SAS package, version 9.3 (Statistical Analyses System, SAS Institute Inc., Cary,
NC, USA) for statistical analysis. A non-parametric Mann-Whitney (Wilcoxon) two-sample test
was used to determine significant differences between the different soil layers at a site, and
difference between the six sites for a given soil layer. Significance was determined at P <0.05
throughout. Multivariate regression analyses were performed to analyze the influence of soil
characteristics on fine root biomass, and of fine root biomass and soil characteristics on fine root
morphological traits. We used the backward elimination procedure at the significance level P
<0.05. Vertical root mass distribution was modeled as y = 1-Bd, where y is the cumulative root
fraction from the soil surface to depth d and B is the extinction coefficient (Gale and Grigal 1987;
Jackson et al. 1996). High  values correspond to a larger proportion of root mass in greater soil

depth. We applied a Pearson correlation analysis to search for relationships between root
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morphological traits and measures of fine root system size and structure, and edaphic and stand
structural parameters. We conducted a Principal Components Analysis (PCA) to analyze
relationships between fine root biomass, root morphological traits and soil properties (for a list of
matrix factors see Table 3.7). The PCA was conducted with the package CANOCO, version 4.5
(Biometris, Wageningen, The Netherlands).

3.4 Results
Soil characteristics

The six study sites represent a broad spectrum of bedrock types from silicate-poor Pleistocene
sandy deposits and Triassic sandstone to volcanic basalt and Triassic limestone, which is most
clearly mirrored in the base saturation of the subsoil (6 to 100 %) (Table 3.2). The base richness
gradient in the topsoil (5-57 %) was less pronounced due to acidification, which was visible even
at the limestone site. Soil texture varied from loamy sand (site GR) to silt (GW and RU sites),
which is reflected in mass-specific cation exchange capacities that varied from around 10 pmolc
g™ in the sandy substrates (GR, HM) to >200 umolc g™ at the limestone site (GW). A much
higher soil carbon content at the basalt and limestone sites (2.5-3.6 % vs. 1.0-1.6 % at the other
sites) contributed to the CEC at the GW and DR sites, while the highest C/N ratios were observed
at the GR site on Pleistocene sand (>25 in the topsoil); yet, no clear trend in C/N from base-poor
to base-rich sites was observed. This was also true for topsoil pH (CaCl,), which ranged between
3.5 and 4.3 at all six sites. Near-neutral pH values were found only at the limestone site in the
subsoil (pH 6.6). All soil profiles were classified as Cambisols in different sub-types, ranging
from dystric to chromic to eutric Cambisols. The profiles on sand, sandstone and loess had
Leptomoders or Hemimors as humus forms, while the biologically more active forms Mullmoder
and Vermimull were found on basalt and limestone with higher base saturation in the mineral
soil. Relatively thick organic layers (>35 mm) occurred on sand and basalt, thinner layers (<20

mm) on loess, sandstone and limestone.
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Fine root biomass totals and vertical root distribution

The profile totals of fine root biomass tended to be higher at the three sites with deep profiles
(GR, HM, RU: 532-563 g m™) than at the shallow sites (EG, DR, GW: 308-390 g m™), but a
significant difference existed only to the HM site on Tertiary sand (Table 3.3). Yet, the topsoil
fine root biomass (0-20 cm of mineral soil plus organic layer) was on average not higher in the
profiles on shallow soil than in the deeper profiles. As a consequence, half of the fine root
biomass of the profiles at the shallow sites was located in the uppermost 12 to 21 cm, while half-
biomass depth was reached only at 23 to 47 cm in the three deeper profiles (Table S3.2 in the
Supplement). Only on Pleistocene sand (GR site), a significant proportion of the fine root
biomass (67 g m™, i.e. 13 % of the profile total) was contained in the organic layer, while this
fraction amounted to only 9-16 g m™ (less than 5 %) at the other five sites. The B coefficient,
which characterizes the decrease in fine root biomass density with soil depth, was thus greater in
the deeper profiles (0.971-0.982) than in the more shallow ones (0.948-0.964); however, the
difference was not significant. In the three deep profiles, the bulk of fine root biomass (roughly
50 %) was located in the upper subsoil (20-110 cm), while it was the topsoil that contained most
of the fine root biomass in the three shallow profiles (50-65 %) (Table 3.3). At all six sites, fine
root density (mass per soil volume) reached its maximum in the organic layer and mineral topsoil
(0-10 cm) with values between 0.5 and 1.5 g L™. At five of the six sites, density decreased to 0.2-
0.4 g L™ at 60-80 cm and to <0.1 g L™ below 100 cm. The loess site RU was an exception with a
markedly higher fine root density in the upper and lower subsoil (Fig. 1). Most profiles showed a
secondary fine root density peak at 40-60 cm, the RU site also at 80-100 cm, where a clay layer
existed.
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FIGURE 3.1: Fine root biomass (left) and necromass (right) density (g L™) in the soil profiles of the six investigated mature beech
forest stands. Values are means of three soil pits per field site.
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With profile totals of 559-708 g m™, fine root necromass was highest at the two sites on sand
(GR: Pleistocene sand, HW: Tertiary sand) and significantly higher than at the four other sites
(220-413 g m%; Table 3.3). Lowest necromass totals (~ a third of the values on sand) were
recorded on limestone and loess (220 and 249 g m™). We found 5- to 10 times higher necromass
densities in the organic layer and mineral topsoil (> 1.5 g L™) of the GR (Pleistocene sand) and
EG (sandstone) sites than at the limestone (GW) and loess sites (RU) (Fig. 3.1). The decrease in
fine root necromass density with soil depth resembled that of fine root biomass density (Fig. 3.1),
as is reflected in similar B coefficients (Table 3.3). However, the Tertiary sand (HM) site deviated
from this pattern with a necromass density peak at 40-60 cm, and not close to the surface. The
fine root mass live:dead ratio varied between 0.73 and 2.12 (profile means) at the six sites with
highest ratios at the loess and limestone sites (RU and GW: 2.12 and 1.56) and lowest at the
Pleistocene sand and basalt sites (0.73 and 0.77) (Table 3.3). Three of the sites (HM, EG, GW)
had particularly high live:dead ratios in the organic layer (up to 4.5), but an overall trend of
decreasing live:dead ratios with increasing soil depth was not detected. With particularly low
live-dead ratios occurring on sand and basalt, no clear relation between live:dead ratio and soil

base saturation was visible.
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TaBLE 3.3: Fine root biomass and necromass, and fine root live:dead ratio in the organic layer, mineral topsoil (0-20 cm), upper
subsoil, and lower subsoil of the six investigated mature beech forests. ‘Upper subsoil’ stands for 20-110 cm soil depth at the GR,
RU and HM sites with deep profiles, and 20-50 cm depth in the shallow profiles of the EG, DR and GW sites. ‘Lower subsoil’
stands for 110-200 cm soil depth at the GR, RU and HM sites, and 50-80 cm depth at the EG, DR and GW sites. Also given are 3-
values, which characterize the depth distribution of root mass according to the expression: cumulative root mass y = 1-pd. Shown
are means + SE of three soil pits per site. Different small letters indicate significant differences (P<0.05) between the stands,
capital letters significant differences between the soil horizons.

Deep profiles Shallow profiles
Plot no. 1 2 3 4 5 6
Site code GR HM RU EG DR GW
Substrate type Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
Fine root biomass (g m?)
Organic layer 66.98 aA + 1815 896 bB + 3.63 859 bA + 207 13.08 bB + 2.30 1319 bB * 6.19 1576 bC =+ 4.71
Topsoil (0-20 cm)| 129.62 abA + 4455 267.44 aA + 27.16 178.67 abA + 4421 |251.52 abA + 43.71 153.80 bA + 2257 188.02 abA + 20.05
Upper subsoil 292.09 aA + 89.65 25654 aA + 1440 25798 aA + 100.45| 71.31 bB + 11.27 86.36 bAB + 1247 8382 bB + 6.88
Lower subsoll 4351 bcA + 2214 3004 cB + 855 10639 bcA + 5531 | 53.70 bcB + 1693 7436 bB + 13.26 11953 aB + 10.14
Profile total 53221 ab + 15579 56298 a + 13.87 551.63 ab + 177.63|389.61 b + 4307 30760 b + 3749 32746 b + 4255
Fine root necromass (g m?)
Organic layer 141.80 aAB + 34.53 3.27 bB + 202 6.13 bB + 141 481 bC + 047 2153 bC + 9.48 7.01 bC + 349
Topsoil (0-20 cm) [ 199.02 bAB + 594 11516 cB + 16.01 11697 cA + 3355 (258.74 aA + 13.66 23857 aA + 13.05 10393 cA +* 849
Upper subsoil 287.60 bA + 5558 420.71 aA + 6128 7205 cAB + 1257 | 8170 cB + 6.50 8295 cB + 7.39 7541 cB + 4.45
Lower subsoil 79.94 abcB + 3458 19.84 dB + 5.96 53.54 cAB + 4.37 6741 cB + 552 11347 abA + 138 101.30 bAB + 3.93
Profile total 708.35 a +69.23 55898 ab + 7268 24869 ¢ +51.62 |41267 b + 959 40161 b + 2407 22011 c¢ + 50.59
Fine root live : dead ratio
Organic layer 046 bB =+ 0.05 454 aA + 230 143 aB =+ 0.18 281 aA + 061 051 bA £ 0.16 286 aA + 0.71
Topsoil (0-20cm)| 0.64 bAB % 0.20 235 aA £ 0.2 1.64 aAB * 0.48 0.97 abB * 0.17 0.66 bA £ 0.12 184 aA + 026
Upper subsoil 1.02 bcA + 0.26 064 cB + 0.11 334 aA % 070 091 bcB * 0.22 1.06 bcA + 0.17 1.11 bB + 0.06
Lower subsoll 042 bB + 0.16 1.68 aA + 0.55 1.85 aAB * 0.83 0.84 abB * 0.29 0.66 bA * 0.12 1.18 aB + 0.05
Profile total 0.73 a = 014 1.04 ab £ 0.12 2.12 c = 025 094 a =+ 0.09 077 a £ 0.09 15 bc + 0.16
Fine root biomass
R-value 0975 a +0002 0971 a +0004 0982 a +0005 | 0948 a + 0008 094 a + 0005 090 a =+ 0.012
Fine root necromass
R-value 0974 a + 0003 0979 a +0001L 094 a =+0002 | 093 a +0005 093 a =+ 0007 097 a =+ 0015
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TaABLE 3.4: N content, specific root length (SRL), specific root area (SRA), root tip frequency (tips per root mass), tip abundance
(tips per ground area), of living fine roots in the organic layer, topsoil, upper subsoil, and lower subsoil of the six investigated
mature beech forest stands. Upper subsoil: 20-110 cm soil depth in GR, RU, HM, 20-50 cm soil depth in EG, DR, GW, lower
subsoil: 110-200 cm soil depth in GR, RU, HM, 50-80 cm soil depth in EG, DR, GW. Shown are means + SE of three soil pits per
field site. Different small letters indicate significant differences (P<0.05) between the stands, capital letters significant differences
between the soil horizons.

Deep profiles Shallow profiles
Plot no. 1 2 3 4 5 6
Site code GR HM RU EG DR GW
Substrate type Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
N content (%)
Organic layer 135 bB + 0.06 154 abA £ 0.12 178 abA + 0.22 143 bA £ 0.01 151 abA + 0.17 148 abA + 0.20
Topsoil (0-20 cm) 114 aB + 0.09 0.99 abcB + 0.03 0.95 bcdB + 0.06 090 cdB + 0.03 1.08 abB + 0.04 089 dB + 0.02
Upper subsoil 188 aA =+ 0.19 0.76 bC + 0.09 0.75 bBC + 0.06 062 bC =+ 007 075 bD + 0.03 0.68 bcC =+ 0.02
Lower subsoil 157 aAB + 0.22 061 cC + 0.03 0.66 cC + 0.03 0.76 bcC + 0.05 085 bC + 001 0.82 bBC + 0.09
Specific root length (cm g™)
Organic layer 23202 cA + 803 7073.2 aA + 28181 6659.6 aA + 3797.1| 40035 aA + 11417 25019 bA + 0.8 3652.3 aA + 2444
Topsoil (0-20) 1638.7 abAB + 362.3 1391.7 bB + 684 19349 aB £ 2454 13388 bB + 36.8 1645.0 abB + 192.6 1396.0 bB + 344
Upper subsoil 12225 abB + 4379 849.5 bBC + 3082 2095.0 aB + 257.7 1076.9 bBC =+ 1274 10324 bC + 428 14345 abBC + 334.5
Lower subsoil 20445 aAB + 638.3 698.9 cdC + 1929 24971 aB + 7394 833.6 cC + 60.7 613.8 dD + 304 1046.8 bC + 88
Specific root area (cm2 g™)
Organic layer 3424 bA * 164 622.7 abA * 1557 832.0 aA + 3685 521.0 bA + 1384 3783 bA + 171 580.9 aA + 298
Topsoil (0-20 cm) 255.6 abAB + 41.7 197.3 abB £ 7.9 249.2 abB * 334 2009 abB + 5.4 226.1 aB t 16.7 1899 bB + 109
Upper subsoil 2034 abB * 458 140.2 bBC + 31.6 2406 aB * 20.0 186.7 abB * 40.0 160.2 bC =+ 81 218.0 abBC + 42.8
Lower subsoil 2785 aAB + 46.6 1525 bcC + 21.5 2859 aB + 542 126.8 bcC + 2.9 1165 cD + 54 1469 bC + 9.1
Root tip frequency (10°n g™
Organic layer 19.65 bAB + 2.96 25.36 abAB + 5.78 50.39 abAB + 29.44 30.75 aA + 275 35.31 abA + 8.15 33.87 abB + 7.48
Topsoil (0-20 cm) 17.45 abAB + 4.72 2387 aA + 186 20.52 abB + 1.23 20.06 abB * 2.53 17.16 bB + 2.06 21.18 abB + 5.19
Upper subsoil 705 bB + 237 11.88 abB + 1.98 2195 aB + 4.9 1419 abB + 431 13.00 abB + 242 21.06 aB + 4.36
Lower subsoil 36.32 abA + 15.80 19.75 abAB + 15.73 83.77 aA + 27.40 13.79 bAB + 7.45 548 bC + 0.57 51.25 aA + 011
Root tip abundance (10° n m?)
Organic layer 135 aA =+ 043 0.74 aC £ 0.16 020 bB + 0.06 049 abB + 0.22 0.60 abAB + 0.20 082 aA + 033
Topsoil (0-20 cm) 175 bA £ 051 711 aA + 149 3.43 abA + 0.86 526 abA + 1.45 273 aC < 050 290 aB + 054
Upper subsoil 255 abA + 0.53 4.39 abAB + 1.50 6.66 aA + 274 057 dB <+ 0.11 1.05 cdB =+ 0.21 1.91 cBC * 0.49
Lower subsoil 015 cB + 013 1.32 bcBC + 1.14 194 bA £ 114 0.73 abA + 050 040 aB + 011 476 aA + 021
Profile total 579 b + 154 1356 a + 351 12.22 ab + 443 7.06 ab + 097 469 a + 074 721 ab * 162




Fine root morphology and chemistry

Fine root biomass N content was remarkably similar at all six sites with site means in the topsoil
(0-20 cm) varying between 0.89 and 1.14 %, without a clear trend along the base-richness
gradient among the sites (Table 3.4). At all sites except for GR, root N content was highest in the
organic layer (>1.4 %) and significantly decreased toward the subsoil (< 0.9 %). At the GR site
on Pleistocene sand, topsoil and subsoil roots (but not organic layer roots) were particularly rich

in N, which resulted in higher root N contents in the subsoil.

Organic layer Organic layer

L 60 —¥— Pleistocene Sand (GR)
- A = Tertiary Sand (HM)
-+ Loess (RU)
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FIGURE 3.2: Specific root length (cm g™) (left) and specific root area (right) (cm? g% in the
soil profiles of the six investigated mature beech forest stands. Values are means of three
soil pits per field site.

At all six sites, specific root length (SRL) and specific root area (SRA) were highest in the
organic layer, exceeding the mineral topsoil by 40 to 400 percent (Table 3.4). Minimum SRL and
SRA were reached in the upper subsoil (with higher values in the lower subsoil: GR and RU), or
a more or less continuous decrease to the lower subsoil was detected (HM, EG, DR and GW;
Figure 3.2, Table 3.4). Interestingly, SRL and SRA reached secondary peaks deep in the soil at
180-200 cm depth in the GR and RU profiles on Pleistocene sand and loess (Fig. 3.2). SRL and
SRA varied by less than 50 % between the six sites in the topsoil (0-20 cm) (range of means:
1339-1935 cm g, 190-256 cm? g), whereas among-site variation was larger in the organic layer
(2502-7072 cm g™, 342-832 cm? g!) and also in the lower subsoil (614-2497 cm g, 117-286
cm? g™t). While the Pleistocene sand site (GR) generally had relatively high SRL and SRA
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values, this was also the case in the more base-rich loess site (RU), and no principal trend in fine
root morphology from the acid, base-poor to the alkaline, base-rich sites emerged (Table 3.4).
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FIGURE 3.3: Stack diagram of fine root length index (RLI, m m™) (left) and fine root area
index (RLA, m2 m®) (right) in the soil profiles of the six investigated mature beech forest
stands. Values are means of three soil pits per field site.

Average root diameter in the <2 mm-fraction varied between 0.32 and 0.84 mm without clear
trends among the soil layers and along the base-richness gradient across sites (Table 3.5).
Significant increases in mean fine root diameter with increasing soil depth were found at the HM

and DR sites, but not at the other four sites.
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At the stand level, root length index (RLI, in m m™ ground area integrated over the whole profile)
and root surface area index (RAI, in m?* m™) tended to be higher at the sites with acidic soil (GR,
HM, EG) than at the base-richer basalt and limestone sites (DR and GW), but the highest indices
were recorded at the relatively base-rich loess site (RU) (Fig. 3.3). This pattern is mainly caused
by the greater profile depth at the GR, HM and RU sites and not by among-site differences in
root length and area per layer.

Root tip frequency (RTF; tips per fine root mass) was highest in the organic layer and generally
decreased toward the upper subsoil to about a half (Table 3.4). In three of the sites (GR, RU,
GW), it increased again toward the lower subsoil to reach a maximum with values exceeding
even the organic layer. Across the six sites, root tip frequency was similar in the mineral topsoils
(17.2-23.9 - 103 g, but differed considerably in the organic layers (19.7-50.4 - 103 g™) and
especially in the lower subsoils (5.5-83.8 - 103 g*). A clear pattern with respect to the base-
richness gradient did not emerge (Table 3.4). Root tip abundance, which is calculated from RTF,
fine root density and profile depth, varied between 4.7 and 13.6 -106 m™ at the six sites with a
maximum at the loess site (RU) and minima at the basalt (DR) and Pleistocene sand sites (GR). A
clear dependence on the base-richness gradient did not emerge, while the deeper profiles (HM
and RU, but not GR) tended to have higher overall tip numbers. Most of the tips of the GR, HM,
RU and GW sites were located in the upper or the lower subsoil and not in the organic layer. In
contrast, the topsoil (0-20 cm) played a key role for tip abundance at the EG and DR sites. Only
at the acidic GR site on Pleistocene sand, a considerable number of tips were located in the

organic layer (~25 % of the profile total).
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Edaphic and stand structural drivers of fine root system size and fine root morphology

A Pearson correlation analysis between various soil physical and chemical parameters (soil bulk
density, clay content, organic layer thickness, soil C/N ratio, base saturation) and fine root
morphological traits and parameters characterizing fine root system size and distribution revealed
only very few significant relationships in our sample of six sites. While the FRB profile total was
not dependent on soil pH, base saturation, soil C/N ratio or clay content, the volume density of
both fine root biomass and root tips decreased with increasing soil bulk density (r = -0.76, and r =
-0.73, respectively; P < 0.01; Table 3.5). The volume density of both fine root biomass and fine
root necromass increased with soil C/N ratio (r = 0.51, and r = 0.79, respectively; P < 0,05, and P
< 0.001, respectively). Live fine root N content was negatively correlated with soil clay content (r
=0.60, P <0.01). We did not observe any significant relationships between profile totals of fine
root biomass and soil physical and chemical parameters. We further tested whether fine root
system size and fine root morphology vary with stand structural parameters, but neither for fine
root abundance and distribution, nor for fine root morphological traits significant correlations

with stem density and plot basal area appeared.

Additionally, we conducted multivariate regression analyses to detect whether soil chemical and
physical parameters (soil C/N ratio, base saturation, clay content) are influencing the abundance
of fine root biomass and fine root morphological traits (Table 3.6). Soil C/N ratio explained about
a quarter to a third of the variation in fine root biomass in the topsoil (r? = 0.31) and the lower
subsoil (r2 = 0.27) at our sites, and about a quarter of the variation in case of the whole profile (r2
= 0.24). With respect to fine root morphological traits, only soil base saturation showed a
significant relation to average root diameter in the lower subsoil (r2 = 0.30) and to root tip
frequency in the upper subsoil (r? = 0.27). Neither soil C/N ratio and clay content, nor fine root
biomass were significantly related to the studied fine root morphological traits. Correspondingly,
a PCA arranged the six sites along the first axis, which correlated with clay content, base
saturation and soil C/N (Table 3.7), while fine root diameter, and in opposite direction, fine root
biomass and SRA differentiated the sampled sites and horizons on the second axis. Interestingly,
most of the upper and lower subsoil horizons of the six sites were, irrespective of geology,
located in the upper section of the PCA plot, thus in association with increasing fine root

diameter, while most of the topsoil horizons were found in the lower plot section, coinciding with
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high fine root biomass and SRA values. Root tip frequency was the only variable with highest

loading on the third axis; it was negatively related to clay content and soil C/N ratio.

TABLE 3.5: Coefficients of linear Pearson correlations between fine root and soil and stand
characteristics. * indicates significance at < (.05, ** significance at < 0.01, and ***
significance at < 0.001 error probability. (FRB — Fine root biomass. FRN — Fine root
necromass. FR — Fine root. RTD — Root tip density. SRA — Specific root area. OL- Organic
layer.)
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FRB density x ek * *ox
@LY 0.60 0.34 0.17 0.07 010 | 0.87 0.08 -0.10 0.51 0.76 0.26 021 028
FRN density e .
GLY 0.16 0.42 -0.44 0.20 037 -0.06 020 | 0.79 0.54 -0.28 0.35 0.24
FRB (g m?) 0.74 -0.07 0.22 012 -0.51%* 0.06 033 -0.24 -0.20 -0.31 -0.03
FRN (g m?) -0.47 -0.10 -0.10 -0.48 0.29 0.39 -0.08 -0.13 -0.39 -0.27
Fine root 012 0.36 0.47 -0.10 -0.23 -0.07 -0.15 0.09 0.27
live:dead ratio
Live FRN 018 | 0.70%** | 016 0.40 0.14 -0.16 043 | -0.60%
content (%)
RTD (n LY 0.28 -0.08 0.39 0.73** | -0.05 -0.10 035
SRA (cm? g7 -0.14 0.14 0.16 -0.35 -0.12 -0.31
Thickness of OL 0.39 0.8 -0.29 -0.47 -0.45
(mm)
Soil C:N ratio -0.43 -0.15 -0.32 -0.26
Soil bulk density
3 0.12 015 -0.34
(gem™)
pH (CaCl,) 0.72%* | 028
Soil base
saturation (%) 0.45
Soil clay content
(%)
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TABLE 3.6: Results of multivariate regression analyses between fine root biomass and clay
content (%), C/N ratio, and base saturation (BS, %), and between specific root area,
average fine root diameter, and root tip frequency and clay content (%), C/N ratio, base
saturation (BS, %), and fine root biomass (g m™). The regression analyses were conducted
separately for the topsoil, upper subsoil and lower topsoil, and for all layers together.
Shown are significant correlations with P < 0.05.

Variable Unit Depth Regression function r2
Fine root biomass gm? Topsoil y = 11.0641 x C/N + 27.0433 0.31
Upper subsoll
Lower subsoil ~ y=7.3188 x C/N + 8.5772 0.27
All y =9.7370 x C/N + 16.3076 0.24
Specific root area cm?g’  Topsoil
Upper subsoll
Lower subsoil
All
Average root diameter  mm Topsoil
Upper subsoll
Lower subsoil ~ y =-0.0019 x BS + 0.6771 0.30
All y =-0.0010 x BS + 0.5762 0.08
Root tip frequency ng’ Topsoil
Upper subsoil y =118.4406 x BS + 10309.5292 0.27
Lower subsoil
All y = 232.4285 x BS + 14386.4874  0.14

TABLE 3.7. Results of the Principal Components Analysis with eigenvalues (EV) of the first
for axes and loadings.

Axis 1 Axis 2 Axis 3 Axis 4

Variables (EV 0.338) (EV 0.288) (EV 0.169) (EV 0.100)

Clay content -0.742 (0.55) 0.018 (0.55) -0.492 (0.79) 0.239 (0.85)
Soil C/N 0.779 (0.61) -0.171 (0.64) -0.457 (0.84) 0.181 (0.88)
Base saturation -0.863(0.75)  -0.029(0.75)  -0.223(0.80)  -0.025 (0.80)
Fine root biomass ~ 0.333(0.11)  -0.764 (0.69)  -0.262 (0.76)  0.400 (0.92)
SRA 0.115(0.01)  -0.826 (0.70) 0.310 (0.79)  -0.348 (0.91)
Root tip frequency  -0.409 (0.17) -0.365 (0.30) 0.658 (0.73) 0.491 (0.98)
Root diameter 0.418 (0.18) 0.767 (0.76) 0.287 (0.85) 0.292 (0.93)
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3.5 Discussion
Does fine root biomass increase with decreasing soil pH, base saturation and soil fertility?

In contrast to earlier studies on fine root biomass in temperate forests, we did not find FRB totals
to be in all cases smaller in profiles with high base saturation, and higher in profiles with low
base saturation. As expected, the FRB total at the base-rich limestone site was small (GW; 330 g
m™) but high in two profiles with low base saturation (GR and HM; 530 — 560 g m™). However,
the difference was only partly significant and the studied beech forest sample contains a site with
high FRB despite high subsoil base saturation (RU), as well as a site with low base saturation but
relatively low FRB (EG). Therefore, our data does neither support nor disprove the assumption of
a dominant role of base saturation for the FRB total in F. sylvatica forests (hypothesis i). In
contrast, FRB significantly increased with the soil C/N ratio in the topsoil and lower subsoil of
the investigated profiles, pointing at higher FRB in soil horizons with low N supply. This

suggests that N availability may be more influential than base richness or pH.

It further appears that profile depth is a more important determinant of FRB profile totals than
base saturation in our 6-site sample (hypothesis iii). This factor is rarely explored in cross-site
comparisons or meta-analyses of tree fine root biomass. Rather, a standard profile depth of 60, 70
or 100 cm is often used and shallow profiles are not included in the samples or do not occur.
Studies controlling for profile depth did frequently report a negative relation between soil CEC,
base saturation or pH, and stand FRB (e.g. Aber et al. 1985, Gower et al. 1992, Poorter and Nagel
2000, Le Goff and Ottorini 2001, Neatrour et al. 2005). With respect to F. sylvatica, inverse
nutrient availability-FRB relationships have been reported by Schmid (2002) and Leuschner and
Hertel (1998) and (2004), and they also appeared from the meta-analyses of Leuschner and Hertel
(2003) and Finér et al. (2007). Assuming that the conventional definition of FRB with a diameter
threshold of 2 mm represents a suitable proxy for the nutrient- and water-absorbing surface area
of a tree root system, this relationship can be interpreted as an adaptive response to low supply of
N, P or base cations (mostly Ca, K, Mg), being an element of a strategy to compensate low
supply rates by a larger absorbing belowground surface. Given that stand leaf area (LAI) has been
found to be remarkably constant in Central European F. sylvatica forests across soil fertility and
pH/base saturation gradients (Leuschner et al. 2006), an inverse nutrient availability-FRB relation
would indicate a growing ratio of belowground to aboveground resource-absorbing surfaces,
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when soil resources become increasingly short in supply. The results of our study suggest that a
limited exploitable soil volume can effectively reduce stand FRB. We interpret the smaller root
area indices (5.8-7.7 m* m™) at the three shallow sites (60-80 cm profile depth) in comparison to
the deep profiles (9.3-13.0 m* m; see Fig. 3.3) as a hint that these stands would in deeper soils
develop larger fine root biomasses, with putative positive effects on nutrient and water uptake. If
this result is more generally valid, it indicates that beech fine root density does in general not
exceed 1.5 (or more often 1.0) g L™ in the topsoil irrespective of profile depth, presumably to
avoid self-competition between roots of the same individual. Correspondingly, we did not find
evidence that the density of fine root tips (n per soil volume) is higher in the topsoil of shallow

profiles than in deep profiles; density never exceeded 35,000 tips per L.

Although our sample (n = 6 sites) is smaller than in some other comparative root studies, the
study is one of very few covering the subsoil to 2 m depth and we can thus refer to profile totals
of FRB which is not possible in most other studies. Some authors doubt that fine root biomass
(<2 mm in diameter) is a biologically meaningful parameter with relation to resource uptake
capacity, since this fraction may contain both absorbing and non-absorbing root sections (e.g.
Guo et al. 2008). This possible shortcoming is, however, less relevant for our study, as we
consider a single tree species that showed relatively uniform fine root morphology across the

studied edaphic gradient.

Do vertical fine root distribution patterns and fine root live:dead ratios differ between base-

poor and base-rich soils?

In most forest soils, fine root biomass per soil volume has been found to decrease exponentially
with soil depth, resulting in highest root mass densities in the mineral topsoil or the organic layer
(e.g. Jackson et al. 1996; Hertel 1999; Jobbagy and Jackson 2001; Leuschner et al. 2004; Meier et
al. 2017). Factors possibly driving this root biomass decline with soil depth are a downward
decrease in leaf litter-derived N and P supply rate, the increase in soil bulk density, a reduction in
soil biological activity (including mycorrhiza), and, at least locally, subsoil water logging in
combination with low oxygen contents and putative metal toxicity (Jobbagy and Jackson 2000;

Jentschke et al. 2001; Hodge 2004). In more acidic soils, the root biomass decrease may be more
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pronounced, as soil biological activity is generally lower in the subsoil and the downward
transport of litter-derived nutrients is less intense, and toxic elements in the subsoil (e.g. Al3+)
may reach higher concentrations than in base-richer soils. Our results show a tendency for a
steeper root biomass decrease (higher B-coefficient) in the deeper profiles, but the difference
between base-poor and base-rich sites was not clear-cut (hypothesis ii). The principal similarity
of B-coefficients for beech fine root systems in soils with low or high base saturation and soil
biological activity suggests that the FRB peak close to the soil surface is mainly caused by the
nutrient supply from decomposing leaf litter as well as the lower soil bulk density at the surface,
whereas soil moisture (which is often more readily available in the subsoil), soil biological
activity and toxic elements (which differ largely between sites) must be of secondary importance.
In apparent contradiction to this finding, Braun et al. (2005) found a significant reduction in
rooting depth of F. sylvatica at sites with low base saturation. Yet, other studies reported only
weak influences of soil acidity or nutrient availability on vertical fine root distribution patterns in
European beech forests (Leuschner et al. 2004, Mainiero and Kazda 2006). Based on the analysis
of 302 root profiles in German forests, Hartmann and von Wilpert (2014) concluded that soil
chemical properties are of minor importance as determinants of tree fine root vertical distribution.
In our study, we did not observe any relation between the vertical distribution of FRB to the
thickness and structure of the organic layer, which normally increases in thickness with the
transition from mull to moder and mor humus along a soil base richness gradient. Thick moder-
type organic layers on mineral soils of low biological activity (as the GR site on Pleistocene sand)
represent attractive media for fine roots to explore, when they are sufficiently moist, even though
the C/N ratio can be high and decomposition rate relatively low. Schenk and Jackson (2002)
concluded from a global review that the fine root system in forests becomes the shallower the
thicker the organic layer is, in apparent contradiction to our findings. A possible explanation for
this discrepancy is that organic layer thickness increases in forests not only along soil acidity
gradients, but also along temperature gradients. We assume from our results that decreasing

temperature shapes the vertical fine root distribution much more than increasing acidity.

Various studies have shown that base-poor forest soils typically have a greater live-dead ratio of
fine root mass than base-rich soils (e.g. Leuschner et al. 1998, Godbold et al. 2003, Leuschner

and Hertel 2003, Leuschner et al. 2004, Braun et al. 2005), which may be explained by a higher
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fine root mortality in acid, infertile soils, but alternatively could also result from a lower
decomposition rate of fine root necromass due to reduced soil biological activity. We found high
fine root necromass amounts in the acid profiles on sand (GR and HM), intermediate amounts on
sandstone and basalt (EG and DR), and low ones on loess and limestone (RU and GW). Yet, no
clear dependence of the live:dead ratio of fine root mass on base saturation was visible
(hypothesis iv). In the absence of root turnover and decomposition measurements at our sites, we
cannot decide what is driving the differences in necromass amounts. However, an earlier study in
four F. sylvatica forests on different soils indicated that the site differences in fine root mortality
were much greater than the differences in root decomposition rates (Hertel 1999), suggesting that

nutrient shortage and soil acidity are reducing root longevity more than decomposer activity.

Do fine roots alter their morphology in response to nutrient shortage and soil acidity?

