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Abstract

Forest soils are key components of global biogeochemical cycles as they stabilize large amounts
of C in soils. The stabilization capacity of forests, however, is also shaped by forest
management practices. This study aims to disentangle the relationship of management- and
soil-related factors with the formation of mineral-associated organic matter (MAOM), nutrient
cycling, and nutrient limitations. Therefore, mineral containers filled with goethite and illite
were buried at 5 cm depth in forests with different management intensity over a 5-year period.
Laboratory analyses of organic carbon (OC), total nitrogen (TN), B-Glucosidase, N-Acetyl-p3-
D-Glucosaminidase, p-Xylosidase, acid phosphatase, and respective ecoenzymatic
stoichiometries revealed highest MAOM formation (OC + TN) on goethite and lower ones on
illite. The same pattern was found for abs. EEAs. In turn, higher normalized EEAs (by OC)
were found in mineral containers (goethite > illite) compared to soils. Further, higher MAOM
formation was found under spruce stands which indicates a higher importance of dissolved
organic matter (DOM) fluxes compared to deciduous forests. The key drivers of MAOM
formation in mineral containers were the C:N ratio of the surrounding soil, the soil pH, and also
tree species composition. EEAs were more strongly affected by the SOC content. This study
shows that forest management significantly influences the SOM dynamics in forests as the flux
of DOM increases and soil pH decreases in coniferous stands. At the same time, the identity of

the stabilizing mineral matters.
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1  Introduction

Forests ecosystems store between 45 to 80 % of global terrestrial carbon (C) (Winjum et al.,
1992; Batjes, 1996; Jobbdgy and Jackson, 2000; Bonan, 2008). Yet, they are globally under
pressure due to climate change and an expansion of human activities into pristine areas (FAO
and UNEP, 2020). The value of intact forest ecosystems to mitigate climate change bears a
large potential (Bradford et al., 2013). However, the exact drivers regulating C dynamics in
forests are not well understood (Aznar-Sanchez et al., 2018). The relationship between forest
management and C dynamics remains a bone of contention in the research community since
trade-offs between the aboveground and belowground C stocks occur depending on the
management regime (Bradford et al., 2013). Higher aboveground C stocks related to fast-
growing tree species for instance result in lower belowground C storage or deadwood (Mayer
et al., 2020). Thus, both above- and belowground C stocks are affected by management-related
disturbances (Jobbagy and Jackson, 2000; Pan et al., 2011).

The largest portion of C entering soils is adsorbed on reactive mineral surfaces and forms
mineral associated organic matter (MAOM) that prevent decomposition of organic matter (OM)
by microorganisms (Von Liitzow et al., 2008; Schmidt et al., 2011; Lehmann and Kleber, 2015).
The heterogeneity of mineral and organic compounds, as well as the competition of living
organisms for MAOM, makes the mineral-OM interface one of the most relevant yet not
completely understood aspects in contemporary soil science (Jilling et al., 2018; Kleber et al.,
2021). The importance of inorganic mineral surfaces for structuring soil microbial community
composition was recently demonstrated in temperate forests and grasslands (Uroz et al., 2009,
2011; Vieira et al., 2020a). Thus, the nature of these microhabitats bears the potential to affect
C cycling and nutrient cycling in general (Uroz et al., 2016). This relationship gave rise to new
in-situ experiments where mineral containers (in the present case filled with illite and goethite)
were buried in soils under different forest managements for five years (Kandeler et al., 2019;

Vieira et al., 2020a, b).

Therefore, this study aims to investigate the formation of MAOM (organic carbon (OC) and
total nitrogen (TN)) on goethite and illite that were buried over a 5-year period in forest
ecosystems with different management regimes. Moreover, changes in nutrient cycling and
nutrient limitations were assessed through measuring extracellular enzyme activity of
hydrolytic enzymes involved in SOM decomposition. In Chapter 2, the governing mechanisms
and processes are examined in an extensive literature review that ultimately leads to the

development of a conceptual framework and the formulation of research hypotheses. Chapter
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3 explains the experimental design of the study, which data resources were used and which
statistical methods employed. Chapter 4 describes the results of the measurements and is
followed by Chapter 5 which interprets the outcomes and relates them to the research questions

and hypotheses. Finally, a conclusion and outlook are provided in Chapter 6.

2  Literature review and conceptual framework
2.1 Forests as natural C sink

Temperate forests alone are estimated to store 119 + 6 Pg C which equal 14 % of total forest C
stocks (861 = 66 Pg C; Pan et al., 2011). The global forest C stock stores 383 + 30 Pg C (44 %)
in soil organic carbon (SOC), followed by 363 + 28 Pg C (42 %) in above- and belowground
biomass, 73 + 6 Pg C (12 %) in deadwood, and 43 + 3 Pg C (5 %) in litter (see Table 1) (Pan et
al., 2011). Yet, exact stocks and shares can vary across forest types (Fahey et al., 2011).

Soil carbon stocks and forest vegetation thereby represent the most important storage
compartment of forest ecosystems since they consistently sequester carbon and thus offset
anthropogenic greenhouse gas emissions (Gaudinski et al., 2000; Liski et al., 2002; Pan et al.,
2011). Temperate forests in the northern hemisphere alone sequestered annually around 0.6-0.8
Pg C of 2.5-2.7 Pg C yr'! on global scale (Goodale et al., 2002; Magnani et al., 2007; Pan et al.,
2011; Le Quéré et al., 2014).

Table 1 : Data on global and temperate forest C stocks from Pan et al. (2011). The uncertainties for temperate
forest were not provided for each compartment but only in general.

Global forest C stock Temperate forest C stock
[Pg C] [Pg C]

Litter 43 +3 12

Biomass (above- and 363 + 28 47

belowground)

Soil C 383 +£30 57

Deadwood 73+6 3

Total C 861 + 66 119+£6

2.2 Soil organic matter dynamics in forest soils
2.2.1 Input pathways

Living and dead OM build up the SOM stock. The OM originates from aboveground living and

dead biomass such as plant tissues, i.e. leaves and woody parts, as well as bodies and faeces of
2



animals but also from root exudates, microbial bio- and necromass and other ground-dwelling
organisms. The major aboveground input comes from plant litter and totals around 2-50 t C
ha ! (1-5 t ha'! yr'!) (Baldrian, 2017). However, the efficiency of litter incorporation into soils
is low and most C is respired as CO2 before entering the soil (Liebmann et al., 2022). Still, the
overall importance of aboveground C input in forests is reflected in the low root-to-shoot ratios
of temperate forests (~ 0.25) that indicates a much higher biomass aboveground than
belowground compared to temperate grasslands for instance (~ 4.22) (Mokany et al., 2006; Ye
et al., 2021). The root-to-shoot ratios are however also influenced by stand characteristics and
management practices which can be determined by the specific tree species (Pérez-Cruzado et

al., 2012; Purahong et al., 2014; Shanin et al., 2014).

The C stocks are further supplied by belowground C inputs as trees allocate photosynthates to
their roots to sustain their water and nutrient supply and to gain mechanical stability. There are
multiple exchanges between plant roots and the microbiome in the soil matrix that lead to
substantial belowground C input through root exudates, rhizodeposits, microbial bio- and
necromass (Hari et al., 2013). The belowground C input thus is central to the formation of stable
SOC stocks in temperate forests whereas aboveground sources help to maintain high stocks

(Bowden et al., 2014).
2.2.2 Accumulation processes

In theory, the accumulation rate of C in soils equals the rate of C input subtracted by the C
losses (Olson, 1963). Carbon that enters forest soils accumulates in two compartments: the
forest floor and the mineral topsoil that are equivalent to the O and A horizon. Radiocarbon
measurements showed that O (equals forest floor) and A horizons (mineral topsoil) in a two-
century-old forest succession patch stored most C with turnover times between 40 to over 100

years (Gaudinski et al., 2000).

Aboveground C accumulates in the first place in the forest floor compartment. In boreal and
temperate forest ecosystems the C accumulation in forest floor is highest (compared for instance
to tropical forest ecosystems) (Vogt et al., 1995). Slower C turnover in cooler climates favours
the accumulation of litter in the forest floor (Trumbore et al., 1996; Davidson and Janssens,
2006; Tewksbury and Van Miegroet, 2007). The forest floor C accumulation also depends on
litter chemistry which in turn is determined by the dominant tree species (Pérez-Cruzado et al.,
2012; Purahong et al., 2014; Shanin et al., 2014). Coniferous forest stands tended to accumulate
more C in the forest floor compared to broadleaved forest stands (Schulp et al., 2008; Shanin
et al., 2014). The wider C:N ratio of coniferous needles (40-80) constrained the decomposition

3



relative to leaf litter of beech trees (30-50) (Albers et al., 2004; Wu et al., 2011; Kogel-Knabner,
2018). On the contrary, narrower litter C:N ratios also favour the incorporation of litter into
SOC stocks (Zhou et al., 2019). Narrower litter C:N ratios have also been reported in more
diverse stands that exhibited higher SOC stocks on the large scale (Li et al., 2020). This is
complemented by the observations that litter decomposition is faster in older forest stands
(Albers et al., 2004; Zhang et al., 2020). Through litter decomposition, dissolved organic carbon
(DOC) is released. Chemical analyses of DOC showed differences regarding DOC
concentrations and pH values in dependence of tree species identity. Under Norway spruce
(Picea abies) highest DOC concentrations but also lowest soil pH values were found (Strobel

et al., 2001) (see Section 2.4.1).

Next to DOC flows from the forest floor, litter is subsequently incorporated into the mineral
soil through bioturbation. Litter-dwelling (epigeic) and burrowing (endogeic) earthworms in
acidic temperate forest ecosystems play crucial roles in incorporating forest floor C into the
mineral soil. Thereby, these organisms are affected by the nutrient content of litter but also
enhance the habitat conditions in topsoils in their favour by increasing the soil pH through litter
incorporation (Desie et al., 2020). In addition, evidence from laboratory experiments with
artificial soils showed that C transport at hotspots of microbial activity (and consequently

decomposition) may also occur along fungal hyphae (Vidal et al., 2021).

The important contribution of leaf litter to the forest floor C stocks and subsequently to the
mineral soil C is accompanied by belowground C inputs which enter the soil directly through
root activity or root senescence. The importance of root C to SOC stocks is high since root C is
stabilized more easily in the soil matrix (Rasse et al., 2005). A manipulative experiment
quantified the higher efficiency to be 2 to 13 times higher compared to litter inputs in forming
stable SOC (Sokol et al., 2019). The importance of root-derived C inputs may be even higher

for subsoil C accumulation (Tefs and Gleixner, 2012).
2.2.3 Formation of mineral-associated organic matter

Mineral surfaces interact with the organic phase and form mineral-associated OM (MAOM)
which becomes either physically protected within aggregates or chemically protected against
microbial decomposition when sorbed on mineral colloids (Six et al., 2002; Kogel-Knabner et
al., 2008; Schmidt et al., 2011; Lehmann and Kleber, 2015). The fate of SOM (OC + TN)
therefore relies on three components: the amount and composition of OM entering soils, the
desorption and decomposition activity, and the properties and amount of mineral surfaces
available to form MAOM (Cotrufo et al., 2015).
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The SOM composition can be differentiated based on the chemical or molecular structure as
well as by the energetic signatures (Barré et al., 2016). Persistent OM which constitutes MAOM
was found to be less related to molecular structures but highly related to energy content that
was measured as energy release during combustion of OM (Barré et al., 2016; Williams et al.,
2018). MAOM is thus characterized by longer mean residence times, higher radiocarbon ages,
and narrower C:N ratios (Torn et al., 1997; Baisden et al., 2002; Basile-Doelsch et al., 2005;
Kaiser et al., 2016). Narrower C:N ratios were also reported for microbial biomass suggesting
that not only plant- but also microbially-derived OM is frequently attached to mineral surfaces

(Chenu and Stotzky, 2002).

Microbial-derived SOM found in MAOM is preferentially fixated in the fine silt and clay
texture fractions (Han et al., 2016). However, there is no uniform type of SOM that exclusively
associates with mineral surfaces (Wagai et al., 2009) and the dependence on mineral surface
and soil properties may be the overriding factor in different ecosystems (Han et al., 2016). In
forests, tree species composition controls the composition of SOM and thus potentially affects
the formation of MAOM (Quideau et al., 2001). However, the differences in dissolved organic
matter (DOM) which carries the material that eventually attaches to mineral surfaces did not
differ in composition in mineral soils (Kalbitz et al., 2005; Thieme et al., 2019). The
transformation of DOM in mineral soils is linked to microbial activity that transforms it (Kaiser

et al., 2002).

