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Abstract

Tree species alter soil properties, potentially modifying forest nutrients cycling. In the current management
context in which mixed species forests are favoured over monocultures due to their biodiversity and
productivity-related advantages, the assessment of species effects on soils, as well as their interactions with
other species, gains increasing relevance. In this study, the effects of Scots pine (Pinus sylvestris L.) and
European beech (Fagus sylvatica L.) on soil properties were evaluated. Fine roots were paid special attention,
measuring their biomass, functional traits (specific root length, root tissue density) and vertical distribution in
order to discern the direction of these species interaction, either complementary or competitive. The research
was carried out in the Southwestern Pyrenees (northern Spain), in an originally Scots pine stand transformed
nowadays into a mixed forest by European beech natural regeneration. Soil and root samples were taken close to
pine trees surrounded by other pines in areas that remain similar to pine monospecific stands, and close to pine
and beech trees surrounded by both species in mixed areas. A lower C/N ratio was found in the soil close to
beech stems. This suggests better quality in mixed litter in comparison to pine litter, leading to higher
decomposition rates. Higher fine root biomass was found in the mixed areas mainly due to beech fine roots
great abundance, which correlated positively with microbial biomass. Fine roots functional traits such as
specific root length and diameter did not vary depending on their proximity to different tree species, though
Scots pine fine root biomass decreased sharply when close to beech trees. This reduction, together with the
already more abundant fine root biomass of beech, with higher specific root length and root tissue density than
pine, lead to a competitive interaction in which European beech tends to dominate the soil at all depths. In this
case, no complementarity effect at belowground level, strong enough to allow Scots pines to cope with beech

soil colonization, was found under natural conditions.

Key words: mixedwoods, belowground competition, fine root biomass, specific root length, root tissue density,

complementarity.
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1. Introduction
Forest soils have been long recognized as a key element in sustainable forest management, but only recently the
complex relationships between aboveground biodiversity and belowground processes are being study in depth.
Over the last decade, mixed forests have been identified as generally more productive than pure stands (Griess
and Knoke, 2013; He et al., 2013; Liang et al., 2016), and more resilient against biotic and abiotic threats (Jactel
et al., 2009; Loreau and de Mazancourt, 2013). However, such advantages have been reported mostly by
observing aboveground ecosystem features, and have been frequently attributed to belowground differences but
without solid empirical proofs. In parallel, the focus on soil research has also grown, seeing soil increasingly as
a fundamental part of the ecosystem that must be taken into account when developing sustainable policies
(Doran and Zeiss, 2000; Dumanski, 2015). In fact, many of the ecosystem changes driven by biodiversity are
mediated by processes that occur at belowground (Lange et al., 2015; Scheu, 2005).Hence, there is a clear need
to better understand soil processes and how they affect aboveground forest structure and function, particularly in

mixed forests.

In forests, soil properties can be affected by tree species in a variety of ways, through resource uptake and the
deposition of organic matter that may differ in quality and quantity. Thus, changes in species dominance may
lead to changes in forest biogeochemical cycles (Mueller et al., 2012). For example, litter and the exudates
released into the rhizosphere have an effect on the microbial community leading to changes in decomposition
rates, altering availability of nutrients and forests capacity to store carbon (Prescott and Grayston, 2013; Zhang
et al., 2019). Faster decomposition is usually found in broadleaf and mixed forests along with a lower soil
carbon-to-nitrogen (C/N) ratio, while conifer litter, richer in lignin and poorer in nitrogen, is linked to the

opposite (Cools et al., 2014; Prescott and Grayston, 2013).

At the same time, species develop interactions when coexisting that shape the different aspects of forest
functioning. Complementarity effects can facilitate coexistence between different species or, on the other hand,
competition may lead to the dominance of some species over others (Cavin et al., 2013; Forrester and Bauhus,
2016; Madrigal-Gonzalez et al., 2016). Although belowground has been less studied than aboveground,
complementarity has been observed through changes in the root system, such as those that lead species to
change vertical distribution of roots when growing next to other species, hence facilitating coexistence through
niche segregation (Brum et al., 2019). Root morphology can also vary reflecting adaptation to local conditions

