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Abstract

Healthy soils are the second C sink on Earth, and this sink could last for hundreds or even thousands of years as stable soil
organic matter (SOM). Forest soils, in particular, have the potential to store significant amounts of C, however, the amount
of C sequestered and the carbon-to-nitrogen (C/N) ratio of soil organic matter (SOM) depend on the vegetation influencing
the soil. In the last decades, mixed stands have aroused great interest among the scientific community, but it is still necessary
to intensify research on its effect on soils and their C storage capacity. In this study, we assess soil C sequestration potential
in soil and litter of mixed and pure stands of Scots pine and beech (Pinus sylvestris—Fagus sylvatica). Three triplets (9 forest
plots), two located in Southern Poland and one in Southern Germany were studied. A total of 40 circular subplots of 5 m
radius were selected within the triplets, covering a wide range of species mixture, and soil and litter were sampled. Data
were analyzed at two scales (plot-level and microsite-level) to determine which option is more appropriate when studying the
mixing effect on SOM. Cstock in forest floor ranged between 2.5 and 11.1 Mg C ha™! and in mineral soil between 39.6 and
337.8 Mg ha™'. According to our findings, the percentage of species mixture primarily impacted the forest floor rather than
the mineral soil. On the forest floor, stands with 25-50% pine in the mixture were found to have a C/N ratio between 20 and
30, which indicates an equilibrium state between mineralization and immobilization. In the mineral soil, total organic C was
the only variable affected by mixture percentage (p <0.1). Finally, microsite-level scale proved to be the most appropriate
when studying tree stand composition effect on SOM, as the plot-level scale diluted or masked some effects.
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Introduction

Considering their high potential to sequester carbon, soils
can play a valuable role in combating climate change.
Healthy soils are the second largest C sink on Earth, con-
taining two-thirds of the total C in terrestrial ecosystems
(Dixon et al. 1994). This sink may endure for hundreds
or even thousands of years as stable soil organic matter
(SOM) (Basile-Doelsch et al. 2020). In this context, for-
est soils play a very important role in mitigating global
change, storing around 70% of the world's soil organic
carbon (SOC) reserves (SchleuB} et al. 2014; Osei et al.
2021). However, depending on the management applied,
forest ecosystems may see their capacity to accumulate
SOC favored or become sources of CO, that returns to the
atmosphere (Schlesinger and Andrews 2000).

It’s well known that soil and vegetation closely related
(Cornwell et al. 2008). The establishment of one type of
vegetation or another will depend on soil characteristics,
but at the same time, soil characteristics can be modified
by the vegetation present. For these reasons, the scien-
tific interest in understanding the factors that influence
the amount of C sequestered by forest ecosystems and
the processes increasing their stability and, therefore, its
residence time in the soil, has aroused great relevance
(Wander and Nissen 2004; Turridén et al. 2009; Roman
Dobarco 2014). The main source of organic matter (OM)
and nutrients in forest ecosystems came from litter and
the decomposition of plant roots (Berg and McClaugherty
2020). Depending on tree species composition the leaf lit-
ter production and composition will be different and, con-
sequently, the quality and quantity of OM that reaches the
soil (Lucas-Borja et al. 2012; Roman Dobarco et al. 2021).
Thus, it is reasonable to believe that one of the factors that
affects the dynamics of C accumulation and decomposi-
tion is the tree species composition (Herrero et al. 2016).

In the last decades, the management of mixed stands
has become highly relevant. Forestry research has focused
on this type of stands due to the solid evidence that mixed
forests can provide numerous ecosystem services more
efficiently than monocultures (Gamfeldt et al. 2013;
Bravo-Oviedo et al. 2014; Pretzsch et al. 2015). Due to
the complementary use of space, the basal area of mixed
stands is usually higher than the monocultures, which
may lead to higher litterfall input (Btoriska et al. 2018;
Osei et al. 2021). As stated by Pretzsch et al. (2015), the
combination of different litter types, especially those with
contrasting characteristics (coniferous and broad-leaf spe-
cies) can improve, in the long term, the storage capacity
of carbon and other resources in the soils. Although the
studies focused on the effect of mixtures on SOC have
increased (Cremer et al. 2016; Lopez-Marcos et al. 2018;
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Osei et al. 2021), is still a poorly studied aspect. Studies
dealing with mineral soil, are mainly focused on the top-
soil layer or up to 20-30 cm depth. However, half of the C
stored in soils is located in deeper layers (> 30 cm depth)
(Basile-Doelsch et al. 2020).

Leaf litter coming from different tree species will decom-
pose at different rates depending on its chemical quality
and recalcitrance. At the same time, litter quality will also
influence the soil microbial community, which in turn will
influence OM decomposition dynamics (Wang et al. 2015).
Recent advances in the knowledge of the dynamics of
organic matter indicate that secondary metabolites released
by plants, possibly have a greater impact on carbon dynam-
ics than the primary ones, due to their effects on microor-
ganisms and the mobilization of organic matter due to their
priming effect (Basile-Doelsch et al. 2020). Priming effects
(PE) can be defined as the changes in natural mineralization
processes of C and N (acceleration; PE + or reduction; PE-)
caused by the addition of different substances to the soil
(plant residues, dead microorganisms, organic or mineral
fertilizers...) (Kuzyakov et al. 2000; Wang et al. 2015).

Further research should be done to increase the knowl-
edge about tree species mixture effect on SOM decomposi-
tion dynamics, and its evolution in deep. Filling this knowl-
edge gap is essential to propose management alternatives
that preserve or increase SOC reserves in forest soils, soil
fertility, and contribute to climate change mitigation.

In this study, we have focused on admixtures of conifer-
ous and broad-leaf species, particularly in two of the main
tree species in Europe: Scots pine (Pinus sylvestris L.) and
European beech (Fagus sylvatica L.). In Europe, Scots pine
covers about 12X 10° ha and European beech 49 x 10° ha.
About 1.7 x 10° ha of European forests are mixed stands of
Scots pine and European beech. However, some authors have
estimated that this type of mixture could cover 32 x 10° ha
of European territory (Brus et al. 2012).