The importance of MAOM increases with soil depth as with increasing depth the share of litter-
derived OM decreases (Schrumpf et al., 2013; Jackson et al., 2017). Further, the reduced
influence of root exudates that mobilize sorbed OM in the main rooting zone via addition of
labile OM input may play a role (Keiluweit et al., 2015; Jilling et al., 2018). Lower soil pH
values that are frequently observed in the rhizosphere may in turn contribute to increase sorption
capacity and strength especially on iron oxides (Strahm and Harrison, 2008; Kleber et al., 2015).
Conversely, the strength of MAOM binding decreases at higher pH values which in turn

increases the turnover of OM (Kleber et al., 2015).

Organic matter attached to mineral surfaces, especially clays and pedogenic oxides, forms
MAOM (Gu et al., 1994; Barré et al., 2014; Schrumpf et al., 2021). In general, mineral
properties, i.e. surface charge or specific surface area determine the potential to form MAOM
(Kaiser and Guggenberger, 2003). These mineral properties are strongly related to the degree
of weathering and soil age (Mikutta et al., 2009; Kramer et al., 2012; Doetterl et al., 2018). Soil

pH is driven by precipitation and evapotranspiration patterns (Slessarev et al., 2016) and
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explains global patterns of MAOM protected by pedogenic oxides (Kramer and Chadwick,
2018). The association of OM with pedogenic oxides is strongest in acidic soils and occurs via
ligand exchange reactions. Further, the soil texture plays a key role in stabilizing OM since
adsorption of OM occurs on clay minerals with permanent negative charge or by weak
associations via van der Waals forces (Lehmann and Kleber, 2015; Kogel-Knabner, 2018;

Kleber et al., 2021).
2.2.4 Mineralosphere

Only recently the notion of minerals as inert components of the soil matrix was revised and
with this the importance of mineral surfaces for soil microbial communities (Uroz et al., 2012;
Vieira et al., 2020a) and multiple ecological processes such as the supply of plants with
inorganic nutrients (Uroz et al., 2015) or the storage of OM in soils (Singh et al., 2018; Gartzia-
Bengoetxea et al., 2020). For that, the nutrient content, dissolution rates, and weatherability of
mineral surfaces play a crucial but poorly understood role (Ahmed et al., 2017; Carson et al.,
2007; Uroz et al., 2009, 2015). To better understand which processes occur on mineral surfaces,
studies that target the mineralosphere have received increasing attention (e.g. Uroz et al., 2015;

Vieira et al., 2020a).

Clay minerals are recognized as key factors for SOM stabilization and MAOM formation in
soils (Oades, 1988). Illite is a main clay mineral of central European soils and contributes to
SOM stabilization. It is characterized by having a lower CEC and smaller specific surface area
compared to expandable 2:1 clay minerals (e.g. smectite) but still offers a higher stabilization
potential compared to 1:1 clay minerals (Hassink, 1997; Wiseman and Piittmann, 2005; Singh
et al., 2018, 2019). The formation of mineral-organic associations by clay minerals was shown
for overall C stocks but also for specific fractions such as DOC (Kahle et al., 2003). However,
the pivotal role of iron oxides is also increasingly recognized (Rasmussen et al., 2018; Kramer

and Chadwick, 2018).

Next to clay minerals, iron oxides are central for the formation of MAOM (Kramer et al., 2012).
Goethite (a-FeOOH) is an iron oxide that plays a central role in SOM stabilization and is well
studied (Liu et al., 2014). The binding capacity of goethite is mostly electrostatic but ligand
exchange may also occur to a certain extent. The sorption depends on the soil pH. Low pH
values increase the sorptive capacity in dependence of the OM compound. High pH values
decrease the sorption capacity (Liu et al., 2014). In addition, the sorption on goethite can be
enhanced as it promotes the formation of microaggregates and thereby greatly enhances OM
stabilization (Saidy et al., 2013; Jeewani et al., 2021; Zhu et al., 2022). An interesting aspect of
6



goethite as potential stabilizator of OM is that it associates with phosphate in a strong manner
(Liu et al., 2014). However, phosphate additions to soils have recently been shown to increase
desorption of MAOM (Spohn et al., 2022). Thus, the potential for MAOM may be reduced by

the phosphate presence in proximity to goethite.
2.2.5 SOM decomposition and ecoenzymatic stoichiometry

SOM is subject to continuous decomposition through microbial activity. In order to take up
nutrients or energy sources, extracellular enzymes destinated to cleave macromolecules need to
be produced (Sinsabaugh and Moorhead, 1994) (see Chapter 2.3). Yet, the synthesis of
extracellular enzymes requires resources and must therefore be adapted to the nutrient
availability. Thus, the microbial metabolism is moderated by nutrient limitations and energy

balances that are coupled with habitat conditions.

First evidence for regularities in the nutrient ratios of organisms (stoichiometry) was found in
marine ecosystems (Redfield, 1960). Since then many theories around the interactions and
dependencies between nutrients in ecosystems were postulated (Zechmeister-Boltenstern et al.,
2015). They have in common that multiple chemical cycles, e.g. the C, N, and P cycles, are
coupled (Sterner and Elser, 2003). In terrestrial ecosystems the impact of stoichiometry on
ecosystem processes is not easy to disentangle since many factors covary. For instance, the litter
nutrient ratios (C:N, C:P, N:P) are correlated with litter C quality (lignin content) and structural
traits (e.g. tissue density or surface-to-volume ratios) (Zechmeister-Boltenstern et al., 2015).
However, soil properties such as texture and moisture that determine habitat conditions also

contribute to soil nutrient stoichiometries (Tian et al., 2018).

The stoichiometric theory provides an excellent foundation for developing concepts of
microbial ecology since microorganisms require both N and P to build up their biomass and to
decompose plant detritus through extracellular enzymes (Prosser et al., 2007; Zechmeister-
Boltenstern et al., 2015). For instance initial growth of microbial r-strategists after labile C
(glucose) addition to soils immobilized N and promoted the growth of microbial K-strategists
that in order to overcome the N limitation fed on r-strategist’s necromass (Cui et al., 2020). The
high investment in N- and P-acquisition relative to the more readily available energy sources
(C) leads to the regulation of microbial growth and OM turnover by nutrient availability.
Consequently, similar behaviour of C:N and C:P ratios compared to the N:P ratio are observed
(Zhang et al., 2008; Zechmeister-Boltenstern et al., 2015). However, the stoichiometric effects
are smaller compared to the direct impact of overall nutrient limitations as a driver of microbial
activity and C cycling (Zechmeister-Boltenstern et al., 2015).
7



In forests, OM accumulates based on above- and belowground inputs. Both differ between tree
species and strongly impact the microbial communities and thus C and nutrient cycling rates
at all scales (Bell et al., 2014; Mooshammer et al., 2014; Buchkowski et al., 2015; Zechmeister-
Boltenstern et al., 2015; Zhou et al., 2020). Litter decomposition is driven by initial N content
of leaves (Parton et al., 2007; Manzoni et al., 2008), the C:N ratio, pH values and tree species
identity (Prescott and Grayston, 2013; Zhou et al., 2019).

Reportedly, litter of coniferous trees is decomposed at slower rates than litter of broadleaved
trees (Kogel-Knabner, 2018; Prescott and Grayston, 2013). The fate of N and P in litter is further
determined by the C use efficiency (CUE) of microorganisms which in turn is governed by C
to nutrient (N, P) ratios (Manzoni et al., 2010; Sinsabaugh et al., 2013). High initial C:N and
C:P ratios result in lower CUE which then increases as C to nutrient ratios decrease. Viceversa,
low C:N and C:P ratios result in C limitations and thus low N and P use efficiency (Zechmeister-
Boltenstern et al., 2015). In temperate and boreal ecosystems, modelling suggests that nutrient
immobilization is more efficient through incorporation into microbial biomass compared to the

tropics (Manzoni et al., 2010).

Similarly to leaf litter, root exudates were shown to be of paramount importance in SOC
decomposition processes. In analogy to leaf litter, the stoichiometry of rhizodeposits is also of
high importance for microbial activity and thus nutrient cycling (Jones et al., 2009; Bardgett et
al., 2014; Finzi et al., 2015; Meier et al., 2017). For instance, low N root exudates reinforce N
limitation of microorganisms which in turn constrains microbial activity (Drake et al., 2013;

Wild et al., 2017).

2.3  Extracellular enzyme activity

2.3.1 Enzyme function and regulation

Microorganisms and plants produce intra- and extracellular enzymes that are mediators of
biochemical transformations of organic compounds which in turn provide energy for the
microbial metabolism (Burns, 1977; Rao et al., 2014, 2017). Intracellular enzymes occur in
living and dead microbial biomass and are responsible for the lysis of small molecules to sustain
the metabolism of organisms (Rao et al., 2014). To cleave molecules to a size that allows for
the passing of the cell wall, microorganisms produce and excrete extracellular enzymes that

cleave larger macromolecules.

We distinguish oxidative and hydrolytic enzymes. Oxidative enzymes (e.g. phenol oxidases,

peroxidases, dehydrogenases) are involved in the breakdown of lignin (also ligninases) (Burns



etal., 2013; Rao et al., 2017). Fungi and their enzymatic products, fungal laccases, are the main
responsible organisms in the breakdown of lignin compounds at least at early decomposition
stages (Baldrian, 2006; Baldrian et al., 2010). Oxidative enzyme activities, however, vary
considerably over space and time (Sinsabaugh, 2010) but may play a key role as they facilitate
the accessibility of hydrolytic enzymes to polysaccharides (Talbot et al., 2012). Hydrolytic
enzymes comprise a broad range of enzymes that cleave different organic compounds (Rao et
al., 2017). Hydrolytic enzymes therefore play an important role in the acquisition of nutrients
(N and P) for microorganisms. For instance, they cleave chitin (from insect and fungal cell
walls) via N-acetyl-B-Glucosaminidase which is a key source of N for microorganisms. Further,
acid and alkaline phosphatase contribute to P acquisition (Eivazi and Tabatabai, 1977; Shi,

2011).

Why microorganisms invest 1-5 % of the assimilated C and N (Schimel and Weintraub (2003)
calculated a minimum of 2 % to sustain microbial biomass) in the production of extracellular
enzymes was extensively discussed in the scientific community (Frankena et al., 1988; Burns
et al., 2013). To date, there is an emerging consensus that microorganisms release more
extracellular enzymes to overcome nutrient limitations since they provide a relatively low-cost
and efficient tool to cleave organic macromolecules for ingestion (Frankena et al., 1988;
Sinsabaugh and Moorhead, 1994; Allison et al., 2010; Burns et al., 2013). Conversely, as
microorganisms strive to maximize the cost-benefit balance, resources are mostly allocated to
nutrients that are not available instead of investing more in readily available nutrients (Tiemann
and Billings, 2011). This relationship was observed in experiments on inorganic P availability
(Olander and Vitousek, 2000) and on ecosystem scales as the economic principle explained the
variation of enzyme activities from N- (temperate) to P-limited (tropical) ecosystems (Zhou et
al., 2020). Therefore, extracellular enzyme activities (EEA) and ecoenzymatic stoichiometries
(ratios of EEAs) can serve as a proxy for the nutrient availability and enable the inference on
decomposition processes across different sites (Olander and Vitousek, 2000; Sinsabaugh and

Moorhead, 1994).

However, overall EEAs are strongly determined by the general (organic) substrate availability
(Hendriksen et al., 2016). In scarce (nutrient) environments with low OM contents, the
allocation of resources to produce enzymes may be constrained (DeForest et al., 2012). The
conception of economic calculations responsible for enzyme production appears valid in most
circumstances. However, the long-term stabilization of enzymes on mineral surfaces might lead

to legacy effects that result in high EEAs despite the demand for the specific nutrient is already



met (Allison et al., 2007a, b). An example for such a case were the generally high EEAs that
were observed after the end of the vegetation period in temperate to arctic environments
(Weintraub and Schimel, 2005; Wallenstein et al., 2009; Kramer et al., 2013). Thus,
measurements of EEA require a careful assessment of potential factors that may bias the

measurements (Nannipieri et al., 2018).
2.3.2 Enzymes on minerals

Extracellular enzymes or exoenzymes are either free or bound to soil colloids (organic or
mineral surfaces) (Burns, 1977, 1982; Burns et al., 2013). When extracellular enzymes are
attached to colloids, their activity and longevity is altered (Gianfreda and Bollag, 1994). The
present study focussed on the impact of mineral-organic interactions on EEA that tie back to
the mineralosphere concept (see Section 2.2.4). The influence of the mineralosphere on enzyme
activities still requires more attention since the mineral surface type bears the potential to alter
microbial community composition and thereby potentially affects nutrient and biogeochemical

cycles (Uroz et al., 2012, 2015; Ahmed et al., 2017; Jilling et al., 2018).