both between different species and between individuals of the same species. In this regard, the study of
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functional traits, defined as morphological, physiological or phenological traits which impact fitness (Violle et
al., 2007), has proven to be useful to assess the ecological role of fine root morphological variability. Plants can
optimize resource uptake and carbon investment through changes in traits such as specific root length (SRL,
root length per root dry mass), specific root area (SRA, root area per root dry mass) or root tissue density (RTD,
root dry mass per root volume) (Addo-Danso et al., 2018; Borden et al., 2019; Freschet et al., 2017). As
functional traits are linked to trade-offs between performance and competition, which in turn drive species
coexistence processes, they can also help to understand species interactions (Kunstler et al., 2016). Species with
high SRL and RTD tend to be strong competitors under non-limiting water and nutrient conditions (Fort et al.,
2014; Mommer et al., 2011). However, when considering intraspecific fine root plasticity driven by
competition, the conclusion is not clear yet. For example, Salahuddin et al., (2018) found morphological
differences in the first three root orders of Juglans mandshurica Maxim. and Larix gmelinii (Rupr.) Rupr. when
growing in monocultures or in mixed stands, while that was not the case for Fagus sylvatica L. and Fraxinus

excelsior L. under greenhouse conditions (Beyer et al., 2013).

In this context, the establishment of mixed forests creates a more complex framework, not only due to the
increase in number of species but also because the response to that increase is not linear and depends on local
abiotic conditions and on the identity of the species in question (Gonzalez de Andrés, 2019; Schuler et al.,
2017). Particularly, Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.) are among the
main tree species in Europe given their natural distribution ranges. Scots pine covers about 12 x 10° ha and
European beech 49 x 10 ha, including an extensive potential overlapping area in the continent (Pretzsch et al.,
2015, Figure 1). With such relevance, mixed forests of Scots pine and European beech have been on the
spotlight over the last years, emphasizing the need of understanding the underlying processes that drive these

species mixing effects (Condés et al., 2017; Pretzsch et al., 2016, 2015).

Interactions among populations at the rear edge of their distribution, as the tree species targeted in this study, are
of particular interest as they may be the first ones reacting to global change caused by land use and climate
changes. Therefore, the objective of this study was to evaluate the effect of Scots pine on soil properties and
how they are affected when growing together with naturally regenerated European beech. We paid special
attention to the distribution and functional traits of fine roots aiming to identify the direction of these species
interaction, either positive or negative. The following hypothesis were tested: 1) Soil properties in Scots pine

stands will benefit from beech recruitment presenting a reduction in their carbon-to-nitrogen ratio, 2) Scots pine

4/24



Yeste et al. (2020) For. Ecol. Manage. 481, 118726

and European beech fine root systems traits (fine root biomass, specific root length and dry biomass per
volume) will be affected by species interaction, and 3) the changes caused by this interaction will facilitate

species coexistence e.g. via niche segregation.

2. Material and methods

2.1. Study site

The study site is located in the Southwestern Pyrenees, near the town of Aspurz (province of Navarre, northern
Spain, Figure 1). It is a cold and wet Mediterranean site at low elevation, with frequent frosts from winter to
early spring and water deficit usually in July and August. The forest was initially classified by foresters in 1999
as an even-aged Scots pine stand, but nowadays it has transformed into a mixed stand by European beech
natural regeneration and natural succession processes (Gonzalez de Andrés et al., 2019). Scots pine trees
naturally regenerated after strip-like clear-cutting carried out in the mid-1960s (current mean age ~55 years)
followed years later by spatially-heterogeneous recruitment of European beech (mean age 40-45 years). At this
stand, beech is the second most abundant tree species and, while its stem density is far below pine density
(Table 1), many beech trees are codominant or dominant, reaching the highest canopy layer, and sustaining a
mean crown cover of 38% (Cardil et al., 2018). The result is a forest stand composed of a mixture of patches
that still resemble monospecific stands dominated by Scots pines (hereafter pine patches) and patches
codominated by both tree species (hereafter mixed patches). Further information on site characteristics is

presented in Table 1.