Plasticity in root morphology and root system structure is one strategy of trees to cope with
belowground environmental heterogeneity and temporal change in physical and chemical
conditions (Hodge 2006, Ostonen et al. 2007, Comas and Eissenstat 2009). For example, plants
exposed to nutrient shortage or drought might produce finer, more branched rootlets with greater
surface area in order to increase resource uptake and improve the cost/benefit ratio of root
formation and maintenance (Eissenstat and Yanai 1997, Pregitzer et al. 2002, Ostonen et al.
2007). Our data show considerable variation in specific root length and specific root area across
sites and soil layers, but no consistent change in root morphology along the gradient from more
alkaline, base-rich to acidic, base-poor sites in the same soil layer (hypothesis v). Only in the
lower subsoil, base saturation had a significant effect on average fine root diameter according to
the multivariate regression analysis, explaining 30 percent of the variation. This matches with
findings from a comparison of another six German F. sylvatica forests, where fine root
morphological differences were small and no consistent relation between soil chemistry and SRA
(and RAI) could be detected (Leuschner et al. 2004). In many comparative root studies with non-
woody plants as well, no root morphological changes could be detected along gradients of soil
acidity or base saturation (Hutchings and de Kroon 1994, Ryser 1998). In contrast to some earlier
studies (e.g. Meyer 1967, Kottke and Agerer 1983, Hertel 1999, Leuschner et al. 2004), a relation

between the frequency of root tips per root mass and base richness existed only in one horizon
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(upper subsoil) but not in the others, and this relation was positive and not negative. This does not
support hypothesis (vi). These findings suggest that, on the species level, fine root morphological
adaptation to nutrient shortage apparently is not the rule in temperate trees. We have no
information on root physiological changes or altered mycorrhizal associations in response to
decreases in nutrient availability and soil pH; they could well increase the mass-specific nutrient

uptake capacity of roots in infertile soils.

Much larger root morphological differences existed between the different soil layers within the
same soil profile, i.e. among the roots of a single tree, providing evidence of large root
morphological plasticity in F. sylvatica. In general, the fine roots of the organic layer had the
largest SRL and SRA values and the highest root tip frequency, while mineral topsoil and subsoil
differed less. However, at half of the sites (GR, RU, GW), root tip frequency reached its profile
maximum in the lower subsoil and not in the organic layer, which we explain with relatively high
subsoil nutrient concentrations at these sites. Average fine root diameter was in most profiles
relatively invariant across the profile. The high branching intensity and surface development of
the organic layer fine roots is likely caused by particularly high nutrient supply rates in
conjunction with the low bulk density of the organic material, conditions that should favor the
formation and maintenance of structurally complex fine root systems, given that soil moisture is
sufficiently high. The decrease in root N content with increasing soil depth is thought to mirror N
mineralization rates in the profile, which decrease with soil depth despite a reduction in soil C/N
ratio (Runge 1983, Leuschner et al. 2014). The observed differences in the chemistry and
morphology of topsoil and subsoil roots could also reflect a functional differentiation within the
fine root system, with surface roots being mainly responsible for nutrient (N and P) uptake and
subsoil roots primarily representing water-absorbing roots. This hypothesis has to be tested by
physiological measurements under field conditions.
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3.6 Conclusions

This comparative study in six beech forests on largely different bedrock explored the influence of
base saturation and soil acidity on the fine root system size, fine root distribution, live:dead ratio,
and fine root morphology of F. sylvatica stands. The influence of profile depth was addressed
through a thorough study of subsoil rooting patterns. The results highlight the importance of
subsoil for the fine root system of beech, even on soils with only 60-80 cm profile depth.
Reduced profile depth was found to be an important determinant of overall fine root system size,
which reduced the stand total of FRB significantly, when bedrock depth was 80 cm or less
(hypothesis iii). Comparison of sites and soil layers evidences great plasticity in fine root system
structure and also fine root morphology. This is interpreted as an adaptive belowground strategy
of F. sylvatica to colonize a broad range of soil types, and it may explain why the species is able
to grow on highly acidic and also alkaline soils, revealing the behavior of a calcifuge and a
calcicole plant. Indeed, fine root system structure and fine root morphology differed less between
stands on base-poor and base-rich sites (hypothesis v and vi) than between the topsoil and subsoil
within a profile. Future fine root studies on soils differing in soil chemistry and nutrient
availability should also investigate root branching patterns (notably the 1st- and 2nd-order
fraction) and root functioning (root longevity and uptake activity) in order to deepen our

understanding of tree belowground adaptation to variable edaphic conditions.
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Supplementary Material

TABLE S3.1: Fine root biomass (FRB) and necromass (FRN) in the organic layer and
mineral top- and subsoil of the six investigated mature beech forests. Shown are means + SE
of three soil pits per site.

Plot no. 1 2 3
Site code GR HM RU
Substrate type Pleistocene sand Tertiary sand Loess

FRB (g m?) FRN (g m?) FRB (g m?) FRN (g m?) FRB (g m?) FRN (g m?)
Depth (cm)
Organic layer 66.98 + 18.15 141.80 + 34.53 8.96 + 363 327 + 202 859 + 207 2072 + 13.90
0-10 4229 + 15.01 9742 + 424 17824 + 1679 39.83 + 996 96.78 + 39.33 6.13 + 141
10-20 87.34 + 39.92 101.60 + 6.66 89.20 + 11.12 7533 + 14.62 8189 + 493 81.03 < 27.74
20-40 14572 + 27.08 9848 + 11.78 80.31 + 7.63 139.88 * 10.88 36.64 + 6.25 3593 * 6.02
40-60 7344 + 2319 106.38 + 47.73 89.66 + 1288 191.92 + 37.90 7530 + 2545 28.08 * 520
60-80 36.66 + 20.56 26.34 + 9.69 46.02 + 17.07 6752 + 1296 59.93 + 2238 16.69 * 154
80-100 2769 + 16.49 4042 + 2158 3092 + 1663 16.13 + 591 69.32 + 43.00 11.09 + 1.76
100-120 17.17 + 1521 3196 + 2364 1924 + 1865 1053 + 6.26 3357 + 2822 12.64 + 3.47
120-140 20.27 + 10.05 3273 +20.80 1348 + 734 711 + 169 3134 + 2084 7.12 + 1.83
140-160 9.90 £ 555 2099 + 15.38 6.66 + 404 249 + 183 2152 +892 6.76 + 2.58
160-180 158 + 1.03 259 + 157 0.28 + 028 321 + 168 1440 <+ 5.07 563 + 0.39
180-200 318 + 242 7.65 + 402 0.00 + 000 176 + 002 2235 + 1000 11.23 + 0.22
Profile total  532.21 + 155.79 708.35 + 69.23 562.98 + 13.87 558.98 + 72.68 551.63 + 177.63 248.69 * 51.62
Plot no. 4 5 6
Site code EG DR GW
Substrate type Sandstone Basalt Limestone

FRB (g m?) FRN (g m?) FRB (g m?) FRN (g m?) FRB (g m?) FRN (g m?)
Depth (cm)
Organic layer 13.08 + 2.30 4.81 + 047 1319 +619 2153 +948 1576 + 471 701 + 3.49
0-10 161.36 + 16.17 174.88 + 28.96 76.13 + 19.27 133.35 + 4.85 11024 + 12.34 57.28 + 0.69
10-20 90.16 + 28.11 8386 + 1645 7767 + 1285 10522 + 827 7779 + 13.62 46.65 <+ 8.97
20-40 4461 + 1038 60.29 + 6.06 4216 <+ 4.03 518 + 792 4191 + 11.02 2752 + 2.52
40-60 53.38 + 17.36 4282 + 113 8840 + 2652 6218 + 276 8382 + 2867 9577 + 11.11
60-80 2701 + 882 46.00 + 500 3017 = 8238 7762 5342
80-100
100-120
120-140
140-160
160-180
180-200

+

Profile total  389.61 + 43.07 412.67 + 959 307.60 + 37.49 401.61 + 24.07 327.46 + 4255 220.11 + 50.59

+
+
+
+
+

61



TABLE S3.2: Fine root biomass and necromass (fraction of profile average), coefficients of
variation (CV) for fine root biomass and fine root necromass, fine root C/N ratio, and root
tip density in the organic layer, mineral topsoil (0-20 cm), upper subsoil, and lower subsoil
of the six investigated mature beech forests. ‘Upper subsoil’ stands for 20-110 cm soil depth
at the GR, RU and HM sites with deep profiles, and 20-50 cm depth in the shallow profiles
of the EG, DR and GW sites. ‘Lower subsoil’ stands for 110-200 cm soil depth at the GR,
RU and HM sites, and 50-80 cm depth at the EG, DR and GW sites. Also given is the soil
depth to which 50 or 90 %, of fine root biomass and necromass are found in the soil profile
of the six investigated mature beech forests Shown are means + SE of three soil pits per site.
Different small letters indicate significant differences (P<0.05) between the stands, capital
letters significant differences between the soil horizons.

Deep profiles Shallow profiles
Plot no. 1 2 3 4 5 6
Site code GR HM RU EG DR GW
Substrate type Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
Fine root biomass (fraction of profile average)
Organic layer 013 a +0.04 0.02 bc + 0.01 0.02 c¢ +0.00 0.04  bc + 0.01 0.04 bc + 0.02 005 b +£0.02
Topsoil (0-20cm)| 024 b+ 0.03 047 a +0.04 035 ab + 0.09 0.64 a + 0.07 050 a +0.03 059 a +0.09
Upper subsoil 056 a + 0.09 046 a + 0.03 045 a + 004 0.18 c + 0.02 028 b + 004 025 bc + 0.04
Lower subsoil 0.07 ¢ +004 005 ¢ £0.02 0.18 bc + 0.05 014  hc + 0.05 025 ab + 0.04 031 a £0.02
Fine root necromass (fraction of profile average)
Organic layer 020 a + 004 001 c¢ £ 000 002 b + 0.00 0.01 c + 0.00 005 b +0.02 0.04 bc + 0.03
Topsoil (0-20cm)| 028 ¢+ 0.02 021 d +£0.01 046 b +0.03 0.63 a + 0.03 060 a +0.07 051 ab +0.08
Upper subsoil 041 b +0.08 075 a +0.01 029 b +0.01 0.20 c + 0.02 021 c¢ +0.01 033 b +0.05
Lower subsoil 011 cd * 0.04 004 d +0.02 023 b + 003 0.16 c + 0.01 026 b + 001 036 a +0.01
% of total Fine root biomass (g m?)
50 290 a 38 226 a *37 474 a £ 162 121 b + 0.9 199 a 39 210 ab =+ 88
90 1024 a  * 160 836 ab + 139 1204 a  + 153 50.9 c + 75 56.4 bc + 1.8 49.0 bc # 113
% of total Fine root necromass (g m?)
50 242 bc + 49 420 a =08 24.9 + 44 13.0 c + 21 146 bc * 17 24.3 abc * 9.2
90 1159 b+ 183 815 bc + 9.6 1786 a * 6.2 61.7 c + 16 546 cd 73 516 d + 108
C, Fine root biomass
Organic layer 048 bB + 0.08 149 aA + 026 1.15 abA + 0.61 118 aA + 0.19 184 aA £ 031 157 aA £ 005
Topsoil (0-20cm)| 0.65 aB + 0.05 045 bC + 0.05 0.61 abA + 0.09 069 aB £ 0.05 0.57 abB + 0.11 082 aB £ 0.11
Upper subsoil 069 aB + 021 0.82 aB + 0.07 0.67 aA + 0.05 074 aAB + 0.09 063 aB + 0.12 101 aB + 0.16
Lower subsoil 125 bA + 0.09 166 aA + 0.07 085 cA + 014 0.88 abcdAB + 0.35 031 eC * 0.05 047 dC + 0.04
C, Fine root necromass
Organic layer 0.64 aAB + 0.18 076 aA + 0.25 0.70 aAB + 0.14 069 aA + 0.02 1.06 aA + 046 099 aA + 034
Topsoil (0-20cm)| 0.28 cC + 0.02 052 bA + 0.07 083 aA 013 0.47 bB + 0.09 0.33 bcA + 0.11 0.31 bcAB + 0.15
Upper subsoil 059 aB + 0.14 040 aA £ 0.06 0.56 aAB + 0.14 033 aB £011 046 aA + 012 0.41 aAB + 0.14
Lower subsoil 102 aA 013 0.59 bA + 0.10 0.32 bcB + 0.12 0.73 abAB # 0.37 0.23 cA + 0.02 019 cB £ 0.08
Fine root C/N ratio
Organic layer 36.23 aA £ 1.89 3095 aC + 2.64 2897aC  + 3.86 338 aC 067 3336 aD + 413 3430 aC + 443
Topsoil (0-20cm)| 42.66 bA + 3.56 47.44 abB =+ 1.84 50.14aB  * 2.39 5326 aB £ 251 4349 bC =+ 151 5271 aB # 161
Upper subsoil 2416 cB + 255 63.44 abA + 4.62 63.61 abAB + 592 76.79 aA + 8.83 61.35 bA + 3.00 69.43 aA + 216
Lower subsoil 30.37 cAB * 4.16 7491 aA £ 520 7554 aA  + 3.69 62.34 abAB * 5.62 53.09 bB £ 0.20 58.96 abAB + 6.10
Root tip density (10° n L™?)
Organic layer 26.23 aA + 1027 1831 abAB * 7.42 9.48 bA + 0.60 2828 abA + 1143 1825 abA * 6.10 19.51 abAB + 6.41
Topsoil (0-20cm)| 874 cA + 253 3553 aA * 745 2545 abA + 1087 | 2632 aA = 725 1366 chA + 2.50 19.27 bA + 219
Upper subsoil 2.84 bcB * 0.59 510 abB * 1.69 740 aA + 3.04 191 c¢B £ 036 318 bB * 045 876 aB * 350
Lower subsoil 073 cB * 0.63 6.60 bcB + 5.71 9.69 abA + 571 244 cB  + 166 135 cC * 037 15.85 aAB *+ 0.69
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TABLE S3.3: Specific root length and specific root area for the organic layer and mineral top- and subsoil of the six investigated
mature beech forests. Shown are means + SE of three soil pits per site.

Plot no. 1 2 3 4 5 6

Site code GR HM RU EG DR GW
Substrate type  Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
SPECIFIC ROOT LENGTH (cm g ™)

Depth (cm)

Organic layer 2320.2 + 80.3 7073.2 + 2818.1 6659.6 + 3797.1 40035 + 1141.7 25019 * 0.8 3652.3 + 244.4
0-10 1679.5 + 401.2 17295 + 1741 21581 + 4551 17281 + 1957 21059 + 2786 1623.2 + 48.2
10-20 1597.9 + 4743 10538 + 55.2 1711.7 + 65.6 949.4 + 1262 11841 + 1329 1168.7 + 103.1
20-40 1322.4 + 502.4 9075 + 1931 25446 £ 451.8 1143.8 + 258.7 1276.3 + 37.2 1564.3 + 491.9
40-60 7914 + 739 633.6 =+ 136.6 18729 + 525.3 943.1 + 188.1 5448 + 91.3 1175.0 = 374
60-80 14305 + 7795 6977 + 1638 17288 + 2616 7788 + 988 648.3 982.7

80-100 1171.8 + 374.3 4148 + 108.4 21195 + 5377

100-120 1570.2 + 4946 1650.1 + 13775 23234 + 656.3

120-140 1675.1 + 10335 4167 + 0.5 2627.0 + 416.7

140-160 10336 + 3004 766.0 + 1728 25286 + 1295.6

160-180 884.0 <+ 81.0 301.4 1988.8 + 421.6

180-200 33374 + 882.9 2930.7 + 1059.4

SPECIFIC ROOT AREA (cm? g™)

Depth (cm)

Organic layer 3424 + 16.4 622.7 + 155.7 832.0 =+ 3685 521.0 + 1384 3783 + 171 580.9 + 29.8
0-10 2737 = 525 2141 = 11.2 281.1 =+ 588 230.6 = 19.0 2788 + 17.8 2147 = 109
10-20 2375 + 459 1805 =+ 24.3 2172 + 249 171.2 + 26.6 173.4 + 158 165.1 * 175
20-40 2126 + 60.5 1423 + 181 2705 + 40.1 210.9 + 66.1 189.3 + 143 2289 + 74.8
40-60 156.8 + 11.4 116.2 + 13.0 2473 + 38.2 1381 + 132 1021 + 161 196.1 + 38.6
60-80 2033 + 61.3 1355 + 23.9 2206 + 374 1212 + 39 123.7 122.4

80-100 2125 + 484 9%.6 =+ 16.7 2246 + 354

100-120 250.9 + 539 2121 + 1341 2398 + 49.0

120-140 2225 + 836 921 + 08 3299 + 51.8

140-160 1989 + 241 199.7 + 60.3 316.6 + 154.2

160-180 1754 + 10.7 95.6 226.3 + 135

180-200 4117 £ 752 2940 =+ 65.2

180-200 3337.4 + 882.9 2930.7 + 1059.4
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TaBLE S3.4: Average fine root diameter and root tip frequency for the organic layer and mineral top- and subsoil of the six
investigated mature beech forests. Shown are means + SE of three soil pits per site.

Plot no. 1 2 3 4 5 6

Site code GR HM RU EG DR GW
Substrate type  Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
AVERAGE ROOT DIAMETER (mm)

Depth (cm)

Organic layer 055 + 0.06 032 =+ 005 0.47 + 0.05 047 £ 0.02 048 =+ 0.02 056 + 0.03
0-10 052 + 0.06 041 £ 002 043 £ 0.03 045 £ 002 045 + 003 044 £ 002
10-20 057 £ 0.09 0.62 <+ 0.08 046 <+ 0.07 0.60 =+ 0.05 051 £ 0.05 047 £ 001
20-40 056 + 0.07 0.58 + 0.06 038 + 0.05 0.63 =+ 0.03 051 + 003 049 + 001
40-60 0.62 =+ 0.03 061 =+ 0.08 042 * 0.05 051 =+ 0.06 062 =+ 0.02 049 + 0.08
60-80 0.64 =+ 0.08 065 =+ 0.02 0.48 + 0.08 051 £ 0.05 0.61 0.45

80-100 061 <+ 0.08 082 =+ 007 038 =+ 0.05

100-120 058 + 0.07 077 + 023 037 £ 0.05

120-140 060 =+ 0.14 072 =+ 0.01 042 =+ 0.06

140-160 068 =+ 0.11 082 =+ 0.10 041 =+ 0.04

160-180 065 =+ 0.02 1.01 042 £ 010

180-200 043 + 0.06 040 + 0.06

ROOT TIP FREQUENCY (n g™)

Depth (cm)

Organic layer 19647 + 2957 25355 £ 5777 50395 + 29441 30748 £ 2750 35306 + 8147 33873 = 7477
0-10 21317 + 6290 27466 £ 6289 21250 + 511 23216 + 2862 20534 + 2809 27916 + 10838
10-20 13580 + 3540 20280 + 5037 19797 + 1998 16911 + 2456 13791 + 1515 14451 + 2985
20-40 14407 + 4666 15488 + 5128 25153 + 1966 15517 + 5393 16465 + 2800 22691 + 6703
40-60 7696 + 4333 24932 + 11865 28754 + 9068 11523 + 7076 6062 + 1721 17805 + 456
60-80 5085 + 1075 4483 + 1903 16685 + 6197 14925 + 12885 5196 67972

80-100 2997 + 1191 6896 + 1885 15481 + 3107

100-120 6472 + 4101 5029 + 133 25419 + 4676

120-140 6840 + 4624 24544 + 18614 10443 + 2607

140-160 9390 + 6380 2561 + 1048 13164 + 2974

160-180 12389 + 9062 13322 + 2157

180-200 17589 + 5613 34133 + 18197
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TaBLE S3.5: Root length index (RLI) and root area index (RAI) for the organic layer and mineral top- and subsoil of the six
investigated mature beech forests. Shown are means + SE of three soil pits per site.

Plot no. 1 2 3 4 5 6

Site code GR HM RU EG DR GW
Substrate type  Pleistocene sand Tertiary sand Loess Sandstone Basalt Limestone
RLI (cm m?)

Depth (cm)

Organic layer 158095 + 45710 43900 + 4143 49956 + 23211 47659 + 5359 48471 + 918 58208 + 18245
0-10 80831 + 42450 313913 + 59886 174378 + 61265 284711 + 55799 160130 + 42339 178661 + 20076
10-20 101900 + 6251 92777 + 7405 139918 + 8326 78546 + 17693 94326 + 25028 89452 + 14770
20-40 178738 + 52601 72474 + 15723 95892 + 29807 45708 + 2224 53931 + 5969 54757 + 4431
40-60 54707 + 14464 59169 + 19794 129151 + 34887 44561 + 11954 47477 £ 17953 103349 + 13578
60-80 30206 + 8199 27999 + 7618 115027 + 59930 20345 + 6065 19557 76276

80-100 22678 + 12576 20660 + 8728 101378 + 31687

100-120 15591 + 12581 7048 £ 6773 48143 + 33227

120-140 13504 + 7276 8431 + 1724 67360 + 35403

140-160 16948 + 8134 3804 + 1661 32073 £ 7772

160-180 1974 + 644 254 24537 £ 5197

180-200 7035 £ 3875 48160 + 15396

Profile total 675901 + 140324 640562 + 90536 1025974 + 248209 521530 + 68783 394697 + 94114 475402 + 53626
RAI (cm2 m?)

Depth (cm)

Organic layer 23402 + 6944 4451 + 966 6405 + 2170 6272 + 761 7340 + 473 9032 + 2437
0-10 13031 + 6244 38528 + 5561 22586 + 7596 37812 + 6469 21232 + 5277 23887 + 3723
10-20 17144 + 3815 15563 + 235 17799 + 2457 14099 + 3394 13859 + 3634 12582 + 2060
20-40 29813 £ 7019 11368 + 1597 9704 + 1617 8064 + 243 7954 + 915 7946 + 258
40-60 10983 + 3030 10597 + 2433 18883 + 7265 7028 + 2078 9002 + 3446 16659 + 1663
60-80 5478 + 2033 5634 + 1662 14647 + 7463 3251 + 1017 3730 9498

80-100 4529 + 2475 4648 + 1627 12564 + 5728

100-120 3153 + 2642 1738 + 1682 6150 + 4717

120-140 2921 + 1601 1867 + 394 8546 + 4801

140-160 3082 + 1065 983 + 482 4203 + 1268

160-180 399 + 141 80 3124 + 964

180-200 1066 + 673 5750 + 2557

Profile total 113842 + 26627 93231 + 7056 130362 + 41818 76525 + 7787 58185 + 12027 67719 + 9013
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4.1 Abstract

Despite their importance for water uptake and transport, the xylem anatomical and hydraulic
properties of tree roots have only rarely been studied in the field. We measured mean vessel
diameter (D), vessel density (VD), relative vessel lumen area (lumen area per xylem area) and
derived potential hydraulic conductivity (Kp) in the xylem of 197 fine- to medium-diameter roots
(1-10 mm) in the topsoil and subsoil (0—200 cm) of a mature European beech forest on sandy soil
for examining the influence of root diameter and soil depth on xylem anatomical and derived
hydraulic traits. All anatomical and functional traits showed strong dependence on root diameter
and thus root age but no significant relation to soil depth. Averaged over topsoil and deep soil and
variable flow path lengths in the roots, D increased linearly with root diameter from ~50 um in
the smallest diameter class (1-2 mm) to ~70 um in 6—7 mm roots (corresponding to a mean root
age of ~12 years), but remained invariant in roots >7 mm. D never exceeded ~82 um in the 1-10
mm roots, probably in order to control the risk of frost- or drought-induced cavitation. This
pattern was overlain by a high variability in xylem anatomy among similar-sized roots with K,
showing a higher variance component within than between root diameter classes. With 8% of the
roots exceeding average K in their diameter class by 50-700%, we obtained evidence of the
existence of ‘high-conductivity roots’ indicating functional differentiation among similar-sized
roots. We conclude that the hydraulic properties of small to medium diameter roots of beech are
mainly determined by root age, rendering root diameter a suitable predictor of hydraulic

functioning, while soil depth — without referring to path length — had a negligible effect.

Keywords: cambial aging, deep roots, Fagus sylvatica, hydraulic conductivity, high-conductivity

roots, vascular differentiation, vessel diameter
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4.2 Introduction

Water uptake and transport is a key function of the root system and essential for plant growth.
and survival. Despite their decisive role for the provision of water to the shoot, the anatomical
and hydraulic properties of the root system have only rarely been studied in comparison to the
hydraulic system of aboveground organs (e.g., Brunner et al. 2015). This particularly applies to
deep roots (McElrone et al. 2004; Gebauer and Volaiik 2013; Maeght et al. 2013), although their
importance for water uptake especially in dry periods is well recognized (Stone and Kalisz 1991;
Domec et al. 2004; Bleby et al. 2010; David et al. 2013).

The function of a tree’s hydraulic system is largely determined by the number, diameter, and
length of xylem conduits within the network of conducting elements from roots to leaves
(Lintunen and Kalliokoski 2010; Schuldt et al. 2013; Kotowska et al. 2015). Different xylem
anatomical designs represent functional adaptations to variation in water availability among other
environmental factors (Tyree et al. 1994a). High hydraulic conductance facilitates high rates of
water movement and tree growth, but may imply high vulnerability to cavitation and xylem
dysfunction induced by frost and drought (Tyree 2003a; Hajek et al. 2014). The hydraulic
architecture of trees therefore results from a trade-off between mechanical requirements,
hydraulic safety, and hydraulic efficiency, with the latter being most effectively provided by large
conduit diameters according to the Hagen—Poiseuille law, since increases in conduit diameter

exponentially enhance hydraulic conductivity (Tyree and Zimmermann 2002).

The anatomy of the xylem is highly heterogeneous at the interspecific level but also within a
species or even a single tree (Sperry and Saliendra 1994; Sperry et al. 2006; Lachenbruch.et al.
2011; Schuldt et al. 2013; Chenlemuge et al. 2015; Kotowska et al. 2015). As one general
structural principle of the hydraulic architecture of trees, a pattern of radial variation.in xylem
anatomy and hence in hydraulic performance from pith to bark has frequently been observed in
the stems of both angiosperm and gymnosperm trees: in general, the density of tracheids and
vessels decreases in radial direction, while conduit length and diameter increase (Gartner 1995;
Tyree 2003b; Christensen-Dalsgaard et al. 2008; Fan et al. 2009). This radial gradient in
anatomical structure is thought to be caused by the process of cambial aging, and is generated,
depending on the species, most pronouncedly in the first 5 to 40 years of a tree organ’s lifespan
(Fan et al. 2009; Lachenbruch et al. 2011). However, addressing cambial maturation does not
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provide a mechanistic explanation and solely describes a developmental process that results in a
change in the dimensions of cambial initials over time, which in turn affects the dimensions of

xylem cells produced by the cambium (Spicer and Gartner 2001).

While the phenomenon of basipetal and radial conduit widening has often been recognized in tree
stems, studies investigating radial patterns of xylem anatomy in tree roots are scarce. For the
roots of Douglas-fir trees, the pattern could partly be confirmed by one study (Peterson et al.
2007), while Dunham et al. (2007), in contrast, reported a decrease in tracheid diameter and
length, and specific conductivity with cambial age. Lintunen and Kalliokoski (2010) observed a
generally large intra- and interspecific variation in radial xylem anatomical patterns.in the roots
of three different tree species. Opposite to a trend towards smaller but more numerous conduits
from pith to bark in the roots of Pinus sylvestris, in the roots of Betula pendula and Picea abies,
conduit frequency decreased and mean conduit size increased from the pith to the bark in
agreement with observations at the stem base. Apart from such radial gradients of root hydraulic
architecture, most.studies.recognized.a.successive.increase.in the diameter of xylem conduits
from the terminal branches to the stem, and further to the roots (Aloni 1987; Tyree and
Zimmermann 2002; Hacke et al. 2016).

Soil depth-dependent changes in xylem architecture and hydraulic performance of roots have as
well only rarely been the object of scientific study (e.g., Gebauer and Volaiik 2013; Maeght et al.,
2013; Wang et al. 2015; Pierret et al. 2016).. The results of the few existing studies indicate a
gradient in root axial hydraulic conductivity as a result of xylem anatomical adaptations with
increasing soil depth (Tyree 2003b). McElrone et al. (2004) reported decreasing conduit radii
from the most distant 20 m deep-reaching roots to the shallow surface roots, and to the stem
wood in four tree species of different systematic position and growth habit (evergreen vs.
deciduous, angiosperm vs. gymnosperm). Correspondingly, Pate et al. (1995) observed a
progressive increase in mean xylem conduit diameter and specific hydraulic conductivity (30- to
150-fold) from the stem to the lateral roots and with soil depth in the sinker roots of different
Proteaceae species. Investigating xylem anatomical and hydraulic properties in small roots of two
different oak species at different soil depths, Gebauer and Volatik (2013) found a higher specific
hydraulic conductivity due to larger vessel diameters in roots in 50 cm depth than at the surface,

but no further increase in these traits from 50 to 100 cm depth. They assumed that vessel
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diameters in roots at the soil surface are limited in order to avoid cavitation due to freeze-thaw
cycles. In three temperate hardwood tree species, a depth-dependent increase in specific hydraulic
conductivity was observed in the tree fine root system: first-order roots exhibited 78 to 217%
greater specific hydraulic conductivities in the subsurface (20-30 cm soil depth) than in the
surface layer (0—10 cm soil depth) in the same species (Wang et al. 2015). In this case, the higher
hydraulic efficiency appeared to be not solely a function of wider maximum conduit diameters,

but also to result from a higher conduit frequency and greater xylem to cross-sectional area ratio.

Systematic influences of position in the conductive system and cambial age on the xylem
anatomy and hydraulic architecture of roots may be masked by a great anatomical variation
across roots of the same soil depth and age (Rewald et al. 2011; Kécher et al. 2012; Hajek et al.
2014). These authors observed an anatomically deviating form of roots which they termed ‘high-
conductivity roots’ with an up to 10-fold higher specific hydraulic conductivity compared to the
mean of roots. Such specialized roots were found in mature trees of several deciduous species
including Fagus sylvatica. The high hydraulic conductivity of these roots was in most cases
caused by the existence of a few very large vessels, but in others also by a large increase in vessel
density, or by a combination of both anatomical adaptations. It is not well understood how
frequent such ‘high-conductivity roots’ are and in which part of the root system they are

occurring.

In this study, we analyzed the intraspecific variability in xylem anatomical and derived hydraulic
traits of small- and medium-sized roots (1-10 mm in diameter) in the top- and subsoil down to a
depth of 200 cm in a mature F. sylvatica L. (European beech) forest stand in Northern Germany.
We hypothesized that (i) vessel diameter and hydraulic conductivity is a function of root diameter
and, thus, of root age, (ii) the variability in xylem anatomical and hydraulic traits in similar-sized
roots is high at a given soil depth with some roots exhibiting characteristics of ‘high-conductivity
roots,” and (iii) vessel diameter and consequently hydraulic conductivity increase with increasing

soil depth.
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4.3 Material and Methods
Study Site and Field Sampling

The study site is located in the Grinderwald in the Pleistocene lowlands of Lower Saxony,
Germany, 33 km northwest of Hannover (52° 34’ 22,115 North, 9° 18’ 49,762 East), 106 m
above sea level. The climate is cool-temperate with a mean annual temperature of 8.7°C, and a
mean annual precipitation of 718 mm. The even-aged mature forest stand was established in 1914
and is dominated by F. sylvatica L. with admixture of single trees of other species. Mean stem
density is 407 stems ha™, mean diameter at breast height is 26.3 cm, and mean basal area 27.1 m?
ha™. The predominant soil type at the study site is an acid (pH 3.4-4.5), sandy Dystric Cambisol
which developed from Pleistocene fluvial and aeolian sandy deposits from the penultimate

(Saale) glaciation.

In order to analyze the soil depth influence on the wood anatomical and derived hydraulic
properties of the roots, fine-, small- and medium-sized (Supplementary Table S4.1) beech root
segments were collected in autumn 2013 in three soil pits that were dug to 200 cm depth in the
stand. Root segments of ~10 cm length originating from the neighboring trees were sampled on
the 200 cm-wide profile walls at 7 soil depths from 0-20 to 160-200 cm. In each soil pit and soil
depth, 6-10 root segments were selected covering all root diameters between 1 and 10 mm,
yielding 197 analyzed root segments in total (Supplementary Table S4.1). The sampled root
segments were cleaned from soil residues and immediately transferred to 70% ethanol for

storage.

Since we assumed a generally high variability in xylem anatomical and hydraulic traits for
similar-sized roots, we additionally investigated the effect of root age on root Xxylem
characteristics and hydraulic properties in individual root strands for being able to separate age
effects on root anatomy from possible depth-dependent and flow-path length induced changes in
these traits. Therefore, we additionally excavated four complete root strands (root individuals
with their main axes and appending secondary and higher-order branch roots) belonging to three
different tree individuals located in the organic and topsoil layer. From each strand, 6-10
segments covering as many root diameter classes between 2 and 10 mm as possible were

processed, yielding 42 analyzed segments in total.
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Xylem Anatomical and Derived Hydraulic Properties of Beech Roots

All root samples were stained with safranin (1% in 50% ethanol, Merck, Darmstadt, Germany)
and washed with 70% ethanol prior to cutting. Subsequently, 10-20 mm semi-thin transverse
sections were cut using a sliding microtome (G.S.L.1, WSL Birmensdorf, Switzerland). We
processed and analyzed images of each cross-sectional transverse section taken with a stereo-
microscope equipped with an automatic stage and a digital camera (SteREOV20, Carl Zeiss
Microlmaging GmbH, Gottingen, Germany) at 100x magnification using Adobe Photoshop CS6
(version 13.0 x 64, Adobe Systems Incorporated, United States) and the particle analysis function

from ImageJ (version 1.49 v).