In spite of extracellular enzymes being considered short-lived compounds, EEA were found to
maintain their activity in more than 9,000 years old permafrost samples (Skujins and McLaren,
1969). The prolonged activity of enzymes is enabled due to attachment of enzymes on mineral
surfaces which increase the thermal stability and longevity but may decrease the activity
(Skujins et al., 1974; Sarkar et al., 1989; Gianfreda and Bollag, 1994; Rao et al., 2000; Allison,
20006). Allison (2006) reported slower enzyme turnover times in a 21-day incubation with added
allophane and ferrihydrite minerals and an inhibitory effect after adding humic acids. The
increased duration of activity can be substantial. In an incubation experiment with laccases,
tyrosianse, acid phosphatase, and B-D-Glucosidase, free enzymes were inactivated within 15
days while the enzymes attached to clay minerals retained 75 to 85 % of their initial activity
over the same time period (Sarkar et al., 1989). Similarly, Rao et al. (2000) reported higher
residual activity of enzymes after immobilization on mineral or organic surfaces but also
observed different catalytic behaviour since the activity increased when attached to OH-Al
species clays (i.e. montmorillonite). Also recent publications with similar experimental
evidence from laboratory measurements found a positive effect of clay and iron oxides on

enzyme longevity and activity (Olagoke et al., 2019, 2020).

The attachment of enzymes on mineral surfaces can lead to conformational changes that affect

the functionality and were attributed to electrostatic forces that, however, act in dependency of

the pH (Quiquampoix, 1987a, b; Leprince and Quiquampoix, 1996). They found three ways of
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interaction: (i) high attraction of enzyme and mineral surface can lead to a strong adsorption
that may negatively affect the catalytic activity of the enzyme, (ii) regular adsorption can lead
to a positive effect through protection, and (iii) similarly charged enzymes and minerals can
repulse each other. This holds especially true for iron oxides such as goethite with a pH-
dependent charge and less for constantly negatively charged clay minerals (e.g. illite). Further,
the variable charges of enzymes need to be taken into consideration. Enzymes are negatively

charged at high pH values and positive at low pH values (Leprince and Quiquampoix, 1996).
2.3.3 Limitations of enzyme activity measurements

The method of EEA measurements is not trivial and many limitations must be taken into
consideration to avoid overinterpretation of measurements (Nannipieri et al., 2018). Enzyme
activity measurements are frequently used to determine the rate of biogeochemical cycles.
However, the measured enzymes only represent a small share of the broad range of enzymes
involved in the cycling of certain macronutrients, and the measurements are not actual but
potential enzyme activities (Nannipieri et al., 2012, 2018). Consequently, direct conclusions on
the velocity of nutrient cycles cannot be drawn and caution must be taken when interpreting

such results without complementary measurements.

Moreover, the measured potential EEAs only cover a small fraction of all microbial functions
and activities present in soils. Therefore, it is misleading to state that enzyme activities equal
microbial activity (Nannipieri et al., 2018). Furthermore, there is a time lag due to the
preservation of enzymes on mineral surfaces that introduces a bias to the enzyme activity
measurements (abiontic enzymes) as well as it is not possible to differentiate between intra- and

extracellular enzyme activities (Nannipieri et al., 2018).
24  Forest management and SOM dynamics

Forest management regulates the size of the aboveground forest biomass and consequently the
potential of temperate forest ecosystems to bind C from the atmosphere and to allocate it to the
belowground compartments (Jandl et al., 2007; Luyssaert et al., 2007; Bellassen and Luyssaert,

2014).
2.4.1 Tree species selection

The main distinction in managed temperate forests is related to the tree species composition
which can be either broadleaved or deciduous tree species (here Fagus sylvatica/European
beech) and coniferous tree species (here Picea abies/Norway spruce). Broadleaved trees

produce leaf litter with narrower C:N ratios that has faster turnover times compared to
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coniferous needle litter (Mayer et al., 2020). Conversely, needle litter found under coniferous
stands provide worse conditions for litter decomposition and favour the accumulation of forest
floor C compared to broadleaved stands as they have wider C:N ratios and lower pH (Prescott
and Grayston, 2013; Maes et al., 2019). The poorer litter quality further hampers the activity of
the soil macrofauna thereby decreasing the incorporation rates into soils (Walmsley et al., 2019;
Desie et al., 2020). Thus, mineral soil stores more C under broadleaved stands which is favoured
by the faster incorporation of litter into the mineral soil (Wiesmeier et al., 2013; Boca et al.,
2014; Augusto et al., 2015). Concomitant with the accumulation of C in the mineral soil and

thus in MAOM, the C stability increases (Wiesmeier et al., 2013).

Still, other important factors contribute to SOC storage under specific stands. The belowground
fluxes of C are still not well understood (Mayer et al., 2020). Further, larger SOC stocks were
found in topsoils of tree species associated with ECM fungi, while trees associated with AM
fungi had larger C stocks in 10-100 cm depth (Craig et al., 2018). Finally, the total C stocks
(forest floor + mineral soil) do not differ among broadleaved and coniferous stands (Boca et al.,
2014; Mayer et al., 2020). Thus, it is difficult to draw conclusions on the effect of tree species
on SOC stocks when only focussing on one compartment of the C cycle (Mayer et al., 2020).
The faster growth of coniferous trees (under favourable nutrient and moisture conditions) may
offset increased SOC stocks under broadleaved stands (Augusto et al., 2014). Moreover, the
soil- and site-specific properties may play a crucial role since tree-growth limiting nutrient
conditions in soils may decrease overall C accumulation independently of the tree species

(Ribbons et al., 2018).
2.4.2 Stand density and thinning

Theoretically, higher stand density and consequently higher basal area should increase litterfall
and C input into soils thereby increasing SOC stocks (Mayer et al., 2020). Multiple field studies
that addressed this issue mostly focused on afforested stands (Laganiere et al., 2010; Zhou et
al., 2013; Bravo-Oviedo et al., 2015). Regarding thinning, a recent meta-analysis found SOC
stocks to increase at low thinning intensities (by 17 %), to remain stable at moderate intensities,
and to decrease in intensively thinned plots (by 8 %). However, the observed increases occurred
mainly in the first two years after thinning and after that no significant differences between
control and thinned stands could be detected (Zhang et al., 2018). The initial increase of C
stocks goes along with increased CO; respiration after thinning that might be a consequence of

more favourable microclimatic conditions (Vesterdal et al., 1995). In general, forest floor C
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was more negatively affected by thinning activities compared to mineral soil C which was only

affected at intensive thinning sites (Achat et al., 2015).

The overall neutral effect of thinning activities on C stocks is likely more influential for the
aboveground biomass since thinning increases the stand stability (Bravo-Oviedo et al., 2015).
The selective removal of tree species may further affect the stoichiometry of litter or SOC and
thus the decomposability by microorganisms (Mooshammer et al., 2014; Zechmeister-
Boltenstern et al., 2015). However, it is difficult to disentangle the single aspects of forest
management since many processes happen simultaneously or depend on each other and large
site-specific uncertainties are associated to the isolated parameters or measures (Clarke et al.,
2015). Since the fate of SOC in mineral soils interacts with multiple spheres, the results of
studies assessing the effect of forest management on SOC stocks are often multidirectional and
complex (Mayer et al., 2020). Therefore, despite the wealth of studies, often contradictory
results prevail and clear conclusions cannot be drawn. Hence, composite measures of forest

management were developed to account for the multiple co-occurring processes.
2.5 Measures of forest management intensity (SMI, ForMI)

Despite the importance of forest management on a broad range of ecosystem services (Felipe-
Lucia et al., 2018), it remains elusive to quantify forest management intensity (Gossner et al.,
2014). Unlike grasslands where fertilization, mowing, and grazing activities largely cover the
management intensity (Bliithgen et al., 2012), the development of a similar system in forest
ecosystems is more complex. Many different approaches have been developed that determined
naturalness (hemeroby) (e.g. Luyssaert et al., 2011), disturbance (e.g. Seymour et al., 2002;
Kohv and Liira, 2005), or management-related aspects (e.g. Zenner et al., 2006; Haberl et al.,
2007; Bell et al., 2008) as determinants (see also Schall and Ammer, 2013). Still, a satisfying
solution has not been found so far since often a sound ecological foundation is lacking
(Luyssaert et al., 2011). One promising approach to quantify management intensity in temperate

forests is discussed in greater depth.

The Silvicultural Management Intensity index (SMI) is composed of two components, namely
a risk indicator (SMIr) and a density indicator (SMId) which are both derived from data on
species composition, stand age, and aboveground biomass (living and dead) in relation to the
forest management practices in place (Schall and Ammer, 2013). The SMIr determines the risk
of a stand loss before a stand reaches a tree-species specific reference age. It uses the probability
of a stand loss that was calculated for the main tree species of Central Europe (Staupendahl and
Mohring, 2011; Staupendahl and Zucchini, 2011). The stand loss probability only covers
13



calamities (wind throw, snow break) excluding natural decay of trees. The risk component is
highest for Norway spruce, followed by Scots pine, sessile and pendulate oak, and European
beech. Stands with ages above 180 years obtain a SMIr of 0. Hence, a diverse tree species
composition and a high stand age lowers the risk of a stand loss and decreases the SMIr (Schall

and Ammer, 2013).

The SMId also builds upon the self-thinning relationship and represents the deviation of basal
area G of a stand to the natural basal area (Gna) that were calculated in previous studies
(Assmann and Franz, 1965; Pretzsch, 2009). The assessment by Assmann and Franz (1965)
however was done only for a small geographic area (Bavaria). Later assessments by Spellmann
et al., (1999) and Débbeler and Spellmann, (2002) were based on more diverse study areas and
used a more sophisticated approach that estimates Gna based on the relationship between
dominant height of a stand, quadratic mean dbh, and stand density (Sterba, 1987). Gnat can then
be derived using site index curves as in Pretzsch (2009). For uneven-aged stands, comparable

reference sites might be used to determine Gna: (Schall and Ammer, 2013).
2.6  Conceptual framework

Forest soils are key components of global biogeochemical cycles as they stabilize large amounts
of C in soils. The stabilization capacity of forests however is also shaped by forest management
practices. This study aims to disentangle the relationship of management- and soil-related
factors with the formation of mineral-associated organic matter (MAOM), nutrient cycling, and
nutrient limitations (see Figure 1). For that, the present study assessed OC and TN contents, the
C:N ratio, absolute and normalized (by OC content) extracellular enzyme activity (EEAaps and
EEAnom), and ecoenzymatic stoichiometries (C:N, C:P, N:P) on bulk soil and in mineral
containers that contained either a sand-goethite or a sand-illite mixture and were buried in forest

topsoils under different management intensities for five years.

The study followed a three step approach. In a first step, the importance of mineral type
(goethite vs. illite) for the formation of MAOM, nutrient cycling (EEAabs and EEAnom), and
nutrient limitations (ecoenzymatic stoichiometries) was assessed relative to the bulk soil.
Significantly lower OC and TN contents were expected to be stabilized in mineral containers
since the mesh bags containing the sand-mineral mixtures represented a much higher share of
inorganic mineral surfaces than the bulk soil. Further, important processes such as bioturbation,
root deposition and aggregation were excluded in this experiment. Thus, OM input was limited
to mostly DOM. This type of input was expected to be more strongly decomposed and thus

have lower C:N ratios. The limited amount of SOC on minerals were expected to decrease the
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EEAups in minerals relative to the surrounding soils. EEAnom were expected to increase since
the mineral surfaces prolong the longevity and in parts the activity of enzymes when attached
to mineral surfaces. It was further expected that ecoenzymatic stoichiometries became wider

since the mineralosphere (mimicked through the mineral containers) represented a C-limited

environment.
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Figure 1: Conceptual framework to explain which influences (mineral type, soil properties, and forest
management) are assessed to explain differences in MAOM formation, nutrient cycling and ecoenzymatic
stoichiometries on surrounding soils and mineral containers.

The second step focussed on the effects of forest type (deciduous vs. coniferous) on the
formation of MAOM, nutrient cycling, and nutrient limitations. In deciduous forests, more C
was expected to accumulate in the mineral soil since the C:N ratio of litter was more narrow
and litter pH was more favourable for faster decomposition rates following enhanced microbial
growth conditions. Hence, it was hypothesized that under deciduous forests, more OC and TN
would be found in both mineral soil and mineral containers. The C:N ratio was expected to be
narrower under deciduous forest. Concomitant with this, higher EEA.ps and EEAnom values
were expected under deciduous forests for both soils and mineral containers since nutrients (N
and P) were less available. Enzyme stoichiometries were expected to be narrower under
coniferous forests since the N- and P-mining gained important in the microenvironments with

slow decomposition rates and consequently low nutrient release rates.