The study site corresponds to the location of six 40 x 30 m plots at the long-term monitoring research site
established in 1999 by the Ecology and Environment Group of the Public University of Navarre, as described in
Blanco (2004) and Gonzalez de Andrés et al. (2019). These plots originally belonged to a thinning trial.
However, the time passed since the last thinning (11 years) has caused a lack of differences among plots for
aboveground features (canopy cover and global radiation, Garcia Sancet, 2017), as well as for stand attributes
(stem density, basal area, dominant tree height, Arozarena Gonzélez 2018) and soil properties (Yeste et al.,
2019). For this reason, in this study rather than considering whole stand characteristics as the experimental unit

(i.e., plot) to explain soil and root properties, we focused on the immediate surrounding area of individual trees

5/24



Yeste et al. (2020) For. Ecol. Manage. 481, 118726

within pure pine patches and pine-beech mixed patches. Data from the area surrounding each sampling point (4-

m radius) are presented in Table 1.
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Figure 1. Pinus sylvestris and Fagus sylvatica natural distributions in Europe (EUFORGEN, 2009), and the

common area between both species. The study site is indicated with a circle in the left upper inset and the

weather station providing historical climate with a triangle. Top photograph shows a Scots pine-dominated

canopy patch. Bottom photograph shows a mixed canopy patch.
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Table 1. Main site characteristics (mean + standard error).

Latitude 42°42°31”N Longitude 1°08°40”W
Altitude (m) 642 Slope (%) 7
Orientation North Climate (Papadakis, 1970) Cold-wet Mediterranean
Mean temperature (°C) 2 12.0 Mean precipitation (mm) 2 945
Soil type (FAO) Haplic alisol
Soil physical attributes (Blanco, 2004)
Soil ° Depth Clay Silt Sand  Bulk density CEC
Horizon (cm) (%) (%) (%) (g cmd) (meq 100 g

A 0-10 7.2 50.5 42.3 0.96 14.2

B 10 - 45 14.2 33.3 55.5 1.31 7.2
Stand attributes Stem density © Basal area® Quadratic mean DBH°© Average Top height ¢

(stems ha™) (m? hat) diameter (cm) (cm) height ¢ (m) (m)

Pine-dominated patches

Pinus sylvestris 1509 + 91 55.81 + 5.05 219+11 212+11 1845+0.20 20.87+0.25

Fagus sylvatica 50 £ 29 0.03+0.06 26+1.6 26+16 16.68+0.99 22.05+1.57
Mixed canopy patches

Pinus sylvestris 1365+ 112 47.89+ 3.59 214+06 21.1+06 18.45+0.20 20.87+0.25

Fagus sylvatica 477 £ 74 24.00 + 5.82 256+29 231+29 16.68+0.99 22.05+1.57

2 Referred to the period 1988-2018 (data from Navascués weather station, located at 2.7 km from the study site
42°43°06”N, 1°06°55”W, 615 m).

b Soil physicochemical properties are homogeneous in the study site, and equal for all the canopy types.

¢ Measured within a 4 m radius around the sampling point, for all stems with DBH > 1.0 cm.

d Average heights estimated at plot level only.

2.2.Sample collection

Thirty-six dominant or co-dominant trees (24 pines, 12 beech) of similar diameter at breast height (20-25 cm)
were selected as focal trees (the closest ones to the soil sampling points). Soil samples were taken at 50 cm from
each of these trees. Focal trees were characterised depending on tree species and forest patch type: twelve pine
trees were located on the pine patches (PP), twelve pine trees on the mixed patches (PM) and twelve beech trees
on the mixed patches (BM). Soil samples were collected in May 2018 using a 5-cm diameter soil auger, at two
depths (0-13 cm, corresponding roughly with mean A horizon depth, and 13-26 cm, corresponding with the top

of the B horizon). A second sample was taken at 5-10 cm from the first. One soil sample was used for soil
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chemical analysis, whereas the other soil sample was used for fine root collection. Being thirty-six trees and
sampling two soil depths, 72 samples were collected for each, chemical and fine root analyses. Deeper soil

samples for fine root collection were taken in 13 cm increments until reaching 65 cm depth. However, data
severely departed from a balanced statistical analysis for depths below 26 cm due to increasing
stoniness, which prevented sample collection. Hence, samples from these depths were not included in

further analyses.