To assess the potential advantages of mixed stands ver-
sus monospecific stands, a large number of studies have
been conducted based on the triplet methodology (Pretzsch
et al. 2015; Heym et al. 2017; Lépez-Marcos et al. 2020).
The establishment of sets of triplets facilitates the compar-
ison between mixed and monospecific stands (Riofrio et al.
2017). This approach has been used in several studies,
mainly focused on the aboveground level, on topics such
as stand growth and productivity (Pretzsch et al. 2015;
Ruiz-Peinado et al. 2021), tree morphology (Cattaneo
et al. 2020; Uzquiano et al. 2021) or understory vegeta-
tion (Lopez-Marcos et al. 2020). The triplets’ methodol-
ogy establishes a categorical grouping with three levels:
monospecific stand 1, monospecific stand 2 and mixed
stand (Heym et al. 2017). In our case, it corresponds to
the “stand type” variable which has 3 levels: pure beech,
pure pine and mixed. Soils are very heterogeneous, and
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many of their properties, such as the quantity and quality
of organic matter, can vary within a few meters of distance
(Oueslati et al. 2013; Falconer et al. 2015). For this reason,
using a microsite scale (local mixture) rather than using
a plot scale might be more appropriate for studying the
effect of species mixing on SOM. Very little was found
in the literature on the microsite approach in mixed for-
ests. For their studies of soil and litter decomposition in
mixed stands, Bueis et al. (2017, 2018) used a microsite
approach, in this case with circular subplots of 6 m radius
in Pinus halepensis reforestations Osei et al. (2021) also
apply the concept of mixture percentage (quantitative vari-
able instead of the categorical grouping), however, they
calculate it at the plot level (triplets’ methodology).

In this study, we aim to assess the potential effect of
European beech and Scots pine admixture on the C to N
ratio of SOM and the amount of C accumulated in for-
est floor and mineral soil, contributing to increasing the
knowledge about the C dynamics in mixed stands. To
study the data, two types of scale were used: plot-level
(triplets or stand-type approach) and microsite-level (local
mixture %). We postulate that the scale used in triplets’
approach (plot-level) is too large for SOM studies, and a
microsite scale might be more appropriate. Thus, an initial
objective of this research is to determine which scale; plot-
level or microsite-level, is better to apply when studying
the effect of tree stand composition on SOM. Secondly, we
want to assess the effect of the percentage of species mix-
ture on (1) the accumulation and decomposition of leaf lit-
ter, (2) the distribution of carbon and nitrogen throughout
the edaphic profile and (3) the C to N ratio of the organic
matter accumulated.

Materials and methods
Study site and experimental design

Nine forest plots (three triplets) of mixed and pure stands
of Scots pine (Pinus sylvestris L.) and beech (Fagus syl-
vatica L.) were selected for the study. Experimental plots
belong to a European network of triplets (COST Action FP
1206 EuMiXFOR). Under this project, sets of three rectan-
gular plots including pure and mixed stands (1 per stand
type; pure pine, pure beech and the mixed) of the species
under study (Pinus sylvestris and Fagus sylvatica) were
established along a climatic gradient in Europe. Plot size
varies between 0.05 and 0.18 ha, including at least 20 trees
per species, and mixing proportions varied from 18 to 72%
of Scots pine (Pretzsch et al. 2015). Stands within triplet
present similar site conditions (soil, climate and topog-
raphy), age, tree density and management. Stand char-
acteristics such as tree species, diameter at breast height
(dbh), spatial location of individual trees or plot size were
obtained from the EuMiXFOR data set available in http://
dx.doi.org/10.5061/dryad.8v04m (Heym et al. 2019).
Out of the EuMiXFOR triplets, we selected three tri-
plets located in different areas, but with similar soil types
and climate. Two triplets (Pol_4 and Pol_5) were located
in Niepotomice forest (Fig. 1) in southern Poland. Situ-
ated in the Vistula River Valley, 25 km east from Cracow,
Niepotomice forest (50°01'34.3"N, 20°19'34.6"E) covers
an area of 110 km? approximately, mainly dominated by
Pinus sylvestris stands, alone or mixed with other tree spe-
cies (Grodzinski et al. 2012). It has an oceanic-continental
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Fig. 1 Study site location: Schrobenhausen (Germany), Niepotomice (Poland)
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climate (Cfb) according to (Koppen 1936) classification,
the average annual precipitation ranges between 670 and
715 mm and the average annual temperature between
8.4-8.7°C (Fick and Hijmans 2017; Kapusta et al. 2019;
Stanek and Stefanowicz 2019). Plots are located at an alti-
tude of 191-231 m above sea level. Soils are podzols and
cambisols (Rozen et al. 2004) developed on Pleistocene
sands, with sandy or sandy-loam texture and extremely
acid pH (3.2-4.5). The third triplet (Ger_1) was situated
on the outskirts of Schrobenhausen, southern Germany
(Fig. 1). Schrobenhausen plots are located at an average
altitude of 460 m above sea level, with an oceanic-con-
tinental climate (Cfb) according to (Koppen 1936) clas-
sification, an average annual rainfall between 700 and
900 mm and average annual temperature between 7.5 and
8.5 °C (Heym et al. 2017). Soils are classified as pod-
zols, developed on coarse and fine sand tertiary sediments,
with sandy or sandy-loam texture and extremely acid pH
(3.8-4.5).

Table 1 illustrates some of the main characteristics of the
studied plots and subplots. No silvicultural intervention has

been done in the stands in the last ten years. These triplets
have been previously used in other studies as in Btoriska
et al. (2018) and de Streel et al. (2021).

In order to study the effect of different percentages of
species mixture on the C to N ratio of SOM and the amount
of C accumulated, circular subplots of 5 m radius were
established within the previously described plots following
two conditions: (1) no overlapping between subplots and
(2) different percentage of species mixture. To locate the
subplots, the area of influence of each tree was calculated
using Thiessen polygons (a method to analyze proximity and
neighborhood). This method establishes the perpendicular
bisector between a tree and each one of its nearest neighbors,
creating a polygon (area of influence) for each individual
(Butler et al. 2014). The percentage of species mixture at
each subplot was calculated as a ratio between the sum of
Scots pine influence areas and the total area of the subplot,
and was expressed as pine percentage (or pine proportion).
An example of the circular subplots’ establishment is shown
in Appendix 1. Under these bases, a total of 40 subplots were
established, covering a wide range of species mixture. In

Table 1 Stand characteristics at plot-level or stand type (Source: EuMixFOR database, Heym et al. (2019)) and subplot-level or microsite

(authors' own data)