The third step assessed the influence of selected forest management-related (SMIr and SMId)

in conjunction with soil-related variables (soil pH, clay, SOC, soil C:N) on the target variables.
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It was expected that more intensive management (higher SMIr and SMId) negatively affected
the formation of MAOM due to lower SOC and TN stocks in the surrounding mineral soil. With
this, nutrient cycling and nutrient availability were expected to decrease due to wider C:N ratios.
High clay content was expected to increase the formation of MAOM and EEA in bulk soil and
minerals since it was linked to lower C:N ratios and higher microbial biomass. Lower soil pH
was expected to positively affect the formation of MAOM on goethite, as goethite became
positively charged and thus increased its binding capacity with OM. On the other hand, illite
mineral surfaces were expected to be less affected by soil pH, as they had a lower variable
charge and conversely depended more on overall SOC in the surrounding soil. Wider soil C:N
ratios were expected to increase the formation of MAOM and thus nutrient cycling since higher
DOM flow reached mineral containers. Concomitant with this, the mineral containers were

expected to become more nutrient limited as the quality of the DOM decreased.

3  Methods
3.1 Study area

The study area is located in the Biosphere reserve Swabian Alb (~ 422 km?) in the state of
Baden-Wiirttemberg in Southwestern Germany and part of the long-term multidisciplinary
research project “Biodiversity Exploratories™ (Fischer et al., 2010). The study of Fischer et al.
(2010) described the site conditions as following. Climate is cool temperate (MAT: 6-7 °C,
MAP: 700-1000 mm). The 50 forest plots at the Swabian Alb are located between 460 and 860
m a.s.l. The vegetation cover differs due to forest management regimes from managed Norway
spruce-dominated (Picea abies, n = 12) or European beech-dominated (Fagus sylvatica, n = 33)
forest to unmanaged European beech-dominated forests (Fagus sylvatica, n = 5). The soils are
clayey and developed on Jurassic shell limestone with karst phenomena. The two soil types
found in the study area were classified as Leptosols (n = 35) and Cambisols (n = 15). Next to

geology, inclination is an important factor. Leptosols are predominantly found at steep slopes.
3.2  Mineral container properties

The mineral containers buried within the scope of the experiment were composed of two meshes
(mesh width: 50 pm) that were fixed by two steel rings. The mesh size was chosen in order to
prevent the loss of material while inhibiting root in-growth. The bags were filled with a mix of
calcined sea sand (sieved at 63 um) and two types of minerals that are commonly found in

(Central European) soils: goethite and illite.
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Goethite (a-FeOOH, surface area: 40-90 m2 g!, charge: 0 to 0.15 nmol. g') is a very stable iron
oxide commonly found in all soils due to its high stability (Kleber et al., 2021). Illite is a clay
mineral that is among the globally most abundant minerals in soils (surface area: 20-200 m?
g I charge: -0.16 to -0.22 nmol. g'l) (Meunier and Velde, 2004; Kleber et al., 2021). Itis a 2:1
layer phyllosilicate that is characterized by K*-ions attached at the inner surfaces between the
silicate layers which results in less negative charges and inhibits the characteristic swelling
observable in other 2:1 layer type minerals, such as smectite or vermiculite (Kleber et al., 2021).
Both minerals differ in densities. Thus to ensure that the same volume of minerals relative to
sand is contained in each mineral bag, the mixing ratio was adapted. The sand-goethite mixture
was composed of 12 g of sand and 12 g of goethite. The sand-illite mixture contained 33 g of
sand and 12 g of illite. In this study, no correction factors for the respective pure mineral content
were employed since it cannot be ruled out that the sand fraction was not colonized by

microorganisms or accumulated to a certain extent OM (Marx et al., 2005).
3.3 Experimental design

At the Swabian Alb, the Biodiversity Exploratories maintain 50 experimental plots (EPs) in
forests with a size of 100 x 100 m. On these EPs, mineral containers were buried for five years
(2015-2020) on 1 x 1 m patches. In total, 10 mineral containers (5 for each sand-mineral
mixture) were buried at 5 cm depth and over a length of 80 cm. A distance of 50 cm was kept
between the sand-goethite and sand-illite containers at each EP. In addition to the mineral
containers, the immediately surrounding soil was collected for further analysis in the laboratory.

Mineral containers and soil samples were stored at -20 °C.

3.4 Laboratory methods

3.4.1 Elemental analysis

The subsamples for the elemental analysis were ground prior to be measured. Freeze dried
mineral samples were ground with mortar and pestle, soil samples were dried at 40 °C and ball
milled at a rotation frequency of 25 rotations per second for 3 min with zirconium oxide balls
in a Mixer Mill MM 400 (Retsch GmbH, Haan, Germany). The elemental analysis was done
with a VarioMAX cube (Elementar Analysensysteme GmbH, Langenselbold, Germany). Total
C, total N (TN), and inorganic C concentration of the samples were measured by dry
combustion. Prior to measure the inorganic C, samples were burnt at 450 °C for 16 hours to
remove organic C (OC). SOC was then calculated as the difference from total C and inorganic

C. TC in the mineral containers was taken as SOC since the inorganic C content was negligible.
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In addition, measurements were corrected for the water content of the air-dried samples by

determining the dry matter content at 105 °C for 24 hours.
3.4.2 Multiplate fluorometric enzyme assays

In the present study, we followed a flurometric approach based on 4-methylumbellyferone
(MUF) were developed (Pancholy and Lynd, 1972). The flurometric approach using MUF is
suitable when using microplates (Marx et al., 2001; Deng et al., 2013). The MUF-based
fluorometric microplate assay was used to determine the potential activity of four hydrolytic
enzymes, namely B-Glucosidase (GLUC; EC 242-736-7), N-acetyl-B-D-glucosaminidase
(sometimes called chitinase) (NAC; EC 253-333-0), B-Xylosidase (XYL; EC 229-784-4), and
acid phosphatase (acid phosphomonoesterase) (PHOS; EC 245-325-0). Both GLUC and XYL
belong to the lignocellulose degrading enzymes (Burns, 1977; Sinsabaugh, 1994). GLUC is
responsible for the cleavage of the B-1,4-glucoside bonds between the glucose monomers
constituting cellobiose dimers (Burns, 1977; Kogel-Knabner, 2018). In analogy, XYL cleaves
the bonds linking xylose, a hemicellulose polymer (Kogel-Knabner, 2018). NAC cleaves chitin
into N-acetyl-D-glucosamin monomers. Chitin is a constituent of microbial cell walls and can
be used as proxy for microbial N (Rao et al., 2017; Kogel-Knabner, 2018). Finally, PHOS
cleaves phosphate groups from organic molecules and produces inorganic phosphorus that can

be taken up by plants and microorganisms (Burns, 1977; Rao et al., 2000).

All chemical substances for the enzyme assay were purchased at Sigma Aldrich (Sigma Aldrich
GmbH, St. Louis, MO, USA). 2-(N-Morpholino)-ethanesulfonic acid hemisodium salt (MES)
was mixed with autoclaved water to obtain a 0.1 M solution with an pH of 6.1. 10 mM MUF-
stuck solutions were solved in 5 ml methanol, filled up to 10 ml with sterile water. Working
solutions were diluted by combining 400 pl of stuck solution and 3600 ul of MES-buffer,
extracting 500 pl into a 50 ml flask and filling it up with 49.5 ml MES-buffer. The substrate
solutions were produced sterile. For each enzyme, 10 mM stuck solutions were prepared by
weighing 1/10000 of the molar mass of the substrate in sterile PP-tubes and dissolving it in 300
ul dimethyl sulfoxide. Afterwards 9.7 ml sterile water was added. 1 mM working solutions

were produced by mixing 1 ml of stuck solution with 9 ml of the MES buffer.

One gram of soil and sand-illite was used, but only 0.5 g for the sand-goethite mixture due to
particularly high fluorescence therein. 50 ml of sterile water was added to the sample and
solubilized at 50 J/s for 1:32 minutes using an ultrasonic disaggregator. Afterwards, aliquots of
50 ul were taken from the soil suspension and pipetted by hand on black PP-microplates with
96 wells (Greiner Bio-One GmbH, Frickenhausen, Germany). For each enzyme and sample six

18



analytical replicates were measured. Next, 50 ul of MES-buffer and 100 pl of substrate were
automatically pipetted on the microplates by a Freedom EVO 75 (Tecan Group Ltd.,
Minnedorf, Switzerland). Standard plates with a MUF-substrate concentration ranging from 0

to 1200 pmol were measured to ultimately quantify enzyme activity.

After that, the microplates were pre-incubated for 30 min (for soil) and 1 h (for minerals) at
30 °C. After the pre-incubation, fluorometric measurements were carried out at 0, 30, 60, 120,
180 min while keeping the microplates at a constant temperature of 30 °C. Since overall enzyme
activity was low on minerals two additional measurements at 240 and 300 min were taken.
Fluorescence was measured with a microplate reader (Infinite 200 Pro, Tecan Group Ltd.,

Minnedorf, Switzerland) at an excitation of 360 nm and 460 nm emission.

To calculate potential enzyme activities, the fluorescence measurements were checked for
outliers and removed individually and carefully by comparing the coefficient of variance among
the analytical replicates. The increase in fluorescence over time (slope) in each well was
calculated. In addition, the slope across the wells of the standard plates with increasing MUF
concentration was calculated. Both slopes were then divided resulting in the fluorescence F in
pmol * well! * min"! per sample.

F*x60*EV*100

-1 -1 _
(1) nmol » g "DM »h™" = 1000%A*SW*DM

The fluorescence F was then inserted in Eq. (1), multiplied with the extraction volume (EV),
factor 60 to convert minutes to hours, and divided by the product of 1000 (conversion from
pmol to nmol), the aliquot of the soil suspension (A), the sample weight (SW), and the dry
matter content (DM). Finally, the fluorescence in nmol per g dry matter per hour was obtained
and could be used for further analysis as absolute extracellular enzyme activity (EEAabs). The

EEA.ps values were normalized by SOC content (EEAorm).
3.4.4 Calculation of ecoenzymatic stoichiometries

Ecoenzymatic stoichiometries were calculated to assess changes in acquisition strategies of
microorganisms and as indicators of nutrient or C-limitations. All ratios were calculated with
the natural logarithm of the individual enzyme activities to avoid artifacts generated by the
different ranges of absolute values (Sinsabaugh et al., 2009; Zhou et al., 2020). The ratio of C-
to N-acquiring enzyme activities was calculated as the ratio of the sum of GLUC and XYL

divided by the NAC enzyme activities (see Eq. 2-4):

In(GLUC+XYL)

(2) Enzyme C: N ratio = In (NAO)
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Similarly, the C:P ratio was obtained as following:

_ . In(GLUC+XYL)
(3) Enzyme C: P ratio = T PHOS)
The N:P ratio was calculated as:
_ . In(NAC)
(4) Enzyme N: P ratio = In (PHOS)

3.5 Data sources

3.5.1 Data from the Biodiversity Exploratories Information System

Since the establishment of the EP between 2006 and 2008, a large collection of datasets has
accumulated covering a broad spectrum of topics (Fischer et al., 2010). This study made
extensive use of these data to complement the laboratory measurements. The basic information
on location and soil type of each EP was obtained from BEXIS. Forest inventory (e.g. species
diversity) and stand structural attributes (e.g. dbh, stand density, basal area) were taken from
Schall and Ammer (2017, 2018). The forest type classification determined by the management
regime was obtained from Schall and Ammer (2018). Further information on the forest
management intensity were taken from the SMI dataset for the years 2008-2014 (Schall and
Ammer, 2014). Aboveground litter weights as well as C, N, and S content of the litter were
measured by the MinSoil project for the years 2015 to 2018 (Schoning et al., 2021a,b). We
further used different datasets on important soil properties. Mean soil pH values were taken

from Schoning et al. (2017) and soil texture from Schoning et al. (2012).
3.5.2 Data description of BEmins project

100 mineral samples were collected and measured from the 50 EPs. There were 50 sand-
goethite mixtures and 50 sand-illite mixtures. Also, 100 samples were collected from the
surrounding soil of which 98 samples were measured within the scope of this study. 49 soil
samples were from the proximities of the sand-goethite containers and 49 from the surroundings
of the sand-illite containers. Since they were sampled in close proximity to each other and did
not show significant differences, they were considered as duplicates and averaged for the

statistical analysis (n =49).
3.6  Statistical analysis

All statistical analyses were carried out in R version 4.1.2 (R Core Team, 2021). The
significance levels reported in this study are p < 0.001 denoted as (***), p < 0.01 as (**), and

p < 0.05 (*). To perform mean comparisons the estimated marginal means (EMMEANS) were
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computed (Lenth, 2022). Estimated marginal means (or least-squares means) are usually
employed to calculate means between levels of categorical variables in models that contain
more than one categorical variable and/or continuous variables. However, they also provide a
user-friendly and transparent way to calculate one-way analysis of variance (ANOVA) with
only one categorical variable. The mean of each response variable was quantified across mineral
type (soil, goethite and illite) and forest type (beech vs. spruce). The response variables were
SOC and TN content, the C:N ratio, absolute and normalized GLUC, NAC, XYL, and PHOS
activity, as well as the enzyme ratios of C:N, C:P and N:P acquiring enzymes. Pairwise
comparisons using the Tukey Honest Significant Difference method were calculated to identify

significant differences across groups.