2.3.Chemical analysis

Samples for chemical measurements were kept at 4 °C until they were processed before 24 hours passed since
collection. Microbial biomass carbon (MBC), nitrogen (MBN) and phosphorus (MBP) were determined by
using the chloroform fumigation method (Brookes et al., 1985, 1982; Vance et al., 1987), assuming a
fumigation efficiency of 0.45 for carbon and nitrogen, and 0.40 for phosphorus (Jenkinson et al., 2004;
Joergensen et al., 2011). Nitrate (NOs’) and ammonium (NH.") were determined in 2 M KCI extracts by
segmented flow colorimetry (AA3, Braun+Luebbe, SEAL Analytical, Norderstedt, Germany). Soil pH was
measured in 1:2.5 soil to distilled water ratio. Total nitrogen (TN), soil organic carbon (SOC) and available

phosphorus (AP) were determined by the Kjeldahl, Walkley-Black and Olsen methods respectively.

2.4.Root sorting and measurements

Fine roots (diameter < 2 mm) were handpicked, washed and sorted in order to separate live Scots pine and
European beech fine roots. These were additionally classified following a functional approach identifying the
first three orders as “absorptive” fine roots and the rest up to 2 mm as “transport” fine roots (Freschet and
Roumet, 2017; McCormack et al., 2015). Absorptive roots functional traits were measured as this portion is
expected to be the more plastic and responsive to external variability (Makita et al., 2011, Salahuddin et al.
2018). Therefore, absorptive roots were scanned at 1200 dpi and analysed using WinRHIZO 2019a (Régent
Instruments Inc., 2019) to measure their specific root length (SRL, root length per root dry mass) and root tissue
density (RTD, root dry mass per root volume). All fine roots (adding up both absorptive and transport portions)
were oven dried (40 °C, 48 h) and weighed. The soil was oven dried (100 °C, 48 h) after excluding stones > 2

mm to determine fine root biomass (FRB, fine root dry mass per fine soil dry mass).
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2.5, Statistical analysis

Spearman correlation coefficients were used to describe the relationships between the different soil chemical
variables, and between soil features and FRB of both tree species. Linear mixed models were used to assess the
effects of two fixed effects factors, the joined effect of focal tree species and patch type (PP, PM and BM) and
depth (0-13 cm and 13-26 cm) on soil chemical variables and FRB (n = 72) and on SRL and RTD (n = 48 for
pine, n = 48 for beech. In the case of functional traits data, samples containing none or low amounts of fine
roots were not included in the analyses, which was the case for pine roots in BM and beech roots in PP. As
different depth samples were taken at the same point, focal tree identity (the code given to each tree to identify
them and, consequently, identifying each sampling point) was included nested in depth as a random effect, and a

correlation structure was included in the model to account for samples taken at the same point.

Homoscedasticity and normality were checked using Bartlett and Shapiro-Wilk tests and square and cube roots
variable transformations were applied when necessary to meet linear mixed models assumptions (Quinn and
Keough, 2002). Differences between the means of factors levels were assessed by Tukey's HSD. All analysis
were carried out using R version 4.0.1 (R Core Team, 2020), linear mixed models were fitted using nime

package (Pinheiro et al., 2020).

3. Results

3.1. Soil chemical variables

Five out of nine chemical variables (TN, SOC, MBC, MBN and MBP) showed significantly higher levels in the
upper soil layer, pH showed lower levels, and NOs, NH4* and AP were unaffected by soil depth (Table 2).
Patch type and focal tree species affected TN and SOC, with lower values found close to beech stems (BM). For
both TN and SOC, focal tree species had a greater effect than patch type (monospecific or mixed): when
comparing PP and PM, no significant differences on soil chemical composition were found near Scots pine
stems whether it was a pine patch or a mixed patch. On the other hand, when comparing PM and BM, samples

taken close to a beech stem contained less TN and SOC than those close to a pine stem (14.5% and 17.5% less
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TN at 0-13 cm and 13-26 cm; 23% and 42% less SOC at 0-13 cm and 13-26 cm). As the decrease in SOC was

more pronounced than that of TN, soil C/N was significantly lower close to beech stems (Figure 2).

Table 2. Mean values and standard deviation of the soil variables analysed. Significant differences are indicated

on the right side by the p-values from the linear mixed models for both fixed effects factors (Patch type + Focal

tree species and Depth). No interaction effects were found for any of the variables.