Root age (years) was determined by counting growth rings in each sample. However, contrary to
stems and branches, growth rings in roots are sometimes difficult to identify and false rings might
have been counted in certain roots. Consequently, our root age determination may partly over- or
underestimate real age. The complete cross-section was analyzed (mean SE of analyzed root
xylem area: 15.69 + 0.95 mm?), yielding 116 to 5,871 measured vessels per sample, and 319,293
analyzed vessels in total. For the complete xylem cross-sectional area (Axyiem, mm?) without bark,
we determined vessel density (VD, n mm®) and calculated the relative vessel lumen area
(Awumen:Axylem, %), 1.€., the relative proportion of cumulative vessel lumen area (Aumen, mm?) in
percent of Ayyiem. The idealized mean vessel diameter (D, mm) was obtained from major (a) and
minor (b) vessel radii according to the equation given by Lewis and Boose (1995) as D = ((32 x
(a x b)®) / (a% + b?))"*. In addition to D, the maximum vessel diameter of a given root sample is
given (Dmax, mm). The hydraulically weighted vessel diameter (D, mm), in which each vessel is
weighted proportionally to its contribution to total hydraulic conductance, was calculated from
single vessel diameters (D) according to Sperry et al. (1994) as D, = = D° / £ D*. Potential
hydraulic conductivity (K,, kg m™ MPa™ s™) was calculated according to the Hagen—Poiseuille
equation as Ky = (((m x )/ 81) x p) / Ayylem, Where 1 is the viscosity of water (1.002 10° MPa
s), p the density of water (998.2 kg m™), both at 20 °C, and Axylem (m?) the corresponding xylem

area.
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Statistical Analyses

Statistical analyses were performed with the software package R (R Core Team, 2013, version
3.4.0) except for linear regression analyses which were executed with the software XACT 8.03
(SciLab, Hamburg, Germany). During the analysis, normal distribution of the residuals and
homogeneity of variance were assessed visually using residual diagnostics and quantile-quantile
plots; if the assumption of normality was not met data were log-transformed. Linear mixed effect
(LME) models with soil depth, root diameter and their interaction as fixed continuous variables
were applied to analyze their influence on the xylem anatomical and derived hydraulic properties
with the ‘Ime’ routine of the ‘nlme’ package. We assumed non-independence of the three soil pits
in the stand by adding soil pit as random effect. Additionally, we accounted for deviations from
the assumed linear trend with soil depth resulting from spatial dependence in root samples by
adding a random effect for a given soil depth as distinct variable nested in soil pit.

In order to estimate the variability in xylem anatomical and hydraulic traits in similar-sized roots,
we divided the dataset into 9 different root diameter classes (1-2, 2-3 mm, and so on). The ratio
of diameter class variance component to total variance was calculated using the R package
‘varComp’ according to a variance component analysis with the program ‘Ime’ to calculate the
proportion of total variance explained by the variability between root diameter classes (6%inr) and
residual variance within root diameter classes (c%nra). Variance component between root
diameter classes (VCiner) Was calculated according to VCinter = (6%inter / (cszimer + 6%inra)) % 100 and
variance component within root diameter classes (VCinta) a8 VCintra = (6%intra / (Gzintra + Olinter)) X
100, all in percentage. We additionally calculated VCiner and VCinya for the variability between

and within the seven investigated soil depth classes.
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4.4 Results
Effect of Root Diameter on Xylem Anatomical and Derived Hydraulic Traits
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FIGURE 4.1: Box-whisker plots (with median, 25 and 75% quantiles and extreme values) for
the variation in root diameter (A), root age (B), mean vessel diameter (C, D), vessel density
(D, VD), relative vessel lumen area (E, Aumen: Axylem), @and potential hydraulic conductivity
(F, Kp) in seven different soil depth classes.
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The results of the LME model covering roots

—
[a%]

of all diameter classes from all seven soil depth

—_
o
1

classes down to a depth of 200 cm (see
Supplementary Table S4.1 and Figure 4.1A)
showed a significant influence of root diameter
on all studied xylem anatomical and hydraulic
traits (Table 4.1). Although root diameter

Root diameter (mm)
(7]
]

2 Y ¢ p < 0.001
Py =057

0 | | root age, both parameters were tightly linked to
o 19 20 30 each other (P < 0.001; r* = 0.57; Figure 4.2).

The regression analyses exhibited a strong

varied considerably among the roots of a given

Root age (yr)

FIGURE 4.2: Root diameter in relation to root  linear positive relationship between root
age in the sample of 197 roots. diameter and mean vessel diameter (D) and
potential hydraulic conductivity (Kp) up to the diameter class 6-7 mm, followed by a slight
decrease in D (from ~69 to ~66 mm) and K, for larger roots (Figures 4.3A,D). The mean K,
values were 42.6, 59.0 and 60.2 kg m™ MPa™ s™ for roots of 2-3, 4-5, and 5-6 mm in diameter,
respectively (Figure 4.3D). Inversely, mean vessel density (VD) significantly declined with
increasing root diameter up to the diameter class 6-7 mm (Figure 4.3B). Since the hydraulically
weighted vessel diameter (Dy,) exhibited the same relationships to the analyzed parameters as D,

we refrain from discussing this parameter further in order to avoid redundancies.

Despite the significant correlation between root diameter and xylem anatomical and hydraulic
parameters, we found a high variability in these traits for similar-sized roots. Within a root
diameter class, D varied between the extremes by 54-80% and K, by 210-720% (average
variation of D and K, by ~39 and ~76%, respectively). Accordingly, the variance component of
both traits within a diameter class is similar to, or larger than that between diameter classes
(Table 4.1).
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FIGURE 4.3: Root diameter in relation to mean vessel diameter (A, D), vessel density (B,
VD), relative vessel lumen area (C, Aiumen: Axylem), and potential hydraulic conductivity (D,
Kp). Values are means +1 SE.
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Table 4.1: Results of linear mixed effects models on the influence of soil depth and root
diameter as fixed continuous variables on eight wood anatomical variables in roots of
European beech (Fagus sylvatica) (n = 197), and the interaction of both factors. Studied
traits are root age (age, yr), cross-sectional xylem area (Axyiem, mm?), relative vessel lumen
area (Aiumen: Axylem, %0), vessel density (VD, n mm), vessel diameter (D, pm), maximal
vessel diameter (Dmax, M), hydraulically-weighted vessel diameter (Dy, pm) and potential
hydraulic conductivity (K, kg m™ MPa™ s™). Also expressed is the variation of the traits
(variance component, VC in %) within (VCinra) and between (VCiner) different root
diameter classes (n = 9) and soil depth classes (n = 7). Given are the delta Akaike
information criterion (Ai), the likelihood ratio (LR) and probability of error (P-value).
Significant correlations (P<0.05) are shown in bold.

Variable Soil depth Root diameter Soil depth : root diameter VCintra  VCinter VCintra VCinter
A; LR P Aj LR P Ai LR P root diameter class soil depth class
Age 0.27 2.27 0.13 96.86 98.86 <0.001 182 0.18 0.67 31.40 68.60 96.08 3.92
Asxylem 118 0.82 0.37 406.85 408.85 <0.001 0.57 257 0.11 5.27 94.73 99.53 047
Alumen - Axylem 124 324 0.07 6.40 840 0.004 2.22 422 0.04 98.46 154 91.10 8.90
VD 1.55 0.45 0.50 6495 66.95 <0.001 1.70 0.30 0.58 51.38 48.62 97.52 248
D 197 003 086 5344 5544 <0.001 192 0.08 0.78 50.35 49.65 96.13 387
D rrex 0.13 1.87 0.17 7739 79.39 <0.001 1.68 0.32 0.57 45.04 54.96 97.43 2.57
Dy 135 065 042 3646 3846 <0.001 1.98 0.02 0.90 62.92 37.08 98.24 1.76
Kp 0.61 261 0.11 2759 2959 <0.001 0.53 147 0.23 74.95 25.05 95.88 412

Existence of ‘High-Conductivity Roots’

In our sample of 197 studied roots, we found 16 roots with a large number of vessels >100 mm
diameter and therefore particularly high axial conductivity. We termed roots with at least 50%
higher K, values than the average of its diameter class ‘high-conductivity roots’ and roots with
only 50% or less of average K, ‘low-conductivity roots.” Figure 4.4 presents microscopic pictures
of the anatomy and the vessel size distribution for pairs of high- and low-conductivity roots in
three different root diameter classes. The existence of roots with particularly high potential
hydraulic conductivity appears to be independent of soil depth. Unlike similar-sized roots with
lower K, values, which typically are characterized by left-skewed vessel size distributions, high-
conductivity roots possess a large proportion of vessels with medium or large diameters and tend
more to a right-skewed distribution. In analogy to the dependence of vessel size and hydraulic
conductivity on root diameter in the whole data set (Figure 4.3), mean D and K, of high-
conductivity roots linearly increased to a maximum value at root diameters of 6-7 or 5-6 mm,
respectively, and then leveled off in roots of larger diameters (data not shown). In the high-

conductivity roots of this beech stand, mean D did not exceed a value of ~82 mm.
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FIGURE 4.4: Cross-sections at 100x magnification for three pairs of roots of each similar
diameter (A,B: 2.7 mm; C,D: 4.1 mm; E,F: 5.2 mm) displaying typical ‘low conductivity’
(left) and ‘high conductivity’ (right) characteristics, and relative contribution of eight vessel
size classes to theoretical hydraulic conductivity (Kp). The depicted scale bars represent 1
mm.

Effect of Soil Depth on Xylem Anatomical and Derived Hydraulic Traits

The results of the LME model revealed no significant influence of soil depth on the studied
xylem anatomical and hydraulic characteristics (Table 4.1). Even when the relationship is

analyzed separately within the nine root diameter classes, no clear pattern of a soil depth
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influence on D emerged although vessels declined in size with depth in the root diameter class 4—
5 mm, but they increased in size in the root diameter class 9-10 mm (Supplementary Figure
S4.1). Likewise, maximum vessel diameter (Dpax) did not increase with soil depth but remained
more or less unaltered around 126.15 + 1.75 mm (mean = SE, n = 7) across the vertical profile

(Supplementary Figure S4.2).

Similarly, comparison of the studied root traits in different soil depth classes did not show
significant vertical gradients in D, VD, Ky, root age and relative vessel lumen area (Ajumen: Axylem)
(Figures 4.1B—F). Accordingly, the variance component of all variables tested was larger within a

given soil depth class than that between depth classes (Table 4.1).

Detailed Analysis of Individual Root Strands

In order to investigate the diameter dependence of the seven studied root traits independent of
possible path-length induced or depth-dependent changes in these variables, we conducted a
detailed study in four selected root strands from the topsoil, complementing our main analysis of
197 segments from a large number of roots. In three of the four roots, D was hyperbolically
related to root diameter and turned to an asymptote at root diameters of 6-8 mm, never exceeding
maximum D-values of 51 mm (Figure 4.5A and Table 4.2). This corresponds to the results of the
regression analysis between root and vessel diameter in the main analysis (Figure 4.3). This
pattern was not found in root #4, probably because small-diameter segments with most rapid
vessel diameter increase were not present in this strand. This root further showed a linear, and not
an exponential, decrease of VD with increasing root diameter, contrary to the pattern observed in
root #1 and #2 (Figure 4.5B and Table 4.2).
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FIGURE 4.5: Root diameter of single root strands in relation to mean vessel diameter (A, D)
and vessel density (B, VD). Regression functions, adjusted coefficients of determination
(rzad,-_) and probability of error (P-value) are given in Table 4.2.

TABLE 4.2: Results of regression analyses between the diameter of single root strands and
the corresponding mean vessel diameter (D, pm), vessel density (VD, n mm-2) (shown in
Figure 4.5) and potential hydraulic conductivity (Kp, kg m™* MPa™ s) at the cross-section.
Given are the number of observed segments along the individual root, the adjusted
coefficient of determination (r?g;), and the probability of error (P-value). Significant
correlations (P<0.05) are shown in bold.

Variable Unit Rootno.  Regression function r2aq;. P

D Hm 1 y = (415130 * X) / (x + 0.7698) 0.76 <0.001
2 y = (55.2948 * X) / (x + 0.9587) 0.83 <0.001
3 y = (45.0381 * X) / (x + 0.4087) 0.80 <0.050
4 y = (45.0381 * X) / (x + 0.4087) 0.26 0.135

D n mm 1 y =91.3833 + exp (-0.6727 (x-8.5868))  0.93 <0.001
2 y =111.9291 + exp (-0.8945 (x - 6.8872) 0.95 <0.001
3 y =93.7398 + exp (-0.4910 (x- 9.6527))  -0.07 0.284
4 y =178.6284 - 11.2725x 0.93 <0.001

K, kg m* MPals? 1 y =5.2304 + 0.1774x -0.04 0.219
2 y = (37.1319 * X) / (x + 2.5028) 053 <0.050
3 y =8.1632 + 0.5034x 0.08 0.149
4 y = 8.5599 - 0.2249x 0.01 0.178
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4.5 Discussion
Effects of Root Diameter and Root Age on Wood Anatomical and Hydraulic Properties

In agreement with our first hypothesis, we could confirm that mean vessel diameter (D) and
potential hydraulic conductivity (Kp) in beech roots are a function of root diameter and thus of
root age. We found D and K,, analogously, to increase linearly from the root tip in proximal
direction to a maximum of ~70 mm and ~77 kg m™ MPa* s, respectively, in medium-sized
roots at a diameter of 6-7 mm, corresponding to a mean root age of ~12 years. In thicker roots, D
remained constant at this vessel diameter level while K, decreased to a level of ~65 kg m™ MPa™
s in the root diameter class from 8 to 10 mm. The inverse pattern was found for the relationship
between root diameter and vessel density (VD). The longitudinal diameter-dependent patterns in
D and VD were characteristic for the majority of investigated root strands and were also present
in the ‘high-conductivity roots.” However, D remained constant at a value of ~82 mm in the latter
and already at ~51 mm in the other (‘normal’ or low-conductivity) root strands. This observation
may suggest that maximum vessel diameter is restricted already in medium-sized beech roots (@
5-10 mm), perhaps for avoiding drought- or frost-induced cavitation. Larger conduit sizes greatly
increase the risk of freeze-thaw (Mayr et al. 2006; Pittermann and Sperry 2006; Christensen-
Dalsgaard and Tyree 2014) and drought-induced embolism (Hargrave et al. 1994; Tyree et al.
1994a, b; Hajek et al. 2014), presumably because wider vessels may have thinner and more
porous pit membranes compared to narrower ones (Hacke et al. 2016). Already 30 years ago,
Tyree and Sperry (1989) speculated that the development of frost- or drought-induced embolism
is not directly influenced by conduit size but rather indirectly by pit properties, a hypothesis
recently confirmed by Li et al. (2016). The authors identified pit membrane thickness as key
determinant of embolism resistance across a broad range of woody angiosperm species. However,
independent of the mechanisms underlying the increased risk of cavitation in wider vessels,
maximum vessel size may well be limited to balance all of these requirements, since conduit size
is thought to display a trade-off between hydraulic efficiency and safety, as well as mechanical
requirements. As a general structural principle of the hydraulic architecture of trees, it is assumed
that conduit diameters increase with increasing distance from the apex in order to maintain a
constant flow rate along the entire path from the roots to the leaves (West et al. 1999; Zaehle

2005). This architectural principle has been confirmed by a number of studies in the stems and
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branches of trees (e.g., Anfodillo et al. 2006; Petit et al. 2008; Petit and Anfodillo 2009), but our
knowledge on the belowground scaling of xylem conduits is very limited (e.g., Petit et al. 2009;
Wang et al. 2015). For the long conducting lateral roots of dicotyledonous and
monocotyledonous plants, Aloni (1987) suggested from a comprehensive review on vascular
differentiation a universal pattern of continuous vessel diameter increase with increasing distance
to the stem base. Petit et al. (2009) confirmed continuous tapering in the roots of small coniferous
trees with increasing proximity to the stem base. Contrary to the findings of these authors, our
observation of conduit widening with increasing diameter from small- to medium-sized roots
seems to be at odds with the concept of conduit tapering which predicts that mean vessel size
should decline along the flow path from the distal roots tips to the stem base as observed by Petit
et al. (2009). While we do not know the path length of the studied root individuals, we can
certainly infer that vessel diameters initially widen at least along the first part of the flow path
from the root tip until the roots reach diameters of ~7 mm in our investigated beech root sample.
Vessel tapering may well occur, when roots grow thicker than 10 mm, but this was not studied
here. Hence, the question whether conduit tapering is playing a similarly important role in the

xylem of tree root systems as it seems to do in the crown remains unanswered at this point.

In support of our first hypothesis, our results prove that vessel diameter increases with increasing
root diameter and thus with root age, suggesting, that in this root diameter range, vessel diameter
is predictable by organ diameter. Similarly, a vessel diameter—stem diameter relation has been
observed by various other authors (e.g., Coomes et al. 2007; Olson and Rosell 2013; Olson et al.
2014; Pfautsch 2016; Rosell et al. 2017). This finding matches the frequent observation of a
radial increase in conduit diameter from the pith to the bark in the stem of angiosperm and
gymnosperm trees (Gartner 1995; Lachenbruch et al. 2011). However, information on radial
variation in root xylem anatomical and hydraulic properties is yet very limited. Several studies
separating root branching orders showed that conduit diameter tends to increase toward higher
root orders, in agreement with our findings (Valenzuela-Estrada et al. 2008; Huang et al. 2010;
Long et al. 2013; Gu et al. 2014), while others, however, failed to detect a radial conduit
widening from the pith to the bark in roots (Dunham et al. 2007; Peterson et al. 2007; Lintunen

and Kalliokoski 2010). This may suggest that the radial pattern of xylem anatomy in woody roots
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is often overlain by adaptive responses to locally varying mechanical requirements (Christensen-
Dalsgaard et al. 2008).

Drivers of Vessel Development

Gradual radial change in xylem anatomy is commonly assigned to the process of cambial
maturation, addressing the aging of cambial initial cells over time, which is thought to cause
changes in the dimension of xylem cells formed (Spicer and Gartner 2001). In the first years of
growth when trees produce juvenile wood, the cambial initials undergo rapid change and the size
of conduits formed typically increases. After 5-40 years, depending on species, the increase in
conduit diameter levels off and mature wood with more uniform xylem anatomical properties is
produced (Spicer and Gartner 2001; Mé&kinen et al. 2007; Christensen-Dalsgaard et al. 2008; Fan
et al. 2009). This gradual increase in conduit diameter exponentially increases hydraulic
efficiency because flow in capillary systems increases with diameter raised to the fourth power
according to the Hagen—Poiseuille law. However, the mechanisms underlying the process of

cambial maturation are not well understood.

Some evidence suggests that age-related differences in xylem differentiation result from a
complex interplay between plant hormones, gene expression, and environmental influences (Li et
al. 2012). It is well established that the plant hormone auxin — in concert with further plant
hormones such as gibberellins, cytokinins and ethylene — is a key regulator in plant vascular
development (Nilsson et al. 2008; Aloni 2015). Auxin is synthesized in the developing leaves,
resulting in a longitudinal gradient in auxin concentration along the flow path from the apex to
the roots (Aloni and Zimmermann 1983; Uggla et al. 1998; Aloni 2015; Hacke et al. 2016;
Pfautsch 2016). However, auxins are also synthesized in the roots with concentrations decreasing
from the tip to more proximal root sections, as shown for Arabidopsis (Ljung et al. 2005; Teale et
al. 2006; Petersson et al. 2009). Although it is not fully understood how auxin modulates vessel
size patterns (Teale et al. 2006; Anfodillo et al. 2012), its involvement in turgor-driven cell
growth suggests that auxin plays a role in determining vessel diameters (Hacke et al. 2016).
Frequent observations of vertical vessel widening from the apex to the stem base, and radially

from the pith to the cambium, have led to the hypothesis that gradients in auxin concentration are
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responsible for this vascular modification with flow path length or cambial age (Aloni and
Zimmermann 1983; Lachenbruch et al. 2011; Anfodillo et al. 2013). Applied to our data, a
decreasing auxin concentration with distance from the root tip in parallel to the observed larger
vessel diameters with increasing root diameters could well explain the vessel widening with
increasing root diameter. However, a consistent relationship between auxin concentration and
variation in xylem differentiation has not always been demonstrated (Zajaczkowski 1973;
Sundberg et al. 1993; Little and Pharis 1995; Uggla et al. 1998). While it is undisputed that auxin
is a key regulator in secondary xylem development, differences in the responsiveness of cambial
cells to different auxin levels may be a cause of variation in xylem anatomical traits (Nilsson et
al. 2008).

Investigations on the molecular level offer clues on the mechanisms underlying the phenomena
ascribed to cambial maturation suggesting that xylem differentiation differs with age in
dependence of ontogenetic change in gene expression (Lenz et al. 2010; Li et al. 2012).
Comparing the regulation of xylem candidate genes at different tree ages, Li et al. (2010)
observed that many of the relevant genes are preferentially expressed in certain development
phases or tree ages, resulting in variations in transcript abundance at different stages of cambial
maturity. For example, the expression of cell wall related genes generally decreased with cambial
age. It is evident that our understanding of genetic regulation of cambial aging is still rudimentary

and needs further intensive study (Li et al. 2010).

Variability in Xylem Anatomical and Hydraulic Traits among Similar-Sized Roots

Another main result of this study is the high plasticity in xylem anatomy and related hydraulic
properties in beech roots of similar size co-occurring at the same soil depth. Despite the relative
scarcity of information about xylem anatomical and hydraulic properties of tree roots, a growing
number of studies provide evidence of a generally high heterogeneity in these traits, as evidenced
in the studies of, e.g., Leuschner et al. (2004) and Rewald (2008) for temperate hardwoods. This
suggests that morphologically and anatomically different roots in the same soil horizon may also
serve different functions, for example predominantly nutrient absorption, or alternatively water

uptake and conduction. Functional specialization may develop in response to gradients in nutrient
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and water availability, as has been indicated by a number of studies (Pierret et al. 2007; Rewald et
al. 2011; Kdocher et al. 2012; Hajek et al. 2014).

Thus, the observed high variability in the wood anatomical and derived hydraulic properties of
the beech roots in this soil is presumably a consequence of the considerable heterogeneity in soil
texture and soil water content at the site (Supplementary Table S4.2). We speculate that high-
conductivity roots have contact to soil patches where water is, or was, more easily available
stimulating vessel diameter growth, in contrast to other roots which may predominantly be
responsible for nutrient uptake (Pierret et al. 2007). In general, the marked anatomical and
functional plasticity in secondary vascular elements is considered to be of high adaptive
significance in response to climatic conditions and other external factors (Carlquist 2001; Spicer
and Groover 2010). Alternatively, the wide vessels in high-conductivity roots could also result
from greater pathway length, i.e., longer distal fine root strands than in the average of roots in that
diameter class. The higher conductivity of the more proximal root segment would then simply

balance the higher cumulative resistance in the longer distal flow path.

We found ‘high-conductivity roots’ in six of seven soil depth classes between the surface and 200
cm depth. Seventy-five percent of these roots were found in the subsoil below 60 cm depth. We
observed ‘high-conductivity roots’ in all studied diameter classes from fine to medium roots (1-
10 mm in diameter). Their particularly high hydraulic conductivity is mainly a result of larger
mean vessel diameters and not higher vessel density. This is in accordance with conclusions from
earlier work that conduit diameter is the main determinant of axial conductivity in roots
(McElrone et al. 2004; Kocher et al. 2012; Gebauer and Volarik 2013; Hajek et al. 2014), since
an increase in conduit radius scales the flow in capillary systems exponentially by a fourth-power
relationship (Tyree and Zimmermann 2002). In comparison, the plasticity of the branch hydraulic
system seems to be lower in temperate broad-leaved trees: vessel size distribution was found to
be more balanced than in roots with no indication of ‘high-conductivity branches’ (Hajek et al.
2014).
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Influence of Soil Depth on Xylem Anatomical and Related Hydraulic Properties

Our study did not produce evidence for increases in vessel diameter and potential hydraulic
conductivity with increasing soil depth in mature beech trees. In contrast to our findings, Pate et
al. (1995) found a progressive increase in mean xylem conduit diameter and specific hydraulic
conductivity down to 1.3 m depth for sinker roots of various Proteaceae species. Likewise,
McElrone et al. (2004) observed increases in mean D and hydraulic efficiency from shallow to

deep roots (7—20 m soil depth) for several tree species.

Several factors may be responsible for the apparent discrepancy between the reported soil-depth
effects on xylem anatomy and our results. First, it may be that the depth-dependent gradients in
xylem anatomical and hydraulic traits reported in the cited studies are reflecting differences in
path length between the investigated root sections, while we were not able to measure root length
and thus path length to the stem base and the related position of the segment in the flow path.
This is the reason why we refer to soil depth, and this could explain differences to the above-
mentioned studies. Second, the few existing studies on conduit scaling in roots indicate that the
rooting system is much more responsive to external factors (Nardini et al. 2002; Christensen-
Dalsgaard et al. 2008) like freeze-thaw events (Gebauer and Volaiik 2013) or water availability
(Rewald et al. 2011; Kdcher et al. 2012), and mechanical demands (Dunham et al. 2007; Lintunen
and Kalliokoski 2010) than the crown. Gebauer and Volatik (2013) found an increase in mean
vessel diameter and specific hydraulic conductivity from 0 to 50 cm in the roots of two temperate
oak species, but no further scaling in these traits from 50 to 100 cm soil depth, concluding that
vessel size in the upper soil layer is restricted in order to avoid freeze-thaw-induced embolism
formation. In contrast to McElrone et al. (2004), Lintunen and Kalliokoski (2010) reported a
tendency for sinker roots to have smaller conduit radii than shallow roots of the same species,
concluding that hydraulic conductivity of sinker roots might be traded off against the mechanical

demand of anchoring the tree firmly to the soil under conditions of ample moistures.
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4.6 Conclusion

We found key anatomical and hydraulic traits of beech roots to scale with root diameter in roots
of ~7 mm in diameter, pointing at a dominant root age effect on belowground hydraulic
properties. In the first months to years of their life beech roots grow in diameter to 6-7 mm and D
increases to a threshold value of 70-80 mm. As a result, the capacity for water conduction
doubles and activity shifts from resource uptake to transport and storage functions. The threshold

D level may be defined by safety requirements to avoid embolism.

From the observed large variability in anatomical properties among similar-sized neighboring
roots it is evident that the age-related pattern is overlain by a high xylem architectural plasticity
of the root system. This heterogeneity might either be attributable to spatial variation in the
influence of external factors or to differences in flow path length from the distal root to the stem
base. It appears that different functional types of roots with respect to water uptake and

conduction do exist in the root system of beech trees, which deserve more detailed study.

To separate between the influential factors, future studies on root vascular anatomy adjustment in
soil profiles should account for path length effects in the root strands. This would require
excavating larger parts of the tree root system instead of sampling individual root sections only,

and thus is very labor-intensive and destructive, when done in mature forests.
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Supplementary Material

TABLE S4.1: Root classification according to diameter after Sutton and Tinus (1983) and
number of observations (n) per root class and soil depth (cm) across the three excavated soil
pits.

Root diameter Classification Soil cepth (cm)
0-20 20-40  40-60 60-80 80-120 120-160 160 -200

@ 1-5 mm fine and small roots 16 15 15 19 18 18 19
@ 5-10 mm medium roots 14 11 13 7 10 11 11
@ 1-2mm 2 4 0 4 4 5 1
@ 2-3mm 7 3 9 6 9 6 7
@ 3-4mm 3 3 4 7 3 4 7
@ 4-5 mm 4 5 2 2 4 3 4
@ 5-6 mm 4 1 5 5 4 4 2
@ 6-7mm 1 5 4 0 2 1 3
@ 7-8mm 4 4 0 1 1 0 3
@8-9mm 5 1 2 0 0 3 1
@ 9-10 mm 0 0 2 1 1 3 2

TABLE S4.2: Physical and chemical soil characteristics at different soil depths in the
Grinderwald forest (June 2013). Classification of soil horizons according to FAO - WRB
2014.

Soil depth (cm) Soil horizon  pH(CaCl;) soC (gkg™) Sand(%) Silt (%) Clay (%)

0-2 AE 3.3 27.0 70.0 26.0 4.0
2-12 Bsw 34 17.0 65.0 30.0 5.0
12-36 Bw 4.4 7.0 67.0 29.0 4.0
36-65 BwC 45 3.0 73.0 24.0 3.0
65-125 C 4.4 04 95.0 4.0 1.0
125-150 2C 41 0.1 81.0 11.0 8.0
150-180 2Cq 4.2 0.8 72.0 19.0 9.0
180+ 3C 4.2 <0.1 95.0 4.0 1.0
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FIGURE S4.1: Influence of soil depth on mean vessel diameter (D) for nine different root
diameter classes (RD). For each root diameter class, 9-44 samples were available, which
subsequently were averaged for each soil depth class. For number of replicates per root
diameter class see Table S1. VValues are means + SE; the slope (b), coefficient of

determination (r?) and probability of error (P-value) of the linear regressions are given.
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FIGURE S4.2: Box-whisker plots with median values for the variation in maximum vessel
diameter (Dmax) in seven soil depth classes (a); small letters indicate significant differences
between depth classes. Additionally given is the relation between soil depth and mean values
+ SE for Dnax (D). Please note the different scaling of the y-axis.
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5.1 Abstract

Organic carbon in subsoils amounts to 40-60% of the global soil carbon pool and is generally
characterized by apparent turnover times of hundreds to thousands of years and an increasing
spatial variability with depth. The objective of this study was to analyze the amounts and
distribution of SOC and to elucidate the turnover and storage mechanisms throughout deep soil
profiles of a sandy Dystric Cambisol on Pleistocene glacial deposits under beech forest in
northern Germany. The soil was sampled within a grid design at three replicated profiles, each at
8 sampling depths (10, 35, 60, 85, 110, 135, 160, 185 cm) and 8 horizontal sampling points. 192
samples were analyzed for bulk density, texture, pH, SOC, total N, **C-SOC, oxalate- and
dithionite-extractable Fe and Al, root bio- and necromass, and microbial biomass C. For each
sampling depth, a multi-effect model analysis was performed to identify the parameters
explaining SOC variability. While SOC in the topsoil is only related to pH and dithionite-
extractable Al, SOC in the subsoil is always related to root bio- and necromass and to Fe oxides
and/or silt content. The comparison of SOC within rooted and root-free subsoil samples showed
an up to 10 times higher SOC content in the rooted soil samples in comparison to the root-free
samples. While the SOC content in the root-free soil declined with increasing depth the rooted
soil samples showed no stratification with depth but were characterized by a higher spatial
variability of SOC. At the same time, SOC in rooted soil samples has the same §"*C values as in
root-free samples, indicating a similar degree of microbial processing. Microbial biomass C
(Cnmic) was not different between rooted and root-free samples, resulting in much higher Cyi.:SOC
ratios in the root-free soil. Since rooted soil samples are characterized by significantly higher silt
and oxalate-extractable Fe (Fe,) contents, it appears that roots preferentially grow into these
chemically and physically slightly more favorable zones. At the same time, these higher inputs
were apparently better stabilized through sorption to silt and metal oxyhydroxides, thus leading to
the longer-term SOC sequestration in these hot-spots enhancing the spatial variability of SOC in

subsoils.

Keywords: subsoil, carbon storage, metal-oxyhydroxides, root biomass, variability
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5.2 Introduction

Soils store large amounts of organic carbon (OC), generally exceeding that in the phytomass.
Estimates of global organic carbon pools in terrestrial soils vary greatly, ranging from 500 to
3000 Pg in the top 1 m, with a median value of about 1460 Pg (Scharlemann et al. 2014). Still,
the global carbon stocks in soils may be highly underestimated. Considering the second meter of
soil, the carbon pool is estimated to increase by about 490 Pg while including the profile down to
three meters depth (200-300 cm), the SOC pools would even increase by about 840 Pg in
comparison to the pool within the top meter (Jobaggy and Jackson 2000; Batjes 1996). Especially
forests soils store high amounts of organic carbon. Although subsoils store between 30 and 60%
of global SOC the storage mechanisms and degradation processes are still poorly understood
(Chabbi et al. 2009). Former studies on carbon storage and turnover focused mainly on processes
in the top 30 cm where root density and SOC content are highest (Rumpel et al. 2012; Trumbore
2009; Chabbi et al. 2009). Recently, there is an arising interest in OC distribution, storage, and
turnover in subsoils to assess the SOC behavior in deeper soil regions as a potential CO, source

due to climate or management changes (Rumpel and Kdgel-Knabner 2011).

Another distinct property of subsoil organic matter is its high apparent *C age which generally
increases below 30 cm continuously indicating mean residence times of several 103 to 104 years
(Rethemeyer et al. 2005; Mikutta et al. 2006; Jenkinson et al. 2008; Kdgel-Knabner et al. 2008;
Trumbore 2009). Large pool size and high radiocarbon age suggest that subsoil organic matter
(OM) has accumulated at very low rates over very long time periods and therefore appears to be
very stable. Consequently, subsoil OM was generally not considered to be relevant for the global

C cycle due to its low sequestration potential and a low risk for destabilization.

However, some recent studies suggest that subsoil C pools are more dynamic than previously
assumed since they appear to be affected by environmental and management changes on an
annual to decadal basis (Baisden and Parfitt 2007; Leuschner et al. 2014; Mobley et al. 2015;
Steinmann et al. 2016). This may be due to changes of input fluxes with roots and DOC or
changes in their turnover times. Nevertheless, the underlying processes are only poorly
understood (Preusser et al. 2017). There is some evidence that geogenic carbon “inherited” from
the parent material may contribute to subsoil OC pools and thus partly explain the apparent old
4C age (Rethemeyer, personal communication, Paul et al. 2001, Helfrich et al. 2007). Some
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studies suggest that OC in subsoils is a highly processed residue of microbial degradation,
making it recalcitrant to further microbial degradation (Lomander et al. 1998; Coleman et al.
1997; Stevenson 1994). However, recent studies found high amounts of easily degradable soil
organic matter components in subsoils such as simple microbial carbohydrates or amino sugars
(Krull and Skjemstad 2003; Liang and Balser 2008; Salomé et al. 2010) which apparently resist
over long time periods (Rumpel et al. 2010). The persistence of such easily degradable
compounds might be explained by their spatial separation from the microbial consumers (Rumpel
et al. 2012, Salomé et al. 2010) as evidenced by the increasingly patchy distribution of SOC with
increasing depth (Don et al. 2007) resulting in an enhanced inaccessibility of organic carbon for

microorganisms (LUtzow et al. 2006).

In addition, the association of OC with metal oxyhydroxides and clay minerals is considered as
an important stabilization mechanism (Kleber et al. 2015; Porras et al. 2017) that may be more
relevant in subsoils where the density of fresh sorption sites is higher as compared to topsoil
horizons (Kaiser and Guggenberger 2003). Typically this is mirrored by the increasing
contribution of mineral-associated SOC with soil depth (Eusterhues et al. 2007; Lorenz et al.
2011). Apart from minerals of the clay fraction (Kdgel-Knabner et al. 2008; Eusterhues et al.
2005), the silt fraction may even contribute to SOC sorption to a higher extent than the clay
fraction but with lower mean residence times than clay bound SOC, as shown by Curtin (2002)
for Ap-horizons. Other authors consider aluminum (Al) and iron (Fe) oxyhydroxides as key
factors for SOC stabilization in soil (Percival et al. 2000; Mikutta et al. 2009; Porras et al. 2017).
Especially, Al-organic complexes can increase the stabilization capacity for SOC in comparison
to Fe complexes, whereas the reactivity of crystalline Fe oxides for SOC stabilization can be
enhanced through Al substitution (Kleber et al. 2015; Barthés et al. 2008).