Table 2 : Overview of the explanatory variables that were used for each response variable group depending on
the compartment (soil or mineral container).

Response variable Compartment Explanatory variables
Forest management Soil related
SOM soils SMIr, SMId soil pH, clay
mineral containers SMlIr, SMId soil C:N, soil pH, clay
Enzyme activities soils & mineral containers SMlIr, SMId SOC, C:N, soil pH, clay
Ecoenzymatic soils & mineral containers SMlIr, SMId SOC, C:N, soil pH, clay
stoichiometry

In a second step, multiple linear least-squares regression models were formulated to relate the
response variables with forest management intensity and relevant soil properties. The variable
selection was based on an extensive previous literature review which was consolidated in a
conceptual framework (see Figure 1). Taking all available variables could have led to the
selection of variables that represent statistical artifcats instead of providing scientifically
meaningful explanations (James et al., 2013). An overview of the explanatory variables selected
for each group of response variables (SOM, EEA, ecoenzymatic stoichiometries) is provided in
Table 2. The models did not include non-linear (quadratic) effects or interaction terms among
the explanatory variables and no variable transformation (i.e. log-transformation) was done.

The linear model equation was as follows (James et al., 2013):
(5) Y = ﬁo + lel + ﬁzXz + -+ Bpo + €

The relationship between the predictor variables X, is estimated based on p model parameters
B (see Eq. 5). The intercept term Po represents the value Y takes when X is 0. The model

parameters p in turn determine the slope of the regression line depending on their individual
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relationship between each predictor variable with the response variable. Finally, € reflects the

error term of the estimated relationship between Y and X (James et al., 2013).

The linear models were visually checked to comply with the model assumptions. This included
the assessment whether the relationship between predictors and response variable was linear by
checking the residual plot for homoscedasticity, which means that the variances of the residuals
are constant, and the existence of high-leverage points (outliers) (James et al., 2013). Indeed,
some points with high-leverage were identified. Still, the nature of enzyme activity

measurements induces high variability and therefore no high-leverage points were removed.

Further, predictor variables were controlled for multicollinearity among each other by means
of the variance inflation factor (vif) with the car package (Kuhn, 2021). The vif is calculated as

follows:

(6) VIF(B;) = - :

—R%Zyx.x .
XjlX_;

High collinearity exists, if the model fits equally well to one of the predictor variables and
consequently achieves a high R2. The vif calculates the R? that is achieved when fitting a
response variable to the formulated linear model. If it achieves high R? values, the denominator
becomes smaller and thereby increases the vif (see Eq. 6). Values above 5 are considered to be
problematic and therefore predictor variables with vifs > 5 would have been excluded from the

linear model (James et al., 2013). However, in the present case all vifs were below < 2.

To statistically assess whether the formulated linear models appropriately explained the
variation of the response variables, F-tests were calculated (see Eq. 7). The F-statistic informs
whether all model parameters equal to O (null hypothesis). This means that if the null hypothesis
is rejected, the model parameters are unequal to O and thus releated to the response variable
since they significantly affect the regression slope. In this case, at least one model parameters
is related to the predictor variable. The F-statistic is calculated as follows (see James et al.,

2013):

(TSS—RSS)/p

(7 F = RSS/DF

The F-value is calculated as the difference between total sum of squares (TSS) and residual sum
of squares (RSS) that is divided by the number of model parameters and then divided by the
quotient of the RSS and the degrees of freedom (DF) (see Eq. 7). In general, higher F values
indicate a closer relationship between predictor and response variable. However, this strongly

depends on the sample size. Thus, in this study we assess the relationship between model
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predictors and response variable through the p-level of the F-test. Significance levels below

p < 0.05 indicate that the model is suited to explain the variance of the response variable.

Several methods exist to evaluate the variable importance of individual model parameters
(Gromping, 2015). In this study, the t-values of each parameter were used in combination with
the p-values. The t-value is the quotient of the parameter estimate B, and the standard error of
estimation and can be used as indicator of how much each model parameter contributes to the
regression slope that estimates the relationship between response variable and predictors (Kuhn,
2021). The information of how the regression slope is affected by each model parameter is

complemented by the significance level of each model parameter (Bring, 1996).

4 Results

The manipulative experiment underlying this study aims to shed light on the question of how
minerals and OM associate to form MAOM and how in turn nutrient cycling and ecoenzymatic
stoichiometries are affected. To this end, (i) overall differences in SOM accumulation and EEA
activities, and differences in enzyme stoichiometry between bulk soil and mineral types
(goethite and illite), and (i1) differences in each compartment related to the forest type (beech
vs. spruce) are discussed. Finally, (iii) the influence of soil properties and forest management

intensity indicators are assessed by means of linear models.

4.1 Influence of mineral type
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Figure 2: Relative share of organic carbon, total Figure 3 : The C:N ratio in each mineral container.
nitrogen that was retained on either goethite or illite ~ The red dashed line indicates the mean soil C:N ratio
containers relative to the bulk soil. Significant found in soils. The differences between goethite and
differences at the p < 0.001 level between the minerals illite are significant on the p < 0.001 level (***).

are indicated by ***.
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Overall, SOM accumulation and thus formation of MAOM differed significantly between soil,
goethite and illite (see Table 3). The mean SOC in forest soils was 68.0 = 2.0 g kg”' (mean +
SE) and differed significantly from the OC accumulated on goethite (2.3 + 0.1 g kg'!) and illite
(0.8 £ 0.1 g kg'") which also differed significantly from each other (p < 0.001). Similarly, TN
was significantly higher in bulk soil compared to goethite containers and illite (see Table 3).
The differences of TN accumulation across goethite and illite were also significant (p < 0.001).
The relative shares of OC and TN on each mineral relative to the bulk soil illustrate the higher
retention of OC and TN on goethite (see Figure 2). The C:N ratio did not differ between soil
(13.4 £ 0.3) and goethite (13.2 + 0.3) but was significantly lower in the illite containers (6.5 +
0.3) (p <0.001) (see Figure 3).

Table 3 : Overview of the mean and standard error (SE) to assess differences between bulk soil, goethite and
illite containers. The uppercase letters indicate significant differences at the p < 0.05 level between groups.

Response variable Soil Goethite Illite

Soil organic C [g kg™'] 68.0+£2.04 23+0.18 0.8+0.1°¢
Total N [g ke™'] 51+02A 02+0.08 0.1+0.0€
C:N ratio 13.4+034 132+£034 6.5+0.38
GLUCps [nmol g DM h!] 262241554 3744208 126+2.0C
NACabs [nmol g! DM h] 239.2+15.14 56.9+348 15.6+£34°€
XY Labs [nmol g'' DM h'!] 64.1+3.14 21.8+1.18 26+1.1€
PHOS abs [nmol g”' DM h''] 1188.1 £54.24 581.8+23.7°8 60.4+£237°¢
GLUChom 39+£1.08 166124 16.1+1.24
NACrom 37+13¢€ 251+£154 20.1+£1.58
XYLuorm 1.0+0.5€ 9.7+0.64 3.4+0.68
PHOS 0rm 19.7£9.1€ 2634+ 11.0A 781+ 11.0°
C:N enzymes 1.1+0.04 1.0+£0.08 1.0+£0.08
C:P enzymes 0.8+0.04 0.6+0.08 0.7+008
N:P enzymes 0.8+0.04 0.6+0.08 0.7+0.0¢




A similar pattern as for OC and TN was found for the EEA.ps that were highest in soil, followed
by goethite and lowest on illite (see Table 3). All decreases in EEAaps from the surrounding soil
to goethite to illite were highly significant (p < 0.001) and followed the overall decrease in OC
(see Table 3). Highest EEAaps for both mineral containers were measured for PHOS 5. The

relative shares of EEA.ps relative to the ones in the bulk soil are shown in Figure 4.
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Figure 4 : Relative share of absolute extracellular enzyme activities (EEAas) for GLUC, NAC, XYL, and PHOS
that was retained on either goethite or illite containers relative to the bulk soil. The red dashed line indicates the
level at which the mean would be equal to bulk soil. Significant differences between the minerals are indicated
by the asterisks (p < 0.001 = **#%),

Complementary to the EEAaps, EEA were normalized by the OC content (EEAnom) to identify
changes in EEA that were not related to the strongly differing availability of SOC. The EEAnorm
increased from the surrounding soil to the mineral containers (see Table 3). The general pattern
showed highest values on goethite, followed by illite and soil. The GLUCom activity was
lowest on soils (3.9 + 1.0) and significantly increased in both minerals. On goethite, the
GLUCom activity reached 16.6 + 1.2 which was not significantly different from the one on
illite (16.1 £ 1.2) (p = 0.76). The NAChom activity was 3.7 + 1.3 on soils, 25.1 + 1.5 on goethite
and 20.1 £ 1.5 on illite. Soil, goethite, and illite were all significantly different from each other
(soil-mineral differences on p < 0.001, goethite — illite on p < 0.05). XYLuom activities were

lowest on soil (1.0 = 0.5) followed by illite (3.4 £ 0.6) and goethite (9.7 = 0.6). PHOS\om
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activities were lowest on soil (19.7 £ 9.1) followed by illite (78.1 + 11.0) and goethite (263.4 £
11.0). The patterns also persisted when looking at the relative shares of EEAnom retained on

each mineral surface compared to the bulk soil (see Figure 5).

The ecoenzymatic stoichiometries (see Chapter 3.4.4) reflect the relative allocation of
ressources to enzymes that acquire certain nutrients and thus may yield information on nutrient
limitation. Therefore, changes in C- to N-, C- to P-, and N- to P-acquiring EEA ratios were
assessed. The C:N enzyme stoichiometry decreased from 1.1 £+ 0.0 in the surrounding soil to
1.0 £ 0.0 on goethite but was not significantly different. The C:N enzyme stoichiometry on illite
then differed significantly from soil but not from goethite (1.0 + 0.0) (see Table 3). The C:P
enzyme ratio decreased significantly from 0.8 + 0.0 to 0.6 + 0.0 on goethite and respective 0.7
+ 0.0 on illite (p < 0.001). The N:P enzyme ratio was highest on soil (0.8 + 0.0) followed by
illite (0.7 £ 0.0) and goethite (0.6 £ 0.0) which were all significantly different from each other
(see Table 3).
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Figure S : Relative share of normalized extracellular enzyme activities (EEAom) for GLUC, NAC,
XYL, and PHOS that was retained on either goethite or illite containers relative to the bulk soil. The
red dashed line indicates the level at which the values would be equal to the mean bulk soil values.
Significant differences between the minerals are indicated by the asterisks (p < 0.001 = **%*),
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4.2 Influence of forest type

Estimated marginal means were calculated to determine to what extent MAOM is affected by
the forest types (beech vs. spruce stands). For that, significant differences were assessed related
to SOM accumulation, the EEA.,s and EEAnom, and ecoenzymatic stoichiometries in soil,

goethite and illite containers.
4.2.1 Soil

In the surrounding soils, mostly no significant differences were found when comparing the
differences related to forest type in the surrounding soils. There was no significant difference
regarding the SOC and TN contents across forest types (see Table 4). However, significant
differences were found for the C:N ratio. The C:N ratio was significantly higher under spruce
stands (14.1 + 0.4) compared to beech stands (13.2 £ 0.2) (p < 0.05). Further, GLUCaps, NACaps,
and XYLaps activities did not differ significantly across deciduous to coniferous forest
ecosystems but beech stands showed a lower PHOS s activity (1013.9 + 88.7 nmol g! DM h™!)
compared to spruce (1725.3 + 155.7 nmol g! DM h!) (p < 0.001). A similar pattern was
observed for the EEAnom activities. Only PHOSnom activity was higher under spruce (27.9 +
3.3) compared to beech stands (17.1 £ 27.9) (p < 0.01). All enzyme stoichiometries did not

differ across forest types in the soil.
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Figure 6 : MAOM formation per mineral bag and forest type (dark green = beech dominated forest, light
green = spruce dominated forest). Significance levels of p < 0.01 were denoted as **, and p < 0.001 as ***.
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Table 4 : Overview of the mean and standard error (SE) to assess differences across forest type in soil, goethite
containers, and illlite containers. The uppercase letters indicate significant differences at the p < 0.05 level between

forest type.
Response variables Compartment Beech Spruce
Soil organic C [g kg™'] Soil 682+4.14 67.4+£734
Goethite 21018 294024
Mlite 0.8+0.0" 09+0.14
Total N [g kg'!] Soil 52+034 47054
Goethite 02+0.04 02+£0.04
Mlite 0.1+£0.04 0.1£0.04
C:N ratio Soil 132+028 141+044
Goethite 125+048 156074
Illite 6.1+028 75+034
GLUC,ps [nmol g"' DM h™'] Soil 262.6£31.34 2609 +54.94
Goethite 340+28°8 48.0+£5.04
Illite 134+134 10.1£234
NACabs [nmol ¢! DM h'!] Soil 239.0+£30.14 239.8+£52.94
Goethite 55.0+£534 63.1+£954
Illite 162+144 13.4+244
XY Laps [nmol g”! DM h''] Soil 58.7+5.88B 80.6+10.1 A
Goethite 194+1.78 294+3.04
Illite 28+054 22+0.84
PHOS.bs [nmol g DM h'!] Soil 1013.9£88.78 17253 £155.7
Goethite 542.6 +36.6 B 706.0 £65.2 A
lite 599+604 62.0+10.6 4
GLUCom Soil 38+044 3.9+0.64
Goethite 164+1.14 17.38£2.04
lite 174154 121264
NAChom Soil 37+£054 3.6+094
Goethite 25.8+1.84 226+324
lite 214174 16.0+£3.04
XYLoorm Soil 1.0£0.14 13024
Goethite 93+074 107124
lite 36064 27104
PHOS orm Soil 17.1£1.98 27.9+334
Goethite 267.4+1594 250.5+28.34
Ilite 799 +824 724+ 1464
C:N enzymes Soil 1.1£0.04 1.1+£0.04
Goethite 1.0+£0.04 1.1£0.04
Illite 1.0+£0.04 1.0£0.14
C:P enzymes Soil 0.8+0.04 0.8+0.04
Goethite 06008 0.7£0.04
Illite 0.7+£0.04 0.6+£0.04
N:P enzymes Soil 0.8+0.04 0.7+0.04
Goethite 0.6+0.04 0.6+£0.04
Illite 0.7+£0.04 0.6+£0.04
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4.2.2 Goethite