Beech on Patch +
Pine on pine Pine on mixed
Soil characteristic ~ Soil depth mixed patch |Focal tree  Depth
patch (PP) patch (PM)
(BM) species
0-13cm 23+1.3 25+1.7 29122
NH.* (mg kg?) ns ns
13-26 cm 26+138 2010 25+18
0-13cm 0.24 £0.09 0.20+0.13 0.39£0.39
NOs (mg kg™) ns ns
13-26 cm 0.29+£0.22 0.22+0.11 0.33+0.24
Available P 0-13cm 1.2+0.8 1.8+1.2 1.2+0.9
ns ns
(mg kg™ 13-26 cm 0.8+0.6 12+1.2 16+£1.3
0-13cm 50+0.3 48+05 49+0.3
pH ns < 0.0001
13-26 cm 52+0.3 49+04 51+0.4
0-13cm 0.22 £0.05 0.23 +£0.07 0.2+£0.03
Total N (%) 0.018 <0.0001
13-26 cm 0.14 £ 0.02 0.14 £ 0.02 0.11+£0.02
0-13cm 40+1.6 44+20 3.0+£038
Soil organic C (%) 0.013 <0.0001
13-26 cm 28+1.2 2716 1.6+0.3
0-13cm 20.7+4.9 20.1+5.4 148+2.38
C/N ratio 0.006 ns
13-26 cm 20.8+8.6 216+9.1 142 +3.9
Microbial biomassC ~ 0-13cm 478 + 187 513 +193 539 £ 205
ns <0.0001
(mg kg™ 13-26 cm 279 +£113 317 + 166 326 + 138
Microbial biomassN ~ 0-13 cm 120 + 23 120 £ 42 126 + 45
ns <0.0001
(mg kg™ 13-26 cm 80 £ 30 74+£21 78 £ 37
Microbial biomass P 0-13cm 15472 15.8+8.3 16.7+4.6
ns 0.0001
(mg kg™ 13-26 cm 10.7 £ 3.6 10.3+3.7 8.1+£32

10/ 24



Yeste et al. (2020) For. Ecol. Manage. 481, 118726

Soildepth ®O0-13cm [@13-26cm

6_
_— d
|
o]
a 4 -
© b b b
o
2 ]
G
C
R0 2
O
= |
(7]
0 A T T 1
0.3
d
. d
X b
c 0.2 -
&
o c ¢
= d
=
T 0.1 -
0
'—
0 A T T 1
30
d
_ d
a a
.920
S ]
s b p
= -
-
o
‘o 10 -
(7]
0 T T 1
PP PM BM

Figure 2. Mean values and standard error for soil organic carbon (SOC), total nitrogen (TN) and soil C/N ratio.
The horizontal axis indicate the sampling point, near a pine tree in a pine monospecific patch (PP), a pine tree in
a mixed patch (PM) or a beech tree in a mixed patch (PM). Different letters indicate significant differences

(Tukey’s HSD, p < 0.05).

3.2. Fine root biomass and functional traits

Fine root biomass (FRB) and functional traits varied greatly between Scots pine and European beech (Table 3,
Figure 3). Pine absorptive fine roots had on average five times lower SRL than beech absorptive fine roots and

lower RTD (45% lower at 0-13 cm, 33% at 13-26 cm). FRB varied between both species but also depended
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strongly on the patch type and the focal tree species. On average, beech FRB was seven times higher than pine
FRB in the mixed patches, even though there were three times less beech stems than pine stems (Table 1). Pine
FRB was reduced vastly on the mixed areas, independently of whether the sample was taken close to a pine
stem or to a beech stem: pine FRB was six times higher on the pine patches than on the mixed patches at 0-13
cm, and twice at 13-26 cm. Stratification of pine roots between soil depths appeared only on PP. Beech FRB
was higher in BM than in PP and PM, with the particularity that the difference between BM and PM was much
more marked at the lower soil layer. Patch type and focal tree species did not influence root functional traits.
However, the higher value in beech SRL in PM than in BM was marginally significant (p = 0.08). Average SRL
was higher at the upper soil layer but the difference was only significant for beech. Both species had higher
RTD at the deeper soil layer (18% for pine, 11% for beech). Spearman correlations showed a significant
positive correlation between beech FRB and microbial biomass C, N and P, while pine FRB did not show a

correlation with any of the analysed soil variables (Figure 4).