Although the variability of SOC content generally increases with soil depth, little is known about
the factors controlling the SOC distribution in subsoils. To elucidate the SOC distribution and the
reasons for a suggested higher heterogenic allocation we applied a grid mapping approach of soil
and SOC properties within a sandy Dystric Cambisol (FAO-WRB 2014) developed on
Pleistocene glacio-fluviatile deposits. The study was carried out to better understand the

mechanisms that engender the greater variability of subsoil OC as this will 1) allow a better
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estimation of OC contents in subsoil, and 2) help to guide future management strategies for

increasing subsoil OC stocks.

5.3 Materials and Methods
Study site

The study site is located in a managed beech forest (Fagus sylvatica) established in 1916, 40 km
north-west of Hannover (N 52°34"21,446" E 9°18'53,039"), Lower Saxony, Germany at 74 m
a.s.l. The trees are even-aged with a mean breast height diameter of 26.3 cm (Angst et al. 2016a).
The climate is a moderate temperate climate with mean annual precipitation of 718 mm and mean
annual temperature of 8.7 °C (WorldClim Model). The soil, developed on sandy glacio-fluviatile
deposits from the Saale glaciation (Bundesanstalt fur Bodenforschung 1973), is a Dystric
Cambisol (FAO-WRB 2014) with varying clay contents between 1 and 9%, silt contents of 3 to
40% and differing sand contents of 65 to 95% in the whole soil profile down to 185 cm (Table
5.1). The clay fraction of individual horizons was mainly composed of illite and kaolinite with
smectite minerals being virtually absent. The horizons of the profile were classified as follows:
AE (0-2 cm) — Bsw (2-12 cm) — Bw (12-36 cm) — BwC (36-65 cm) — C (65-125 cm) — 2C
(125-150 cm) — 2Cg (150-180 cm) — 3C (+ 180 cm). The forest floor shows variable thickness
(between 4.0 and 9.5 cm) and was classified as a typical mor. The mean accumulation of litterfall
estimated for 2013 was 366 g dry matter m™ 2 resulting in a carbon input of 178 g C m™ 2 on top of
the soil (data not shown). The soil is low in OC and total nitrogen, with concentrations ranging
from 27 g OC kg~ ! and 1.0 mg N in the topsoil to < 0.1 g OC kg™ * and 0.002 mg N kg™ * below
50 cm depth. The apparent *“C-age of bulk soil OC increased with increasing depth, with the
upper soil showing modern ages (later than 1950) and OC in deeper soil regions showing ages
ranging from 2650 to 3860 years (Angst et al. 2016b).
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TaABLE 5.1: Mean bulk density (BD), pH (0.01 M CacCl,), texture, root biomass, root necromass, dithionite- and oxalate-extractable
Fe (Feq; Feo) and aluminum (Alg, Aly), Fe in crystalline Fe oxides (Fe(g-0)) of soil samples originating from three transects at the
Grinderwald site at different depth (n = 24 for each depth). Numbers in brackets show coefficient of variation in % of the
respective depth over three transects (n = 24).

BD Clay silt sand oot Root Fey Fe, Fe o) Al Al
Depth (cm) P pH (CaCl,) biomass _nlecromass B
(%6) @) (mgg )
10 119(13) 351(10) 2.96(25) 3089 (27) 64.81(14) 082(67) 117(31) 303 (15) 082(49) 221(33) 0.74(49) 025 (79)
35 132(13) 4.20(26) 3.98(36) 34.53(25) 61.49(16) 0.58(70) 0.74(50) 2.36(18) 163(32) 0.73(64) 1.32(27) 0.50 (56)
60  154(15) 4.16(38) 2.82(58) 25.11(38) 72.06(15) 0.14 (144) 0.15(53) 1.68(30) 070(37) 097(52) 055(30) 022 (77)
85  154(11) 402(29) 173(53) 11.64(75) 86.61(11) 0.01(336) 0.01(465) 148(46) 035(59) 1.19(43) 0.29(43) 0.1 (181)
110 149(11) 3.94(33) 202(58) 13.12(34) 84.86(14) 004 (188) 003 (192) 1.61(54) 0.32(48) 1.29(57) 0.28(43) 0.08 (80)
135 150(7.5) 3.91(54) 297 (105) 2156 (124) 75.47 (40) 0.11(188) 003 (173) 3.35(94) 0.52 (114) 2.83(91) 0.47 (110) 0.19 (181)
160  152(7.7) 3.95(54) 187 (114) 1536 (160) 82.80 (32) 0.13(232) 003 (288) 2.51(118) 0.38 (120) 2.13 (118) 0.34 (120) 0.14 (161)
185  149(6.4) 397 (42) 152(102) 10.45(139) 88.02 (18) 0.09 (303) 003 (272) 1.57(83) 0.26(86) 1.30(85) 023 (78) 0.09 (144)
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Sampling and investigation design

Soil sampling was conducted at the site on June 10th and 11th, 2013 along three randomly
distributed transects with a minimal distance of 10 m from each other, each aligned towards a
main tree to analyze the root effects on SOC distribution. The 330 cm long transects were
excavated to 200 cm depth. The sampling scheme was designed as a regular grid with vertical
and horizontal dimensions of 185 and 315 cm, respectively (Angst et al. 2016a). The regular grid
started close (10-50 cm) to a main tree (Fagus sylvatica L.) and extended in 45 cm horizontal
intervals and downwards in 25 cm steps. Soil samples were taken at each grid intersection with a
round steel core sampler (diameter: 8.5 cm, height: 6 cm) at: 10, 35, 60, 85, 110, 135, 160, and
185 cm depth and 0, 45, 90, 135, 180, 225, 270, 315 cm horizontal dimension. Thus, a total of 64
soil samples were taken at each transect resulting in a total sum of 192 samples for the whole site.
Immediately after sampling, the fresh soil samples were sieved (< 2 mm) to remove stones and
roots. After sieving the soil samples were stored in polyethylene bags at 4 °C. The coarse (> 2
mm) material was filled into polyethylene bags, stored at 4 °C for weighing and determination of

root biomass.

Analysis of soil properties
SOC, N; and isotope ratios

Prior to the analysis of soil organic carbon and total nitrogen (N;) by using a Vario EL analyzer
(Elementar, Hanau, Germany) the soil was dried for 3 days at 50 °C and ground by a planet
micromill (Fritsch Pulverisette 7). The *3C/*2C isotope ratios of the soil samples were determined
by isotope ratio mass spectrometer (Thermo Fisher Scientific Delta plus, Bremen, Germany)
coupled to an elemental analyzer (CE Instruments FLASH EA 1112NA 1500, Wigan, UK).

pH and texture

The pH of all 192 soil samples was measured in 0.01 M CaCl, with a ratio of soil to solution of
1:2.5. Texture was analyzed with a laser particle sizer (Analysette 22, Fritsch, Idar-Oberstein,
Germany). For this, soil samples with SOC contents above 1.2% were treated with H,O, before
analysis to destroy organic matter. Since all soil samples were acidic, no carbonate dissolution

was necessary. Further, at the beginning of the measurement 5 ml of NasP,O; peptisator were
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added to the sample as dispersing agent. In addition, two droplets of the detergent Dusazin 9.0.1
were added to reduce surface tension of the water in the measurement chamber to ensure that all
particles sink into the water for the laser detection. To increase the accuracy of the determination
the samples were separated into two size fractions (> 0.2 and < 0.2 mm) with a 0.2 mm sieve and

each fraction was measured separately.

Root biomass

Roots of each soil sample were picked from the sieving residual material (> 2 mm). To separate
the roots from adhering soil particles, each sample was washed with deionized water using a
sieve of 0.25 mm mesh size. The separated root samples were soaked in distilled water and all
roots larger than 10 mm in length were picked out for further examination. Smaller root fractions
were neglected during this first step. Under the stereo microscope, the larger rootlets > 10-mm
length were separated, firstly into living (biomass) and dead (necromass) roots, and secondly into
fine (£ 2 mm in diameter) and coarse (> 2 mm in diameter) roots. The distinction of living and
dead roots was made following the criteria root and periderm color, tissue elasticity, and cohesion
of cortex, periderm and stele (Hertel et al., 2013). All roots were dried at 70 °C for 48 h and
weighed. Although fine root fragments < 10 mm in length were not considered, the majority of
fine root biomass (> 95%) is captured with this approach (Bauhus and Bartsch 1996; Leuschner
et al. 2001). This leads to an underestimation of the fine root necromass which has therefore to be
corrected for the small root fraction (< 10 mm length). The correction was made by extrapolation
using soil depth-specific regression equations. These regression equations, relating the mass of
dead fine roots < 10 mm to dead fine roots > 10-mm length, were established for other samples
from the same plot, for which the mass of small dead roots was quantified using a method
introduced by Van Praag et al. (1988) and modified by Hertel (1999).

Pedogenic Fe and Al fractions

Dithionite-citrate-extractable Fe and Al (Feq, Alg) were determined according to Blakemore et al.
(1987) where 1 g air-dry soil in presence of 1 g sodium dithionite was extracted by 20 ml 22%
sodium citrate. After shaking for 16 h and addition of 5 ml of 5 mM MgSO,, samples were
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centrifuged for 20 min at 500g and filtered through 0.1-um polyethersulfone membranes. The
filtrate was analyzed for dissolved Fe and Al by inductively coupled plasma optical emission
spectroscopy (ICP-OES; Varian 725-ES, Varian Australia Pty Ltd., Mulgrave, Australia).
Oxalate-extractable Fe and Al were determined after extraction of 1 g air-dry soil by 40 ml 0.2 M
oxalic oxalate (pH 3) for 4 h in the dark (Ross and Wang, 1993). After centrifugation (500g, 20
min) the filtered extract (0.1-um polyethersulfone) was analyzed for dissolved Fe and Al by ICP-
OES. Dithionite-citrate-extractable Fe (Feq) represents the amount of pedogenetically formed Fe
within oxyhydroxides as well as in organic complexes while dithionite-citrate-extractable Al
(Alg) characterizes an Al fraction potentially substituted in Fe oxides, as well as free aluminum
and aluminum in metal-organic complexes (Dahlgren and Saigusa 1994). Oxalate-extractable Fe
(Feo) and Al (Al,) derive from poorly crystalline aluminosilicates, ferrinydrite, Al-gels, and Al-
and Fe-organic complexes. The difference of dithionite-citrate-extractable and oxalate-extractable

Fe (Feg-Fe,) is taken as a measure of crystalline Fe oxides.

Microbial biomass C

The chloroform fumigation extraction (CFE) method (Vance et al. 1987) was used to determine
microbial biomass carbon. Chloroform fumigated (24 h) and non-fumigated samples (sieved to <
2 mm) with a fresh soil weight of 10 g were extracted with 40 ml of 0.05 M K,SO, on a
horizontal shaker at 250 rpm for 30 min and then centrifuged at 4400g for 30 min. C
concentrations of 1:4 dilutions of the supernatants were measured using a TOC-TNb Analyzer
Multi-N/C 2100S (Analytik Jena, Jena, Germany). 200 ul of 1 M HCI was added to the dilutions
to remove inorganic C. Microbial biomass C was calculated as Ec / kec, where Ec = (organic C
extracted from fumigated soil) — (organic C extracted from non-fumigated soil) and kec = 0.45
(Wu et al., 1990).

Statistical analysis

To study the effects of pH, silt, clay, root biomass, root necromass, oxalate-extractable Fe, Fe in
crystalline oxides, oxalate-extractable Al, dithionite-citrate-extractable Al (fixed effects) and

transect (random effect) on the content of SOC in each soil depth down to 135 cm, a multiple
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linear regression model with spatially correlated errors was fitted with SAS version 9.4 (SAS
Institute Inc., 2015). The model for spatial covariance among observations at the same depth and
different distances from the tree was exponential. The estimation procedure was restricted to
maximum likelihood and the denominator degrees of freedom were estimated using the
Kenward-Roger method. Only factors with significant contributions (p < 0.05) were considered
and the models with the lowest value of the Akaike information criterion (AIC) were chosen. The
effect of the transect was not significant in the models for all depths, except for the model for 110
cm, where three transect-specific intercepts were thus obtained. For each final model, we tested
whether the slopes between the three transects were significantly different by inspecting the
interactions between transects and covariates. Studentized residuals were inspected for
homoscedasticity and normality.

In one case (135 cm) the response variable was log-transformed to achieve normality and
homoscedasticity. For two depths, the models with the lowest AIC were implausible: in 85 cm a
negative contribution of crystalline Fe was obtained and in 135 cm negative contributions of
dithionite-extractable Al und crystalline Fe. In these cases, the backward elimination was

subsequently done without these factors.

Measured SOC contents were plotted against modeled ones. In cases of normality (35 and 60
cm), Pearson Product moment correlation coefficients were reported. Otherwise, Spearman rank

correlation coefficients were shown (Fig. 5.2).

For the analysis of root effects on SOC content, data from each sampling depth were separated
into two groups, one where roots had been found (“rooted soil”’) and one without roots (“root-free

soil”).
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5.4 Results
Soil physical and chemical properties

The bulk density of the soils collected from all three transects ranged between 1.19 and 1.54 g
cm 2 and showed the lowest value in 10 cm depth and increased with increasing depth until 60
cm (Table 5.1). Below 60 cm depth, bulk density varied moderately between 1.49 and 1.54 gcm™

% with low depth-specific variability.

The texture of the soil was mainly built up by the sand fraction. Over all depths in the three
transects, the sand content always accounted for > 60% of the texture class but varied between 61
and 88% (Table 5.1). As a result, the silt and clay fractions which can act as potential SOC
stabilizing components varied strongly within the profile and within single sampling depths
(Table 5.1). Silt contents were highest with > 30% in the topmost samples (10 and 35 cm) and
mean values never fell below 10% in the whole profile. But the variability of this textural class
was highest among all three fractions in the lower subsoil (135 to 185 cm). Clay was present only
to a minor extent with a range of mean values between 1.52 and 3.98% and no pronounced depth
gradient (Table 5.1). Still, similar to silt, the variability of clay content was highest in 135 to 185

cm.

The soil pH of the whole profile was in the acidic range and did not change distinctively with
depth. The lowest value of 3.51 was found in 10 cm depth with slightly increased mean values of
4.20 and 4.16 in depth 35 and 60, respectively. The soil below 60 cm showed mean pH values
around 3.94 (+ 0.03). The variability of pH values among the three transects was low and showed
the highest variation of 10% in 10 cm depth (Table 5.1).

The dithionite-citrate-extractable Fe as an indicator for pedogenic Fe oxyhydroxides in soil
ranged between 1.48 and 3.35 mg g~ * with the highest values found in 10 and 135 cm depth
(Table 5.1). In contrast, dithionite-citrate-extractable Al, oxalate-soluble Fe and Al showed the
highest values in 35 cm followed by a continuous decrease down to 110 cm, with a small
maximum in 135 cm. Iron in crystalline oxides (Feq.o) amounted to 2.21 mg ¢ ' in 10 cm depth
and decreased strongly in 35 cm. Below 35 cm the values increased up to a maximum of 2.83 mg
g ' in 135 cm depth (Table 5.1).
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SOC and isotopic composition

The highest SOC contents of 1.15% were found in 10 cm depth followed by a steep decline down
t0 0.12% in 60 cm (Fig. 5.1a and Supplementary material, Table S5.1). Below 60 cm, the mean
SOC contents varied around 0.05% down to 185 cm with some single samples with contents of
up to 0.4% (Fig. 5.1a). Due to the very low SOC contents in the subsoil and spotty distribution of
SOC, the variability increased with increasing depth as underlined by the highest coefficient of
variation of 153% in 160 cm depth, compared to 28-40% in the samples from 10 to 85 cm depth
(Supplementary material Table S5.1).

The 8*C values of SOC also showed a depth gradient down to 60 cm, with mean values
increasing from — 27.9%o in 10 cm to — 26.1%o in 60 cm (Fig. 5.1b). Below this depth, the §**C
values were relatively stable, with a slight decreasing trend from 110 cm (— 26.31%o) to 185 cm
(— 26.49%o). The distribution of data showed a higher variability of 8*3C values in 160 cm and
185 cm depth compared to the upper soil (Fig. 5.1b).

Root biomass and necromass

Root biomass (Table 5.1, Fig. 5.1c) and necromass (Table 5.1) strongly decreased with increasing
depth. Assuming a mean C-content of 45% in roots (Hertel, pers. comm.), the mean root-C:SOC
ratio was 0.07 to 0.10 in the three top depths (10, 35, 60 cm) and much lower in the deeper
subsoil (0.01 to 0.06). Despite the strong decrease with depth, roots were abundant in the whole
profile, but the distribution was patchier in deep soil regions. The variation of root biomass
distribution increased with increasing depth which was indicated by the small number of
sampling points containing roots (Fig. 5.2). In 10 and 35 cm depth roots were present in 23 out of
24 samples, whereas below 60 cm roots were only found in 4-13 out of 24 samples (Fig. 5.2).
Through this patchy distribution with increasing depth, the coefficient of variation for root
biomass increased from around 70% (10 and 35 cm) to 144-336% in the deeper soil (Table 5.1).
Similarly, root necromass decreased with depth, while variability increased (Table 5.1). The root
biomass to necromass ratio increased with depth ranging from 0.74 in 10 cm depth to maximum
25 in 160 cm, but without a clear depth gradient (whereas the coefficient of variation of these

ratios strongly increased with increasing depth (Supplementary material, Table S5.1).
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FIGURE 5.1: Boxplots of a) SOC content (%), b) 6:*C/**C (%), ¢) root biomass (g 1" %) and d)
microbial biomass C (Cmic, pg g~ ) within the soil profiles in different depth.

Microbial biomass C

Similar to the SOC content, Cn,ic showed a strong decrease down to 60 cm depth. The highest
Cmic values were determined in the upper soil with maximum values of 328 pg g~ ' and a mean
value of 105 pg g in 10 cm (Fig. 5.1d, Supplementary material, Table S5.1). This was followed
by a 47% reduction of Cmic in the second depth (35 cm) and a further 80% decrease in 60 cm.
Below 60 c¢m, Cpic varied around a mean of 24 pg g * (£ 3 pug g— 1) down to 185 cm.
Interestingly, taking the whole data set, Cnic was not correlated to SOC and in 10 cm depth only
poorly correlated to SOC (Pearson correlation coefficient: r = 0.61; data not shown).
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Controls of SOC distribution analyzed with mixed effect model

To further elucidate the soil parameters influencing SOC contents, a mixed effect model analysis
was conducted for the depths 10 to 135 cm (Table 5.2). Interestingly, the presence of roots (live
or dead) influenced SOC content in all sampling depths, except in 10 cm (Table 5.2). Among the
textural parameters, only silt and not clay content was extracted as a relevant parameter in three
out of four soil depths below 35 cm. In all depths, except 135 cm, SOC was related to some
measure of metal oxide content. In 35, 85, and 110 cm this was Fe,, indicative for less crystalline
Fe oxyhydroxides such as ferrihydrite or nanocrystalline goethite. In 10 and 60 cm, SOC is
related to Alg, and in 35 cm, Fe in crystalline Fe oxides were also extracted as explanatory
variable by the model (Table 5.2).
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FIGURE 5.2: Boxplot of OC-contents (g kg~ ') of roots, root-free and rooted soil in subsoil
(85, 110, 135, 160, 185 cm). Italic numbers below the boxplot represent the number (n) of
samples considered; number of root samples are conform to the number of rooted-soil
samples.
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TaABLE 5.2: Results (intercepts and regression coefficients) of the mixed effects models for
the SOC content (%) or its natural logarithm (log) with different factors (n = 23 for each
depth due to missing data for one of the factors). Aly: dithionite-extractable Al, Fe,:
oxalate-extractable Fe, Fe(q.0): Fe in crystalline Fe oxides. Bold words represent significant
parameters influencing SOC contents.

Response .
Depth (cm) varisble Intercept Regression terms
10 SoC 5.24% —1.26% * pH + 0.439 g/mg % * Aly
35 soc  0350% 0.312 /g % = root biomass + 0.410 g/mg
oo % * Fe, + 0.183 g/mg % * Fe q.)
60 soc 0.0243% 2.00 % 10 * * silt + 0.813 g % * root
I V% 0
necromass + 0.152 g/mg % * Aly
85 socC 6.47 * 10 % 0.505 l/g % * root biomass + 0.0999 g/mg % * Fe,
110 soc Transect 1:5.40 « 10— 305 884+ 10" silt +1.04 Vg 9% « root
Transect 2: — 0.0144% necromass + 0.111 g/mg % = Fe,
Transect 3: — 2.23 * 10 %
135 Log-SOC -3.89 0.0311% ' = silt + 32.5 l/g * root necromass

The quality of the mixed effect models was very high for all depths (correlation coefficients
between 0.87 and 0.96) and the distribution of values was generally satisfactorily even
(Supplementary material, Fig. S5.1). The strongest correlation of modeled and measured SOC
was found for 110 cm soil depth (r = 0.96) the only case where intercepts were calculated
separately for each transect (Supplementary material, Fig. S5.1).

Since the mixed model analysis showed that the presence of roots had a strong effect on SOC
content in the subsoil, this was investigated further, by separating all depth sample sets into root-
free samples and samples with roots (Table 5.3). Since down to 60 cm depth, no root-free
samples existed, this separation was only possible from 85 cm on downwards. In Fig. 5.2, the
mean SOC content of rooted vs. root-free samples together with the root C-content of the rooted
samples is presented for all five subsoil depths. Generally, more root-free than rooted samples
were found in these depths, except for 135 cm. In the root-free samples, mean SOC content
declined with depth, from 0.38 g kg™ * in 85 cm to 0.16 g kg~ ! in 185 cm depth (Table 5.3, Fig.
5.2). The rooted samples did not show such a depth gradient and their SOC content was much
more variable and showed up to 10 times higher median values than in the root-free samples.
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Clearly, rooted samples, from which all visible roots had been removed, still contained
substantially more SOC than root-free samples. Even if it is assumed that about 10-30% of the
root biomass can remain as microscopic fragments in the sample (Hertel, pers. comm.), such
fragments would contribute only 3-5% to the total SOC and thus cannot explain the large
differences. If the higher SOC content in rooted samples were due to fresh root-borne C-inputs
such as root hairs or exudates, this should be reflected in 8**C values closer to that of the roots
analyzed from the site (— 30.1 to — 28.2%o, unpublished). Instead, the mean 5*°C values of rooted
soil samples were very similar to those in root-free samples, in two depths even slightly higher
(Table 5.3).

Despite the much higher SOC content of the rooted samples and the assumed higher availability
of fresh substrates, Cpic showed no systematic differences between rooted and root-free samples
(Table 5.3). As a consequence, the Cpic:SOC ratios in the rooted samples were generally much
lower than in the root-free samples (Table 5.3) and similar to the ratios found in the rooted
samples from the top 60 cm (data not shown). Interestingly, the rooted subsoil samples are
generally also characterized by higher contents in clay, silt, Fe, and Al, and lower pH than the

respective root-free samples (Table 5.3).
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TaABLE 5.3: Mean soil properties in rooted and root-free soil in 85, 110, 135, and 185 cm
depth and the mean variation shown as coefficient of variation (CV) in %. Numbers of
samples are given in Fig. 5.2, respectively to each depth and soil sample.

Soil 85cm 110 cm 135cm 160 cm 185 cm
properties Root-free  Rooted Root-free  Rooted Root-free  Rooted Root-free  Rooted Root-free  Rooted
BD (gcm ?) 1.47 15 1.54 1.47 1.55 1.42 1.55 155 1.55 151
CV (%) 11 14 11 13 46 8.9 6.6 8.4 6 7.8
s (%o) —26.35 —26.30 —26.25 —2642 —26.37 —26.80 —26.45 —26.67 —26.24 —25.88
CV (%) 1.6 0.64 11 0.91 0.84 17 1.6 2.9 12 3
SOC
kg ") 0.04 0.07 0.03 0.11 0.03 0.2 0.02 0.13 0.04 0.07
g Kg

CV (%) 44 50 46 51 103 66 102 68 51 79
pH 4 3.9 4 3.8 4 3.7 4 3.8 4 3.9
CV (%) 2.8 3.8 2.8 4 4.1 5.1 4 6.8 2.8 5
Clay (%) 2 2.1 1.6 4.2 13 41 0.84 31 1.7 2.2
CV (%) 52 57 43 88 126 83 99 78 56 66
Silt (%) 11 16 8.7 33 8.6 42 43 26 10 20
CV (%) 64 75 54 109 193 89 164 91 164 79
Feq(mgg™!) 16 17 2.7 4 16 6.2 0.94 2.9 14 18
CV (%) 51 22 42 72 87 91 90 73 41 58
Fe, (mg g ") 0.29 0.38 0.29 0.73 0.24 0.92 0.15 0.52 0.32 0.53
CV (%) 59 69 38 57 138 92 98 74 65 54
Feea 13 14 2.4 33 13 53 0.78 2.4 11 1.2

- . . . . . . . . . .
(mgg )
CV (%) 56 37 43 79 84 92 90 73 47 59
Aly(mgg™ ) 0.27 0.31 0.31 0.63 0.21 0.84 0.13 0.44 0.27 0.37
CV (%) 45 91 35 54 119 95 89 76 36 48
Al, (mgg™) 0.06 0.11 0.05 0.32 0.12 0.23 0.08 0.11 0.07 0.3
CV (%) 59 156 50 89 65 140 198 86 182 54
Cmicngg ) 22 31 17 27 30 18 21 27 20 18
CV (%) 143 29 63 33 93 65 90 59 84 33
Cnic/SOC

1 56 26 58 59 98 32 114 18 115 26
(mgg )
CV (%) 126 24 61 54 114 85 138 84 59 73
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5.5 Discussion

In the Grinderwald forest located on Pleistocene glacio-fluviatile sandy deposits a Dystric
Cambisol (FAO-WRB 2014) developed, low in SOC and N; with low pH values. As found in
numerous other studies, SOC strongly decreases with depth (Rumpel and Kégel-Knabner 2011;
Salomé et al. 2010; Rumpel et al. 2004). A striking feature of this SOC depth gradient is its
increasing spatial variability with depth, indicating the existence of SOC hotspots formed by
either localized inputs from roots or by DOC along preferential flow paths (Leinemann et al.
2016; Hafner et al. 2014; Tefs and Gleixner 2012; Syswerda et al. 2011; Salomé et al. 2010;
Chabbi et al. 2009; Bundt et al. 2001). Angst et al. (2016b) have shown for the same site that
lipid biomarkers from above-ground litter inputs were only found down to 35 cm depth, while
SOC in greater depths was free of litter markers (Angst et al. 2016b). Therefore the main input of
organic matter into the subsoil appears to originate from roots or root-rhizosphere interactions
(Vancampenhout et al. 2012; Rumpel and Kdgel-Knabner 2011; Lutzow et al. 2006; Kogel-
Knabner 2002; Gleixner 2003). Subsoil SOC hotspots may thus simply reflect the heterogeneous
distribution of stabilizing agents such as metal oxyhydroxides and soil minerals (Eusterhues et al.
2005; Wiseman and Puttmann 2006; Kdgel-Knabner et al. 2008). Don et al. (2007) found SOC
variability to increase with soil depth and attributed this to variability in texture.

In the topsoil (10 cm), SOC content is adequately modeled with only pH and Alg, suggesting that
SOC accumulation is largely due to a pH-dependent reduced decomposition. In the subsoil below
10 cm, the oxalate-soluble Fe oxides (Fe,) and/or silt contributed to explaining SOC contents in
the mixed model analysis. An increasing importance of the fine texture class for SOC
stabilization in deeper soil regions was also found by Rumpel et al. (2004), who showed a strong
association of OC with the clay fraction (< 0.63 um). On the other hand, Kalbitz and Kaiser
(2008) showed that the mean residence time of SOC stabilized by Fe- and Al oxyhydroxides is
higher in comparison to that sorbed to clay minerals. At the Grinderwald site, the silt fraction
seemed to be more important for SOC stabilization than the clay fraction. However, this may
simply be an artefact of the statistical analysis since silt and clay content were highly correlated

in all depths.

But the most interesting result of this data analysis was that root inputs, appeared to play an
important role in explaining the high variability of SOC content in the lower subsoil. The mixed
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effect model showed that densities of dead or living roots were important independent variables

describing SOC contents in all depths between 35 and 135 cm.

The importance of root inputs as source for subsoil SOC is further supported by the large SOC
differences between rooted and root-free samples in the subsoil (Fig. 5.2). Since all visible root
fragments had been removed from the rooted soil samples prior to SOC analysis and their C
contribution to the elevated SOC content was negligible, the higher SOC content of the rooted
soil samples cannot be explained by C inputs from the current roots, alone. Annual subsoil root
exudation rates at the site were estimated by Tueckmantel et al. (2017) to be in the range of 80—
212 mg C g ! root, which would thus also be far too low to explain the observed SOC
differences. Furthermore, the similarity in 5'°C values in rooted and root-free subsoil samples
indicates that SOC has undergone similar microbial processing in all samples and therefore
cannot be attributed to fresh root-derived residues but originated from previous C inputs which
had accumulated in the past. Unfortunately, only a very limited number of **C analyses was
available for this sample set (n = 3-9 for each depth), but the values indicated that rooted soil
samples generally were much more enriched in **C (i.e. apparently younger) than root-free soil

samples (Rethemeyer, personal communication).

A possible explanation is that the current roots were already present at the sampling location
since several years and have supplied root-derived C through exudation, the shedding of dead
root tissue, mucilage production or turnover of mycorrhizal biomass. **C data gave approximate
root ages of 3 to 13 years for roots of 2-5 mm in diameter for the subsoil of the studied profiles
(Kirfel, Hertel, Leuschner, in preparation), indicating that rhizodeposition is a process with
continuity of a decade or more in beech root systems, except for the fine and finest root fraction
which are turned over usually in time spans between 3 months and 3 years (Kubisch et al. 2016).
Roots have also been found to grow preferentially in old root channels because the penetration
resistance is lower, water flows preferentially here, or roots are foraging for nutrients released
from dying roots (Rasse and Smucker 1998). Thus, root growth may have caused a legacy effect
that is visible in the SOC distribution in the subsoil.

This spatial legacy effect appeared to be primarily caused by small scale differences in clay, silt,
Fe, and Al, leading to better nutrient and water availability at this local scale. Since the rooted

soil samples contained more clay, silt, Fe, and Al,, this preferential root growth could also result

128



from better nutrient and water availability than in the root-free soil. Still, the relationships found
between SOC and soil mineralogical and textural parameters in the mixed model analyses (Table
5.2) showed that root densities only partly explain overall SOC variability and that therefore

mineral-related stabilization mechanisms also control SOC variability.

To get information about the availability of SOC to microorganisms it might be interesting to
look at the mean Cpic:SOC ratios. The rooted samples showed much lower ratios in comparison
to the root-free samples ranging between 58 and 115 mg g~ *, which are excessively high values
that are rarely found in topsoils (Blagodatskaya and Anderson 1998; Joergensen et al. 1995). It
therefore is highly unlikely, that this is from active microbial biomass, but possibly reflects a high
proportion of dormant or very slowly overturning microorganisms at these depths. Further studies
show that the different microhabitats in the subsoil are preferentially colonized by oligotrophic
microorganisms such as Acidobacteria that are characterized by their slow growth rates. In
addition, the slow growth rate might be caused not only by specific slow growing
microorganisms but also by oxygen as well as P and N limitation (Preusser et al. 2017). Further,
the missing correlation of Cpic with SOC in the subsoil can be explained by the spatial separation
of SOC and microorganisms (Rumpel et al. 2012; Dungait et al. 2012). If the sampling would be
conducted on a smaller scale (um-mm scale) only reflecting the microbial habitat (Nunan 2017,
Poll et al. 2006; Gaillard et al. 1999) the correlation to SOC might be stronger in the subsoil.
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5.6 Conclusions

This study showed that the increasing spatial variability of SOC down to 185 cm depth can
largely be explained by a complex interaction between soil texture and mineralogy with root
growth. At our study site with its heterogeneous soil texture and mineral composition, roots
preferentially grow into soil compartments with finer texture and higher metal oxyhydroxide
contents and thus the observed SOC accumulation in these hot spots appears to be input-
controlled. However, the mixed model analysis showed that texture and Fe oxides were also truly
independent variables for explaining SOC variability in the subsoil, suggesting that the
inhomogeneous distribution of these SOC stabilizing agents further control the degradation of
fresh root derived inputs which is reflected in the lower Cpi:SOC ratios in the rooted samples.
Therefore, the primary factor controlling the observed spatial SOC variability in the subsoil at our
site is the textural and mineralogical variability as it influences both root distribution and SOC
stabilization.
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6.1 Abstract

Little is known about how trees and their roots may influence the spatial distribution and
chemical composition of soil organic matter (SOM) in subsoils with subsequent effects on soil
organic carbon (SOC) storage and turnover. The aim of this study was to assess the impact of
individual trees and their root system on the spatial distribution and chemical composition of
SOM fractions and the storage of SOC in subsoils.

A Dystric Cambisol was sampled along three vertical replicate transects (3.15 m in length, 2.00
m in depth) in a regular grid (45 cm horizontal spaces, 25 cm vertical spaces) at increasing
distance from three individual mature European beech trees (Fagus sylvatica L.). Soil OM
fractions were obtained from rhizosphere soil and bulk soil samples taken at 10 and 85 cm depth
increments by a combined density and particle size fractionation. Carbon and nitrogen
measurements were performed, and the chemical composition of the SOM fractions was further
characterized by solid state cross polarization magic angle spinning **C nuclear magnetic

resonance spectroscopy.