In contrast to soils, in goethite containers more differences across forest types could be observed
(see Table 4). OC content was significantly higher under spruce stands (2.88 + 0.2 g kg'!)
compared to 2.1 + 0.1 g kg! under beech (p < 0.001) (see Figure 6). The same trend was
observed for TN but the differences between beech and spruce were not significant (p = 0.1)
(see Figure 6). The C:N ratio was significantly higher under spruce (15.6 + 0.7) compared to
beech stands (12.5 + 0.4) (p < 0.001) (see Figure 6).
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Figure 7 : Absolute extracellular enzyme activities (EEA) per mineral bag and forest type (dark green = beech
dominated forest, light green = spruce dominated forest). Significance level of p < 0.05 was denoted as *, p < 0.01
as ** and p < 0.001 as **%*,

Concomitant with the higher OC accumulation, the GLUC s activity was higher under spruce
(48.0 £5.0 nmol g DM h'!) compared to beech stands ( 34.0 + 2.8 nmol g DM h™!) (p < 0.05)
(see Figure 7). However, this did not hold for NAC.ps activity which did not differ across forest
types. The pattern of higher values under spruce stands continued for XYLabs (p < 0.01) and
PHOS.bs (see Figure 7). The PHOS s activity was significantly higher in spruce stands (706.0
+65.2 nmol g'! DM h'!) compared to spruce stands (542.6 + 36.6 nmol g' DM h™!) (p < 0.05)
(see Figure 7). In contrast to the EEA.ps activities, the EEAnom acitivities did not differ
significantly between forest types (see Table 4). There was only a marginally significant

difference between C:N enzymes that showed higher values under spruce (1.1 + 0.0) compared
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to beech stands (1.0 = 0.0) (p = 0.09). The C:P ratio showed significantly higher values under
spruce (0.7 £ 0.0) compared to beech stands (0.6 = 0.0) (p < 0.05) (see Figure 8). The N:P

enzyme ratio did not differ between forest types on goethite containers.
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Figure 8 : Ecoenzymatic stoichiometries per mineral bag and forest type (dark green = beech dominated forest,
light green = spruce dominated forest). Significance level of p < 0.05 was denoted as *.

4.2.3 Illite

OC accumulation was significantly higher under spruce stands (0.9 + 0.1 g kg'!) compared to
beech stands (0.8 £0.0 g kg'l) (p < 0.05) (see Figure 6). However, there were no differences in
N accumulation across forest types (see Table 4). The C:N ratio was significantly higher under
spruce (7.5 = 0.3) compared to beech stands (6.1 = 0.2) (p < 0.001). In contrast to goethite
containers, there were no significant differences for EEAaps and EEAnom between coniferous
and deciduous forests (see Table 4 and Figure 7). There were also no significant differences

between ecoenzymatic stoichiometries (C:N, C:P, and N:P) (see Figure 8).

4.3 Disentangling the influence of forest management intensity and soil

properties

This study showed that there were significant differences between soil, goethite, and illite. This
section clarifies to what extent the significant differences of OC, total N, C:N ratio, EEAaps and
EEAnom, and enzyme stoichiometries occurred as a function of mineral type (goethite vs. illite)
and forest type (beech vs. spruce). By means of linear models, the importance of key factors to

explain the observed differences and similarities can be achieved.
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Table 5 : Overview of the linear regression output for each response variable in soils. The response variables are found in columns. As model metrics, the R? value and the p-value
of the F-statistic are shown. Below are the variable importance coefficients calculated with the respective significance level of each model parameter. The p-values are denoted
with *** for p < 0.001, ** for p < 0.01, and * for p < 0.05. The linear regressions were based on n = 49.

SOC TN C:N GLUCs» NACas XYL PHOS., GLUChr NACie XYLuow PHOS.: Enzyme Enzyme Enzyme

ratio s s s s m m m m C:N C:P N:P
R? 0.06 0.1 0.08 0.33 0.15 0.13 0.34 0.10 0.10 0.22 0.46 0.27 0.54 0.48
F-statistic (p- 0.59 031 0416 0.007 0.287 0.411 0.005 0.609 0.619 0.085 0.000 0.031 0.000 0.000
value) 1 2
SOC 3.72%%% 112 0.8 -1.22 0.27 -1.51 -2.14%  -4.22%%%  1.39 5.53%* 3.38%*
soil C:N -1.11 1.57 0.15 2.02% -1.17 1.66 -0.3 0.89 -3.42%%* -2.04% 1.29
pH -0.08 -0.16 0.3 0.46 0.6 -1.38  -1.43 0.84 0.68 -1.37 -1.51 -0.89 2.09* 2.65%
Clay 1.57 187 -0.69 0.87 0.24 0.12 0.79 0.67 0.12 -0.22 0.53 -0.96 -1.02 -0.04
SMIr -0.31 -1.01 1.73 0.89 -0.4 1.06 1.43 0.92 -0.53 0.65 1.12 1.07 0.12 -0.93
SMId 0.14  -0.09 1.01 1.51 -0.8 0.55 -1.89 1.16 -0.74 0.3 -1.88 2.03* 2.69%* 0.6

31



4.3.1 Soil

Most linear models on soils had a poor fit and the regression models were not significant (see
Table 5). Therefore, in the following only the models with significant F-test were described in
more detail. The model on GLUC.ps activity was significant (Fa26 = 3.52, p < 0.01) and
explained 33 % of the variance. The SOC content was the only significant model parameter and
increased the GLUCps activity with increasing SOC content (see Table 5). Further, the model
on PHOS.s activity was significant (F42,6=3.68, p < 0.01) and explained 34 % of the variance.
The soil C:N ratio was the most important variable indicating an increase of PHOSaps with
increasing soil C:N ratio (see Table 5). Similarly, the model on PHOSom activity was
significant (Fa26 = 6.02, p < 0.001) and explained 46 % of the variance. The most important
model parameter was the SOC content that negatively affected the PHOS om activity.

All linear models on the enzyme ratios were significant. The model on the C:N enzyme ratio
(Fa2,6=6.02, p < 0.05) explained 27 % of the variance. The most important model parameters
were the soil C:N ratio which had a negative impact on the regression slope. Conversely, higher
SMId which represent more dense forest stands led to wider C:N enzyme ratios. The models
with C:P and N:P enzyme ratio as response variables were also highly significant. The model
on the C:P enzyme ratio (Fa2,6 = 8.29, p < 0.001) explained 54 % of the variance. The SOC
content, the SMId, and the soil pH had a positive impact on the C:P ratio while the soil C:N
ratio had a negative impact. The model on N:P enzyme ratio (Fa2,6= 6.36, p < 0.001) explained
48 % of the variance. The two significant and most important predictor variables were the SOC
content and the soil pH. Higher SOC and soil pH values both increased the N:P enzyme ratio
(see Table 5).

4.3.2 Goethite

In contrast to the models that explained the response variables in soil, the models explaining
the variance on goethite minerals were more significant. The model explaining OC
accumulation on goethite containers was significant (F435= 6.27, p < 0.001) and explained
42 % of the variance. The significant model parameters were soil C:N ratio and soil pH. Wider
C:N ratios increased OC accumulation and higher pH values led to decreasing OC accumulation
in goethite containers (see Table 6). The model explaining TN accumulation was also
significant (Fs43,5=3.53, p < 0.01) and explained 29 % of the variance. Similarly to the model
on OC accumulation, increasing soil pH had a negative impact on TN accumulation. In addition,
higher clay contents in the surrounding soils increased the TN accumulation on goethite
containers.
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Table 6 : Overview of the linear regression output for each response variable in goethite containers. The response variables are found in columns. As model metrics, the R? value
and the p-value of the F-statistic are shown. Below are the variable importance coefficients calculated with the respective significance level of each model parameter. The p-values
are denoted with *** for p < 0.001, ** for p < 0.01, and * for p < 0.05. The linear regressions were based on n = 50.

oC TN C:N GLUC.s NACas XYL.abs PHOSuas GLUCner NAChorm XYLnom PHOSn: Enzyme Enzyme Enzyme
ratio m m C:N C:P N:P
R? 0.42 0.29 0.51 0.35 0.32 0.28 0.23 0.18 0.23 0.26 0.02 0.15 0.26 0.20

F-statistic 0.000 0.009 0.000 0.005 0.011 0.028 0.071 0.197 0.070 0.039 0.986 0.290 0.042 0.132
(p-value)

SOC 0.88 0.08 0.22 -0.38 2.38% 1.77 1.73 0.78 0.13 1.44 0.96

soil C:N 2.5% -0.23 4.52%%*% 2 .35% 3.27% 1.78 1.84 0.21 1.52 0.01 -0.36 -1.36 1.37 2.13*
pH S3A1FE 3410 -1.02 -1.94 -0.8 0.6 -1.84 -0.21 0.67 2.74%* 0.58 0.33 -0.38 -0.54
Clay 1.08 2.31%* -0.95 -0.22 -0.54 -0.87 0.96 -1.06 -1.06 -1.8 -0.26 -0.14 -0.93 -0.56
SMIr 1.25 -0.09 2.4% 1.01 -1.02 241%* 0.75 0.8 -1.11 2.63* 0.3 2.43* 1.75 -0.80
SMId -1 -0.64 -0.42 -0.43 -2.38% -0.49 -0.4 0.36 -1.56 0.63 0.11 1.50 0.25 -1.22
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Table 7 : Overview of the linear regression output for each response variable in illite containers. The response variables are found in columns. As model metrics, the R? value and
the p-value of the F-statistic are shown. Below are the variable importance coefficients calculated with the respective significance level of each model parameter. The p-values are
denoted with *** for p < 0.001, ** for p < 0.01, and * for p < 0.05. The linear regressions were based on n = 50.

oC TN C:N GLUCups NACas XYLabs PHOSas GLUCher NAChorm XYLnom PHOSn»e Enzyme Enzyme  Enzyme
ratio m m C:N C:P N:P
R? 0.24 0.05 0.35 0.17 0.23 0.10 0.18 0.18 0.21 0.11 0.18 0.12 0.26 0.22

F-statistic 0.032 0.839 0.002 0.218 0.072 0.579 0.179 0.189 0.119 0.551 0.190 0.458 0.040 0.093
(p-value)

SOC 1.64 1.2 1.18 -1.27 1.92 1.48 1.44 -1.23 0.54 3.43%%* 2.61%
soil C:N 1.76 0.37 1.76 -0.7 0.54 -1.26 -0.15 -1.25 0 -1.56 -0.68 -1.59 -1.85 -0.27
pH -1.31 -0.55 -1.23 -1.71 0.13 -1.39 -2.66 -1.44 0.39 -1.05 -2.21% -0.66 0.06 1.06

Clay 1.73 1.21 1.38 0.92 1.22 0.4 1.12% 0.08 0.24 -0.11 0.27 -0.46 -0.73 -0.29
SMIr 1.13 -0.84 2.6% -1.29 -1.74 -0.41 -1.11 -1.37 -1.82 -0.41 -1.24 0.42 -0.41 -0.64
SMId -0.75 -0.39 -0.44 0.84 -2.15% 0.68 -0.04 0.78 -1.94 0.6 0.04 1.81 0.86 -0.96
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The model on the C:N ratio was also significant (F435=8.98, p < 0.001) and explained 51 % of
the variance. The most important model parameter was the soil C:N ratio and the SMIr
indicator, which informs about the risk of a stand loss which is in turn linked to tree species
composition and stand age (composition). Wider C:N ratios of the surrounding soil led to higher
C:N ratios in the goethite containers. Higher SMIr which indicate a higher share of spruce and

more homogeneous stands increased the C:N ratio according to the linear model (see Table 6).