BA N
SuI:DpIot %Pine (m*ha?) (treesha)
Pol_4P-1 100 329 767.8
Pol_4p-2 100 448 14077
Pol_ap-3 100 416 895.8
Pol_aP-4 100 37.7 895.8
Pol_4B-1 0 457 511.9
Pol_4B -2 0 53.9 895.8
Pol_4B-3 0 72.8 895.8
Pol_4B-4 0 51.4 767.8
Pol_4M-1 137 28.0 639.9
Pol_4M-2 143 39.8 1023.8
Pol_aM-3 57.6 30.4 1023.8
Pol_aM-4 17.0 237 895.8
bocetion PIIDot Traat *Pina ("’\l“t) Sl:::w ( ::;1 (mi": . (tree’:ha") ::) (*::) Pol_4M-5 19.0 30.3 383.9
Pol_5P-1 100 415 767.8
Pol_aP Pine 100 210 0 57 27.4 6719 226 246 Pol_5P-2 100 400 767.8
Pol_4B Beech 0 201 0 57 17.6 531.1 19.8 20.0 Pol_5P-3 100 26.5 767.8
Niepolomice PolLAM  Mixed 159 218 4 57 34.2 609.2 24.4 28.7 Pol_SP-4 100 A 229
(Poland) Pol_5P Pine 100 212 0 55 326 440.5 30.2 27.2 PoL56-1 ? =84 1088
e Pol_5B-2 0 53.5 511.9
Pol_SB Beech 0 191 0 55 22.8 438.6 247 27.8 Pol 5B-3 0 462 639.9
Pol_5M  Mixed 438 231 0 55 31.0 555.2 25.0 26.6 Pol_5B-4 0 432 767.8
Ger_1P Pine 100 449 1 57 25.9 264.6 347 28.8 Pol_5M-1 78.2 417 639.9
Schrobenhausen .\ 15 Beech 0 467 1 57 27.4 952.4 1756 27.2 PolSM-2 642 398 8958
(Germany) Pol5M-3 3138 463 639.9
Ger_IM  Mixed 24.2 473 1 57 37.4 1056.8 19.4 26.5
Pol_5M-4 86.5 29.2 767.8
Plot ID: plot identifier; Treat: stand type; %Pine: pine proportion; Alt: elevation above sea level; Slope; Age: mean age; BA: basal area; N: tree Pol_SM-5 84 432 895.8
density; Dm: mean diameter; Ho: dominant height; Subplot ID: subplot identifier. Pol_5M-6 231 19.8 511.9
Ger_1P-1 100 339 255.9
Ger_1P-2 100 63.7 639.9
Ger_1P-3 99.1 39.9 383.9
Ger_1P-4 100 36.7 511.9
Ger_1B-1 0 247 895.8
Ger_1B-2 0 26.5 895.8
Ger_1B-3 0 29.9 1407.7
Ger_1B-4 0 33.1 1151.7
Ger_IM-1 409 40.8 767.8
Ger_1M-2 34.6 290 10238
Ger_1M-3 137 384 1279.7
Ger_IM-4 635 545 11517
Ger_1M-5 8.1 220 767.8
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general, 4 subplots were established in pure stands and 5 or
6 subplots in mixed stands (according to the plot's dimen-
sions). As a result, the following subplot distribution was
obtained: 12 subplots in pine stands, 12 subplots in beech
stands and 16 subplots in mixed stands.

Soil and litter sampling

Organic and mineral soil horizons were collected in the 40
subplots established. To provide a representative sample of
the area, samples were taken at 3 points 1 m apart from the
center of each subplot, and then mixed creating one com-
posite sample per horizon in each subplot. At each point,
mineral soil horizons were manually sampled up to 40 cm
depth. Organic horizons of the forest floor (FF) were col-
lected using a 25 X 25 cm wooden frame as a reference area.

In addition, to describe and characterize the edaphic pro-
file of the studied plots, a soil pit of at least 60 cm depth
was made in all the plots conforming a triplet (1 for each
stand type and triplet). The nine soil profiles were described
according to the FAO guidelines for soil description (FAO
2006) and classified following the World Reference Base
for Soil Resources (IUSS Working Group WRB 2015). Dis-
turbed and undisturbed, soil samples were collected from
each mineral horizon, as well as the litter (organic horizon)
accumulated on it. Sampling was carried out between July
and October 2019.

Laboratory analysis

Forest floor samples were separated into three fractions
according to decomposition state as in (Lopez-Marcos et al.
2018): almost undecomposed litter or fresh fraction (FsL),
partially decomposed litter or fragmented fraction (FgL)
and mostly decomposed organic matter or humified fraction
(HmL). Litterfall fractions were dried at 60 °C and weighed
to calculate the total dry biomass (B) of each fraction per
hectare (Mg ha™").

Composite soil samples were air dried at room tempera-
ture and sieved (@ 2 mm) for further analysis. Coarse frac-
tion percentage (>2 mm, CF), earth fraction percentage
(<2 mm, EF), texture according to USDA criteria and pH
in water were determined. Undisturbed soil samples were
dried, for 24 h at 105 °C, and weighed to calculate the bulk
density (bD). In addition, litterfall fractions and soil sam-
ples were analyzed for total organic C and N content (TOC,
TN) by dry combustion using a LECO CNS928 elemental
analyzer. Carbon-to-nitrogen ratios were calculated for litter
samples; fresh + fragmented fraction (C/N)gg, por, and humi-
fied fraction (C/N)y,,., and soil samples.

After analyzing all the plots, one of the pine plots from
Niepotomice (Pol_5P) was excluded from the research.
Although we are not aware of it, we suspect that soil was

stirred and mixed, modifying the natural sequence of the
edaphic profile.

Data analysis

Fresh litter fraction represented a rather small part of the
total forest floor and was not present in many samples.
Thus, we decided to combine the data of both fractions in
a new category of "fresh-fragmented fraction" (Fs+FgL).
Although soil samples were collected and analyzed by hori-
zons, data were subsequently converted into depths every
10 cm (0-10 cm; 10-20 cm; 20-30 cm and 30-40 cm)
by calculating the weighted means between soil horizons
(Appendix 2). In this way, the analysis is facilitated, being
able to establish comparisons between depths in different
soils.

The stock of C in the mineral soil was calculated for each
depth (Cstock_;o, Cstock;_pg, Cstockyg 39 and Cstocksq 4)
following the next formula: Cstock; = TOCi * bDi * EFi  Ti
being i: soil depth (0-10 cm, 10-20 cm, 20-30 cm or
30-40 cm), TOC: total organic carbon content (%), bD: bulk
density (g cm™), EF: earth fraction (%), T+ soil layer thick-
ness (cm).

C stock in forest floor fractions (Cstockgg, por , Cstockyy, )
were calculated by multiplying TOC content by fraction bio-
mass. C stock in forest floor (Cstockyg) would be the sum of
both fraction Cstocks:

Cstockpp = (TOCFS+FgL * BFx+FgL) + (TOCHmL * BHmL)

Finally, C stock in the whole soil profile (CstockT) was
calculated as the sum of C stock in the whole soil profile and
litter fractions C stocks.

Statistical analysis

When analyzing the data, two types of scale were used:
plot-level (triplets or stand-type approach) and microsite-
level (local mixture %). For the stand-type approach (plot-
level) we considered each plot conforming a triplet as an
experimental unit. Using the stand-type as a categorical
variable with 3 levels: pure beech, pure pine and mixed. In
the microsite-level approach rather than considering whole
stand (plot) characteristics to explain forest floor and soil
properties, we focused on the area surrounding each sam-
pling point (5 m radius), where specific mixture percentage
(quantitative variable) per subplot was calculated.