The distance from the individual trees had no influence on the SOC contents and stocks or the
chemical composition of the SOM fractions. This was ascribed to the dense and even rooting at
0-40 cm depth across all sampled distances. Instead, the SOC contents and stocks highly differed
between 10 cm depth (11.4 g SOC kg ™), where particulate organic matter (POM) dominated, and
85 cm depth (0.5 g SOC kg ™), where clay associated SOC dominated. These differences seemed
to be strongly influenced by the roots of the trees which were almost completely absent from
depths > 60 cm. Elevated SOC contents in the rhizosphere soil (40.1 g SOC kg~ ') were ascribed
to root exudates in the root's vicinity and a very high amount (109.3 g kg™) of fresh POM
(alkyl/O/N alkyl C ratio of 0.8). The data revealed that, besides root exudates, also root derived
POM contributed significant amounts of SOC to the soil.

Although only low amounts of the clay fraction were found at 85 cm depth (22.8 g clay kg™ %), it
accounted for high amounts of SOC and played a crucial role for the storage of SOM. The
relatively high SOC stocks at 40-200 cm depth (1.4 kg C m™ ) compared to the SOC stocks at 0—
40 cm depth (3.8 kg C m™?) indicate that also sandy forest subsoils with low SOC contents have

to be considered in terrestrial carbon inventories.
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6.2 Introduction

Subsoils have received more attention in recent years (e.g., Eusterhues et al. 2005, Schéning and
Kdgel-Knabner 2006, Fontaine et al. 2007) because a substantial amount of soil organic carbon
(SOC — C in soil derived from organic constituents) can be stored in subsoil horizons (Rumpel et
al. 2002, Jobbéagy and Jackson 2000). Forest soils are of particular interest because globally up to
70% of all SOC is stored in them (Jobbagy and Jackson 2000) and a considerable amount thereof
in the subsoil (Lorenz and Lal 2005, Jobbagy and Jackson 2000). However, little quantitative
information is available on the SOC contents and stocks, and the chemical composition of soil
organic matter (SOM — the entirety of dead matter derived from plants and animals, and their

organic transformation products) in subsoil (Rumpel and Kdgel-Knabner 2011).

The distance from a tree can have a substantial influence on soil chemical (Lodhi 1977, Koch and
Matzner 1993, Spielvogel et al. 2014) and physical properties (Chang and Matzner 2000b) as
well as on the microbial community structure and activity (Saetre and Baath 2000, Goemoeryova,
2004) and, therefore, on SOC storage and turnover. For example, Chang and Matzner (2000a),
Chang and Matzner (2000b) found an increased channeling of dissolved organic carbon (DOC),
increased water content, and a higher N-mineralization rate near the stem base of European beech
trees. Spielvogel et al. (2014) found a pronounced gradient in lipid root biomarker concentrations
with distance from beech trees. In another study SOC stocks have been found to be unaffected by
the distance from individual trees (Schoning et al. 2006). However, all of these studies focused
on bulk soil properties. Soil sampling designs in most studies have only involved samples being
collected from different soil horizons at one horizontal distance from a tree (e.g., Rumpel et al.
2004, Eusterhues et al. 2005, Schrumpf et al. 2013). To the best of our knowledge, variations in
the properties of functionally defined SOM fractions that are important for stabilization and
turnover of SOC with distance from individual trees using a dense sampling grid have not been

studied previously.

The storage of SOC in forest subsoils is thought to be mainly driven by rhizodeposition (Rasse et
al. 2005, Tefs and Gleixner 2012). Rhizodeposits are root exudates and root litter (Kuzyakov and
Domanski 2000). Most studies involving the rhizosphere have focused on enzyme activities
(Brzostek et al. 2013), microbial biomass and community structure in rhizosphere soil (Koranda
et al. 2011), or the influence of rhizodeposition on C turnover using carbon dioxide (CO) efflux

measurements (Dijkstra and Cheng 2007, Schenck et al. 2012). To the best of our knowledge,
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SOC contents in combination with the chemical composition of root-derived particulate organic

matter (POM) and other functional SOM fractions in rhizosphere soil have not been studied.

The aim of this study was to assess the impact of individual mature European beech trees on the
spatial distribution and chemical composition of SOM fractions, and evaluate the role of
rhizosphere soil fractions for input and storage of SOC in subsoil. The hypothesis was that a
measurable influence of individual trees on the measured chemical parameters existed, that
decreased as the distance to the trees' stem bases increased. Soil samples were collected in a
regular sampling grid from the profile walls of three transects, each of which started at a
European beech tree. Rhizosphere soil and soil samples from 10 cm and 85 cm depth were
subjected to a combined density and particle size fractionation. Beside C and N measurements of
all samples, the chemical composition of the clay and POM fractions was further characterized by
cross-polarization magic angle spinning *3C nuclear magnetic resonance (CPMAS **C NMR)
spectroscopy. Additionally, the specific surface area (SSA) of representative samples of the clay

fraction was determined.

6.3 Materials and Methods
Study area and soil sampling

The study was carried out at the Grinderwald which is located northwest of Hannover (52° 34’
22" N 9° 18 51" E), Germany. Climate data were obtained from a German Meteorological
Service monitoring station (Nienburg). The mean annual precipitation and temperature for the
period 1981-2010 were 762 mm and 9.7 °C, respectively. Parent materials were Pleistocene
glaciofluvial sandy deposits from the Saale glacial stage (Bundesanstalt flir Bodenforschung
1973). The predominant soil type in the study area was an acid (pH 3.4-4.5), sandy (77.3% sand,
18.4% silt and 4.4% clay) Dystric Cambisol (IUSS Working Group WRB 2014) and the humus
form was moder. The phyllosilicate mineralogy was characterized by XRD measurements. It
revealed the presence of chlorite, mixed-layer minerals, kaolinite, and illite, whereas smectites
were absent. The study area was covered with an even-aged European beech (Fagus sylvatica L.)
forest established in 1916 (Forstamt Nienburg 2010). Mean stem density was 407 stems ha *, the
mean diameter at breast height was 26.3 cm, and the mean basal area was 27.1 m® ha *. A mature

beech forest was chosen, because aim was to study a climax forest association which commonly
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occurs in Germany. In addition, European beech is the most abundant tree species in Central
Europe (GeRler et al. 2007).

Three transects, each 2.00 m deep and 3.15 m long, were dug on flat terrain in June 2013 using a
mechanical digger, each starting at the stem base of a mature beech tree. We oriented the
transects North, South, and West facing, respectively, to avoid a systematic bias by cardinal
direction. The depth was chosen to assure that the parent material below the B-horizons had been
reached. To follow the spatial influence of a single tree on SOM properties, the direction of each
transect was chosen to avoid the stem base of neighboring trees being reached. Furthermore, the
locations of the transects were chosen so that they all had comparable soil and vegetation
properties, i.e., soil texture and no vegetation cover other than European beech. Composite soil
samples (each ~ 1 kg) and volumetric samples (taken using steel cylinders; diameter: 8.5 cm,
height: 6.0 cm) were collected from the wall of each transect in a regular grid pattern with 45 cm
horizontal spaces and 25 cm vertical spaces (Fig. 6.1). To ensure comparable volumetric
sampling throughout the whole grid using the same steel rings unbiased by differing topsoil
thicknesses, the uppermost sampled depth increment was set to 10 cm depth. The volumetric
samples were used for the determination of the bulk density. A total of 192 soil samples were
collected, 64 from each transect. Due to the sampling approach, the reported parameters are mean
values for a specific soil increment (radius of 4.25 cm). Approximately 50 g of the organic layer
were collected above the horizontal grid points. Leaf litter was randomly collected next to the
profile walls of each transect. Fine roots (diameter < 2 mm) were manually extracted from the
volumetric soil samples taken from the profile walls. One composite rhizosphere soil sample was
taken from each transect, predominantly from the uppermost, densely and evenly rooted 0—40 cm
and at deeper soil depths where roots were present, close to the tree stems (Fig. 6.1, Fig. 6.2).
Rhizosphere soil was defined as soil adhering to the roots after they had been shaken (Cieslinski
et al. 1998, Gomes et al. 2003). The uppermost sampled depth increment at 10 cm depth was
compared with the fourth sampled depth increment at 85 cm depth (Fig. 6.1). According to the
WRB 2014 soil classification system, the AE horizon at the investigated soil ended at 2 cm depth
and the first sampled depth increment at 10 cm depth was already located in the Bsw horizon. We
consider subsoil as being the soil that is located below the A and E horizons (cf. IPCC 2000).

Consequently, the sampled depth increment at 10 cm was referred to as “subsoilip” and the depth
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increment at 85 cm depth was referred to as “subsoilgs”. The term “non-rhizosphere soil” refers to

both the subsoilyg and subsoilgs.
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FIGURE 6.1: Sampling grid applied to each transect wall (n = 64 samples per transect).
Composite and volumetric soil samples (using steel cylinders; 8.5 cm diameter, 6 cm height)
were taken. The black dots (n = 16 per transect) indicate the samples that were subjected to
the combined density and particle size fractionation. The shaded area displays the regions
from which the rhizosphere soil was collected. The letters above the graph represent the
labels of the horizontal sampling spots, A being nearest to the tree. The distance between
sampling spots were 45 cm in the horizontal and 25 cm and in the vertical, starting at a

depth of 10 cm.
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FIGURE 6.2: Mean living and dead fine root concentration [kg m™ ] down to a depth of 85
cm. The letters above the plots are the labels of the horizontal sampling spots with A being
nearest to the tree. n = 3 for each grid point.

Fine root biomass and necromass

Roots were manually separated from the volume samples in the laboratory and cleaned in a sieve
of 250 um mesh size using deionized water (DI). Only fine roots (diameter < 2 mm) could be
detected in the samples, coarse roots (> 2 mm diameter) were absent. By inspection under a
stereo microscope, the extracted rootlets were distinguished in living (biomass) and dead
(necromass) fine roots following the criteria root color, elasticity, and cohesion of cortex,
periderm and stele (e.g., Hertel et al. 2013, Hertel and Leuschner 2002, Persson 1978). The root

biomass and necromass was dried for 48 h at 70 °C and weighed.

To keep the analysis viable, fine roots > 10 mm length were extracted from all samples but fine
roots < 10 mm length were only extracted from representative samples. While the inclusion of
only fine roots > 10 mm length and the negligence of fine roots < 10 mm length allows to
quantify the majority of living fine root mass (> 95%), it fails to account for the mass of dead fine
roots with sufficient accuracy, since a large proportion of fine root necromass consists of root
fractions < 10 mm length (Bauhus and Bartsch 1996, Leuschner et al. 2001). In order to correct
the fine root necromass for fine roots < 10 mm length, we extrapolated the mass of dead fine
roots < 10 mm length of 30 representative samples per transect using soil depth-specific
regression equations that relate the mass of fine dead roots < 10 mm length to fine dead roots >
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10 mm length. These regression equations were established applying a method introduced by van
Praag et al. (1988) and modified by Hertel (1999).

Combined density and particle size fractionation

Bulk soil samples were air dried and gently passed through a 2 mm sieve. Subsoil10 at sampling
spots A to H (uppermost sampled depth increment at 10 cm), subsoil85 (fourth sampled depth
increment at 85 cm) (Fig. 6.1), and rhizosphere soil from each transect were fractionated. Aim
was to separate the combined fine silt and clay fractions because these are thought to contribute
to the long-term stabilization of SOM (Mueller et al. 2009, Rumpel and Kdgel-Knabner 2011).

A 30 g aliquot of air dried and sieved bulk soil was saturated with a sodium polytungstate (SPT)
solution (TC Tungsten Compounds, Grub am Forst, Germany) adjusted to a density of 1.8 g cm™
% and subsequently ultrasonicated at an energy of 600 J ml~ ! to break up soil aggregates and
release the POM occluded within aggregates (0POM). The samples were cooled during the
ultrasonication treatment to reduce changes in SOM composition by heating the solution (Mueller
et al. 2012b). Preliminary tests were performed using soil samples from the study site with
densities of 1.6 and 1.8 g cm 3, and ultrasonication energies of 400, 600 and 800 J ml~* to select
experimental settings that separate the POM and mineral soil fractions most effectively. The
results of the preliminary tests were evaluated against a particle size analysis of the respective
samples, the C/N ratios, and reflectance light microscopy of the different fractions in order to
ensure that the chosen parameters were appropriate. After ultrasonication, the POM fraction was
removed using a water jet pump. The POM fraction was purged with DI until the electrical
conductivity of the eluted water was below 5 uS, freeze-dried, and stored for further analysis. The
remaining mineral residue was purged with DI until the conductivity of the eluted water was
below 50 uS and wet sieved to obtain combined coarse and medium sand (2002000 pum), fine
sand (63-200 um) and coarse silt (20—63 pm) fractions. The mineral soil that passed through all
three sieves, i.e. medium silt, fine silt and clay, was subjected to sedimentation to separate the
medium silt (6.3-20 um) from the combined fine silt and clay fraction (< 6.3 pm). The mean
recovery rate of the combined density and particle size fractionation on a mass basis was 98.4%.
All of the fractions were freeze-dried and stored for further analysis. The coarse, medium, and

fine sand fractions were referred to as the “sand fraction”, the coarse and medium silt fractions
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were referred to as the “silt fraction”, and the combined fine silt and clay fraction was referred to

as the “clay fraction”.

Determination of carbon and nitrogen contents

The C and N contents in the bulk soil were determined by weighing an aliquot of a soil sample
into a ceramic cup and analyzing the sample by dry combustion with a VARIO MAX CNS
analyzer (Elementar Analysensysteme, Hanau, Germany). The C and N contents in the mineral
soil fractions and the POM were measured using an EA elemental analyzer (EuroVector, Milan,
Italy). Both analyzers had a detection limit of 0.02% total C. The mineral soil fractions that were
coarser than medium silt were finely ground prior to analysis. The pH value of the soil did not
exceed 4.5 clearly indicating the absence of carbonates. Thus, the total C contents measured were

equal to the SOC contents. All C and N measurements were run in duplicate.

Specific surface area measurements

The specific surface area of representative samples of the clay fraction of the subsoilip and
subsoilgs from each transect was measured by the multi-point BET method (Brunauer et al. 1938)
using an Autosorb-1 analyzer (Quantachrome, Syosset, NY, USA). Nitrogen adsorption data at
11 points were obtained in the partial pressure range 0.05-0.3 in liquid nitrogen. Prior to
measurement, the samples were outgassed at 40 °C for at least 16 h to remove water. A total
removal of SOM from the samples by further chemical pretreatments was omitted. Thus, the free

surface areas of the clay fractions that were not obscured by SOM were measured.

13C CPMAS NMR spectroscopy

The leaf litter (n = 3), fine roots (n = 3), organic layer material (n = 24), POM (n = 24) and clay
fractions (n = 24) of the subsoil;p, POM (n = 3) and clay fractions (n = 3) of the rhizosphere soil,
and the clay fractions of the subsoilgs (n = 4) (marked in Fig. 6.1) were subjected to solid state
3¢ CPMAS NMR spectroscopy. The POM and mineral associated SOM were analyzed as these
fractions represented the largest SOC pool. Measurements were performed using a Bruker

Avancelll 200 Spectrometer. An aliquot was weighed into a zircon-oxide rotor that was spun at
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5.0 kHz with a recycle delay time of 0.4 s for the clay fractions and 1 s for leave litter, roots,
organic layer and the POM fractions. For the POM fractions, 4000 counts were acquired and
more than 6 million counts were acquired for the clay fractions. Since SOC contents were very
low in the clay fractions from the subsoilgs and HF treatment of the samples (cf. Schmidt et al.
1997) was no option for us due to a loss of SOC and a possible alteration in SOC chemistry
(Goncgalves et al. 2003, Rumpel et al. 2006), only four reasonable spectra could be obtained for
the clay fractions of the subsoilgs. The spectra were processed with a line broadening of 50 Hz,
phase adjusted and baseline corrected. Peaks were separated into four integration areas, 0-50
ppm (alkyl-C), 50-110 ppm (O/N-alkyl-C), 110-160 ppm (aromatic-C), and 160-220 ppm
(carboxylic-C) (Kdgel-Knabner et al. 1992).

The signals in the NMR spectra can be assigned to major chemical compound classes. O/N-alkyl
C can be ascribed to amide C of proteins and the C2, C3, and C5 in polysaccharide molecules.
The main signal at 30 ppm in the alkyl C region can be assigned to C in long chain aliphatic
components from lipids, waxes, and other aliphatic biomacromolecules (Kdgel-Knabner et al.
1992). Cellulose, hemicellulose, and proteins in plant residues are relatively easily decomposable,
whereas aliphatic structures are thought to be more resistant to degradation. Thus, the ratio
between alkyl C and O/N-alkyl C can be used as indicator for the degree of decomposition of OM
(Baldock et al., 1997). Lignin, often detected in plant derived SOM, is indicated by signals at 56,
119, 130 and 150 ppm. High intensities at 130 ppm could also indicate the presence of pyrogenic
C. The main peak around 175 ppm is assigned to carboxyl and amide groups in different

compounds (Kogel-Knabner 1997).

Statistics

Means and standard deviations (SD) of the field replicates were calculated using Microsoft Excel
2013 for Windows (Microsoft, Redmond, WA, USA). Correlation analysis (reported using the
Pearson product—-moment correlation coefficient, r) and all other statistics were carried out using
the R 3.0.3 software for Windows (R Core Team 2013). The Shapiro—Wilk test was used to
determine whether the data were normally distributed. Significant differences were tested using
the one-way analysis of variance (ANOVA) or the Kruskal Wallis test. If not explicitly

mentioned, all statistical analyzes were regarded as being significant when p < 0.05. Neither
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ANOVA nor Kruskal Wallis test revealed any significant differences between the transects
regarding SOC contents and stocks in the bulk soil and the fractions. Thus, the three transects
were regarded as being replicates. Because there were also no significant differences between the
horizontal sampling spots A to H, we refer to one mean value for each the subsoill0 and

subsoil85 calculated from all three transects of sampling spots A to H.

The bulk soil densities were calculated from the weight of the dried soil volume samples relative
to the volume of the steel cylinders used to collect the samples. Coarse particles (> 2 mm) were
removed from the mineral soil during the sieving process (cf. chapter 2.3) and the bulk densities
were adjusted accordingly. Soil OC stocks were calculated for 1 m? and a layer thickness of 1 cm
from the SOC contents, soil densities and the amount (g [kg soil ]) of the respective soil
fractions for the subsoil10 and the subsoil85. Soil OC stocks were also calculated for the depth
layers 0-40 cm and 40-200 cm, representing the densely rooted upper soil layer and the lower
soil layer with low root density. Soil OC stocks for the rhizosphere soil were not calculated due
to missing soil densities. Carbon enrichment factors (E;) were calculated using Eq. (1)
(Guggenberger et al. 1994, Christensen 2001, Rumpel et al. 2004).

E. =g C kg™ fraction / g C kg * whole soil 1)

The E. values were calculated for the soil samples obtained from 10 cm and 85 cm depth.
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6.4 Results
Fine root biomass and necromass

The fine root biomass and necromass did not show any significant differences between the
sampling spots A to H and no significant correlations could be detected between the distance
from the tree and the amount of the root biomass or necromass (Table S6.1). Instead, both
showed significant negative correlations with an increasing depth (r = — 0.67 and r = — 0.86,
respectively) and were less than 0.4 kg m~ 3 at depths of 60 and 85 cm (Fig. 2). The only
exception was at sampling point “A” at 60 cm depth, where the average living root biomass was

greater than 0.4 kg m™ 2,

Amount of recovered soil fractions, SOC contents and stocks

Unexpectedly, no significant correlations were found between the distance from the tree and the
amount of recovered soil fractions, the SOC contents, and stocks (Table S6.1). We thus focused
our results on the comparison of vertical differences between average values for subsoil;o and

subsoilgs (cf. Section 6.2), and on differences between rhizosphere and non-rhizosphere soil.

The amount of the sand fraction was significantly higher in the subsoilgs compared to the
subsoil;p (Table 6.1). The amount of the clay and silt fractions of the subsoil;o was more than
twofold the amount of the respective fractions of the subsoilgs. Particulate OM was not detected
in the subsoilgs (Table 6.1).

The rhizosphere soil had the lowest amount of the sand fraction, an amount of the silt fraction
comparable to the subsoil;p, and an intermediate amount of the clay fraction (Table 6.1).
Interestingly, a six times higher amount of the POM fraction was obtained from the rhizosphere
soil (109.3 + 34.3 g kg™ %) compared to the subsoil10 (15.3 + 2.3 g kg™ %).

152



TABLE 6.1: Mean +/— SD recovered mass, soil organic carbon (SOC) content, carbon to
nitrogen ratio (C/N), SOC stock, and carbon enrichment factor (E.) of the unfractionated
bulk soil and soil organic matter (SOM) fractions (here referred to as “sand”, “silt”, “clay”
and “POM”) from the subsoilyo, subsoilgs and rhizosphere soil. Significant differences in
SOM fraction or the bulk soil between the subsoili, subsoilgs and rhizosphere soil are
indicated by lowercase letters. The superscript ¥ symbols mark observations that are not
significantly different when comparing the individual SOM fractions to each other within
the subsoilyg, subsoilgs or rhizosphere soil.

Rhizosphere

Subsoily, Subsoilgs soil
Recovered mass  Sand 639.5+1420  900.8+26.6a  584.7 +11.8c
[o (kgsoi)™'] gy 2852+118a  76.4+231b 2649+ 26.3a
Clay 59.9 + 3.9a 22.8 +4.2c 41.0 + 4.0b
POM 15.3+2.3b n.d. 109.3 + 34.3a
SOC content Bulk soil 114+ 1.3b 0.5+0.2c 40.1+9.0a
[9 C (kg fraction)™'] g,nq 0.3+0.1a 0.2+0.1b 0.4+0.1a
Silt 2.7+0.9 1.5+ 0.6b 4.0+0.9
Clay 53.2 + 6.4b 7.8+ 1.7c 84.0 + 4.5a
POM 392.1+18.1b n.d. 424.7 + 3.9a
C/N Bulk soil 24.1+3.1b 75+ 1.7c 285+ 1.4a
Sand n.d. n.d. n.d
Silt n.d. n.d. 17.3+ 23"
Clay 159+ 1.3a 8.1+ 1.6¢ 14.3 + 0.3b"
POM 485+ 5.9 n.d. 26.9 + 2.1b
SOC stock [g m™?] Bulk soil 132.4 + 23.4a 8.1+3.0b n.d.
Sand 2.6 +0.7a 32+1.7a n.d.
Silt 9.9+39% 1.6+0.8b n.d.
Clay 41.3+83a 32+ 130" n.d.
POM 78.5+13.3 n.d. n.d.
E, Sand 0.03+0.01b 0.4+0.2a 0.01 + 0.00c
Silt 0.2+0.1b 3.4 +24a 0.1+0.0c
Clay 4.8 +0.6b 17.3+6.7a 2.4 +0.4c

N = 24 for subsoily, subsoilgs & organic layer; n = 3 for leaves, roots & rhizosphere soil; n.d. =
not determined.
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The bulk subsoil;o and fractions of the subsoilip had considerably higher SOC contents than the
bulk subsoilgs and the corresponding fractions (Table 6.1). The SOC contents of the clay fraction
of the subsoil;p were less variable (CV = 0.12) than those of the subsoilgs (CV = 0.22). The
differences in SOC contents between the rhizosphere soil and the non-rhizosphere soil were
pronounced, especially regarding the bulk soil (Table 6.1). The rhizosphere soil had a more than
three times higher SOC content compared to the bulk subsoilyg. Similarly, the SOC contents of
the clay and POM fractions of the rhizosphere soil were also significantly higher than those of the
non-rhizosphere soil. Apart from differences between the non-rhizosphere and rhizosphere soil,
the clay and POM fractions always had the highest SOC contents, in contrast to the sand and silt

fractions.

Similar to the SOC contents, the SOC stocks of the bulk subsoilig and its particle size fraction <
63 um were significantly higher than the SOC stocks of the bulk subsoilgs and the corresponding
fractions (Table 6.1). Although very low in mass, the clay fraction of the subsoilgs accounted for
3.2 +1.3gC m ?(39.5%) of the bulk subsoilgs SOC stocks (Table 6.1). This corresponds to a
high E. value for the clay fraction of the subsoilgs (Table 6.1), when compared to the clay
fractions of the subsoil;o and rhizosphere soil. Despite these higher E. values, there was a trend
towards a higher specific surface area not covered by SOM of the clay fraction of the subsoilgs
(29.3 + 5.3 m? g 1) compared to the clay fraction of the subsoily, (18.6 + 8.1 m? g~ !). Notably,
the SOC stocks at deeper soil layers (40-200 cm) (1.4 + 0.1 kg C m™ ?), characterized by low
amounts of root bio- and necromass, represented almost one third of the SOC stocks of the whole
soil from 0 to 200 cm depth. The densely rooted soil at 0-40 cm depth accounted for 3.8 + 0.9 kg
C m 2 (~ two thirds of the SOC stocks of 0—200 cm depth).The C/N ratios differed significantly
between the subsoill0, subsoil85 and rhizosphere soil (Table 6.1). The C/N ratios of the
subsoil85 were significantly lower compared to those of the subsoily. Interestingly, the C/N ratio
of the POM fraction of the rhizosphere soil (26.9 + 2.1) was about half the C/N ratio of the POM
fraction of the subsoilyo (48.5 £ 5.9). The C/N ratios and OC contents of the leaves and the roots

were significantly higher than the C/N ratios and OC contents of the organic layer (Table 6.3).
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3C CPMAS NMR spectra

A significant correlation between the distance from the tree and the chemical compound classes
could not be detected (Table S6.1). Instead, differences between the subsoilig and subsoilgs, and

between the non-rhizosphere and rhizosphere soil were observed.

In the clay fraction of the subsoilgs, the carboxyl and the aromatic C were higher compared to the
corresponding compound classes of the clay fraction of the subsoilye. This indicates a relative
enrichment of aromatic compounds like lignin in subsoilgs. The relatively high O/N alkyl C peak

of the clay fraction of the subsoilgs points towards an accumulation of carbohydrates and proteins.

The NMR spectra of the clay and POM fractions of the subsoil,y and the rhizosphere soil were
dominated by alkyl C and O/N-alkyl C (Table 6.2, Fig. 6.3, Fig. 6.4). Carboxyl and aromatic C
together accounted for less than 30% of the sum of integrated peak areas. In most cases, O/N-
alkyl C was significantly higher than alkyl C. This indicates the presence of high amounts of
presumably more labile carbohydrates. Strikingly, the O/N-alkyl C of the POM fraction of the
subsoil;p was significantly lower than the alkyl C of the same fraction. This resulted in higher
alkyl/O/N-alkyl C ratios in the POM fraction of the subsoil;p (1.6 £ 0.4) compared to the POM
fraction of the rhizosphere soil (0.8 £ 0.1).

The spectra of the leaves, roots and organic layer material (Fig. 6.5) were dominated by O/N
alkyl C, which accounted for approximately two thirds of the sum of integrated peak areas of
leaves and roots (Table 6.3). This was indicative for a high amount of polysaccharides and
resulted in very low alkyl/O/N-alkyl C ratios. Higher amounts of alkyl C in the organic layer
resulted in alkyl/O/N-alkyl C ratios of 0.7 £ 0.1.
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TABLE 6.2: Relative peak intensities and alkyl/O/N alkyl C ratios of the clay and POM
fractions of the subsoilyg, subsoilgs and rhizosphere soil determined by solid state **C NMR
spectroscopy. Significant differences between the subsoily, subsoilgs, and rhizosphere soil
are indicated by lowercase letters. The superscript + symbols mark observations that are
not significantly different when comparing the chemical compound classes to each other
within the clay or POM fraction from subsoilyo, subsoilgs or rhizosphere soil. Standard
deviation (SD) of field replicates after .

Subsoilyy Subsoilgg Rhizosphere soil
Clay POM Clay POM Clay POM
Carboxyl C 126 +£1.8b 7.9+0.8a 22.7+7.3a nd 9.7+0.9a 6.5+0.30"
Aromatic C 149+ 1.1b 164+24a 285+5.1a' n.d 126+21b  153+1.4a'
OIN alkyl C 36.9+290p" 29.3%+39  301+50c n.d 49.8+1.3a 431+2.1a
Alkyl C 35.2+45" 464+6la 175810 nd 278+23b  347+28b
Alkyl/ O/N alkyl C 1.0+0.2a 1.6 £ 0.4a 0.6+0.2b n.d 0.6+0.1b 0.8+0.1b

N = 24 for subsoil;p & organic layer; n = 4 for subsoilgs; n = 3 for leaves, roots & rhizosphere
soil; n.d. = not determined.

aromatic C alkyl C

carboxyl C Q/N alkyl C

POM rhizosphere soil

POM subsoil

300 200 100 0 -100
chemical shift [ppm]

FIGURE 6.3: ®*C CPMAS NMR mean spectra of the POM fractions of the rhizosphere soil
(calculated from three spectra) and the subsoil;o (calculated from 24 spectra).
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carboxyl C O/MNalkyl C

Clay rhizosphere soil

Clay subsoil,,

Clay subsoil
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300 200 100 0 -100
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FIGURE 6.4: *C CPMAS NMR mean spectra of the clay fractions of the rhizosphere soil
(calculated from three spectra), subsoilig (calculated from 24 spectra) and subsoilgs

(calculated from four spectra).

TABLE 6.3: Mean +/— SD organic carbon (OC) content, carbon to nitrogen ratio (C/N),
chemical compound classes (carboxyl C, aromatic C, O/N alkyl C, alkyl C) and alkyl/ O/N
alkyl C ratio of the leaves, fine roots and organic layer. Significant differences of the OC
contents, C/N ratios or peak intensities between the leaves, roots and the organic layer are

indicated by lowercase letters.

Leaves Roots Organic layer
OC content [g (kg fraction)” ']  453.1+1.1a 484.8+109a 112.9+55.1b
CIN 37.7+2.0a 93.8 + 33.6a 24.0+ 1.0b
Carboxyl C 59+ 0.5b 3.6+0.4c 10.6 £ 0.9a
Aromatic C 18.6 + 0.3b 15.4 +1.9b 18.7 £ 0.4a
OIN alkyl C 62.2 £ 0.9a 71.3+5.9a 40.5+ 1.6b
Alkyl C 13.3+0.3b 9.4+4.3b 30.2+1.4a
Alkyl/OIN alkyl C 0.2+0.01b 0.1+0.1b 0.7+0.1a
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FIGURE 6.5: *C CPMAS NMR mean spectra of the leaves, fine roots (each calculated from
three spectra) and the organic layer material (calculated from 24 spectra) from all
transects.

5.5 Discussion
Impact of individual trees on SOM composition, SOC contents and stocks

In contrast to our hypothesis, the SOC contents and stocks of the bulk soil and the soil fractions
were independent of the distance to individual trees. The same was observed for the chemical
composition of SOM evaluated by *C NMR spectroscopy. For POM, this was probably because
the beech roots and leaves, from which the POM is derived, have both been found to contain

considerable amounts of similar alkanes, alcohols and carboxylic acids (Mueller et al. 2012a).
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This might render it difficult to identify effects on major chemical compound classes caused by a

tree, although differences in monomeric composition could exist (cf. Spielvogel et al. 2014).

Moreover, the fine roots of the trees were evenly distributed in the horizontal and used all of the
soil to the depth increment of 35 cm but were low in abundance at deeper soil layers (Fig. 6.2).
Because roots are highly important for the input of OC to the soil (Rasse et al. 2005), we ascribe
the non-existence of horizontal trends in NMR spectra and SOC contents and stocks mostly to the
distribution of the fine roots.

Changes in chemical composition, SOC contents and stocks of the SOM fractions with depth

Although individual trees did not have a horizontal influence on the investigated parameters, we
measured a significant vertical difference between subsoil;p and subsoilgs regarding the amount of
the recovered fractions, the SOC contents and stocks, and the chemical composition of SOM
(Table 6.1, Table 6.2). We assume that the spatially varying inputs of OM derived from the fine
roots and above-ground litter were a main driver of these differences. Our data suggest a high
input of OM in the densely rooted upper soil layers (to the depth increment of 35 cm depth) (Fig.

6.2) whereas the concentration of root bio- and necromass was low in deeper soil layers.

The chemical composition of the SOM fractions was dominated by alkyl and O/N-alkyl C,
whereas carboxylic and aromatic C accounted for a smaller amount, as was also observed by
others (Rumpel et al. 2002, Mueller et al. 2009). Beech roots and leaves had wide C/N and
narrow alkyl/O/N-alkyl C ratios, indicating a low degree of decomposition. A relative increase of
alkyl C and a decrease of O/N-alkyl C from plant inputs to the organic layer and the POM
fraction of the subsoilyo (Table 6.2, Table 6.3; Fig. 6.3, Fig. 6.5) accompanied by decreasing C/N
ratios can be ascribed to the decomposition of carbohydrates like cellulose and hemicellulose.
Simultaneously, aliphatic components accumulate during decomposition relative to other
compounds. These observations agree with the results of other studies (e.g., Quideau et al. 2001,
Schoéning and Kdgel-Knabner 2006).

Notably, alkyl/O/N-alkyl C ratios of the POM fraction of the subsoil,o were very high (Table
6.2). This has also been observed for oPOM by Mueller et al. (2009) and suggests that the POM

fraction in this study had already reached an advanced stage of decomposition. This indicates
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either that the aggregate turnover was rapid or very little macro-aggregation occurred, reducing
physical protection (Six et al. 2000, Six et al. 2002, Swanston et al. 2005). The high sand
contents, especially in the subsoilgs, suggest a minor degree of macro-aggregation. Particulate
OM can therefore be assumed to be readily available to the decomposition by microorganisms.
This can be seen as an important reason for the absence of POM in the subsoilgs, together with a

limited bioturbation and a large root litter input confined to depths < 40 cm.