Similarly to the SOM variables (OC, total N, and the C:N ratio), linear models were formulated
to explain the variation of EEA.»s and EEAnom as well as ecoenzymatic stoichiometries. For
these models the SOC content and the C:N ratio of the surrounding soil were included as
additional explanatory variables since we expected a correlation of SOM quantity and quality

with nutrient mining.

The model on GLUC s activities was significant (Fs26=3.75, p < 0.01) and explained 35 % of
the variance. The soil C:N ratio significantly contributed to the regression slope indicating
higher GLUCs activities in mineral containers with higher C:N ratio of the surrounding soil
(see Table 6). The model on the NACays activity was significant (Fa26 = 3.22, p < 0.01) and
explained 32 % of the variance. The most important and significant model parameters were the
soil C:N ratio, and the SMId (see Table 6). NACaps activity on goethite minerals was lower in
more dense stands (SMId) and it increased as the C:N ratio of the surrouding soils widened.
The model on absolute XYL activity was significant (F42,6=2.66, p < 0.05) and had an R? of
28 %. The most important model parameters was the SMIr that indicated higher XYLabs values
in stands with higher risk of stand loss (more coniferous trees, more homogeneous age
structure) (see Table 6). The model on PHOS.s activity in goethite containers was only
marginally significant (Fa26=2.12, p < 0.1) and explained 23 % of the variance. However, no

single model parameter was significant (see Table 6).

The models that explained the EEAqom in goethite containers had worse model fits than the
EEA.b»s models. The linear model on the GLUCom activity was not significant (Fa26= 1.51, p
=(.198) and explained 18 % of the variance. The most important significant variable was SOC
which positively influenced the GLUChom activity. The model on NACpom activity was not
significant (Fa2,6=2.13, p = 0.07) and explained 23 % of the variance. The significant model
parameters were the soil C:N ratio and the SMId indicator which indicated that NAChom activity
increased with increasing soil C:N ratio and decreased with increasing stand density. The model
on XY Luorm activity was significant (Fa2,6 = 2.46, p < 0.05) and explained 26 % of the variance.

The only significant model parameter was the SMIr indicator that showed an increase of
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XYLiom activity with increasing SMIr. The model on PHOSom activity was not significant

(see Table 6).

The linear models explaining the ecoenzymatic ratios of C- to N-, C- to P-, and N- to P-
acquiring enzymes on goethite containers were not significant except for the model on the C:P
enzyme ratio (Fa26=2.43, p < 0.05). It accounted for 26 % of the variance. Still, the model

contained no parameter with significant contributions to the regression slope (see Table 6).
4.3.3 Illite

In the following, the results of the linear models that were formulated to explain the variation
of SOM, EEAus and EEAsom, and ecoenzymatic stoichiometries in illite containers are
described. Overall, the significance of the models and the explained variance decreased

compared to the ones formulated for goethite containers.

The linear model on OC content was significant (F435=2.71, p < 0.05) and explained 24 % of
the variance. None of the model parameters was significant (see Table 7). The model on N
content was highly insignificant (F435=0.41, p = 0.83) and explained only 5 % of the variance.
Consequently, there was no significant model parameter. In contrast, the C:N ratio was
significantly explained by the model (F435= 4.65, p < 0.01) and accounted for 35 % of the
variance. The most important and significant model parameter was the SMIr indicator that

indicated wider C:N ratios on illite containers with increasing SMIr (see Table 7).

Out of the models explaining the EEA.ps in illite containers, only the one explaining NACaps
activity was marginally significant (Fa2,6=2.11, p <0.1) (see Table 7). It explained 23 % of the
variance and had as most important and significant model parameters the SMId which indicated
a negative impact of stand density on NAC,ps activity. Similarly, the models on EEAnom in illite
containers were not significantly explained by the linear models. The models explained between
11 % (XY Lnorm activity) and 21 % (NAChom activity) of the variance (see Table 7). The linear
models fitted to the enzyme ratios found in illite containers were not significant except for the
C:P enzyme ratio (F42,6 = 2.45, p < 0.05). The model explained 26 % of the variance and had
the SOC content of the surrounding soil as most important and significant model parameter that

positively affected the regression slope.

5  Discussion
This study investigated the dynamics of mineral-associated OM (MAOM) formation and
nutrient cycling at pristine mineral surfaces in a manipulative experiment. To this end, mineral

containers filled with either a sand-goethite or a sand-illite mixture were buried in topsoils of
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temperate forests with different management regimes for five years and then analysed regarding
how much SOM was bound at mineral surfaces (formation of MAOM as indicated by OC and
TN content), how SOM decomposition and nutrient cycling (indicated by EEAaps and EEAnorm)
were affected, and whether certain nutrient limitations (C, N, P) were detectable via EEA ratios

(ecoenzymatic stoichiometries).

5.1 Dynamics on goethite and illite relative to soil

5.1.1 MAOM formation and SOM quality

In comparison to the SOM content of the surrounding soil, the fraction that accumulated in the
mineral containers was very low (see Table 3). This decrease was expected since several factors
limited SOM accrual on mineral containers that came almost exclusively from dissolved
organic matter (DOM). Input from roots, fungal hyphae, and via bioturbation were strongly
limited or excluded due to the very fine mesh size surrounding the minerals (50 um) (Miiller et
al., 2020). Consequently, the inflow of OM into the mineral containers was limited to DOM
that originated mostly from aboveground litter and potential contributions of root exudates and
root litter decomposition. Still, as the mineral containers were not only open on the top but also
on the bottom, potential outflow of DOM with downward waterfluxes may have occurred and
corroborates that OM found in mineral containers was immobilized by the formation of

MAOM.

Previous studies suggested that goethite enhanced the stabilization of OM as for instance
rhizodeposits were increasingly stabilized following the addition of goethite to soils (Jeewani
et al., 2020). The goethite-OM association also enhanced aggregation processes that further
increased the stabilization of OM (Liu et al., 2014). Since the OM input in mineral containers
was mainly originating from litter-derived and root-derived DOM, the higher share of OM
accumulation on goethite minerals corroborates the high potential of goethite mineral surfaces
to stabilize OM relative to illite. The diverging formation of MAOM may also be driven by the
type of interaction between OM and goethite/illite. Illite has a permanent negative charge while
the sorption capacity of goethite increases with low pH values (Liu et al., 2014). At low pH of
the soil solution the probability for ligand exchanges with OM increases for variably charged
iron oxides (Kleber et al., 2021). Since the increasing soil pH of the surrounding soil had a
negative impact on OC accumulation on goethite, this study confirms the pH-dependent binding

capacity of goethite.

Lower C:N ratios were expected on mineral surfaces due to the higher degree of decomposition

of DOM that accumulated in the mineral containers and potentially led to a higher share of
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microbial biomass since microbial colonization of inorganic surfaces in forest ecosystems was
observed in previous studies (Uroz et al., 2015). However, significantly lower C:N ratios were
only measured in illite containers. The similar C:N ratio between soil and goethite suggests that
predominantly OM from decomposed plant materials accumulated in the goethite-filled
containers since the C:N signature was not as low as expected for microbial biomass (C:N <
10) (Kogel-Knabner, 2018). This is in line with previous studies that found a preferential
adsorption of plant-derived OM with narrow C:N on mineral surfaces (Kopittke et al., 2020;
Kleber et al., 2021). Moreover, the DOM that reached the mineral soils was likely composed
of low-molecular weight compounds that are dominant DOM of temperate forests soils (Kaiser
et al., 2002). The very low C:N ratio in illite-filled containers, in turn, is likely driven by
ammonium which is present in the interlayer of illite minerals. Thus, the low C:N ratios do not

stand for higher microbial biomass which would usually be expected at such low C:N ratios.
5.1.2 Nutrient cycling

Nutrient cycling (EEAas and EEAnom) was consistent with the pattern found for MAOM
formation. Highest EEA.ns were found on soil followed by goethite and illite. However, the
EEA normalized to the SOC content (EEAnom) showed the inverse relationship with highest
values on goethite followed by illite and soils. This finding is in line with meta-analyses on
EEA.pbs that found the allocation of resources to extracellular enzyme production to depend upon
the availability of energy sources (i.e. SOM content) (Sinsabaugh et al., 2008; Hendriksen et
al., 2016).

At second instance, the production of specific enzymes is then driven by nutrient limitations
(Allison et al., 2010). Hence, increased production of an enzyme indicates either the scarcity of
a certain nutrient or the increased presence of nutrients that makes the investment of an
organism in extracellular enzyme production advantageous. However, in regards to the EEAps
no clear conclusions regarding nutrient limitations can be derived since the overriding effect of
SOM content on EEAabs masks potential effects driven by nutrient limitations. This effect was
consistent for all four hydrolytic enzymes measured in this study and thus supports the

importance of SOM content on EEAps.

Since the EEAaps was strongly influenced by the differing SOM content, the EEAnom yielded
more information on potential nutrient limitations and overall nutrient cycling rates. The
EEAnom was higher on minerals (goethite > illite) compared to soils (see Table 3). This pattern

can be explained in two ways.
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On one hand, the scarce microenvironment in the mineralosphere may foster the relative
allocation of energy to the enzyme production to enhance nutrient availability (Sinsabaugh and
Moorhead, 1994; Allison et al., 2010). This follows the “Microbial Enzyme Allocation during
Decomposition” (MEAD) model that coupled the extracellular enzyme production to substrate
quality (Schimel and Weintraub, 2003). Thus, the lack of nutrients might be perceived by
microorganisms via mechanisms, such as quorum sensing (Burns et al., 2013). Quorum sensing
was first observed in aquatic environments and recently shown to regulate the synthesis of

extracellular enzymes (McBride and Strickland, 2019).

On the other hand, the mineral surfaces may increase the longevity and activity of enzymes that
accumulated in the mineral containers due to immobilization of enzymes on mineral surfaces
(Quiquampoix and Burns, 2007; Olagoke et al., 2020). These enzymes would then represent
“abiontic” enzymes that are decoupled from the emitting microorganism but remain active
following stabilization, e.g. on mineral surfaces (Skujin$ et al., 1974; Nannipieri et al., 2018).
Hence, it remains unclear to what extent the EEAans and EEAnem in mineral containers are
driven by abiontic enzymes that are of particular importance in the organo-mineral interactions.
For instance, the relatively high phosphatase activity in goethite corresponds well with previous
studies that found high phosphatase activities in irradiated soils (McLaren et al., 1956). The
specific nature of goethite further facilitates aggregation that may enhance the existence of
abiontic enzymes (Nannipieri et al., 2018). Still, the significantly higher EEA,om in goethite
containers compared to illite (except for GLUChom activity) indicates that a minimum amount
of SOM needs to be present so that the synthesis of EEA takes off. This is in line with previous
studies that found acid phosphatase activity to be affected by initially bioavailable P contents

(DeForest et al., 2012).

The EEAnom did not follow a similarly consistent pattern compared to EEAaps. This is likely
due to the overriding importance of OC concentration. GLUC,om activity did not differ between
goethite and illite. Furthermore, the fact that GLUC, which cleaves cellobiose into glucose
monomers, may have a particularly stable presence in both mineral containers since the main
input source in the experiment was DOM mostly from aboveground litter sources. Thus, the
cleavage of cellobiose as a component of litter DOM may have been enhanced independently

of the mineral surface type (Xu et al., 2021).
5.1.3 Ecoenzymatic stoichiometries

Ecoenzymatic stoichiometries serve as indicator of microbial nutrient acquisition rates and
indicate nutrient limitations (Luo et al., 2017). In this study, econzymatic stoichiometries
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showed significantly higher values in soils compared to mineral containers (except for the C:N
enzyme ratio, see Table 3). The stoichiometries however only differed significantly between
mineral types for the N:P enzyme ratio. This suggests that nutrients became increasingly limited
in mineral containers and thus thereby fostered the production of especially P-cleaving enzymes
(Schimel and Weintraub, 2003; Zechmeister-Boltenstern et al., 2015). This contrasts the

hypothesis that the mineralosphere is more C-limited whereas bulk soils more nutrient-limited.

The reason why the C-limited nature of mineral surfaces is not reflected in the ecoenzymatic
stoichiometries of this study may originate from the fact that the DOM flow into the mineral
containers did not differ too strongly from the one in bulk soil. That indicates an overall nutrient
limitation as the ecoenzymatic ratios were also for soils mostly below or at 1 (Luo et al., 2017;

Thieme et al., 2019).