Plot-level or stand-type approach
To analyze the possible effects of stand type (pure pine, pure

beech or mixed) on the variables studied (B, TOC, TN, C/N
y Cstock) repeated measured linear mixed models (LMM)
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were fitted separately for soil and forest floor, both with the
following equation:

where Y was the response variable, y the general mean, T
the triplet effect, S; the stand type effect, P, ; the random
effect of the microsite (subplot), were P, ; H = N(O, a;), D,
the depth effect and §; X D, the interaction between stand
type and depth. When the LMM was applied to the forest
floor, the depth effect (D,) was replaced by the litter fraction
effect (F;). The depth (or litter fraction) factor was consid-
ered as a repeated measured factor with a variance—covari-
ance structure of heterogeneous autoregressive order one
type (arh(1)). Finally, fl_.]-kl were the random error of the
model, such that &, = N(O, ¢?) and were independent. To
attain model convergence, REML (restricted maximum like-
lihood) variances were calculated. Pairwise t tests were used
to compare the estimated means for the different levels of
the significant fixed effects.

Microsite-level or local mixture % approach

In this approach, we consider the mixture as a quantitative
factor rather than as a fixed factor with three levels, so, for
each subplot (microsite) we will use the percentage of pine
as a covariate in the mixed linear model. Thus, for each
response variable we will have the LMM with the equation:

Yy =u+T;+ Py + D+ (by+by) - x+ (by+by) - X+ &

where b, and b, were the common regression coefficient of
x and its square, x%, and b, and b,, the slope deviation of the
1-th depth from de common slopes b, and b,, respectively,
x the percentage of pine observed in the microsite (sub-
plot). The rest of the terms of the model are those already
explained in the previous case, and as before, when the
LMM was applied to the forest floor, the depth effect (D))
was replaced by the litter fraction effect (F)).

Finally, in order to check the influence of the stand den-
sity on the litter biomass and Cstockgg, linear correlations
between some variables of interest were investigated using
the Pearson’s coefficient (p <0.05).

All statistical analyses were performed using SAS 9.4
software (SAS Institute 2019).

Results
General soil parameters
Some physical and chemical characteristics of the nine

edaphic profiles described are shown in Table 2. The maxi-
mum depth reached in the edaphic profiles was 115 cm
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(Ger_1P), and the minimum 80 cm (Pol_5B). The texture
in the different soil profiles, and horizons, was mainly sandy,
varying between loamy sand to sand. All the soils stud-
ied showed an extremely acid pH (3.2-3.9) in the topsoil,
slightly increasing with depth (4.2-5.9). Compared to the
rest of the plots, those corresponding to Pol_4 shower higher
TOC content in the first horizon. Soil N contents showed, in
all cases, very low values.

Differences at plot level (stand-type approach)
Forest floor

As can be seen in Table 3, a significant effect in the interac-
tion between stand type and litter fractions was found in all
the variables studied: litter biomass (p <0.001), TOC con-
tent (p <0.05), TN content (p < 0.001), C/N ratio (p <0.001)
and the Cstock (p <0.001).

Average litter biomass values in the pure beech, pine and
mixed plots were 11.7, 17.3 and 12.9 Mg/ha, respectively
(Fig. 2a). Litter biomass under pine stands was significantly
higher than in beech and mixed stands, which did not differ
between them. Strong differences (p <0.001) were observed
in litter fractions (Fs+FgL and HmL) biomass depending
on the stand type (Table 3). Pure beech and mixed stands
behave similarly, having significantly higher values of par-
tially or initially decomposed litter (Fs+ FgL) and about half
the amount of highly decomposed litter (HmL). The opposite
was found for pine stands, being HmL higher than Fs+FgL.
HmL fraction represented 30% of the total biomass in pure
beech and mixed plots but up to 93% in pure pine stands.
In addition, no correlation between the total litter biomass
and the stand characteristics (BA, N, Dm...) was detected.

Litterfall under pine stands showed the highest TOC con-
tent in both fractions (TOCp,, g,y : 455.9; TOCyyy, : 454.8 mg
C g7 !). The data showed that TOC in the litter fractions in
beech and mixed stands decreased with the decomposition
state, while in pine stands it does not change (Fig. 3a).

As can be seen in Fig. 3b, TN content was higher in the
HmL fraction, showing that TN increased with the humifica-
tion state. TNy, was significantly higher in mixed stands
(18.7 mg N g~!) compared to beech stands (17.5 mg N g71),
while pine stands did not differ from them. TN in Fs +FgL
fraction did differ among the three stand types, being higher
in mixed (15.8 mg N g™1), lower in pine (10.9 mg N g™},
and intermediate in beech stands (13.8 mg N g™!). In all
cases, total N content increased as the humification state
did; TNy, (18.5mg N g™")>TNgy (13.5 mg N g™"), being
more pronounced in pine stands, where the percent change
reached a 78%.

C/N ratio (Table 3) in the forest floor ranged between
17.3 and 72.7 with an average of 33.7 across all litter frac-
tions and stand types. As can be seen in Fig. 3¢,C/N ratio



European Journal of Forest Research

Table 2. General soil profile Depth CF  Texture bD pH TOC TN C/N
properties

(cm) (%) Sand (%) Silt(%) Clay (%) (gem™) (H,0) (mgCg™) (mgNg™)

Pol_4P

Ah  0-6 0.0 846 5.4 10.0 0.42 34 153.69 6.63 232
E 6-15 0.0 955 1.0 35 1.53 3.9 16.37 0.99 16.5
Bhs 1542 0.0 90.0 4.5 5.5 1.47 4.7 9.91 0.75 13.3
C >42 0.0 935 3.0 35 1.76 4.8 1.54 0.29 5.3
Pol_4B

Ah  0-9 0.0 809 7.9 11.3 0.35 32 188.62 9.50 23.3
E 9-30 0.0 94.0 2.5 35 1.25 3.6 11.76 0.87 13.5
Bhs 30-58 2.7 945 1.5 4.0 1.77 4.2 6.29 0.67 9.4
Bs >58 8.5 935 1.5 5.0 1.97 4.3 2.18 0.46 4.7
Pol_4M

Ah 04 0.0 93.7 0.3 6.1 1.22 3.5 74.54 3.35 22.2
E 4-18 0.0 96.0 0.0 4.0 1.64 3.7 8.09 0.57 14.3
Bs 1842 0.0 935 2.5 4.0 1.66 4.3 4.88 0.44 11.0
C >42 0.0 95.0 1.0 4.0 1.78 4.3 3.38 0.43 7.9
Pol_5B

Ah 09 2.9 889 3.5 7.6 1.37 3.5 50.28 2.74 18.3
Bhs 9-28 8.1 90.5 2.0 7.5 1.67 4.0 10.75 0.78 13.7
Bs 28-50 20.5 91.0 5.5 35 1.69 44 4.80 0.55 8.7
C >50 0.6 92.0 4.5 3.5 1.78 4.4 1.23 0.38 32
Pol_5M