The SOC contents and stocks of the bulk soil were drastically lower in the subsoilgs compared to
the subsoilyo. Similar trends have also been observed by others (Rumpel et al. 2004, John et al.
2005, Schoning and Kogel-Knabner 2006). This was accompanied by a lower mass of the clay
fraction of the subsoilgs (Fig. 6.3). While the POM fraction was virtually absent in the subsoilgs,
the clay fractions were enriched in SOC compared to the subsoilio (Table 6.3). A similar
enrichment was also found by Rumpel et al. (2004) in the B horizons of a Dystric Cambisol
under European beech. In contrast to our results, E. values for the clay fraction determined by
Rumpel et al. (2004) were about four times lower than E. values detemined in our study. Clay
was thus more important in stabilizing SOC by organo-mineral association in the sandy soils
investigated in this study compared to soils with a lower sand content such as investigated by
Rumpel et al. (2004). This conclusion was further corroborated by the SOC stocks (Table 6.1).
The clay fraction of the subsoilgs accounted for a considerable amount of the SOC stocks,
although the mass of this fraction was only 22.8 + 4.2 g kg— 1 (Table 6.1). The SOC stocks at
40-200 cm depth were almost one third of the SOC stocks of the whole soil from 0 to 200 cm
depth (Table 6.1). This is remarkable because the POM fraction, which accounted for the highest
SOC stock in the subsoilyy, (Table 6.1) was absent from the subsoilgs. Most of SOC in the
subsoilgs was thus associated with the clay fraction.

The clay fraction of the subsoilgs provided more free surface area not covered by SOC than the
clay fraction of the subsoilyg. In addition, SOC contents of the clay fraction of the subsoilgs were
more variable than those of the clay fractions of the subsoilyo. This indicates that the amount and
spatial variability of the SOM inputs to the deeper soil layers, rather than the availability of free
sorption surfaces, were decisive for the quantity and spatial distribution of SOC stored in the clay
fractions of deeper subsoil layers. Our data set indicates a drastic change from POM dominated
SOC pools in the upper soil layers to SOC almost exclusively associated with clay in deeper soil

layers.
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Rhizosphere soil

The rhizosphere soil had three times higher SOC contents compared to the bulk subsoilip. The
fractionation approach suggests that this may be due to two different SOM contributions from the
roots. First, the higher SOC contents of the clay fraction of the rhizosphere soil compared to the
clay fraction of the non-rhizosphere soil (Table 6.1) were probably due to root exudates. These
induce high microbial activity and the formation of microbial extracellular polymeric substances
(EPS) in the direct vicinity of the roots (Kuzyakov 2002, Koranda et al. 2011, Bengtson et al.
2012). Secondly, our data pointed towards a high and frequent supply of the rhizosphere soil with
fresh POM. This was evidenced by a six times higher amount of the POM fraction derived from
the rhizosphere soil compared to the amount of the POM fraction derived from the surrounding
subsoilyp (Table 6.1). Further, the POM fraction of the rhizosphere soil was significantly less

processed than that of the subsoily, as indicated by lower alkyl/O/N-alkyl C ratios (Table 2).

Until now, root exudates have been considered to be the largest (Dennis et al. 2010) and most
important contributor of SOC inputs to soils from roots (Kuzyakov et al. 2007). Our results
suggest that root derived POM may also contribute considerable amounts of OC to the SOC pool.

5.6 Conclusions

In contrast to other studies, neither the SOC contents and SOC stocks nor the gross chemical
composition of the SOM determined by *C CPMAS NMR spectroscopy were affected by the
distance from F. sylvatica L. We ascribed this to the uppermost soil layers being densely and

evenly rooted across all distances.

The trees caused significant vertical differences with POM dominated SOC pools in the upper
soil layers, and SOC pools that were dominated by organo-mineral associations with the clay
fraction in the deeper soil layers. Our results imply that these differences were strongly
influenced by the roots of the trees. The SOC contents of the rhizosphere soil were more than
three times as high as the SOC contents of the subsoilyp. This was ascribed to root exudates as
well as to a high and frequent supply of the rhizosphere soil with fresh POM. We conclude that,
besides root exudates, also root derived POM may contribute considerable amounts of SOC to the

rhizosphere soil. The clay fractions in the vicinity of roots showed higher SOC contents and
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higher proportions of O/N alkyl C with respect to non-rhizosphere soil. This points to the

rhizosphere as a hotspot for the formation of organo-mineral associations.

The clay fraction was specifically important for SOC storage at the deeper subsoil, where a low

amount of organo-mineral associations comprised almost 40% of the bulk soil SOC stocks.

Soil OC stocks of deeper soil layers (40-200 cm) represented roughly one third of the total SOC
stocks (0200 cm depth). This indicates that sandy subsoils with low SOC contents have to be
considered in C inventories and may be integral parts of the SOC pool.
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Supplementary Material

TABLE S6.1: P-values for the statistical correlation between the distance from the individual
beech trees and the respective parameter.

SUbSOiIlO SUbSOiI85

Recovered mass Sand 0.40 0.47
Silt 0.41 0.53
Clay 0.74 0.33
POM 0.53 n.d.
SOC content Bulk soll 0.91 0.32
Sand 0.68 0.36
Silt 0.39 0.46
Clay 0.89 0.08
POM 0.10 n.d.
CI/N Bulk soll 0.70 0.05
Sand n.d. n.d.
Silt n.d. n.d.
Clay 0.43 0.21
POM 0.77 n.d.
SOC stock Bulk soll 0.83 0.32
Sand 0.14 0.21
Silt 0.07 0.93
Clay 0.40 0.71
POM 0.85 n.d.
E. Sand 0.35 0.88
Silt 0.21 0.83
Clay 0.36 0.65
POM Carboxyl C 0.45 n.d.
Aromatic C 0.84 n.d.
O/N akkyl C 0.57 n.d.
Alkyl C 0.60 n.d.
Alkyl/O/N alkyl C 0.53 n.d.
Clay Carboxyl C 0.62 0.98
Aromatic C 0.88 0.94
O/N alkyl C 0.46 0.79
Alkyl C 0.83 0.86
AlkylO/N alkyl C 0.82 0.76
Root biomass 0.73 0.98
Root necromass 0.70 0.49

Df = 22 for all correlations except for the NMR data of the clay fraction from the subsoil85 (df =
2).
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7.1 Abstract

Despite a large body of studies investigating soil organic carbon (SOC) stocks and potential
influencing factors, the impact of contrasting parent material, particularly in the subsoil, has
received little attention. To reveal potential effects varying parent materials exert on SOC stocks,
we investigated chemical (**C content and overall chemical composition via *C NMR
spectroscopy) and plant/microbial related parameters (root mass, amino sugars) of bulk soil and
soil organic matter fractions from topsoil, subsoil, and rhizosphere soil at three European beech
stands (Fagus sylvatica L.) only differing in parent material (Tertiary sand, Quaternary loess, and
Tertiary basalt).

The results suggest that the clay fraction, its amount being largely dependent on the respective
parent material, took a central role in shaping differences in SOC stocks among the investigated
sites by affecting soil organic matter stabilization via organo-mineral association and
aggregation. This fraction was particularly relevant in the subsoil, where it accounted for up to
80% of the bulk soil SOC stocks that decreased with decreasing amounts of the clay fraction
(basalt > loess > sand site). Determining the soil's nutrient composition, parent material likely also
indirectly affected SOC stocks by changing rhizosphere traits (such as fine root density or
mortality) and by attracting root growth (and thus organic matter inputs) to subsoil with higher
nutrient contents, where in situ root inputs in the form of rhizodeposits were likely the prime
source of plant-derived SOC. However, root inputs also contributed in large part to topsoil SOC
stocks and were associated with higher abundance of microbial compounds (amino sugars),

whose relative importance increased with increasing soil depth.

Independent of soil depth and site, amino sugars and the amount of the clay fraction, combined
with parameters related to the input of organic matter (root mass and amount of the particulate
organic matter fraction) explained more than 90% of the variability in SOC stocks, indicating a
key role of these measures in impacting SOC stocks. Because parent material directly or
indirectly influenced these parameters, we demonstrate the necessity to consider differences in

parent material when estimating and predicting SOC stocks.
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7.2 Introduction

Soil constitutes a potential carbon (C) sink (Post et al. 1982) and many studies have been
investigating soil organic C (SOC) stocks on different scales and possible controlling factors
(e.g., Baritz et al. 2010; Janssens et al. 2005; Jobbagy and Jackson 2000; Jones et al. 2005; Saiz
et al. 2012; Wiesmeier et al. 2014). On global or continental scale, differences in SOC stocks
have been linked to vegetation type and climate (Gray et al. 2016; Jobbagy and Jackson 2000;
Johnson et al. 2011; Saiz et al. 2012). On smaller scales, such as the stand scale, soil biota
(particularly earthworms), soil acidity, or plant species (Mueller et al. 2015; Vesterdal et al.
2013) were identified as important driving factors. The influence of varying parent material,
however, has received little attention (Barré et al. 2017; Heckman et al. 2009) and the way in
which substrate properties affect the input of organic matter (OM) or translate into SOC
stabilization mechanisms (e.g. Wagai et al, 2008), such as organo-mineral association or
aggregation (von Litzow et al. 2006, 2008), is a widely unresolved matter (Prechtel et al. 2009).

Despite the wealth of studies dealing with SOC stocks, most of these studies were conducted in
the topsoil (~upper 30 cm of the soil profile). The subsoil generally contains less SOC (Rumpel
and Kogel-Knabner 2011), but given the fact that its volume often exceeds that of the topsoil,
these low SOC contents can considerably contribute to SOC stocks of the whole soil (Angst et al.
2016b; Jandl et al. 2007; Richter and Billings 2015). An often very low **C content of SOC in the
subsoil indicates its long residence time (also referred to as ‘transit time'; Lorenz and Lal 2005;
Manzoni et al. 2009; Rethemeyer et al. 2005; Rumpel and Kégel-Knabner 2011; Schéning and
Kdgel-Knabner 2006) and an increase of subsoil SOC stocks thus appears to be of central
importance for sequestering C and mitigating climate change (Jobbéagy and Jackson 2000; Lorenz
et al. 2007). Organic matter inputs in the rhizosphere (by exudation and/or in particulate form)
may already be relevant in the topsoil (Angst et al. 2016b; Tefs and Gleixner 2012), but seem to
gain importance with increasing soil depth (Rasse et al. 2005) and have been proposed to increase
subsoil SOC stocks (Lorenz et al. 2007). However, the consequences of additional C input for the
SOC already stored in deeper soil layers is still uncertain and has been controversially discussed
(e.g., Fontaine et al. 2007; Lorenz and Lal 2005). One reason for these uncertainties may be that
studies including parent material variations are scarce. These variations may become particularly
evident in the subsoil, where plant inputs are reduced and a direct effect of parent material
mineralogy might be more directly perceptible as compared to the topsoil.
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The aim of the present study, thus, was to disentangle the impact of different parent materials on
the amount and distribution of SOC stocks in topsoil and subsoil by applying a combination of
fractionation techniques and chemical methods. To control for the factors climate and vegetation,
we chose pure mature European beech (Fagus sylvatica L.) stands with similar precipitation and
temperature regimes, only differing in parent material: Tertiary sand, Quaternary loess, and
Tertiary basalt. These substrates widely differ in their textural composition and nutrient supply.
For example, sandy sedimentary materials can be expected to have substantially smaller nutrient
contents than basaltic, more phyllosilicate rich rocks or soils developed from silt- and nutrient-
rich Loess deposits (Anderson 1988; Catt 2001). These differences likely do not only influence
the SOC preservation capacity of a soil (Hassink 1997) but also litter production (and thus input
of OM or contribution of root as compared to shoot-derived OM (Crow et al. 2009; Kdogel-
Knabner 2002) via different levels of soil nutrients, such as phosphorus (Wright et al. 2011). The
mentioned and other properties may not be uniformly distributed in developed soils with
significant small-scale variability of SOC stocks (Chabbi et al. 2009; Schoéning et al. 2006) and
physical, chemical, and microbial soil properties that are often influenced by the distance to
individual trees (Chang and Matzner 2000; Koch and Matzner 1993; Saetre and Baath 2000). We
thus relied on a spatially resolved sampling design taking into account possible horizontal
heterogeneities at increasing distance to individual beech trees. We fractionated the investigated
soils into compartments assignable to specific stabilization mechanisms (recalcitrance, organo-
mineral association, and aggregation (von Liitzow et al. 2007) and evaluated the **C content of
stabilized soil OM (SOM) by performing radiocarbon measurements on mineral-associated SOM
in the clay fraction. We additionally fractionated rhizosphere soil and measured the root mass
(combined fine root biomass and necromass) to account for the relevance of the rhizosphere.
Residues derived from soil microorganisms located in the rhizosphere and elsewhere may
substantially contribute to SOM in organo-mineral associations and aggregate formation (e.g.
Castellano et al. 2015; Cotrufo et al. 2013), but their role in affecting SOC stocks is unresolved.
We thus determined the amount of amino sugars as indicators for microbial residues. The overall
chemical composition of OM in the soil fractions, revealed by **C nuclear magnetic resonance
spectroscopy (NMR; e.g. Baldock et al. 1997; Cepakova and Frouz 2015; Kdgel-Knabner et al.

1992), completed our analyses.
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7.3 Materials and Methods
Study sites and soil sampling

Composite and volume soil samples were taken in May 2014 at three different study sites located
near the city of Géttingen in central Germany. The study sites were covered by European beech
forests, featured similar climatic conditions (average annual precipitation and temperature of ca.
650 mm and 9.2 °C in 1981-2010; Deutscher Wetterdienst, station ‘Gottingen’) but developed
from different parent materials. The Haplic Cambisol at the site ‘Hannoversch-Miinden’ (51° 26’
25.64" N 09° 41'24.25" E, 270 m a.s.1.; termed ‘sand site’) developed from Tertiary sand and had
a pH of 3.7-4.2 with Hemimor as forest floor type (65% sand, 27.3% silt, and 7.7% clay in
mineral soil). The Haplic Luvisol at the site ‘Riidershausen’ (51° 34" 51.52” N 10° 14’ 43.03" E,
200 m a.s.l.; termed ‘loess site”) developed from Quaternary loess deposits, had a pH of 3.6-4.1,
and a Leptomoder forest floor type (3.2% sand, 87.5% silt, and 9.3% clay in mineral soil). The
Eutric Cambisol at the site ‘Dransfeld’ (51° 28" 35.60” N 09° 45’ 32.46" E, 470 m a.s.l.; termed
‘basalt site’) developed from Tertiary basalt, had a pH of 3.7-4.8, and a Mullmoder forest floor
type (1% sand, 87.5% silt, and 11.5% clay in mineral soil; forest floor data taken from Kirfel et
al., unpublished data). All profiles were similar with respect to clay mineralogy (determined by
X-ray diffraction) with dominance of illites, primary/secondary chlorites and smaller amounts of
kaolinites present throughout the profiles. Some minor differences in the relative abundance of
primary/secondary chlorites occurred across the study sites. However, these contribute only
marginally to the cation exchange capacity of the soils because their interlayers are blocked with
Al-octahedrons. Differences in the relative abundance of illites occurred at the sand site, where it
was higher in the subsoil as compared to the respective topsoil. Smectites could not be confirmed
at any of the study sites. At each study site, three different replicate soil ditches were dug
reaching down to the parent material. One end of each ditch originated at the stem base of a
mature European beech tree. Soil samples for all analyses were taken in 10 cm (from now on
referred to as ‘topsoil’; Al horizon at the loess and Ah-Bv horizon at the sand and basalt sites)
and 85 cm depth (from now on referred to as ‘subsoil’; Bt horizon at the loess and Cv horizon at
the sand site; 60 cm at the basalt site due to solid parent material beneath this depth, Bv horizon)
at two spots per depth increment to account for spatial variability: directly at the stem base of the
tree and at 135 cm distance. The upper sampling spots were set to 10 cm depth to allow a
representative volumetric sampling unbiased by varying topsoil thicknesses using the same steel
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rings (diameter: 8.5 cm, height: 6.0 cm). Soil samples for calculation of SOC stocks only (see
section 2.8), were collected in between the two vertical sampling spots at 35 and 60 cm depth. At
the sand and basalt sites, these sampling depths were located in the B horizons, while they were
part of the A horizon at the loess site. We sampled one composite rhizosphere soil sample at each
transect from the whole extent of the densely rooted upper soil layers in between the two
horizontal sampling spots (~top 40 cm of the soil profiles). Rhizosphere soil was defined as the
soil sticking to a root after it had been thoroughly shaken (Cieslinski et al. 1998; Gomes et al.
2003). In the laboratory, the soil samples were air-dried and passed through a 2 mm-sieve. Soil
densities were calculated from the volume samples considering soil moisture and coarse particles
>2 mm. The sampling design enabled us to compare SOM properties in the topsoil vs. the subsoil
vs. the rhizosphere soil, evaluate possible spatial variability and influence of the distance to
individual trees, and investigate differences between sites differing in parent material.

Determination of root mass

Aliquots of the soil samples were sieved (0.25 mm mesh size) to separate roots from adhering soil
particles. The sample remains were soaked in demineralized water and all roots larger than
10 mm in length were extracted with tweezers for further examination. Smaller root fractions
were neglected during this first step to keep the workload viable. Under the stereo-microscope,
the larger rootlets >10 mm length were separated into living (biomass) and dead (necromass)
roots <2 mm (fine) and >2 mm (coarse) in diameter. The distinction of living and dead roots was
made based on the parameters root and periderm color, tissue elasticity, and cohesion of cortex,
periderm, and stele (e.g. Hertel et al. 2013). All roots were dried at 70 °C for 48h and
subsequently weighed. While omission of root fragments <10 mm in length captures the majority
of the fine root biomass (>95%) well (Bauhus and Bartsch 1996; Leuschner et al. 2001), it leads
to an underestimation of the fine root necromass, which thus has to be corrected for the root
fragments < 10 mm length. This correction was made by extrapolating depth-specific regression
equations with the mass of dead fine roots <10 mm regressed on the mass of dead fine roots
>10 mm length. The data were collected from representative samples taken from the same plots

for which the mass of small dead roots was quantified using a method introduced by van Praag et
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al. (1988) and modified by Hertel (1999). Because the root necromass and biomass were highly

correlated (r =0.84), we consider the sum of both variables as a combined "root mass'.
Extraction and quantification of microbial biomarkers

The amino sugars glucosamine, mannosamine, galactosamine, and muramic acid were extracted
from bulk soil samples following Zhang and Amelung (1996) and Liang et al. (2012). Aliquots of
the samples were ground and hydrolyzed with 6 M HCI at 105 °C for 8 h. The extracts were
purified by neutralization and precipitation of salts in MeOH and water, and derivatized to
aldonitrile acetates. All extractions were performed in duplicate. Dried extracts were re-dissolved
in ethyl acetate and hexane (1:1, v:v) and measured using a Trace GC Ultra coupled to an 1SQ
mass spectrometer (ThermoFisher Scientific, Waltham, USA) with myo-inositol as internal
standard. The GC oven was run with the following temperature program: initial temperature of
120 °C held for 4 min, subsequent heating to 250 °C at 30 °C min " held for 10 min, heating to
280°C at 5°C min " held for 10 min, and heating to 320 °C at 30 °C min * held for 10 min.
Samples were injected in split mode (1:10) with an injector temperature of 260 °C and a constant
He flow of 1 ml min*. The ISQ was operated in electron ionization mode and a scan mass range
of 50-650 m z *. Quantification of amino sugars and muramic acid was achieved by applying
calibration curves derived from an external standard consisting of different concentrations of the
target analytes and normalized to the GC response factor that was always close to 1.
Concentrations of the target analytes were normalized to the dry weight (DW) and organic C

content of the respective sample.

Combined density and particle size fractionation

The air-dried and sieved soil samples were subjected to a modified combined density and particle
size fractionation according to Angst et al. (2016b). Briefly, 30 g of soil were suspended in
150 ml of sodium polytungstate (SPT) solution with a density of 1.8 g cm * and gently shaken to
separate the lighter particulate OM fractions from the heavier mineral soil fractions. Because the
soil from the sand site did not contain measurable amounts of occluded particulate OM, it was
directly ultrasonicated with an energy of 600 Jml ™" and free particulate OM (from now on
referred to as ‘POM’) was removed by a water jet pump. Regarding the soils from the loess and

basalt sites, floating POM was removed by a water jet pump prior to ultrasonication. Removed
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SPT solution was replaced by fresh solution and floating POM was removed again. This step was
repeated until no POM particles were floating in the solution. The soil from the loess site was
subsequently ultrasonicated with an energy of 600 Jml™ and the soil from the basalt site was
ultrasonicated with an energy of 800 J ml* to release particulate OM occluded within aggregates.
Based on pre-tests with different SPT densities and ultrasonication energies, the chosen
parameters separated the particulate OM and mineral soil compartments most effectively. All
samples were cooled during application of the ultrasound to avoid any heating and chemical
changes of the SOM contained within the soils (Mueller et al. 2012). The occluded particulate
OM was removed from the solutions analogous to the POM. The occluded particulate OM was
further separated into fragments >20 um (referred to as oPOM) and fragments <20 um (referred
to as oPOMsmall) in a sieve of 20 um mesh-size. Particulate OM fractions were washed with
deionized water until the electrical conductivity of the eluted water was below 5 uS. The mineral
soil residue was washed with distilled water until the electrical conductivity of the eluted water
was below 50 uS. Subsequently, the mineral soil residue was successively wet-sieved through
sieves of different mesh-size to obtain the sand fraction (63—2000 um) and the coarse silt fraction
(2063 um). The mineral soil that passed through all sieves was subjected to sedimentation to
separate the medium silt (6.3-20 um) from the combined fine silt and clay fraction (<6.3 um;
termed ‘clay fraction’). The coarse and medium silt fractions were combined to the ‘silt fraction’.
The average mass recovery was 98.7% for the sand site, 97.3% for the loess site, and 97.1% for
the basalt site. All fractions were freeze-dried. The reference to ‘bulk’ soil in the following
chapters refers to non-fractionated soil and is not intended to distinguish rhizosphere from non-
rhizosphere soil. Amounts of soil fractions and soil texture at the same site may differ due to
methodological differences in their determination, such as a combination of fine-silt and clay in

the fractionation, or the removal of OM prior to soil texture analysis.
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Carbon and nitrogen measurements

Aliquots of bulk soil and SOM fractions were analyzed for C and nitrogen (N) contents via dry
combustion using an elemental analyzer (Eurovector, Milan, Italy). The SOM fractions larger
than medium silt were finely ground prior to analysis. All measurements were run in duplicate.
The pH of all investigated soils did not exceed a value of 4.8 clearly indicating the absence of

inorganic C. Thus, total C contents were equal to organic C contents.

Radiocarbon analysis

The radiocarbon analysis was performed on the clay fraction (<6.3 pm). All samples were treated
using a modified protocol according to Rethemeyer et al. (2013) and Angst et al. (2016a). Briefly,
all samples were extracted with 0.5% HCI, first for one hour at 60 °C and then over night at room
temperature. The HCI was removed by washing with Milli-Q water. After drying, the samples
were weighed into small tin cups, combusted, and graphitized using an elemental analyzer
(Rethemeyer et al. 2013). The “C contents were measured on a 6 MV Tandetron AMS (HVE,
The Netherlands) at the University of Cologne (Dewald et al. 2013). The results of the
measurements are reported in F**C including blank correction and normalization for isotopic

fractionation (Reimer et al. 2004).

Nuclear magnetic resonance spectroscopy

The clay and particulate OM fractions (POM from the sand site; POM, oPOM, and oPOMsmall
from the loess and basalt sites) commonly containing most SOC (Angst et al. 2016b) were
measured using solid-state *3C cross-polarization magic angle spinning (CPMAS) NMR
spectroscopy. Samples were weighed into zircon oxide rotors that were spun at 5 kHz around a
‘magic angle’ of 54.74°. The recycle delay time was set to 0.4 s for the clay fraction and 1.0 s for
all particulate OM fractions. The spectra were processed with a line broadening of 50-75 Hz,
phase adjusted, corrected for spinning side bands, and baseline corrected. Peaks were separated
into four integration areas: 0-45ppm (alkyl-C), 45-110 ppm (O/N-alkyl-C), 110-160 ppm
(aromatic-C), and 160-220 ppm (carboxylic-C). All spectra were well resolved (Supplementary
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Fig. S7.1) indicating no interfering effects of paramagnetic compounds, such as iron, on the

measurements.

Statistics and calculations

Soil OC stocks were calculated for each SOM fraction and the bulk soil at the respective
sampling spot from SOC contents and soil densities for an area of 1 m® and normalized to a layer
thickness of 1 cm (from now on referred to as 'SOC stocks'; cf. Angst et al. 2016b). For the
calculation of rhizosphere SOC stocks, a mean density value was used, calculated from six
volume soil samples taken at the topsoil sampling spots at each site. Because soil densities in the
rhizosphere soil likely vary, e.g., due to soil compaction by roots, the rhizosphere SOC stocks
calculated here can only be seen as an approximate estimate. Whole profile SOC stocks (down to
85 and 60 cm depth, respectively) separated into topsoil and subsoil were calculated by
multiplying the SOC stocks by the thickness of the respective soil horizons. The additional
sampling spots in between the 10 and 85 cm sampling depths (35 and 60 cm depth) were included

for this calculation.

Aliphatic compounds (alkyl C) are usually more resistant against decomposition than e.g.,
polysaccharides (O/N-alkyl C). Thus, the alkyl/O/N-alkyl C ratio was calculated from the NMR
spectra as an indicator of the degree of SOM degradation (Baldock et al. 1997).

The ratio between fungal and bacterial C was calculated according to Appuhn and Joergensen
(2006) and Engelking et al. (2007) in order to distinguish the sources of the extracted microbial-
derived compounds. Fungal C was determined by subtracting bacterial from total glucosamine,
supposing that muramic acid and glucosamine occur at a molar ratio of 1-2 in bacterial cells
(Engelking et al. 2007). Bacterial C was calculated by multiplying the content of muramic acid
by 45 (Appuhn and Joergensen 2006; Engelking et al. 2007; Joergensen and Wichern 2008).

Arithmetic means and standard errors (SE) were calculated using Microsoft Excel 2013 for
Windows (Microsoft, Redmond, WA, USA). All other statistics were performed using the
statistical software R for Windows (R Core Team 2015). The data were tested for normality and
homoscedasticity using the Shapiro-Wilk and Bartlett test, respectively. Depending on the tests'

outcome, significant differences between the investigated parameters regarding horizontal
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distance to each other, soil depth, and study sites were either assessed by the Kruskal-Wallis-test

or one-way analysis of variance (ANOVA).

We performed best subset regression with the Akaike information criterion (AIC) for best model
selection to identify possible site-independent parameters important to SOC stocks. We started
with two predictor variables and only considered models with a higher set of predictors when
their AIC was lower at least by a value of 2 than the AIC of the best model of the previous size.
Using this approach, only predictors that added substantial information were included in the
multiple regressions and overfitting was prevented. We tested the mass of fractions (clay, POM,
oPOM, oPOMsmall), root mass, and amino sugars (per g DW) on SOC stocks of bulk soil across
all sites and samples investigated in the present study. The data were screened for normality and
log-transformed if needed. Multicollinearity was assessed by variance inflation factors (VIF),
excluding variables from the multiple regression if VIF were larger than a value of 2.5. A low
VIF cutoff (as used in the present study) prevents correlated predictors from frequently co-
occurring in the same models. Residuals were tested for independence and normality. Statistical

differences were regarded as significant at p <0.05.
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7.4 Results
None of the investigated parameters at each site significantly differed with respect to the

horizontal distance to the individual beech trees. We thus decided to regard the two horizontal
samples per depth increment (10 and 85 cm) and soil ditch at each site as replicates for that
specific depth. This consolidation yielded six replicates for the topsoil and six replicates for the
subsoil at each site. Consequently, only differences between topsoil, subsoil, and rhizosphere soil

are considered in the following chapters.

Root mass

In the topsoil, the root mass was highest at the sand site (3.1 +0.6 gcm ) and lowest at the loess
site (1.1+0.4 gem >; Table 7.1). The basalt site took an intermediate position (2.1 +0.4 gcm )
with a trend of a higher root mass in the topsoil as compared to the loess site (higher by 47.6%)
and a trend of a lower root mass as compared to the sand site (lower by 32.3%; Table 7.1). The
root mass generally decreased with depth (Table 7.1; significant at the sand and basalt sites, trend
at the loess site (lower by 45.5%)).

TaABLE 7.1: Different biological and chemical parameters in topsoil, subsoil, and rhizosphere
soil among the investigated sites + S.E. Significant differences between the sites and topsoil,
subsoil, and rhizosphere soil are indicated by lower case letters.

_ >’ amino sugars > amino sugars . 4C content of clay
root mass [g cm™® _ _ fungal/bacterial C
[g cm™] [mg g~ DW] [mg g~ SOC] 9 fraction [F*C]

topsoil 31 + 0.6a 08 + 02 461 + 5.7bc 22 = 04cd 098 =+ 0.03a
subsoil 01 + 0.04cd 003 + 0.01d 455 + 17.0bc 32 + 0.7hc 057 =+ 0.08c

sand rhizosphere 10.2ab
oil P n.d. 1 + 0.2bc 509 .c 25 = 0.2bcd 1.01 £ 0.0la
topsoil 11 + 0.bc 07 + 0lc 775 + 14.0ab 15 + 04d 099 + 0.01a
loess subsoil 06 + 0.03c 02 + 0.01d 943 + 15.0a 1.3 + 01d 06 + 0.05c
;:'iTOSphere nd. 06 + 0lcd 8.2 + 7.9ab 14 £ 03d 096 + 0.00a
topsoil 21 + 04ab 14 + 0.4ab 405 + 6.7c 38 + 0.6ab 096 + 0.0la
basalt subsoil 0.6 + 0.2 0.6 + 0.3cd 679 * 6.5abhc 2.3 + 0.3cd 079 = 0.03b
rhizosphere nd. 18 + 03 5.7 + 9labc 47 + 03 09 + 002

soil

n.d. =not determined, n = 6 for topsoil and subsoil; n =3 for rhizosphere soil.
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Microbial biomarkers

The distribution of amino sugars normalized to DW was very similar within the sites with highest
contents in the topsoil and rhizosphere soil and lower contents in the subsoil (Table 7.1;

significant for the sand and basalt sites).

When comparing amino sugars per g DW between the sites, the values at the sand and loess sites
did not significantly differ, neither in topsoil, subsoil nor rhizosphere soil. The amino sugars per
g DW at the basalt site were significantly higher in the topsoil and rhizosphere soil and showed a
trend of being higher in the subsoil as compared to the other two sites (higher by 95% as

compared to the sand subsoil and 66.6% as compared to the loess subsoil).

The distribution of the amino sugars normalized to g C was substantially different from that of
the amino sugars per g DW: within each site, significant differences did not exist but, as
compared to the topsoil and rhizosphere soil, amino sugars tended to increase in the subsoil at the
loess (by 16%) and basalt sites (by 29%; Table 7.1).

Within each site, the fungal/bacterial C ratio did not significantly differ, with the exception of the
rhizosphere soil at the basalt site, where the ratio was significantly higher as compared to the

topsoil. The loess site tended to have the lowest fungal/bacterial C ratios (Table 7.1).

Mass of soil fractions

The sand site (the sand fraction accounted for up to 865 gkg * bulk soil) had very small contents
of the silt and clay fractions (at maximum 126 and 102 gkg ™", respectively). In contrast, at the
loess and basalt sites, considerably larger amounts of the same fractions could be recovered (loess
site silt: 694 gkg * and clay: 265 gkg *, and basalt site silt: 598 gkg * and clay: 387 gkg %,
respectively; Fig. 7.1), which significantly differed between the sites. Within each site, however,
the amount of the mineral fractions did not change across topsoil, subsoil, or rhizosphere soil,
with the exception of the sand site, where the amount of the sand fraction was significantly higher

in the subsoil.
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FIGURE 7.1: Amount of fractions in g kg™ bulk soil at the sand, loess, and basalt sites. The
various fractions (sand, silt, clay, POM, oPOM, oPOMsmall) are indicated by different
colors. Significant differences of the respective fraction between the topsoil, subsoil,
rhizosphere soil, and sites are indicated by different letters. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this
article.)
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The by far highest content of the POM fraction (36 gkg *; difference significant) was observed in
the rhizosphere soil of the sand site, while it was lower in the rhizosphere soil of the loess and
basalt sites (significant; Fig. 7.1). The POM fraction in the topsoil was highest at the sand and
basalt sites (the latter showing a trend of lower values (by 45.6%) as compared to the sand site)
and significantly lower at the loess site. At the loess and basalt sites, o0POM and oPOMsmall
were recovered, while these fractions were below the detection limit at the sand site. Apart from
the oPOMsmall fraction at the basalt site, the mass of these fractions did not significantly differ
between topsoil and rhizosphere soil within each site, but was generally smaller in the subsoil
(significant at the basalt site; trend for the loess site, 76% smaller for oPOM and 80% smaller for
oPOMsmall). Though not statistically significant, the mass of the POM fraction was generally
lower in the subsoil, while no POM could be detected in the subsoil of the sand site (Fig. 7.1).

SOC stocks

The bulk soil SOC stocks in the topsoil and rhizosphere soil were highest at the basalt site (up to
280 gC m?), followed by a tendency towards lower SOC stocks at the sand site (up to 218 g C
m 2, by on average 27% lower), and the lowest SOC stocks (significant) at the loess site (up to
101 gC m% Fig. 7.2). The bulk soil SOC stocks in the subsoil did not significantly differ
between the sites, but showed a clear decreasing tendency from the basalt (96 gC m?) to the

loess (28 g C m™?) and sand site (8 gC m—?).