Further, PHOS activities may have a particular role since PHOS;orm values on mineral
containers were very high (see Figure 3). The reason for the increased investment in P-acquiring
enzymes, particularly on goethite, may be a result of the high phosphate binding capacity of
goethite minerals (Liu et al., 2014). This may foster the excretion of acid phosphatase enzymes
and might mask the C-limitation of the mineralosphere. The particular role of PHOS activity is
further sustained as the cleavage of phosphates is less complex compared to N- or C-cycling
enzymes (Olander and Vitousek, 2000; Luo et al., 2017). For instance, does the continuous
cleavage of C also increase N availability and thus decouples the N-acquisition from the mere
cleaving of chitin. Similarly, the cellobiose cleavage indicated by GLUC activities only

represents one specific pathway of C acquisition.

5.2  Dynamics between forest type (beech vs. spruce)

5.2.1 Differences in MAOM formation

The MAOM formation (as expressed by the OC and TN content) of goethite and illite were
assessed in relation to the SOM content of the bulk soil. Unexpectedly, the SOM content of the
surrounding soils did not differ between forest types despite the fact that in deciduous forest
stands generally more SOM accumulates in the mineral soil while coniferous stands accumulate
SOM in the forest floor (Schulp et al., 2008). In general, the impact of forest type on bulk soil
were insignificant except for the C:N ratio which widened under spruce-dominated stands as

the litter has a wider C:N ratio (Albers et al., 2004).

Interestingly, the MAOM formation in mineral containers was more clearly affected by the

forest type than the surrounding soil. There was more C and N (significant only for goethite)
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accumulation under spruce stands than beech stands (see Table 4). The MAOM formation in
mineral containers might be more strongly affected by forest type since the importance and

quantity of DOM is higher under coniferous forests.

Further, the observed differences in C:N ratios might have affected microbial community
composition and thus microbial activity as for instance the share of soluble N increased in soils
under deciduous forests (Xing et al., 2010; Wang et al., 2016). Higher C allocation through root
exudates of coniferous trees may have enhanced the accumulation of C in mineral containers
(Rog et al., 2021). Finally, the lower soil pH under spruce stands may have corroborated the
stabilization capacity particularly on goethite as it increased the adsorption capacity of the

mineral (Liu et al., 2014).
5.2.2 Differences in nutrient cycling

The bulk soil showed higher nutrient cycling under spruce for XY Lans and PHOS.ps activities
but not for the EEAnom (see Table 4). Thus, C- and N-acquiring EEAs were less affected by the
forest type and the most consistent effect was observed for PHOS. In the case of the mineral
containers, the EEA.ps were significantly higher under spruce on goethite containers (except for
NAC), the EEA.ps on illite did not differ between forest type (see Table 5 and 6). Similarly, the
EEAnom did not indicate that specific differences in nutrient cycling occur across forest types.
This is unexpected since the wider C:N ratio under spruce stands supposedly leads to nutrient

limitations and thus induces changes in EEA;orm.

In spite of lacking evidence for shifts in SOM quality that would reflect in the EEAnom between
the two different forest types in each mineral container, the soil C:N ratio still indicates
significantly wider ratios under spruce (see Table 4). Hence, this study does not show any
differences between forest types with regards to OM quality but it highlights the mediating role

of mineral surfaces in conjunction with DOM quality for the nutrient cycling in forest soils.

It 1s known that more DOM is produced in coniferous stands and that the soil solution has a
lower soil pH. This explains why goethite containers showed significant differences while illite
containers did not. The lower pH of the soil solution under spruce likely increased the
adsorption capacity of goethite and thus stabilized more SOM and potentially enzymes
(Quiquampoix et al., 1987a; 1987b). Consequently, the EEA.ps increased reflecting the higher
overall SOM content in the goethite containers. This development did not occur in illite
containers. There, the stable negative charge of the clay minerals did not lead to fluctuation in
the stabilization capacity. Still, the overall very low OM concentrations on illite likely

contributed to the insignificant results.
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Hence, the mineral type played a mediating role in how much of the higher DOM flow under
spruce could actually be stabilized. Conversely, this suggests that the quality of the incoming
DOM does not matter in terms of components since the overall low SOM content on mineral

surfaces was already found to be the overriding factor (Hendriksen et al., 2016).
5.2.3 Differences in ecoenzymatic stoichiometries

Ecoenzymatic stoichiometries narrowed in the bulk soil and illite containers under spruce.
However, goethite containers showed the opposite pattern (significantly higher under spruce
for C:P enzyme ratio). Still, most differences were not significant (see Table 4, 5, and 6). The
wider C:N ratios found under spruce led to narrower ecoenzymatic stoichiometries on soils and
illite, whereas on goethite the wider ratios on spruce indicated a more C-limited environment
but may also reflect a shift towards a fungi-dominated community composition (Zechmeister-

Boltenstern et al., 2015).

Mineral surfaces are known to associate predominantly with SOM that has a lower C:N ratio
(Kalbitz et al., 2000; Kaiser et al., 2002). Hence, the increases in ecoenzymatic stoichiometries
under spruce for goethite indicate that C-acquiring enzymes become relatively more important
in a C-limited environment. Since the spruce DOM is expected to have wider C:N ratios, the
wider ecoenzymatic stoichiometries under spruce indicated that higher C availability might
have led to slight increases in C acquisition through GLUC enzymes. Still, the overall enzyme

ratios are narrow and thus indicative for a nutrient limited environment (Luo et al., 2017).

To conclude, the ecoenzymatic stoichiometries did not differ significantly across forest types
in the different compartments. Further studies are needed to clarify how SOM composition
affects the allocation of microorganisms to enzyme synthesis and how this affects ecoenzymatic
stoichiometries. Most likely the strong transformation of DOM, especially within the soil
matrix, homogenizes the chemical composition of DOM that is still much more pronounced in

the forest floor (Thieme et al., 2019).

5.3  Joint influence of soil properties and forest management intensity

5.3.1 Linear models on MAOM formation

The linear models showed that the stabilization of OC via the formation of MAOM on goethite
was clearly driven by the C:N ratio of the surrounding soil and the soil pH. In contrast, the
linear models on illite had a worse model fit and thus the model parameters were not significant.
Still, the coefficients indicated similar weighting of the C:N ratio and SMIr as most important

variables. These findings are in line with the previously formulated hypotheses. Wider C:N
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ratios increase the flux of DOM and are likely to occur in forest stands with a high SMIr that
corresponds to a high or even pure coniferous stand in the study area (Schall and Ammer, 2014).
In line with that, the MAOM formation appeared to be more strongly affected on goethite
compared to illite. This suggests that the DOM quality which has a lower soil pH under
coniferous stands had played a central role in increasing goethite sorptive capacity. In turn, the
constant negative charge of illite surfaces was less affected by the fluctuation in the pH of the

DOM.

Next to the stronger effect on goethite containers, it is noteworthy that TN contents were less
explained by the models and more affected by clay and the SMIr management indicator than
by the soil C:N ratio. However, the relationship between TN content in the mineral containers
and soil pH contrasts findings that indicate increasing microbial biomass with increasing soil
pH (Friedel et al., 2006; Kara et al., 2008). Thus, it is unlikely that higher TN values on mineral
containers indicate microbial biomass but rather reflect overall increases in SOM. This also
explains the positive effect of more clayey surrounding soils that enhanced the TN content in

mineral containers.
5.3.2 Linear models on nutrient cycling

In general, the linear models that showed the response of EEA.ps and thus nutrient cycling based
on surrounding soil properties and forest management intensity were not significant except for
goethite. The nutrient cycling activity as indicated by EEAans was more strongly influenced by
the C:N ratio on goethite but tended to be similarly influenced by OC concentrations on illite
(not significant) (see Table 6 and 7). Hence, wider soil C:N ratios that are also closely related
to management aspects significantly contributed to increasing EEA.ps on goethite. This is
consistent with all previously discussed findings that point towards a central role of DOM flow
for MAOM formation, enhanced stabilization capacity of goethite, and increasing enzyme

activities.

However, the lower model fits especially for EEAnom also suggest that other factors such as
inherent differences between mineral types or factors related to the microbial community
composition might govern the allocation of resources to EEAs. In light of the diverging
microhabitat conditions at different mineral surfaces and consequential shifts in microbial
communities investigating this further may be rewarding (Carson et al., 2007; Vieira et al.,

2020a).
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5.3.3 Linear models on ecoenzymatic stoichiometries

The ecoenzymatic stoichiometries on soils were all significant. They increased with higher SOC
content and decreased with wider soil C:N ratios. Further, soil pH and SMId contributed
significantly to the model. However, this effect was not visible on minerals except for the C:P
enzyme ratio in goethite and illite containers. Again, the SOC and the soil C:N ratio of the

surrounding soil were most important (see Tables 5-7).

Nutrient limitations in the bulk soil were coupled to overall SOC content and SOM quality.
This holds especially true for N availability which can be a by-product of SOC decomposition
(Zechmeister-Boltenstern et al., 2015). P limitation (indicated by lower C:P and N:P enzyme
ratios) in turn increased with soil pH. This is in line with very recent studies that experimentally

tested the pH-mediated availability of plant-available P (Barrow et al., 2020)

The patterns of nutrient limitations in soils as indicated by the ecoenzymatic stoichiometries
did not continue in mineral containers. Thus, despite some correlation with regards to the C:P
and N:P enzyme ratio, no clear conclusions can be drawn with respect to the drivers on mineral
surfaces. Hence, the overall decrease from soil ecoenzymatic stoichiometries to mineral
containers discussed in Section 5.1.3 might be rather linked to properties of the microbiome
that were not covered in this study. Mineral type-specific processes such as the previously
mentioned goethite-phosphate binding mechanisms may be less relevant since the models were
similar for goethite and illite. Illite surfaces may have shown more clear trends due to the very

low MAOM formation which likely limited the availability of key nutrients even more.
5.4  Strengths and limitations of the study

The study provides strong evidence that the properties of mineral surfaces are central for SOM
dynamics in managed temperate forests. The more intensive management practices that resulted
in coniferous forest stands in the study area increased the flow of DOM concomitant with lower
pH values. These properties were crucial to significantly enhance the capacity of goethite
surfaces to form MAOM, and enhance nutrient cycling through increased EEAs and narrower

ecoenzymatic stoichiometries.

The evidence presented in this study is convincing but some peculiarities of the approach need
to be highlighted. Most importantly, this study assessed the MAOM formation in a sand-mineral
mixture and not in pure mineral containers for practical reasons that ensured similar volumes
in both containers. With this, the actual mineral content in the mineral containers differed

between goethite and illite (see Chapter 3.2). Usually, microbial activity and MAOM formation
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on sand fractions are low which would speak in favour of correcting for the pure mineral
content. However, in the present study this correction was not done since it cannot be ultimately
ruled out that the sand fraction in the mineral containers did not contribute at all to the values
reported here. Studies that investigated the retention of OM and EEAs on sand-sized particles
found low values that still were too high to simply ignore them (Marx et al., 2005). Moreover,
it was shown that the sand fraction can also increase SOM content following additional fertilizer
input (Ling et al., 2014). Thus, sand-sized particles can develop a certain dynamic and therefore

may have contributed to the stabilization of OM within the mineral containers.

Further, it is noteworthy that broadening the array of methods employed in the study context
would greatly enhance the ability to draw a more mechanistic understanding from the
experiment. The investigation of the chemical composition of SOM found in soils and on
mineral containers would be of great value. This is recommendable due to the fact that C- and
N-cyles are more complex and involve many different enzymes. Finally, a deepened
understanding of the microbial community composition on soils, goethite and illite containers

would increase the capacity to describe ecological processes that occur on mineral surfaces.

This study was limited to 50 experimental plots located on the Swabian Alb and provides sound
evidence for the processes shaping the SOM dynamics on pristine mineral surfaces in the
context of contrasting management regimes in the study area. Yet, the relatively small sample
size hampered the use of more sophisticated statistical methods such as structural equation
modelling. Expanding the study area therefore means that these methods could be used and
increase the ability to disentangle soil- and management-related contributions since central soil

properties such as the soil C:N ratio or the soil pH are also influenced by forest management.

6  Conclusion

This study supports the notion that mineral surfaces are a central component of C dynamics in
forest soils. Irrespective of the mineral type, MAOM formed and EEAnom were many times
higher than in bulk soil. Still, the MAOM formation and the EEA.»s were significantly higher
in goethite containers. This was mediated by the forest management regime since coniferous
stands exhibit not only higher DOM flows but also contribute to a more acidic soil environment.
This study suggests that these effects, together with the widened C:N ratio were crucial for
increasing the effectiveness of goethite minerals to foster the stabilization capacity in
comparison to illite containers. The present experiment is a promising attempt to disentangle

soil-related and forest management-related factors on C dynamics on mineral surfaces.
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Exploring the specific mechanisms between mineral and organic phase in order to increase the

understanding of C and nutrient dynamics in soils may be an interesting area for future research.
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