Ah 020 0.0 955 1.3 3.3 1.47 3.5 36.36 1.65 22.1
Bhs 20-32 0.0 914 3.5 5.0 1.51 4.0 17.62 0.84 21.0
Bs 32-61 0.0 94.0 2.5 3.5 1.72 4.2 4.38 0.38 11.6
C >61 0.1 95.0 2.5 2.5 1.80 4.2 2.28 0.29 7.9
Ger_1P

Ah 0-3 2.0 904 5.6 4.1 1.11 3.6 70.74 3.35 21.10
A 3-14 53 87.7 5.3 7.0 1.25 4.0 15.32 0.65 23.6
Bs 14-66 4.7 90.5 3.7 5.7 1.56 4.5 2.06 0.27 7.7
C >66 2.1 928 3.2 4.0 1.50 4.5 1.21 0.26 4.6
Ger_1B

Ah 0-6 1.0 824 10.0 7.5 1.06 3.9 31.75 1.67 19.1
Bs 6-9 0.7 79.2 11.0 9.8 1.14 4.5 10.99 0.59 18.7
Bl 9-55 1.5 82.5 9.5 8.0 1.38 4.5 3.55 0.35 10.1
B2 5590 0.1 89.7 3.3 7.0 1.46 5.6 1.13 0.17 6.6
C >90 0.0 922 4.0 3.8 1.52 5.9 0.70 0.17 4.1
Ger_1M

Ah 0-6 17.0 86.4 6.8 6.8 0.85 3.9 55.05 2.89 19.0
Bhs 6-8 28.1 86.9 5.0 8.0 1.36 4.1 18.31 0.77 239
B >8 36.3 90.0 3.7 6.2 1.62 4.5 3.32 0.23 14.3

Depth soil horizon depth; CF coarse fraction (>2 mm); sand/silt/clay content following the USDA criteria;
bD bulk density; pH pH value (measured in water 1/2,5); TOC total organic carbon content; 7N total nitro-
gen content; C/N C to N ratio

decreased as the humification state increased. The highest ~ but in this case, C/N in pine stands was quite similar to

C/N values were found in the Fs + FgL in pine stands, fol-  that on beech and mixed stands.
lowing the sequence: beech = mixed <<< pine. C/N values Total Cstockgr was significantly higher in pine stands,
in HmL showed the same sequence (beech=mixed <pine), = where 92% of the carbon was provided by HmL fraction
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Table 3 Statistical results of the mixed model for forest floor and mineral soil at plot level (stand type, triplet methodology)

p-values Triplet Fraction Stand type Stand type*Fraction
Forest floor B ns 0.0002%** 0.0008*** <0.0007 ***

TOC 0.0541%* 0.0008*** 0.006%** 0.029%#*

TN 0.0052%* <0.0001*** 0.0063** <0.00071%**

C/IN 0.0376** <0.0001*** 0.0002%*3* 0.0007***

Cstock 0.0818* 0.0032%* <0.0001%*x* <0.0001%**

Triplet Depth Stand type Stand type*Depth

Soil TOC <0.0001%** <.0001%** ns ns

TN 0.0018** 0.0009%** ns ns

C/N <0.0001%** <.0001%** ns ns

Cstock <0.0001*** <.00071%** ns ns

B litter biomass; TOC organic carbon content; 7N nitrogen content; C/N carbon-to-nitrogen ratio; Cstock carbon stock
Significant levels: ***: (p <0.001); **: (p <0.05); *: (p <0.1); ns: no significant
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Fig.2 Forest floor stocks for: a Biomass (Mg ha™') and b Total C
stock Mg C ha‘l). Different CAPITAL LETTERS show significant
differences between litter fractions within each treatment. Differ-
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Fig.3 Forest floor mean values for: a Total carbon content (mg C
g1, b Total nitrogen content (mg N g~!) and ¢ C/N ratio. Different
CAPITAL LETTERS show significant differences between litter frac-

(Fig. 2b). The opposite trend was found in mixed and
beech stands, which did not significantly differ between
them, and, in both cases, 74% of the carbon was provided
by the Fs + FgL fraction. As total biomass, no correlation
between the Cstockgr and the stand characteristics (BA,
N, Dm...) was detected.

@ Springer

tions within each treatment. Different lower-case letters show signifi-
cant differences among treatments within each litter fraction

Mineral soil

All the variables studied for the mineral soil (TOC, TN,
C/N, Cstock) showed the same trend, having higher val-
ues on the first 10 cm and decreasing sharply as depth
increases (Fig. 4). Except for C/N ratio, which presented a
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Fig.4 Mineral soil depths mean values for: a C and N content (mg g~1), b C/N ratio and ¢ Total C stock (Mg C ha™!). Different letters show sig-

nificant differences between soil depths

smoother decrease (Fig. 4b), the other variables showed a
similar decreasing trend, with an average decrease percent-
age being the following: |, 20 —82%. 29 10 30 —20% and
30 10 40 —J%. Cstock in mineral soil ranged between 39.6
and 337.8 Mg ha™!. The highest values for TOC and Cstock
were found in the mineral topsoil layer (0—10) and amounted
to 72.8 mg C g~ and 73.9 Mg ha™!, respectively. Total N
content followed the same trend, with the highest values
in the topsoil layer (3.2 mg N g~!) and very low values in
deeper layers (0.2—1.2 mg N g!). C/N ratio was also higher
in topsoil layer and slightly decreased with depth (C/N_j,.
22.7; C/Njg.00: 19.7; C/Nyg 300 18.3; C/Nyya: 17.9). All the
variables (TOC, TN, C/N, Cstock) studied for the mineral
soil showed significant differences by depth (p < 0.001 in all
cases) (Table 3). Contrary to expectations, CstockT did not
significantly differ among stand types (Table 3). A signifi-
cant negative correlation was found between CstockT and
tree density of the plot (r=-0.4467; p-value =0,0063).

Differences at microsite level (local mixture %
approach)

A second approach was analyzing each subplot according to
its specific mixture % (microsite-level), rather than consider-
ing the stand-type approach (plot-level).

Forest floor

No effect of pine proportion was detected in total biomass
(pine and Pine*: ns) when we analyzed it at microsite-level
(local mixture %). However, significant differences were
found (p <0.001) when differentiating between fractions.

As shown in Fig. 5a, fragmented and humified litter bio-
mass exhibited an opposite trend as pine proportion varied.
Fs +FgL biomass increased with pine proportion peaking
around 35% and decreasing considerably thereafter. On the
contrary, HmL biomass decreased until 25-30% of pine and
then increased, representing more than 76% of the total bio-
mass in subplots with the highest presence of pine (>75%
pine).

Regarding TOC, pine stands showed significantly higher
C content when analyzed at the plot level (p <0.05; Table 3).
However, when studying it at microsite level, this difference
does not appear, being only different between litter fractions
(p<0.001, Table 4). TOCkq, o Was higher (446.2 mg C g h)
than TOCy;,; (404.6 mg C g~ 1), however, both remained
stable regardless of pine proportion (Fig. 5c¢).