The bulk soil SOC stocks within each site were generally smallest in the subsoil (mostly
significant) and similarly high in the topsoil and rhizosphere soil, with sometimes higher SOC
stocks of bulk soil and particulate OM fractions in the rhizosphere soil of the sand and basalt sites
(significant for oPOMsmall at the basalt site, trend for the bulk soil at the sand site; higher by
19%). Notably, the contribution of the POM fraction to bulk soil SOC stocks in the topsoil and
rhizosphere soil at the sand site was similarly high (88 g C m™?; topsoil) or even higher (133 gC
m—2; rhizosphere soil) than that of the clay fraction (75 gC m? in topsoil and 81 gC m 2 in
rhizosphere soil). In contrast, the clay fraction clearly featured the highest SOC stocks (up to 56
and 196 gC m 2, respectively) at the loess and basalt sites (Fig. 7.2).
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FIGURE 7.2: Soil OC stocks (in g C m™ for a layer thickness of 1cm) of bulk soil and
fractions (sand, silt, clay, POM, oPOM, oPOMsmall) at the sand, loess, and basalt sites. The
bulk soil and various fractions are indicated by different shadings and colors, respectively.
Significant differences between the topsoil, subsoil, rhizosphere soil, and sites are indicated
by different letters. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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The whole profile SOC stocks (calculated for the actual thickness of topsoil and subsoil horizons,
respectively; cf. section 7.3) at the sand and basalt sites were significantly higher in the subsoil as
compared to the respective topsoil, while this pattern was reversed at the loess site (Fig. 7.3).
Among the sites, whole profile SOC stocks in the topsoil were lowest at the sand site (significant)
but did not differ between the loess and basalt sites. Soil OC stocks in the subsoil were lowest at
the loess site, intermediate at the sand site, and highest at the basalt site (differences significant;
Fig. 7.3).

81 topsoil be
B subsoil

whole profile SOC stocks [kg m™]
S
1

sand loess basalt

FIGURE 7.3: Cumulative whole profile SOC stocks at the sand, loess, and basalt sites
separated into topsoil and subsoil stocks. Significant differences between site, topsoil, and
subsoil are indicated by different letters.

Y¢ content of the clay fraction

The *C contents of the clay fractions were similar across the investigated sites: they ranged from
0.95 to 1.01 F**C (modern) in the topsoil and rhizosphere soil and strongly decreased with depth
(significantly; Table 7.1). This decrease was steepest at the sand and loess sites and lowest at the

basalt site.

Chemical composition of fractions as inferred from NMR spectra

The samples were dominated by alkyl C and/or O/N-alkyl C, while aryl and carboxyl C mostly

contributed minor relative amounts to the spectra. The alkyl/O/N-alkyl C ratio of the topsoil clay
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fractions were around 1.0 independent of investigated study site, while ratios were generally
lower in the rhizosphere soil (0.6-0.8) and in the subsoil (0.7). The degree of decomposition of
the particulate OM fractions mostly increased from the POM to the oPOM and oPOMsmall
fractions (based on alkyl/O/N alkyl C ratios; Fig. 7.4).

Apart from these similarities, there were some notable differences between the study sites: the
degree of decomposition for the POM fraction (in topsoil and rhizosphere soil) increased in the
order loess < basalt <sand, while the advanced decomposition of the POM fraction from the latter
site was only approximated by the oPOMsmall fractions from the loess site (Fig. 7.4). While the
oPOM fractions from the loess and basalt site had similar alkyl C/O/N-alkyl C ratios (0.5-0.7 in
subsoil and ~1 in topsoil and rhizosphere soil), the oPOMsmall was, apart from the subsoil,

essentially less decomposed at the basalt as compared to the loess site.
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FIGURE 7.4. Chemical composition as inferred from NMR spectra (relative intensity of

carboxyl, aryl, O/N-alkyl, alkyl C; indicated by different shadings) of the clay, POM,

oPOM, and oPOMsmall fractions in the topsoil, subsoil, and rhizosphere soil at the

different study sites. The alkyl/O/N-alkyl C ratio is depicted by numbers above the bars.
Note that the POM fraction could not be detected in the subsoil at the sand site. The signal
intensity of the clay fraction in the subsoil at the basalt site was too low for obtaining a
reasonable spectrum, probably due to the presence of paramagnetic materials.
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Multiple regression

The root mass, amount of the clay and POM fractions, and amino sugars (per g DW) were
included in the best model (Supplementary Table S7.1) and explained 90.1% of the variability in
bulk soil SOC stocks independent of soil depth or investigated study site (p <0.001; Fig. 7.5).
Partial correlations of the variables, expressed as B coefficients, were 0.36 for the clay fraction,
0.18 for the root mass, 0.46 for the POM fraction, and 0.35 for the amino sugars. The oPOMsmall
fraction had to be removed from the regression, due to strong collinearity with the clay fraction.
Models including oPOMsmall instead of clay showed higher AIC values and explained less
variability in SOC stocks. The amount of the oPOM fraction was not significantly related to the
SOC stocks.
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FIGURE 7.5: Observed vs. predicted SOC stocks using the regression equation and
predictors (root mass, mass of the clay and POM fraction, amino sugars) displayed in the
upper left corner of the graph (note that predictors were log-transformed prior to analysis).
The used predictors were significantly correlated with SOC stocks and appeared in the best
model selected via AIC (see also Supplementary Table S7.1).
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7.5 Discussion

The distance to the individual beech trees did not have any detectable influence on the parameters
investigated in the present study, which contradicts the findings of several previous studies that
found chemical and microbial soil properties to vary with increasing or decreasing distance to
individual trees (e.g., Chang and Matzner 2000; Saetre and Baath 2000). However, the cited
studies either sampled different parameters (e.g., phospholipid fatty acids) or chose a higher
distance to the stem base (2 m). At the chosen scale, a horizontally relatively even distribution of
fine roots (unpublished data) and probably also leaf litter across the whole horizontal extent of
the soil profiles were likely responsible for the observed patterns. This leads to a vertical rather
than a horizontal differentiation of soil properties, being in line with the results of others (Angst
et al. 2016b; Schoning et al. 2006). We thus focused our discussion on these vertical differences
(between topsoil and subsoil) and on the relevance of rhizosphere soil (cf. section 7.4) as
influenced by the different parent materials.

Topsoil SOC stocks and the imprint of the rhizosphere

The bulk topsoil SOC stocks substantially differed among the study sites (Fig. 7.2), where the
basalt site had high (261 + 18 gm ?), the sand site intermediate (177 +28 gm ?), and the loess
site low SOC stocks (100+ 11 gm ) at the 10 cm sampling depth (cf. section 7.4). These large
variations may partly be ascribed to varying amounts of soil fractions at the individual study
sites, determining the relevance of distinct SOM stabilization mechanisms, such as organo-
mineral association and aggregation (Marschner et al. 2008; Schmidt et al. 2011; von Liitzow et
al. 2006). For example, high contents of the clay fraction at the basalt site (Fig. 7.1), in
conjunction with the presence of expandable clay minerals (section 7.3), result in available
surfaces for OM to be adsorbed. Thus, organo-mineral association was likely the dominant SOM
stabilization mechanisms at the basalt site, considering the large contributions of the clay fraction
to the bulk SOC stocks (Fig. 7.2). However, clay also positively affects aggregate formation and
stability (Attou et al. 1998; Tisdall and Oades 1982), probably resulting in a higher degree of
aggregation at the more ‘clay-rich’ basalt as compared to the loess site, where a lower degree of
aggregation may have favored decomposition (higher alkyl/O/N-alkyl C ratios; Fig. 7.4) and led
to smaller amounts of the oPOM and oPOMsmall fractions (Fig. 7.1; Mueller et al. 2009; Virto et
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al. 2008). Aggregation can also enhance the stability of SOM contained within organo-mineral
associations (Mueller et al. 2012; Angst et al. 2017) so that increased amounts of the clay fraction
may have a twofold positive effect on bulk SOC stocks. In contrast, due to high sand and low
clay contents, aggregation was likely of minor importance at the sand site (o0POM and
oPOMsmall could not be detected) and due to the limited capacity for mineral SOM protection,

inherent recalcitrance may have played a relatively greater role at this site (Angst et al. 2017).

Consequently, the specific proportions of soil fractions played a central role in shaping SOC
stocks among the sites by having direct effects on the capacity of the soils to protect SOM via the
formation of organo-mineral associations and aggregates. This capacity is at least to some extent
dependent on the mineralogical characteristics of the parent material (Kolbl and Kégel-Knabner
2004; Torn et al. 2009; Wagai et al. 2008), which determines weathering and thus textural

composition of the respective soil (Jenny 1994).

Also specific surface area or cation exchange capacity of (particularly) the clay fraction are
determined by parent material mineralogy (Egli et al. 2004; Harrison et al. 1990) with potential
consequences for SOM stabilization (Fernandez-Ugalde et al. 2016; Wattel-Koekkoek et al.
2001). However, because the link between different clay mineralogy and SOM stabilization has
not unequivocally been established (Barré et al. 2014) and, more importantly, clay mineralogy
was similar among the investigated sites (dominated by illite, kaolinite, and chlorites), we regard
qualitative effects on SOC stocks at the given pH values as minor in the present study (see also
Rasmussen et al. 2018). This, however, may not exclude a potential clay type effect on SOM

stabilization and SOC stocks at sites with more diverging clay mineralogy.

Apart from soil texture and clay mineralogy, parent material affects the soil's nutrient
composition (Anderson 1988; Torn et al. 2009), which, in turn, may alter the extent of root
exudation and the rooting system: At rather nutrient poor sites, such as the sand site (cf.
Leuschner et al. 2006), trees may have increased root exudation, network density of their fine
roots, and fine root mortality (Bertin et al. 2003; Leuschner et al. 2004; Vogt et al. 1987). These
nutrient induced changes in rhizosphere traits may have been mirrored by wide ratios of root
necromass to root biomass (~2.6 as compared to 1-2), indicating a higher fine root mortality,
higher total root mass (3.1 g cm > as compared to 1.1 gem > (loess) and 2.1 gem > (basalt); Table
7.1), amount of the POM fraction, and bulk soil SOC stocks at the sand site (Fig. 7.1, Fig. 7.2).
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Particularly at the sand site, the rhizosphere soil thus seemed to be a hotspot for the input of OM
(Angst et al. 2016b). Although the root mass was lower at the loess and basalt sites, likely due to
a higher amount of nutrients present (Leuschner et al. 2004), our data suggest rhizosphere effects
on SOC stocks and chemical composition of SOM also at the other sites investigated. The
rhizosphere soil and topsoil were very similar with respect to the mass of fractions and SOC
stocks, with a trend of or sometimes significantly higher values in the rhizosphere soil (Fig. 7.1,
Fig. 7.2), pointing toward SOM in the topsoil being mainly derived from roots. This statement is
supported by several indications: First, a moderate/low degree of bioturbation, and thus mixing of
leaf litter with mineral soil, at all sites was evidenced by the mor/moder type forest floor present
at the respective site (cf. section 7.3; Frouz 2017). Rhizodeposits/root litter inputs, which are
already in direct contact with the mineral soil, as compared to leaf litter inputs may thus dominate
(Mora et al. 2014). Second, an often substantially lower degree of degradation (as evidenced by
alkyl C/O/N-alkyl C ratios; Fig. 7.4) and higher amounts of the rhizosphere soil POM (and
oPOM) fractions as compared to the corresponding topsoil fractions (trend for the basalt site,
significant for the Tertiary sand site; Fig. 7.1), indicate the input of fresh OM to the rhizosphere
soil. Third, the higher contribution of generally easily decomposable polysaccharides (O/N-alkyl
C) to the rhizosphere clay fractions as compared to the topsoil clay fractions (Fig. 7.4; cf. Angst

et al. 2016b) probably derive from root exudates.

Combined, these results foster the importance of root-derived SOM for SOC contents and stocks
and highlight their relevance not only in deeper soil layers (as found by e.g., Angst et al. 2016a;
Nierop 1998; Rasse et al. 2005) but also in topsoil (similar to the results by Tefs and Gleixner
2012).

Beyond the input of fresh OM, our results indicate the importance of the rhizosphere for SOM
stabilization and contribution of microbial compounds. Higher amounts of amino sugars in the
rhizosphere soil of the sand and basalt sites (per g C, tendency; Table 7.1), which may partly
contribute to the higher O/N-alkyl C values in the corresponding clay fractions (Cao et al. 2011),
hint to a higher microbial (particularly fungal) abundance (increased fungal/bacterial ratios in the
rhizosphere Table 7.1; Blagodatskaya and Kuzyakov 2013; Cheng and Coleman 1990), and/or to
better preservation of amino sugars, perhaps due to an enhanced degree of aggregation. At the
basalt site, an enhanced aggregation may be inferred from higher amounts of o0POM (by 28%;

trend) and oPOMsmall (by 52%; significant) as compared to the corresponding topsoil (Fig. 7.1).
195



By an intensified stabilization of SOM in the rhizosphere soil, positive priming or exudation
effects may be partly counteracted (Keiluweit et al. 2015; Kuzyakov et al. 2007; Mooshammer et
al. 2014). Because parent material dependent nutrient composition likely affected the extent and
characteristics of the rhizosphere, microbial abundance (and community composition) may in

turn also depend on different parent materials.

It may be worth noting that the similar characteristics of topsoil and rhizosphere soil in the
present study may at least partly be due to our sampling approach because we took our ‘non-
rhizosphere’ samples with cylinders (cf. section 7.3) and could thus, particularly in the densely-
rooted upper soil layers, not completely exclude a contribution of rhizosphere soil to these
samples. The topsoil samples may thus be biased towards rhizosphere soil, so that these samples
may even more differ with respect to SOC stocks, presence of fresh OM, and microbial-derived

compounds than indicated by the present data.

In summary, SOC stocks and SOM chemical composition in the topsoil of the investigated beech
stands seem to be a function of parent material effects on SOM stabilization mechanisms and on
tree OM inputs mainly in the rhizosphere (root exudates and root-derived POM; see also Heinze
et al. 2018).

Subsoil SOC stocks mirror the substrate

Most of the investigated parameters were significantly lower in the subsoil as compared to the
corresponding topsoil: We observed a general decrease of the particulate OM fractions (POM,
oPOM, and oPOMsmall), root mass, amino sugars per g DW, F**C (Fig. 7.1; Table 7.1), and
decreasing SOC stocks (normalized to 1 cm layer thickness) with soil depth (mostly significant;
Fig. 7.2) as previously observed by others (Angst et al. 2016a, 2016b; John et al. 2005;
Rethemeyer et al. 2005; Rumpel et al. 2004; Schoéning and Kégel-Knabner 2006). Although these
patterns were consistent among the study sites, the decrease in SOC stocks from the topsoil to the
subsoil was most pronounced at the sand site (Fig. 7.2): the bulk subsoil contained 4.5% of the
bulk topsoil SOC stocks, while the bulk subsoil at the loess and basalt sites still contained 28.1
and 36.8% of the bulk topsoil SOC stocks. Considering the large volume of the subsoil, small

changes in these SOC stocks (even at the sand site), calculated for a layer thickness of 1 cm, hold
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the potential to substantially influence whole soil SOC stocks when extrapolated to the entire
subsoil (cf. Angst et al. 2016b; Richter and Billings 2015).

Similar to the investigated topsoil but more pronounced, these site differences in SOC stocks
seemed to be strongly affected by the amount of fractions, especially by that of the clay fraction
(involved in physico-chemical protection of SOM; cf. chapter 7.5), accounting for 80% (sand),
59% (loess), and 78% (basalt) of the bulk subsoil SOC stocks, respectively (Fig. 7.2; see also
Angst et al. 2016b; Rumpel et al. 2012). The mass of this fraction highly varied across the study
sites (Fig. 7.1), reflecting the imprint of the respective parent material and explaining a large part
of the variation in subsoil SOC stocks. Under similar vegetation and climate, subsoils with a
higher amount of the clay fraction can thus be expected to feature higher SOC stocks than those

with a higher contribution of larger SOM fractions (>6.3 um).

However, differences in OM inputs likely also played a role for subsoil SOC stocks. Comparably
low alkyl/O/N-alkyl C ratios of the POM fraction (not detected at the sand site; Fig. 7.1, Fig. 7.4)
in the subsoil at the loess and basalt sites point to the presence of relatively fresh SOM. Further,
despite the fact that F**C of the clay fraction in all investigated subsoils was very low, the site
with the highest SOC stocks (basalt site) had the highest F**C and the site with the lowest SOC
stocks in the subsoil (sand site) had the lowest F**C in the clay fraction. The basalt and loess sites
probably receive more input of ‘fresh® OM than the sand site, ‘diluting’ old (perhaps geogenic)
SOM and additionally consolidating SOC stocks.

The major forms by which OM may reach deeper soil layers at the study sites are as dissolved
(and partly particular) OM with percolating water (Cepakové et al. 2016; Kalbitz 2001; Ohta et
al. 1986) or as in situ inputs by rhizodeposition (Rumpel and Kégel-Knabner 2011). Although we
did not perform dissolved OM (DOM) measurements, the differences in F**C and subsoil SOC
stocks among the sites may partly derive from the fact that DOM reaching the subsoil may be
better retained in the fine textured subsoil at the basalt and loess sites than in the coarse textured
subsoil at the sand site. A potential positive effect on SOC stocks via increased amounts of DOM
reaching the subsoil at the sand site (due to a high permeability of the soil), may thus be offset by
the lack of a sufficient amount of binding surfaces (with the clay fraction) (Kaiser et al. 1996;

Kramer et al. 2012), perhaps resulting in leaching of DOM to even greater soil depths.
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However, the contribution of DOM to SOC stocks in forest subsoils likely only accounts for a
small portion (5-20% down to 1 m depth; Sanderman and Amundson 2008; Sheng et al. 2015)
and several clues point to the relevance of in situ inputs by roots. First, the root mass at the basalt
and loess sites, where bulk soil SOC stocks were higher by 92% and 72% than those at the sand
site, tended to be higher by 83% (at both sites) as compared to the sand site (Table 7.1). Higher
nutrient availability in deeper soil layers may attract fine root growth and extension of the fine
root system to the subsoil, while the subsoil at nutrient-poor sites, such as the sand site, is
exploited mainly by few pioneer roots and the bulk effort into root growth is invested in the upper
part of the profile, where nutrients may be partly replenished by mineralization of SOM or where
root exudation may enable microbes to mine for less bio-available SOM (Table 7.1; Tlckmantel
et al. 2017). Second, a higher root mass may stimulate aggregation, particularly in fine textured
soils (e.g. Six et al. 2004), which might explain the presence of oPOM and oPOMsmall at the
basalt and loess sites but its absence at the sand site (Fig. 7.1). A third indicator for the relevance
of the rhizosphere is the high amount of O/N-alkyl C in the subsoil as compared to the topsoil
fractions (Fig. 7.4). This may derive from root-exudates but also from microbial-derived
compounds rich in N (Schéning et al. 2005). The contribution of the latter is fostered by a similar
or even higher content of amino sugars (per g C) in the subsoil as compared to the topsoil (Table
7.1; see also Preusser et al. 2017). The contribution of microbial-derived compounds to SOM,
and stabilized SOM in particular, has been highlighted recently (Castellano et al. 2015; Cotrufo et
al. 2013; Rumpel et al. 2010) and our results indicate that their relative amount in SOM may even
increase with soil depth. Because roots may foster microbial abundance (Blagodatskaya and
Kuzyakov 2013), a combined contribution of root- and microbial-derived compounds to subsoil

SOC stocks seems plausible.

Based on these considerations, subsoil SOC stocks were highly influenced by OM input and its
retention by the soil mineral matrix, where we clearly emphasize the relevance of parent material
traits, such as the amount of the clay fraction and nutrients, which at least partly control OM
input and SOM stabilization, and thus to some extent also the contribution of microbial-derived

compounds.

While differences among the investigated subsoils may partly be influenced by the fact that
different soil horizons were sampled, the measured SOC stocks clearly point to the validity of the

described patterns (as based on the sampled depth layers) independent from the designation of
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soil horizons. However, a normalization of SOC stocks to a layer thickness of 1 cm (as discussed
above) appears optimal for gaining a mechanistic understanding of how different factors
influence SOC stocks, but we emphasize the need for the involvement of the whole soil volume
when making statements on SOC storage with respect to the whole soil profile. This becomes
particularly important when dealing with subsoils. For instance, OM input and amount of the fine
fractions were low at the sand site. Nevertheless, the whole subsoil SOC stocks were twice as
high as compared to those of the respective topsoil, due to the high subsoil volume (Fig. 7.3). In
contrast, the subsoil volume at the loess site was comparably low (the topsoil was ~60 cm thick),
resulting in higher whole topsoil as compared to subsoil SOC stocks. Thus, soil volume, maybe

most importantly that of the subsoil, remains a decisive factor for the accuracy of C inventories.

Factors site-independently driving SOC storage

The results of the best subset regression we performed across all sites and samples taken in the
present study indicate the existence of factors site-independently controlling SOC stocks at the
stand scale. Changes in these factors (e.g., varying amounts of the clay fraction as a result of
differing parent material) involve changes in SOC stocks: the predictors root mass, mass of the
clay and POM fractions, and amino sugars per g DW explained more than 90% of the variability
in SOC stocks (Fig. 7.5). Although we cannot exclude the existence of other reasonable
predictors that were possibly not analyzed in the present study, the inclusion of root mass and
microbial-derived compounds in addition to SOM fractions in C models may highly improve the
prediction of SOC stocks (see also Dwivedi et al. 2017). While based on relatively few data
points, the high amount of variability explained by only a few predictors at high significance
(p<0.001) points to a transferability of the relationships between SOC stocks and predictor
variables to similar sites, such as to other broadleaf forest stands in temperate regions, and
perhaps also to other parent materials and climatic zones (e.g., Paz et al. 2016). This statement
may particularly be true for acidic forest soils, where bioturbation is limited and
rhizodeposits/root-derived POM may be the most important sources of OM inputs to the soil and,
in particular, to the subsoil (Angst et al. 2016b; Rasse et al. 2005). As elaborated in the previous
sections, all the factors included in the best regression model were directly or indirectly
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influenced by the respective parent material. We thus emphasize the necessity to consider parent

material when estimating and predicting SOC stocks.

7.6 Conclusions

The parent material, predefining soil textural and nutrient composition, determined the capacity
of the investigated soils to stabilize SOM via organo-mineral association and aggregation and
governed OM inputs to the soil. These parent material effects were particularly perceivable in the
subsoil, where sites with larger amounts of the clay fraction (decisive for SOM sequestration) and
presumed higher nutrient contents (attracting root growth) had higher SOC stocks. While in situ
root inputs in the form of rhizodeposits, including exudates and root-derived POM, were likely
the prime source of plant-derived SOC in the subsoil at these sites, root-derived SOM also
contributed in large part to topsoil SOC stocks. Associated with these root inputs were microbial-
derived compounds, whose abundance (amino sugars per g C) increased in rhizosphere soil and
with increasing soil depth.

When site-independently investigating combined effects of the above highlighted parameters,
90% of variability in SOC stocks were accounted for by the root mass, the amount of amino
sugars and the clay and POM fractions, indicating a key role of these four measures in controlling
SOC stocks. Because parent material directly or indirectly influenced these parameters, we
demonstrate the necessity to consider differences in parent material when estimating and

predicting SOC stocks.
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Supplementary Material

Table S7.1: Summary of the best subset regression with bulk soil SOC stocks as dependent
variable. Predictors were amino sugars (per g DW), the mass of the clay, POM, and oPOM
fractions, and the root mass. Measures shown are whole model R?, AIC, number of
predictors included in the respective model, and standardized beta coefficients for each
predictor and model.

# of . . . .
R? AIC ncluded partial correlations of predictor variables (stand. B)
predictors amino sugars clay root mass POM oPOM
0.9 72 4 0.35 0.36 0.18 0.46
0.87 81.6 3 0.39 0.37 0.5
0.85 80.8 3 0.53 0.21 0.67
0.81 89.5 2 0.56 0.73
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fractions at the different study sites.
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8.1 Synthesis
The accurate assessment of distribution, abundance, morphology, and anatomy of trees’ fine roots

in forest ecosystems plays a vital role for understanding ecosystem functioning because

1) the roots of trees play a fundamental role in the acquisition of water and nutrients,

2) a large portion of trees’ annually assimilated carbon is consumed by their root systems, and
3) tree roots contribute substantially to the belowground C fluxes in forest ecosystems.

Irrespective of these central functions, our knowledge on the belowground plasticity of trees
under different environmental conditions is still incomplete, in particular with regards to the
subsoil (Jackson et al. 1996; Gill and Burke 2002; Schenk and Jackson 2002, 2005). Despite a
generally sharp decrease in fine root density with increasing soil depth and an increase in the
heterogeneity of their distribution in deeper soil layers, fine roots in subsoils can be important in
terms of water and nutrient supply (Stone and Kalisz 1991; Nepstad et al. 1994; Stone and
Comerford 1994; Canadell et al. 1996; Jobbagy and Jackson 2001; Lehmann 2003). Furthermore,
deep roots and rhizodeposits are assumed to be the primary source of SOC in deep soil layers
(Rasse et al. 2005; Comas and Eissenstat 2009; Tefs and Gleixner 2012). Previous studies have
shown that root distribution patterns govern the allocation of OC in soils (Jobbagy and Jackson

2000), which underlines the important role of fine root turnover in soil C cycling.

The largest terrestrial OC pool is located in soils, and with regards to ecosystem types, forest
soils contain the largest share of SOC with up to 70% (Jobbaggy and Jackson 2000; Janzen
2005). Thus, to accurately describe global C cycling, the quantification of forest belowground C-

fluxes, including the subsoil, is one prerequisite (Pollierer et al. 2007).

The present thesis deals with the plasticity of the root system of European beech in the top- and
subsoil in relation to different geological substrates. Belowground plastic responses to the
temporally and spatially heterogeneous supply of nutrients and water in the soil are thought to be
a major adaptation mechanism by which plants cope with the inherent heterogeneity of soils and
variation in other external factors (e.g. water supply) (Hodge 2004). We investigated whether
beech fine root system size, structure, morphology and anatomy vary in different soil depths and /

or along an edaphic gradient. Furthermore, our goal was to highlight the role of beech fine roots
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in the C cycle in the top- and subsoil — in particular their effect on SOC content, distribution, and

quality.

For our comparative approach we selected six mature European beech forests in Northern
Germany with comparable climatic conditions, age, and stand structure, but growing on different
bedrock to be able to examine variation in root system traits and C cycling in the soil in relation
to soil chemical properties and soil fertility. Since we particularly paid attention to subsoil
processes, we investigated adaptations in the fine root system as well as the impact of roots on
SOC storage and turnover in the top- and the subsoil of our stands, down to the bedrock or up to
200 cm soil depth.

The six study sites represent a broad spectrum of geological substrates from silicate-poor
Pleistocene sandy deposits and Triassic sandstone to volcanic basalt and Triassic limestone. The
base richness gradient in the topsoil (5-57 %) is less pronounced compared to the subsoil (6 to
100 %) due to topsoil acidification. Soil texture varied from loamy sand (site GR) to silt (GW and
RU sites), which is reflected in the variation in the mass-specific cation exchange capacities from
around 10 umolc g™ in the sandy substrates (GR, HM) to >200 pmolc g™ at the limestone site
(GW). A much higher soil carbon content at the basalt and limestone sites (2.5-3.6 % vs. 1.0-1.6
% at the other sites) contributed to the CEC at the GW and DR sites, while the highest C/N ratios
were observed at the GR sites on Pleistocene sand (>25 in the topsoil); yet, no clear trend in C/N
from base-poor to base-rich sites was observed. This was also true for topsoil pH (CaCl,), which
ranged between 3.5 and 4.3 at all six sites. Near-neutral pH values were found only at the
limestone site in the subsoil (pH 6.6). All soil profiles were classified as Cambisols in different
sub-types, ranging from dystric to chromic to eutric Cambisols. The profiles on sand, sandstone,
and loess had Leptomoders or Hemimors as humus forms, while the biologically more active
forms Mullmoder and Vermimull were found on basalt and limestone with higher base saturation
in the mineral soil. Relatively thick organic layers (>35 mm) occurred on sand and basalt, thinner

layers (<20 mm) on loess, sandstone, and limestone.
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Do total stand fine root biomass and necromass and fine root distribution patterns vary in

dependence on soil acidity and depth?

We did not observe any significant relationships between FRB profile totals and soil acidity or
any other soil chemical or physical parameter (soil pH, base saturation, soil C/N ratio, clay
content) (Chapter 3). On our sites, the depth of the profile appeared to be the most important
determinant of the overall fine root system size (FRB). This result contrasts with a number of
earlier studies, which concluded that on base-rich sites fine root biomass is smaller compared to
more acidic, base-poor sites (Aber et al. 1985; Pregitzer et al. 1993; Poorter and Nagel 2000;
Schmid 2002; Leuschner and Hertel 2003; Neatrour et al. 2005); higher FRB totals under nutrient
deficient conditions are thought to be an adaptation directed at ensuring sufficient nutrient supply
(Nadelhoffer 2000).

However, site nutrient availability and fine root biomass also do not appear to be unequivocally
linked in other studies (Hertel 1999): e.g. Kern et al. (1961) reported a positive correlation
between fine root biomass and site nutrient status in a comparison of conifer stands in the
German Black Forest. Non-uniform adaptations in terms of root proliferation in response to
differential nutrient availability are more the rule than an exception, across species, but also
within one species. Moreover, increasing root biomass is only one strategy to increase the
absorptive area of the root system — adaptations can also be made in the form of morphological
alterations, most importantly by variations in root diameter, which is one determinant of specific
root length (SRL), or root length per unit mass, which is indicative of the absorptive area of the
root system (Eissenstat and Caldwell 1988). Additionally, plant roots are also physiologically
plastic and may increase nutrient uptake by increasing their uptake capacity and / or their ion
affinity without any changes in root biomass and morphology (Hodge 2004).

Another explanation could be that adaptations in the root system to soil acidity or low nutrient
availability do not occur on a large, stand-related scale, but on a much smaller scale. Plants may
react to small-scale soil heterogeneity with root proliferation into patches where nutrients are
available; precision in foraging for certain nutrients on a small scale has been described earlier as
an important mechanism of plants to cope with heterogeneous nutrient availability in soil (Hodge

2004). The higher silt and oxalate-extractable Fe (Fe,) contents in the rooted soil samples from
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the Tertiary sand site (GR) (Chapter 5) indicate that in soils with an overall relatively low

nutrient availability, fine roots preferentially grow in spots where nutrients are available.

Other than FRB, we observed significantly higher amounts of fine root necromass (FRN) in the
acidic profiles on sand (GR, HM), intermediate amounts on sandstone and basalt (EG, DR), and
low amounts of FRN on the base-richer loess and limestone sites (RU, GW) (Chapter 3). Earlier
studies on the fine root system of beech indicate that soil acidity and fertility strongly influence
the mortality of fine roots; live:dead ratios of fine root mass were consistently found to be
considerably higher in acidic soils compared to neutral to alkaline soils, which is hypothesized to
be caused by a reduction in fine root longevity due to adverse soil chemical conditions
(Leuschner et al. 1998; Godbold et a. 2003; Leuschner and Hertel 2003; Leuschner et al. 2004;
Braun et al. 2005). Another explanation for a higher share of fine root necromass in acidic soils
could be that necromass decomposition rates are lower at acidic sites due to reduced soil
biological activity. Since root turnover and decomposition data is not available for our sites, we
can only hypothesize about the causes for the differences in necromass amounts, but studies on
fine root turnover in stands differing in terms of site fertility conclude that higher amounts of
FRN at acidic sites are not due to altered decomposition rates, but for the main part caused by an

increase in fine root mortality (Hertel 1999).

Does beech fine root morphology differ in soils with different nutrient availability?

Plastic responses in root morphology to environmental (soil) heterogeneity are another way in
which trees may adapt to variation in soil conditions (Hodge 2006; Ostonen et al. 2007; Comas
and Eissenstat 2009). Nutrient availability may have an effect on many root morphological traits,
e.g. on root diameter (Forde and Lorenzo 2001; Pierret et al. 2007). Increased fineness of the
rooting system might be directed at increasing the uptake efficiency per unit root mass under
nutrient deficient conditions (Fitter 1985; Lohmus et al. 1989; Eissenstat et al. 2000; Hertel and
Wesche 2008; Ostonen et al. 2011). Specific root length (SRL) and specific root area (SRA) are
measures which indicate the absorptive area of the root system. SRL and SRA vary with fine root
biomass, but can also be increased by a decrease in fine root diameter, without any change in fine
root biomass (Eissenstat and Caldwell 1988; Hodge 2004).
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Across the investigated sites and across soil layers within one site, mean fine root diameter, SRL,
and SRA varied considerably in this study. The largest differences appeared between the different
layers within on profile: we observed the largest SRL and SRA in the organic layer (OL) at our
sites. A consistent relation in root morphological traits to soil acidity or base saturation did not
appear. We only found a significant correlation between base saturation and fine root diameter in
the lower subsoil (r? = 0.30; P < 0.05) (Chapter 3). In an earlier study of the fine root morphology
of F. sylvatica, a consistent change of SRA in relation to soil chemistry could neither be detected
(Leuschner et al. 2004). In an overview of results with regards to responses in SRL to varying
soil conditions, Ryser (1998) reported increases, decreases as well as no alteration in response to
differential nutrient availability; thus, a clear relationship between soil chemical factors and SRL

could not be established, yet.

Similar to increased root system fineness, an increased number of root tips might serve for
enhancing the uptake efficiency per unit root mass under nutrient poor conditions (Leuschner et
al. 2004). Separating fine roots into the two functional groups of absorptive fine roots and
transport fine roots, root tips are classified as absorptive roots primarily functioning for nutrient
acquisition and uptake from the surrounding soil solution (Guo et al. 2008; McCormack et al.
2015; Wang et al. 2015). Thus, the higher the number of root tips, the higher the absorptive area

per soil volume.

At the investigated sites, a relationship between root tip frequency (RTF) and soil chemistry did
not emerge (Chapter 3). In contrast to this result, other authors found RTF to be higher in acidic
(Kottke and Agerer 1983; Leuschner et al. 2004) or nutrient-poor soils (Hertel 1999). Instead,
RTF appeared to be depth-dependent on our sites: we observed high RTF values in the OL
horizon followed by a decrease towards the upper subsoil. At half of the sites (GR, RU, GW)
maximum RTF values were reached in the lower subsoil. Patterns of a vertical decrease in root
tip density were reported in a number of studies (Olsthoorn 1991; Finér et al. 1997; Hertel 1999;
Kalhoff 2000; Leuschner et al. 2004). We assume that the secondary peaks in RTF in the lower
subsoil in GR, RU, and GW are due to increased nutrient availability in these horizons. These
patterns suggest that rather than increasing the total number of root tips over the whole soil
profile in response to low nutrient availability, adaptations happen on a smaller scale and the
number of root tips is increased in soil horizons and / or soil patches, where nutrients are

available to the plant.
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Do xylem anatomical and derived hydraulic traits of small- to medium-sized beech roots vary

in dependence on soil depth?