As can be seen in Table 4, a significant effect in the
interaction between litter fractions and square pine propor-
tion was found on TN content, C/N ratio and the Cstock
(»<0.05; p<0.05; p<0.001, respectively).

TN in Fs +FgL and HmL showed different trends depend-
ing on the percentage of pine in the mixture (Fig. 5d). TN
in Fs+FgL increased with pine proportion peaking around
35-40% (16.8 mg N g 1) and decreasing thereafter. In gen-
eral, the TN content was higher in the humified fraction
(18.6 mg N g~1) and did not vary with pine proportion.

C/N ratio ranged between 18.9 and 67.3 along all litter
fractions and sampling points. C/N decreased with the humi-
fication state, being the average values 34.7 for Fs + FgL
and 21.7 for HmL. As can be seen in Fig. 5¢,C/N ratio in
Fs +FgL litter decreased at first, getting a minimum around
40% of pine in the mixture, and then increased reaching
values almost 2 times higher than the ones in stands with

@ Springer



European Journal of Forest Research

a) Biomass (Mg/ha) b) CstockFF (Mg C/ha)
19.0 19.0 9.0 2.0
180 18.0
170 - 170 80 80
16.0 16.0
15.0 s f1s50 70 70
1407 * . . 14.0 .
13.0 13.0 aoilis - 6.0
1207 * 120
11.0 11.0 I P SEE . 0
100 100 - N
- ~
9.0 9.0 - * =
40  ° \\\ 4.0
8.0 80 . . RN
7.0 7.0 .
60+ Ry 60 301, . 3.0
H \\ \
501 ~_. \ 5.0 H
40 3 ———— 40 20 | ; . N 1 20
3.0 | . \\ . 30 s AN
20, . 20 10{° N 10
1.0 \i [0 A
0.0 0.0 0.0 0.0
0.0 100 200 300 400 50.0 60.0 700 80.0 900 1000 0.0 100 200 30.0 400 50.0 60.0 70.0 80.0 900 1000
Pine (%) Pine (%)
Litter fraction: — Fs+gl m— HmML Litter fraction: — Fsigl = HmML
c) TOC (mg C/g) d) TN (mg N/g)
500.0 5000 230 230
220 220
210 210
. i 200 = " 200
. : 190 : : 190
4500 3 3 ! 4500 & i ’
: 5 et 180 ® . 180
. - * 1701, : 170
. . 160  : : 16.0
. 150 * i = : HESTY)
v 5 .
400.0 4000 10 . . Pl . 140
130 130
120 N 120
11.0 11.0
10.0 100
350.0 350.0
9.0 9.0
80 8.0
7.0 "0
6.0 S teo
300.0 300.0 5.0 5.0
0.0 100 200 300 400 50.0 60.0 700 80.0 %00 1000 0.0 100 200 30.0 400 50.0 60.0 70.0 80.0 900 1000
Pine (%) Pine (%)
Litter fraction: w— Fs+gl w— HML Litter fraction: —— Fsigl w— HmML
e) C/N
90.0 90.0
80.0 « 800
70.0 * 1700
60.0 * 600
50.0 _ 1500
400 400
300 + 300
200 ! L200
10.0 100
0.0 0.0
0.0 100 200 300 400 50.0 60.0 700 800 900 1000
Pine (%)
Litter fraction: —— Fs+gl = HmL

Fig.5 Forest floor evolution of (a) Biomass (Mg ha™!), b Total C stock Mg C ha™!), ¢ Total C content (mg C g_l), d Total N content (mg N
g~!) and e C/N ratio with pine proportion. Note: Blue line—fresh + fragmented fraction (Fs + FgL); Red line—humified fraction (HmL)
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Table 4 Statistical results of the mixed model for forest floor and mineral soil at microsite-level (local mixture %)

p-values Triplet Fraction Pine Pine*Fraction Pine? Pine?*Fraction
Forest floor B ns <.00071#** ns <.0001%** ns <0.0001%**
TOC 0.0003%** <0.0001%%*%* ns ns ns ns
TN 0.0153%* <0.0001%** ns 0.0397** 0.0791%* 0.0035%*
C/N 0.0498%** 0.0006%** 0.0338 ** 0.0646* 0.0063** 0.0123%*
Cstock 0.0908 <0.0001 %5 ns <0.0001 %7 ns <0.00017%5
Triplet Depth Pine Pine*Depth Pine? Pinez*Depth
Soil TOC <.0001*** <.0001%** 0.071* ns 0.0822%* ns
TN <.00071%#** <.00071#** ns ns ns ns
C/N <.0001%** 0.01 1273 ns ns ns ns
Cstock <.0001%** <.0001%** ns ns ns ns
B litter biomass; TOC organic carbon content; TN nitrogen content; C/N carbon-to-nitrogen ratio; Cstock carbon stock
Significant levels: ***(p <0.001); **(p <0.05); *(p <0.1); ns: no significant
a low presence of pine (0-30%). So does C/N ratio in the TOC (mg C/e)
HmL increasing much lighter, but significantly. The lowest ™™ -
values in the C/N ratio were reached in intermediate mix- w00 5 i
tures (25-50%) where, in addition, there were no differences 1100 1100
between the fractions; (C/N)ggper, = (C/N)gr - 1000 1000
Cstock in forest floor (Cstockgp) ranged between 2.5 and - -
11.1 Mg C ha™! with an average of 6.9 Mg C ha™! across :: j::
all subplots studied. As Cstockgp is calculated from the lit- wjo 55
ter biomass and its C content, in this case, Cstockpr was 500 500
highly dependent on the amount of litter biomass accu- 89 .
mulated. Although no differences were found in totals, the 2:: : ' :Z
behavior of Cstockgp with pine proportion was the oppo- 0ol 1 F oo
site in each fraction (p <0.001). In mixtures with less than i 00
70% of pine, Fs + FgL fraction accumulated more C than oo M0 200 W0 W0 Pi:;’-?%) @0 M Mo 0 a0

the HmL. Cstockg,, g, increased until 30% of mixture and
then decreased considerably as pine proportion increased.
Cstockyy,,;. showed the opposite trend (first decreased and
then increased). The lines intersect around 70% of pine,
becoming Cstocky, > Cstockg, gy, (Fig. 5b).

As in the plot-level approach, no significant correlation
between the total litter biomass, neither Cstockpg, and the
stand characteristics (BA, N, Dm...) was detected.

Mineral soil

As seen before, the first 10 cm of the mineral soil showed
the highest values for all variables studied. As with TOC,
Cstock was higher in the first 10 cm of soil, representing on
average 65% of the total carbon accumulated in the profiles.

Total organic carbon was the only variable affected by
pine proportion. Although the interaction was not significant
(Table 4), the quadratic and linear trends were (p <0.1). Thus,
the effect of pine proportion on TOC is the same for all depths.

Depth: mmm 0-10cm  wmm 10-20cm  mmm 20-30cm  mmm 30-40cm

Fig.6 Total C content (mg C g~!) in mineral soil. Note: Blue line—
0-10 cm; Pink line—10-20 cm; Green line—20-30 cm; Red line—
30-40 cm

In general, TOC decreased as the presence of pine in the mix-
ture increased, reaching a minimum value in stands with 60%
pine, and slightly increased thereafter (Fig. 6). Despite this
increase, the carbon content in the pine-dominated stands did
not exceed the carbon content of the stands with low or no
presence of pine (<20% pine).

No effect of pine proportion was found in mineral soil for
TN content, C/N ratio neither Cstock. Significant differences
were found only between soil depths (p <0.001; p<0.001;
p<0.001). No significant correlation between the CstockT
and the subplot characteristics (BA, N...) was detected.
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Discussion
Plot-level vs microsite-level approach

The microsite-level approach was consistent with most of
the differences detected with the plot-level approach, how-
ever, it provided us with greater insight into how different
mixing percentages affect SOM. According to Michalet
et al. (2015), in a mixed forest, the individual trees of
different species interact locally with each other. In this
sense, by using the %mixture approach, this interaction
can be detected. Similarly to us, Yeste et al. (2021) used a
4 m circle around the sampling point as the influence area
in their studies on the effect of pine-beech mixtures on soil
and root properties.

Moreover, by replacing "Stand type" by "Pine propor-
tion" in the model, we were able to appreciate different
trends, including a quadratic evolution (Table 4: Pinez), in
several variables studied (Fig. 5). Our results show that,
when analyzing at plot-level, litter fractions in mixed and
beech stands did not show significant differences in bio-
mass, TOC, C/N and Cstock, except for TN. Meanwhile,
pine stands differ significantly from the rest. However,
with the microsite-level analysis we were able to get a
more detailed perspective of the effect of those intermedi-
ate mixtures on SOM (Fig. 5). For example, we were able
to identify the optimal mixture percentage for each vari-
able studied by observing the mixture percentage at which
a maximum or minimum value is reached.

Regarding mineral soil, in both approaches, differences
between depths were detected. However, when analyzing
TOC at microsite-level, in addition to detect differences
by depth, Pine? was significant at 90%. Thus, there was
a quadratic effect of pine proportion on TOC, and that
effect was the same for all depths. The results found by
Loépez-Marcos et al. (2021) highlight the fundamental
role of scale in the study of species richness and forest
ecosystem functioning in mixed stands of Pinus sylves-
tris and Pinus pinaster. More specifically these authors
evidenced an overyield on a small spatial scale related to
the higher density and basal area in mixtures compared to
monospecific plots, due to the more intimate mixture of
both species of Pinus at a neighborhood scale. This more
efficient use of space in the mixed plots was related to the
complementarity of niches in terms of using soil resources
(water and soil fertility). In our case, mixed plots also had
a higher density and basal area than pure plots (Table 1),
which may reflect a more efficient use of soil resources.

Due to the consistency of the results, the additional
information provided, and the fact that soil properties can
vary even within a few meters distance (Falconer et al.
2015). We decided to bet on the microsite-level approach
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to study the effect of species mixing on SOM. From our
point of view, by not taking into account the mixture per-
centage of individual sampling points, we lose valuable
information concerning how the local tree composition
affects the soil, since the effect is diluted by the mean
value of the plot.

It should also be noted that, significant differences
observed between sites were not expected. Including differ-
ent experimental sites in the same study could have some
advantages and disadvantages. As a benefit, since the study
is not restricted to a single site, we might be able to obtain
more representative results. The downside is that differences
between sites can increase the variability of data. Despite
this, we decided to include all three sites in the study since
they presented similar characteristics, such as texture, pH,
sequence of horizons, soil type and climate. The causes of
these differences are unclear to us. It is therefore necessary
to study these plots more closely in order to explain these
differences.

Differences at microsite level (local mixture %)

Does the different species mixture affect litter quantity
and its C to N ratio?

Our results confirmed a strong effect of pine proportion on
litter fractions biomass; nevertheless, total biomass was not
affected. Numerous authors have observed a positive and
significant effect of BA on litter production and its accu-
mulation in the soil (Lado-Monserrat et al. 2015; Bueis
et al. 2017). However, no correlation between the total lit-
ter biomass and the basal area, neither tree density, of the
subplots was detected in our study. Out of the litter biomass,
in stands with a high presence of pine, 80% was provided
by the humified litter. This result might be explained by the
fact that pine litter has more chemically recalcitrant com-
pounds (Wang et al. 2016; Berg and McClaugherty 2020),
and higher C/N ratio. Higher recalcitrance hinders further
decomposition of litter, accumulating large amounts of the
humified fraction which turn into lower C input into the soil
(Lopez-Marcos et al. 2018). In the same way, C/N ratios in
litter are related to nitrogen immobilization and mineraliza-
tion during decomposition (Swift et al. 1979). As said by
Wang et al. (2015) plant residues with a higher C/N ratio
would produce an acceleration in the mineralization of SOM
(positive priming effect), rapidly leading to an N limitation
(negative priming effect). Therefore, the microbes will need
additional N to balance out the excess of C. If they have
N-rich litter, like beech litter, then they can continue work-
ing, otherwise, if the N-rich litter is not available on the soil,
the litter will accumulate.

In mixtures with less than 50% of pine, more than 70%
of the litter biomass was provided by Fs+ FgL fraction. In
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general, the Fs + FgL litter is associated with lower stability
than HmL litter, being, the C accumulated in that fraction,
more likely to return into the atmosphere as a consequence
of the mineralization process (Cérdova et al. 2018). How-
ever, our results showed that the lowest C/N ratio values
(C/N =20-25) were reached in intermediate mixtures (pine
percentages between 25 and 50%). We postulate that the
presence of beech leaves may be causing a positive priming
effect (Wang et al. 2015), accelerating the decomposition of
the residues that are more difficult to degrade (higher and
more recalcitrant C/N ratios). It would also explain why,
although the basal area in those mixtures was higher, the
total litter biomass accumulated did not exceed the amounts
accumulated in subplots with less tree density. Moreover, in
those mixture percentages, no differences between the frac-
tions were detected; (C/N)gpgr, = (C/N)y - These results,
therefore, suggest that, in intermediate mixtures (25-50%
pine), although litter was physically differentiated as frag-
mented or humified, chemically it had a similar humification
state. Numerous works have emphasized the importance of
C/N ratio in terms of litter quality and humification (Kooch
et al. 2017). A C to N ratio of 20-25 results in an equilib-
rium state between mineralization and immobilization (Brust
2019). Lower C/N ratios are related to a high humification
degree and, therefore, a more stable and better quality of
SOM (Btoriska et al. 2018; Berg and McClaugherty 2020;
Martins et al. 2011). The highest C to N ratio was found
in the Fs + FgL fraction in pine-dominated stands. How-
ever, in those stands, 92% of the Cstockgr was found in
humified fractions (HmL), which exhibited a C/N ratio of
approximately 20-25 (Fig. 5e). Similar results were shown
by Laganiére et al. (2013) when studying the effect of the
composition of forest stands on the C stock and its stability
in Canadian forests. However, we must not forget that the C
storage in forest floor could be vulnerable to future changes
in environmental conditions. The increase in temperature
may favor C mineralization and, therefore, the loss of the
accumulated C. Similarly, in the event of natural disasters
such as forest fires, this C would be lost by burning. There-
fore, the optimum C to N ratio detected in the forest floor of
intermediate mixtures (25-50%) does not necessarily imply
a great advantage in terms of C accumulation, since it would
be far more interesting if this C is accumulated in mineral
soil, where it could be protected for longer periods.