We measured mean vessel diameter (D), vessel density (VD), relative vessel lumen area (lumen
area per xylem area) and derived potential hydraulic conductivity (Kp) in the xylem of 197 fine-
to medium-diameter roots in the topsoil and subsoil (0-200 cm) in GR. A significant relation of
the anatomical and functional traits to soil depth could not be established. Instead, all traits
showed a strong dependence on root diameter and thus root age (Chapter 4).

Variation in xylem architecture and hydraulic performance of roots in relation to soil depth have
only rarely been studied, yet (e.g. Gebauer and Volatik 2013; Maeght et al. 2013; Wang et al.
2015; Pierret et al. 2016). Some authors found increases in conduit diameter and hydraulic
efficiency with increasing soil depth in the sinker roots of various Proteaceae species (Pate et al.
1995) and in the roots of various tree species (McElrone et al. 2004). The discrepancy to our
results may be explained by the fact that the rooting system is highly responsive to external
factors (Nardini et al. 2002; Christensen-Daalsgaard et al. 2008) like freeze-thaw events (Gebauer
and Volatiik 2013) or water availability (Rewald et al. 2011; Kécher et al. 2012), and mechanical
demands (Dunham et al. 2007; Lintunen and Kalliokoski 2010); respective adaptations might
overlay plant-internal architectural patterns. Secondly, the reported depth-dependent patterns in
xylem anatomy and hydraulic conductivity in the cited studies may be due to differences in path
length between the investigated root sections; variation in conduit diameters and hydraulic
performance in relation to path length from the terminal branches to the stem and further to the
roots is thought to be one general structural principle of the hydraulic architecture of trees (Aloni
1987; Tyree and Zimmermann 2002; Hacke et al. 2016). However, in this study we were not able
to measure path length and therefore referred to soil depth, solely, which might explain the

differences to the above-mentioned studies.

The number of studies investigating vessel diameter in relation to root diameter and thus with
root age is yet very limited. In agreement with our findings, studies separating root branching
orders concluded that conduit diameters tend to increase towards higher root orders (Valenzuela-
Estrada et al. 2008; Huang et al. 2010; Long et al. 2013; Gu et al. 2014). Similarly, a vessel-
diameter-stem diameter relation has been described in several other studies (e.g. Coomes et al.
2007; Olson and Rosell 2013; Olson et al. 2014; Pfautsch 2016; Rosell et al. 2017).
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In the investigated roots, we found D and K, to analogously increase linearly from the root tip to
a maximum at root diameter of 6-7 mm; in thicker roots, D remained constant, while K, even
decreased slightly in roots of 8-10 mm in diameter. We assume that the maximum vessel
diameter is restricted in roots in order to avoid drought- or frost-induced cavitation. A limitation
in maximum vessel size may not only serve hydraulic safety, but may as well display a trade-off

between hydraulic efficiency and mechanical requirements.

Another main result of this study is the high plasticity in xylem architectural and hydraulic traits
of similar-sized beech roots independent of soil depth. In 8% of the roots, K, exceeded the
average in their diameter class by 50-700%, which indicates the existence of different functional
types of roots with respect to water uptake and conduction; we therefore termed these roots with
at least 50% higher K, values ‘high-conductivity roots’. The particularly high axial conductivity
results from a large number of vessels >100 um in diameter in these roots. As earlier studies
indicate, functional specialization may develop in response to gradients in water availability, soil
texture, and nutrient availability, with roots serving predominantly nutrient absorption, and others
water uptake and conduction (Pierret et al. 2007; Rewald et al. 2011; Kdcher et al. 2012; Hajek et
al. 2014). Following this concept, ‘high-conductivity roots’ might develop in soil patches where
water is, or was, more easily available. In general, anatomical and functional plasticity in
secondary elements is thought to be an important mechanism for plants to adapt to differences in
climatic conditions and other external factors (Carlquist 2001; Spicer and Groover 2010).

What are the impacts of beech roots on the amount, the spatial distribution and chemical
composition of soil organic matter (SOM)? And are there differences in the way they affect
SOM storage and turnover on different parent materials?

In the Dystric Cambisol developed from sandy glacio-fluviatile deposits from the Saale glaciation
in the Grinderwald forest, the soil organic carbon (SOC) content in the topsoil appeared to be
related to pH and dithionite-extractable Al, while the SOC content in the subsoil was shown to be
related to root bio- and necromass as well as to the content of Fe oxides and/or silt (Chapter 5).
On the horizontal axis, the distance from individual trees had neither influence on the SOC

contents in the soil nor on the chemical composition of SOM fractions (Chapter 6). Vertically,
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SOC contents and stocks, as well as the chemical composition of SOM differed significantly,

assumably due to the spatial variability in organic matter (OM) inputs (Chapter 6).

Roots were present over the whole profile, from the topsoil down to 2 m depth, but the abundance
of both fine root biomass and necromass sharply decreased and the heterogeneity of their
distribution increased with increasing depth (Chapter 5,7); this asymptotic depth distribution of
fine roots has been described in a number of other studies (e.g. Jackson et al. 1996; Hertel 1999;
Jobbéagy and Jackson 2001; Leuschner et al. 2004). Likewise, the SOC contents and stocks
decreased strongly with increasing depth (Chapter 5,6), as reported by numerous other authors
(e.g. Rumpel et al. 2004; Salomé et al. 2010; Rumpel and Kdgel-Knabner 2011). The spatial
variability in SOC contents increased as well with depth (Chapter 5), which suggests a locally
higher amount of root-borne inputs or inputs in form of dissolved organic carbon (DOC) along
preferential flow paths (Bundt et al. 2001; Chabbi et al. 2009; Salomé et al. 2010; Syswerda et al.
2011; Tefs and Gleixner 2012; Hafner et al. 2014; Leinemann et al. 2016). Below a depth of 35
cm inputs from above-ground litter were absent (Chapter 6), which supports the hypothesis that
the main input of SOC in the subsoil originates from roots.

A comparison of root-free soil samples with rooted soil samples from the subsoil revealed an up
to 10 times higher SOC content in the rooted samples, which further supports the assumption that
root inputs are a major source of SOC in the subsoil. At the same time, the rooted soil samples
contained significantly higher amounts of silt and oxalate-extractable Fe, indicating that roots
preferentially grow in these spots with chemically and physically more favourable conditions.
Furthermore, the higher, root-borne inputs in these spots were apparently better stabilized
through sorption to Fe-oxides and silt in these zones, thereby leading to a longer-term storage of
SOC in these hot-spots. Thus, the increasing spatial variability in SOC with depth can to a large
part be explained by an interaction of soil texture and metal oxides with root abundance (Chapter
5).

According to the combined density and particle size fractionation, particulate organic matter
(POM) dominated the SOC pools in the upper soil layers, while at greater soil depths, POM was
virtually absent and most of the SOC was associated with the clay fraction. We hypothesize that
the absence of POM in deeper soil layers is due to the high sand contents in the subsoil at the

Grinderwald site, resulting in a minor degree of macroaggregation and a thereby increased
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availability of POM for microbial decomposition. Compared to the upper soil layers, the clay
fractions in the subsoil were enriched in SOC which suggests that by forming organo-mineral
associations, clay is more important for stabilizing SOC in soils with high sand contents (Chapter
6).

Investigating the impact of differing parent materials (Tertiary sand (GR), Quaternary loess (RU),
Tertiary basalt (DR)) on SOC stocks and SOM fractions further points to the importance of soil
texture as a determinant of SOC contents and stocks (Chapter 7). The geological substrate
predefines the texture and nutrient composition of the soil developing from it, including the clay
content on different sites (Jenny 1994; Kdélbl and Kdgel-Knabner 2004; Wagai et al. 2008; Torn
et al. 2009). Our results show that the clay fraction has a major role in shaping differences in
SOC stocks between our sites, particularly in the subsoil: the clay fraction accounted for up to
80% of SOC in subsoils of our sites and SOC decreased with decreasing amount of the clay
fraction. This relationship is attributed to SOM stabilization through organo-mineral association,
which increases with increasing contents of the clay fraction. Furthermore, the quality of the
parent material may have an indirect effect on SOC stocks via affecting root biomass, density,
exudation, and longevity, and thereby shaping the amount root-borne SOC inputs to the soil.
Independent of site and soil depth, more than 90 % of variation in SOC stocks could be explained
by the amount of amino sugars (abundance of microbial compounds) and amount of the clay
fraction in combination with OM-input-related parameters (root mass and amount of POM).

Comparing the bulk soil and rhizosphere soil at 10 cm depth, the rhizosphere soil had a more than
three times higher SOC content than the bulk soil, which is ascribed to root exudates as well as to
a considerable supply with fresh POM, which is evidenced by a six times higher amount of POM
in the rhizosphere soil compared to the bulk soil. This result contrasts the common notion that
root exudates are the largest and most important source of SOC inputs from roots to the soil
(Kuzyakov et al. 2007; Dennis et al. 2010). Furthermore, the clay fractions in the rhizosphere soil
had higher SOC contents compared to the non-rhizosphere soil, which suggests that rooting zones
are hotspots for the formation of organo-mineral associations (Chapter 6).
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Overall conclusions

The major aims of this study were to reveal species-specific adaptations in the size, structure,
morphology and anatomy of the fine root system of beech to differences in soil conditions and to
investigate the role of fine roots in SOC sequestration in the top- and subsoil of six mature beech

forests growing on different parent materials in Northern Germany.

Comparing different sites and soil layers, great plasticity in the structure and morphology of the
fine root system emerged, which is interpreted as an adaptation to the locally heterogenous
supply of nutrients and water in the soil. Pronounced differences appeared primarily between the
top- and subsoil, and less between the investigated sites. The higher silt and oxalate-extractable
Fe contents in the rooted samples of the GR site suggest an increased foraging precision through
root deployment in nutrient-rich patches in soils with low background fertility. Likewise, an
increase in RTF in subsoil layers with increased nutrient availability points to a local response in
fine root morphology to the availability of nutrients. In order to deepen our understanding of tree
belowground adaptation to variable edaphic conditions, future studies on the variation in fine root
system structure and morphology should investigate the variation of root traits in relation to soil
chemistry and texture on a much smaller scale to be able to detect root responses to the inherent
small-scale heterogeneity of soils. Furthermore, the investigation of root branching patterns
(notably the 1st- and 2nd-order fraction) and root functioning (root longevity and uptake activity)
could broaden our knowledge on adaptive belowground strategies of trees enabling the

colonization of a wide range of soil types.

The high plasticity in xylem architectural and hydraulic traits of small- to medium-sized roots
further supports the notion that the rooting system of European beech is highly responsive to
external factors. The existence of ‘high conductivity roots’, which feature a 50-700% higher
hydraulic conductivity compared to similar-sized roots, indicates the functional differentiation of
roots with such serving predominantly water uptake and conduction, and others specialized for
nutrient absorption. Functional specialization might develop in response to gradients in water and
nutrient availability and soil texture - anatomical and functional plasticity in secondary elements
is thought to be an important mechanism for plants to adapt to differences in climatic conditions
and other external factors in general, but the exact relationships remain to be elucidated.

Therefore, future studies should include the soil and moisture conditions surrounding the sampled
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roots to learn about the mechanisms underlying functional differentiation of roots. Besides,
accounting for path length, which is hypothesized to be a major determinant of anatomical and
hydraulic properties in roots, could further serve to disentangle the key drivers of variation in

xylem architecture and resulting hydraulic conductivity.

With regards to SOC stocks, this study showed that the main input of SOC in the subsoil
originates from roots and that root-derived SOM also considerably contributes to SOC stocks in
the topsoil. Moreover, the results emphasize the importance of soil texture and mineralogy as
well as fine root mass as major determinants of the SOC contents and stocks in the subsoil. Most
likely, soil texture and mineralogy have a twofold effect on SOC sequestration in the subsoil:
firstly, through organo-mineral association by which SOM is stabilized and protected from
microbial degradation. Organo-mineral association increases with increasing amounts of the clay
fraction. Secondly, roots may grow preferentially in spots with chemically and physically more
favourable conditions; thus, soil texture also indirectly asserts influence on SOC sequestration via
shaping the amount of root-borne OM inputs to the soil. Another major result of this study is that
SOC stocks in the subsoil may exceed those in the topsoil, even though SOC contents in deeper
soil layers may be low. However, owing to the often great volume of subsoil horizons, SOC
stocks in these soil layers may contribute substantially to the overall SOC pools and therefore

have to be considered in C inventories.
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9.1 Summary
Trees’ rooting systems have a fundamental role in the acquisition of water and nutrients from the

soil and they are thought to be inherently plastic with regards to their size, structure, morphology
and anatomy in order to cope with the spatially and temporarily heterogeneous supply of
nutrients and water in soil. Furthermore, fine roots have a prominent role in the C cycle of forest
ecosystems. The largest terrestrial OC pool is located in soils, and forest soils are estimated to
contain the largest share, with up to 70 % of SOC. A large portion of trees’ annually assimilated
carbon is consumed by fine roots and dead fine roots and rhizodeposits are a major source of OC
in soils, particularly in subsoils. Therefore, to accurately assess the distribution, abundance,
morphology and anatomy of trees’ fine root system is of vital importance for understanding forest
ecosystem functioning. Nonetheless, our knowledge on the belowground plasticity of trees and
their role in the C cycle of forests is still incomplete, particularly with regards to the subsoil,
although deep roots can be important for securing sufficient supply of nutrients and water and 30-
60 % of the global SOC is stored in the horizons below the topsoil.

The present thesis deals with the variability in the size, structure, morphology, and anatomy of
the fine root system of Fagus sylvatica as well as with the impact of beech fine roots on OC
stocks in the topsoil and subsoil of six mature European beech forests Northern Germany. For
this comparative approach, study sites with comparable climatic conditions, age and stand
structure but growing on different bedrock were selected in order to be able to examine variation
in root system traits and C cycling in the soil in relation to soil chemical properties and soil
fertility. Major study aims were to i) quantify total stand fine root biomass and necromass and to
analyze variation in fine root distribution patterns in dependence on soil acidity and depth, ii)
investigate beech fine root morphological adaptations to different regimes of nutrient availability
in soils, iii) analyze the intraspecific variability in xylem anatomical and derived hydraulic traits
of small- and medium-sized beech roots with particular focus to soil depth-dependent variation,
and iv) assess the impact of beech roots on the amount, spatial distribution and chemical
composition of SOM with regards to the effect of different parent materials.

Quite unexpectedly, significant relationships between FRB profile totals and soil acidity did not
appear. Instead, the depth of the profile was shown to be the most important determinant of
overall fine root system size. Higher silt and oxalate-extractable Fe contents in the rooted samples

of one site (GR) suggest an increased foraging precision through root deployment in nutrient-rich
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patches in soils with low background fertility. Other than FRB, the amounts of necromass
appeared to be related to site fertility, assumedly for the main part caused by an increase in fine
root mortality. Across the investigated sites and across soil layers within one site, root
morphological traits (mean fine root diameter, SRL, SRA, RTF) showed considerable variation.
The largest differences emerged between the different layers within on profile, while a consistent
relation in root morphological traits to soil acidity or base saturation did not appear. At half of the
sites maximum RTF values were reached in the lower subsoil, presumably due to increased

nutrient availability in these horizons.

A significant relation of the investigated xylem anatomical and functional traits (D, K,, VD,
relative vessel lumen area) to soil depth could not be established. Instead, all traits showed a
strong dependence on root diameter and thus root age. The maximum vessel diameter appeared to
be restricted in the investigated roots, which may display a trade-off between hydraulic efficiency
and hydraulic safety as well as mechanical requirements. Another main result of this study is the
high plasticity in xylem architectural and hydraulic traits of similar-sized beech roots independent
of soil depth, which indicates the existence of different functional types of roots with respect to
water uptake and conduction.

Furthermore, this study shows that the main input of SOC in the subsoil originates from roots and
that root-derived SOM also considerably contributes to SOC stocks in the topsoil. The results
emphasize the importance of soil texture and mineralogy as well as fine root mass as major
determinants of the SOC contents and stocks in the subsoil. Most likely, soil texture and
mineralogy have a twofold effect on SOC sequestration in the subsoil: firstly, through organo-
mineral association by which SOM is stabilized and protected from microbial degradation.
Secondly, soil texture may as well indirectly assert influence on SOC sequestration via shaping

the amount of root-borne OM inputs to the soil.

Overall, this study supports the notion, that the rooting system of European beech is highly
responsive to external (soil) factors, which is interpreted as an adaptive belowground strategy
which enables the tree species to colonize a wide range of soil types. Furthermore, the results
emphasize the prominent role of fine roots as a major determinant of SOC contents and stocks
particularly in the subsoil and underline the importance of considering subsoil horizons in C

inventories for accurately modeling terrestrial C cycling.
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10.1 Index of Tables

T ABLE L L 13
Subprojects of the SUBSOM research unit.

T ABLE 2.0 25
Locational and soil characteristics of the six study sites grouped into deep and shallow profiles.
T ABLE 2.2 26
Overview of sampling designs, studies traits, and methods used.

TABLE 3.1: 37

Topographic, climatologic and stand structural characteristics of the six studied mature beech
forests on different bedrock type in northern Germany. The sites are arranged from left to right in
a sequence of increasing base richness of the soil, with the plots # 1-3 representing deep profiles
(>2 m profile depth), while the profiles # 4-6 are shallow profiles (<0.8 m depth).

TABLE B2, 38

Soil characteristics of the six beech forests on different bedrock type. ‘Upper subsoil’ stands for
20-110 cm soil depth at the GR, RU and HM sites with deep profiles, and 20-50 cm depth in the
shallow profiles of the EG, DR and GW sites. ‘Lower subsoil’ stands for 110-200 cm soil depth

at the GR, RU and HM sites, and 50-80 cm depth at the EG, DR and GW sites.
TABLE 3.3: 47

Fine root biomass and necromass, and fine root live:dead ratio in the organic layer, mineral
topsoil (0-20 cm), upper subsoil, and lower subsoil of the six investigated mature beech forests.
“Upper subsoil’ stands for 20-110 cm soil depth at the GR, RU and HM sites with deep profiles,
and 20-50 cm depth in the shallow profiles of the EG, DR and GW sites. ‘Lower subsoil’ stands
for 110-200 cm soil depth at the GR, RU and HM sites, and 50-80 cm depth at the EG, DR and
GW sites. Also given are B-values, which characterize the depth distribution of root mass
according to the expression: cumulative root mass y = 1-B°. Shown are means + SE of three soil
pits per site. Different small letters indicate significant differences (P<0.05) between the stands,
capital letters significant differences between the soil horizons.

TABLE34: 48

N content, specific root length (SRL), specific root area (SRA), root tip frequency (tips per root
mass), tip abundance (tips per ground area), of living fine roots in the organic layer, topsoil,
upper subsoil, and lower subsoil of the six investigated mature beech forest stands. Upper
subsoil: 20-110 cm soil depth in GR, RU, HM, 20-50 cm soil depth in EG, DR, GW, lower
subsoil: 110-200 cm soil depth in GR, RU, HM, 50-80 cm soil depth in EG, DR, GW. Shown are
means + SE of three soil pits per field site. Different small letters indicate significant differences

(P<0.05) between the stands, capital letters significant differences between the soil horizons.
TABLE 3.5: 53

Coefficients of linear Pearson correlations between fine root and soil and stand characteristics. *
indicates significance at < 0.05, ** significance at < 0.01, and *** significance at < 0.001 error
probability. (FRB — Fine root biomass. FRN — Fine root necromass. FR — Fine root. RTD — Root

tip density. SRA — Specific root area. OL- Organic layer.)
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TABLE3.6: 54
Results of multivariate regression analyses between fine root biomass and clay content (%), C/N
ratio, and base saturation (BS, %), and between specific root area, average fine root diameter, and
root tip frequency and clay content (%), C/N ratio, base saturation (BS, %), and fine root biomass
(g m). The regression analyses were conducted separately for the topsoil, upper subsoil and
lower topsoil, and for all layers together. Shown are significant correlations with P < 0.05.
TABLE3.7: 54

Results of the Principal Components Analysis with eigenvalues (EV) of the first for axes and
loadings.

T ABLE S 61

Fine root biomass (FRB) and necromass (FRN) in the organic layer and mineral top- and subsoil
of the six investigated mature beech forests. Shown are means + SE of three soil pits per site.

TABLES3.2: 62

Fine root biomass and necromass (fraction of profile average), coefficients of variation (CV) for
fine root biomass and fine root necromass, fine root C/N ratio, and root tip density in the organic
layer, mineral topsoil (0-20 cm), upper subsoil, and lower subsoil of the six investigated mature
beech forests. ‘Upper subsoil’ stands for 20-110 cm soil depth at the GR, RU and HM sites with
deep profiles, and 20-50 cm depth in the shallow profiles of the EG, DR and GW sites. ‘Lower
subsoil’ stands for 110-200 cm soil depth at the GR, RU and HM sites, and 50-80 cm depth at the
EG, DR and GW sites. Also given is the soil depth to which 50 or 90 %, of fine root biomass and
necromass are found in the soil profile of the six investigated mature beech forests Shown are
means + SE of three soil pits per site. Different small letters indicate significant differences

(P<0.05) between the stands, capital letters significant differences between the soil horizons.
TABLE S3.3: 63

Specific root length, specific root area, and average fine root diameter for the organic layer and
mineral top- and subsoil of the six investigated mature beech forests. Shown are means + SE of

three soil pits per site.
TABLE S3.4: 64

Average fine root diameter and root tip frequency for the organic layer and mineral top- and
subsoil of the six investigated mature beech forests. Shown are means + SE of three soil pits per

site.
TABLE S3.5: 65

Root length index (RLI) and root area index (RAI) for the organic layer and mineral top- and
subsoil of the six investigated mature beech forests. Shown are means + SE of three soil pits per

site.
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TaBLE4.l: 85
Results of linear mixed effects models on the influence of soil depth and root diameter as fixed
continuous variables on eight wood anatomical variables in roots of European beech (Fagus
sylvatica) (n = 197), and the interaction of both factors. Studied traits are root age (age, yr), cross-
sectional xylem area (Axyiem, mm?), relative vessel lumen area (Awmen: Axylem, %), vessel density
(VD, n mm™), vessel diameter (D, pm), maximal vessel diameter (Dmax, 1m), hydraulically-
weighted vessel diameter (Dn, um) and potential hydraulic conductivity (K,, kg m™ MPa™ s™).
Also expressed is the variation of the traits (variance component, VC in %) within (VCinya) and
between (VCiner) different root diameter classes (n = 9) and soil depth classes (n = 7). Given are
the delta Akaike information criterion (Ai), the likelihood ratio (LR) and probability of error (P-
value). Significant correlations (P<0.05) are shown in bold.

TABLE 4.2, 88

Results of regression analyses between the diameter of single root strands and the corresponding
mean vessel diameter (D, um), vessel density (VD, n mm-2) (shown in Figure 4.5) and potential
hydraulic conductivity (K,, kg m™* MPa™® s™) at the cross-section. Given are the number of
observed segments along the individual root, the adjusted coefficient of determination (r?,q;), and

the probability of error (P-value). Significant correlations (P<0.05) are shown in bold.
TABLE S4.1: 96

Root classification according to diameter after Sutton and Tinus (1983) and number of
observations (n) per root class and soil depth (cm) across the three excavated soil pits.

TABLES4.2: 96

Physical and chemical soil characteristics at different soil depths in the Grinderwald forest (June
2013). Classification of soil horizons according to FAO - WRB 2014.

TABLES.L: 115

Mean bulk density (BD), pH (0.01 M CacCl,), texture, root biomass, root necromass, dithionite-
and oxalate-extractable Fe (Feq; Feo,) and aluminum (Alg, Aly), Fe in crystalline Fe oxides (Fe(s-
0)) Of soil samples originating from three transects at the Grinderwald site at different depth (n =
24 for each depth). Numbers in brackets show coefficient of variation in % of the respective

depth over three transects (n = 24).
TABLE 5.2: 124

Results (intercepts and regression coefficients) of the mixed effects models for the SOC content
(%) or its natural logarithm (log) with different factors (n = 23 for each depth due to missing data
for one of the factors). Alg: dithionite-extractable Al, Fe,: oxalate-extractable Fe, Fe(q.,): Fe in

crystalline Fe oxides. Bold words represent significant parameters influencing SOC contents.
TABLE5.3: 126

Mean soil properties in rooted and root-free soil in 85, 110, 135, and 185 cm depth and the mean
variation shown as coefficient of variation (CV) in %. Numbers of samples are given in Fig. 5.2,

respectively to each depth and soil sample.
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TABLEG.1: 153

Mean +/— SD recovered mass, soil organic carbon (SOC) content, carbon to nitrogen ratio (C/N),
SOC stock, and carbon enrichment factor (E;) of the unfractionated bulk soil and soil organic
matter (SOM) fractions (here referred to as “sand”, “silt”, “clay” and “POM”) from the subsoiljp,
subsoilgs and rhizosphere soil. Significant differences in SOM fraction or the bulk soil between
the subsoilyp, subsoilgs and rhizosphere soil are indicated by lowercase letters. The superscript
symbols mark observations that are not significantly different when comparing the individual

SOM fractions to each other within the subsoilyp, subsoilgs or rhizosphere soil.
TABLE 6.2: 156

Relative peak intensities and alkyl/O/N alkyl C ratios of the clay and POM fractions of the
subsoily, subsoilgs and rhizosphere soil determined by solid state *C NMR spectroscopy.
Significant differences between the subsoilyo, subsoilgs, and rhizosphere soil are indicated by
lowercase letters. The superscript + symbols mark observations that are not significantly different
when comparing the chemical compound classes to each other within the clay or POM fraction

from subsoilyg, subsoilgs or rhizosphere soil. Standard deviation (SD) of field replicates after +.
TABLE 6.3: 157

Mean +/— SD organic carbon (OC) content, carbon to nitrogen ratio (C/N), chemical compound
classes (carboxyl C, aromatic C, O/N alkyl C, alkyl C) and alkyl/ O/N alkyl C ratio of the leaves,
fine roots and organic layer. Significant differences of the OC contents, C/N ratios or peak

intensities between the leaves, roots and the organic layer are indicated by lowercase letters.
TABLE S6.1: 163

P-values for the statistical correlation between the distance from the individual beech trees and
the respective parameter.

T ABLE 7. L 184
Different biological and chemical parameters in topsoil, subsoil, and rhizosphere soil among the
investigated sites+ S.E. Significant differences between the sites and topsoil, subsoil, and

rhizosphere soil are indicated by lower case letters.
TABLE S7.1: 201

Summary of the best subset regression with bulk soil SOC stocks as dependent variable.
Predictors were amino sugars (per g DW), the mass of the clay, POM, and oPOM fractions, and
the root mass. Measures shown are whole model R?, AIC, number of predictors included in the

respective model, and standardized beta coefficients for each predictor and model.
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10.2 Index of Figures

FIGURE L 8
Distribution map of Fagus sylvatica

FIGURE L. 2 12
Project concept with four methodological approaches

FIGURE 2. 23
Map with the locations of the study sites in Lower Saxony

FIGURE 3.1: 45

Fine root biomass (left) and necromass (right) density (g L-1) in the soil profiles of the six
investigated mature beech forest stands. Values are means of three soil pits per field site.

FIGURE B 2. 49

Specific root length (cm g-1) (left) and specific root area (right) (cm? g-1) in the soil profiles of
the six investigated mature beech forest stands. Values are means of three soil pits per field site.

FIGURE 3. 3. 50
Stack diagram of fine root length index (RLI, m m-2) (left) and fine root area index (RLA, m2 m-
2) (right) in the soil profiles of the six investigated mature beech forest stands. Values are means

of three soil pits per field site.
FIGURE 4.1: 82

Box-whisker plots (with median, 25 and 75% quantiles and extreme values) for the variation in
root diameter (A), root age (B), mean vessel diameter (C, D), vessel density (D, VD), relative
vessel lumen area (E, Awumen: Axylem), and potential hydraulic conductivity (F, Kp) in seven

different soil depth classes.

FIGURE 4.2 83
Root diameter in relation to root age in the sample of 197 roots.
FIGURE 4.3: 84

Root diameter in relation to mean vessel diameter (A, D), vessel density (B, VD), relative vessel
lumen area (C, Awmen: Axylem), and potential hydraulic conductivity (D, K;). Values are means +1
SE.

FIGURE 4. 86
Cross-sections at 100x magnification for three pairs of roots of each similar diameter (A,B: 2.7
mm; C,D: 4.1 mm; EJF: 52 mm) displaying typical ‘low conductivity’ (left) and ‘high
conductivity’ (right) characteristics, and relative contribution of eight vessel size classes to
theoretical hydraulic conductivity (Kp). The depicted scale bars represent 1 mm.
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FIGURE 4. 0. 88
Root diameter of single root strands in relation to mean vessel diameter (A, D) and vessel density
(B, VD). Regression functions, adjusted coefficients of determination (rzadj,) and probability of

error (P-value) are given in Table 4.2.
FIGURE $4.1: 97

Influence of soil depth on mean vessel diameter (D) for nine different root diameter classes (RD).
For each root diameter class, 9-44 samples were available, which subsequently were averaged for
each soil depth class. For number of replicates per root diameter class see Table S1. Values are
means = SE; the slope (b), coefficient of determination (r?) and probability of error (P-value) of

the linear regressions are given.
FIGURE 54.2: 98

Box-whisker plots with median values for the variation in maximum vessel diameter (Dyg) in
seven soil depth classes (a); small letters indicate significant differences between depth classes.
Additionally given is the relation between soil depth and mean values + SE for Dmax (b). Please

note the different scaling of the y-axis.
FIGURE5.1: 122

Boxplots of a) SOC content (%), b) §"*C/*C (%o), ¢) root biomass (g I” *) and d) microbial
biomass C (Cmic, g g °) within the soil profiles in different depth.

FIGURE 5.2, 123
Boxplot of OC-contents (g kg~ ') of roots, root-free and rooted soil in subsoil (85, 110, 135, 160,
185 cm). Italic numbers below the boxplot represent the number (n) of samples considered,;

number of root samples are conform to the number of rooted-soil samples.
FIGURE S5.1: 131

Measured against modelled SOC contents for the different depths (n= 23 for each depth due to
missing data for one of the factors considered in the regressions). Modelled data for 135 cm depth
were back-transformed. Pearson correlation coefficients (rp) or Spearman correlation coefficients

(rs) are also given.
FIGURE 6.1: 146

Sampling grid applied to each transect wall (n = 64 samples per transect). Composite and
volumetric soil samples (using steel cylinders; 8.5 cm diameter, 6 cm height) were taken. The
black dots (n = 16 per transect) indicate the samples that were subjected to the combined density
and particle size fractionation. The shaded area displays the regions from which the rhizosphere
soil was collected. The letters above the graph represent the labels of the horizontal sampling
spots, A being nearest to the tree. The distance between sampling spots were 45 cm in the

horizontal and 25 cm and in the vertical, starting at a depth of 10 cm.
FIGURE 6.2: 147

Mean living and dead fine root concentration [kg m ] down to a depth of 85 cm. The letters
above the plots are the labels of the horizontal sampling spots with A being nearest to the tree. n

= 3 for each grid point.
FIGURE 6.3: 156

13C CPMAS NMR mean spectra of the POM fractions of the rhizosphere soil (calculated from
three spectra) and the subsoily, (calculated from 24 spectra).
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FIGUREG.4: 157

13C CPMAS NMR mean spectra of the clay fractions of the rhizosphere soil (calculated from
three spectra), subsoilyo (calculated from 24 spectra) and subsoilgs (calculated from four spectra).

FIGURE B0, 158

13C CPMAS NMR mean spectra of the leaves, fine roots (each calculated from three spectra) and
the organic layer material (calculated from 24 spectra) from all transects.

FIGURE 7., 186

Amount of fractions in g kg * bulk soil at the sand, loess, and basalt sites. The various fractions
(sand, silt, clay, POM, oPOM, oPOMsmall) are indicated by different colors. Significant
differences of the respective fraction between the topsoil, subsoil, rhizosphere soil, and sites are
indicated by different letters. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
FIGURE 7.2: 188

Soil OC stocks (in g C m™? for a layer thickness of 1 cm) of bulk soil and fractions (sand, silt,
clay, POM, oPOM, oPOMsmall) at the sand, loess, and basalt sites. The bulk soil and various
fractions are indicated by different shadings and colors, respectively. Significant differences
between the topsoil, subsoil, rhizosphere soil, and sites are indicated by different letters. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
FIGURE 7.3: 189

Cumulative whole profile SOC stocks at the sand, loess, and basalt sites separated into topsoil
and subsoil stocks. Significant differences between site, topsoil, and subsoil are indicated by

different letters.
FIGURE 7.4: 191

Chemical composition as inferred from NMR spectra (relative intensity of carboxyl, aryl, O/N-
alkyl, alkyl C; indicated by different shadings) of the clay, POM, oPOM, and oPOMsmall
fractions in the topsoil, subsoil, and rhizosphere soil at the different study sites. The alkyl/O/N-
alkyl C ratio is depicted by numbers above the bars. Note that the POM fraction could not be
detected in the subsoil at the sand site. The signal intensity of the clay fraction in the subsoil at
the basalt site was too low for obtaining a reasonable spectrum, probably due to the presence of

paramagnetic materials.
FIGURE 7.5: 192

Observed vs. predicted SOC stocks using the regression equation and predictors (root mass, mass
of the clay and POM fraction, amino sugars) displayed in the upper left corner of the graph (note
that predictors were log-transformed prior to analysis). The used predictors were significantly
correlated with SOC stocks and appeared in the best model selected via AIC (see also

Supplementary Table S7.1).
FIGURE S7.1: 202

Average *C NMR spectra for the POM, o0POM, oPOMsmall, and clay fractions at the different
study sites.
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