One unexpected finding was that, in mixtures with low
to medium presence of pine (10-40% pine), TN content in
Fs +FgL litter increased as pine proportion did, reaching a
maximum around 40% of pine in the mixture. Thereafter, TN
content decreased as pine proportion increased, reaching the
lowest TN values (TN ¢ << TNjg). It is somewhat surpris-
ing that the presence of pine needles, which have lower N
content than beech leaves (Berg and McClaugherty 2020),
increases TN in Fs+FgL fraction. The expected pattern

would have been a decrease in TN content, and what we
found is a synergistic effect (Fig. 5d). The reason for this is
not clear but it may have something to do with the fact that
when more labile OM is added, it facilitates microbial com-
munity growth. As reported by Wang et al. (2015) the qual-
ity of litter inputs may influence soil microbial community
structure, which will preferentially consume these labile OM
(substrate preference). In general, under N-limited but C-rich
conditions, the soil microbial community can rapidly absorb
N (Kuzyakov et al. 2000), immobilizing large amounts of
this nutrient in their tissues. This sequestered N will form
part of the biomass of microorganisms present in the litter
and may be the reason for the increase in N detected. Due
to differences in rooting patterns, beech and pine mixtures
create a complementary use of root space (Pretzsch et al.
2015), and therefore greater soil exploration (Rothe and
Binkley 2001) and access to nutrients (Augusto et al. 2002;
Btlorska et al. 2016). In addition, some authors (Prescott
2002; Cremer et al. 2016) have reported that a more diverse
canopy in mixed stands can improve nutritional and biologi-
cal diversity (Rothe and Binkley 2001).

Does the different species mixture affect the mineral soil
characteristics?

Regarding the mineral soil, our results showed higher values
in the first 10 cm for all the studied parameters and a sharply
decrease as depth increases. Demonstrating that soil organic
carbon is vertically distributed with a strong concentration
gradient that decreases from the surface to deeper layers
(Basile-Doelsch et al. 2020). Similar results were found by
Jandl et al. (2021) in their studies about soil organic carbon
stocks in mixed-deciduous and coniferous forests in Austria.
TOC was the only parameter that varied with the mixture
percentage. Pine proportion had a slight, but almost signifi-
cantly (p <0.1) effect on TOC for all soil depths, decreasing
up to 60% of pine and slightly increasing thereafter.

Around 69% of the TOC and 64% of the C stock in the
whole profile (CstockT) were located in the first 10 cm.
These results are logical and consistent with previous stud-
ies (Angst et al. 2018, 2019; Wiesmeier et al. 2019; Lavallee
et al. 2020; Mayer et al. 2020) as topsoil receives a higher
contribution of organic matter from the decomposition of
the litterfall.

Contrary to expectations, this study did not find a sig-
nificant difference in Cstocks across the different mixture
percentages (Table 4). Similar results were found by Cremer
et al. (2016) in their studies on mixed stands of beech and
coniferous (Douglas fir and Norway spruce). Species mix-
ture had a very small and inconsistent effect on C and N con-
tent in the mineral soil, and they did not detect an increase
in C stocks in the upper layer of the mineral soil. Rehs-
chuh et al. (2021) suggested that synergistic or antagonistic
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interactions in species mixtures may be responsible for the
fact that the mixing ratio does not have a great impact on
organic C reserves in forest soils. Another possible explana-
tion may be that, due to the intermediate age of the stands
(55 years), the changes detected in the litter quantity and its
C to N ratio have not reverted to the mineral soil. In their
study, Lépez-Marcos et al. (2018) did find an effect of the
admixture on soil C stock and TOC, however, the age of
their stands ranged between 44 and 151 years.

Our results show that the percentage of species mixture
mainly influenced the quantity and the C to N ratio of the
organic matter in the forest litter rather than the mineral soil.
There was only limited evidence of any tree species' effect
on mineral TOC. This finding supports previous research,
the results obtained by Vesterdal et al. (2013), in which these
authors showed that C storage in the mineral soil seemed to
be more influenced by the type of soil or the climate rather
than by the tree species, while the effect of tree species on
C pools in litter was more consistent.

Triplet {x3’

Conclusions

Our results show that the percentage of species mixture
mainly influenced the amount of C accumulated and the C
to N ratio of organic matter in the forest floor rather than in
the mineral soil. A C to N ratio of 20-25 was found in the
forest floor of stands with 25-50% of pine in the mixture,
indicating an equilibrium state between mineralization and
immobilization. Mineral soil properties were barely affected
by species mixture proportion, and the distribution of carbon
and nitrogen along the soil profile was the same in all cases.

Returning to the hypothesis that the scale used in plot-
level approach is too large for SOM studies, and a smaller
scale might be more appropriate, our results showed that the
plot-level approach dilutes or masks some effects that can be
observed at the microsite-level. Thus, it is now possible to
state that microsite-level scale (local mixture %) is a better
option when studying the effect of tree stand composition
on SOM.

Appendix 1

See Figs. 7 and 8.

Fig.7 Experimental design example (Triplet: Ger_1). Rectangular
plots from left to right: pure pine plot (100% pine); mixed plot (63%,
40%, 34%, 13%, 8% pine); pure beech plot (0% pine). Tree positions
and their influence area are shown by black points and the Thiessen
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A
Forest floor samples

Sampling
points ¢

A
Mineral soil samples

polygons, respectively. Tree species: Pinus sylvestris (green), Fagus
sylvatica (orange), Picea abies (blue), Larix decidua (gray) and
Quercus (yellow)
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Fig.8 Species mixture percentage covered. Total number of subplots: 40

Appendix 2

See Fig. 9.

Soil mineral horizons |

Data transformations

y v T0Co 4em= (10/10) x TOC, ~—>
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Fig. 9 Example of transformation of variables from horizons to depths. Soil profile Pol_5M
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Soil depths
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