Pinus sylvestris Fagus sylvatica

| | a
—20 20 - a a Soil depth
w | a _ m0-13 cm
E% 013-26cm
T 10 - 10 - o

: ° by b P L2

. et , B | |
PP PM BM PP PM BM

Figure 3. Pinus sylvestris and Fagus sylvatica fine root biomass (FRB, diameter below 2 mm). The horizontal
axis indicates the sampling point, near a pine in a pine monospecific patch (PP), a pine in a mixed patch (PM) or
a beech in a mixed patch (PM). Mean values and standard error are presented. Different letters indicate

significant differences (Tukey’s HSD, p < 0.05).
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Table 3. Mean values and standard deviation of the fine root variables analysed. Significant differences are

indicated on the right side by the p-values from the linear mixed models for both fixed effects factors (Patch

type + Focal tree species and Depth). No interaction effect was found for any of the variables. Fine roots were

those with a diameter below 2 mm and absorptive roots the first three root orders (McCormack et al., 2015).

] ) Pine on Beech on Patch +
Tree Root type and ) Pine on pine ) ]
) ) Soil depth mixed patch mixed patch | Focal tree Depth
species variable patch (PP) )
(PM) (BM) species
Fine root biomass 0-13 cm 116+1.06 029+0.24 0.15+0.18 0.0015
: ns
FRB (mg g*) 13-26 cm 0.38+£0.35 0.19+0.20 0.20+0.34
Pinus  Absorptive roots 0-13 cm 536 £ 117 569 + 201 -
ns ns
sylvestris ~ SRL (cmg?) 13-26 cm 480 + 129 490 *+ 205 -
Absorptive roots 0-13cm 0.41£0.03 0.40 +£0.03 -
s ns 0.0036
RTD (g cm™) 13-26 cm 047+0.09 0.48+0.08 -
Fine root biomass 0-13cm 0.40+0.24 1.47 £0.86 1.93+0.82
L <0.0001 0.0001
FRB (mg g*) 13-26 cm 0.17+0.24  0.57+0.37 1.45+£1.11
Fagus  Absorptive roots 0-13cm - 2997 358 2669 + 414
] . 0.084 0.013
sylvatica SRL (cmg™) 13-26 cm - 2787 £558 2522 + 507
Absorptive roots 0-13 cm - 0.57+£0.05 0.59+0.06
s ns 0.0002
RTD (g cm™) 13-26 cm - 0.63+0.06 0.66 +0.04
£
=
NOs gm Figure 4. Spearman correlation
) coefficients between analysed
MBC g
= variables. Only significant
MBN g
o correlations are shown (p < 0.05)
MBP 2
either in blue (positive) or in red
AP %
(negative). Colour intensity and size
8 \:
of the ellipse are proportional to the
TN z ) o
= correlation coefficients.
soc , § o
©
Pine FRB £
[
Beech FRB
-1 -08 -06 -04 -0.2 02 04 06 08 1
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4. Discussion

4.1. Tree species effect on soil C/N ratio

Soil depth was the main driver of soil chemical variability while patch type did not alter any of the measured
parameters. Focal tree species was a more important factor, with a reduction in TN and SOC close to beech
stems. Although microbial biomass was unaffected by patch type and tree species, it is interesting that it
remained at the same level, whereas SOC and TN decreased. In addition, the difference in SOC between the
samples taken close to beech stems and those taken close to pine stems was more pronounced than the
difference of TN, leading to a lower C/N ratio close to beech stems. Here, better quality organic matter may be
sustaining microbial biomass levels. This result indicates that the first hypothesis could be accepted with some
reservations. The soil C/N ratio in Scots pine stands may benefit from beech recruitment and growth, but the
effect was only found near beech trees, rather than being caused by admixture interactions. This improvement of
soil features when beech is present was hypothesized for the same study site using a modeling approach by

Gonzélez de Andrés et al. (2017), and it can be confirmed now empirically.

Tree species is a key factor explaining soil C/N variability (Cools et al., 2014). Previous studies have also found
lower C/N ratio in broadleaves forests (e.g. Menyailo, 2009) and in particular in beech forests when compared
to Scots pine forests (Btonska et al., 2018). It has been suggested that higher quality litter, with lower contents
of lignin and higher nitrogen, accelerate decomposition rate, which has an impact in soil organic mass
accumulation and C/N ratio (Vesterdal et al., 2012). In addition, leaf litter inputs to the forest soil are clearly
different under each canopy type. In autumn 2017 (the fall season previous to the sampling date) 1131.0 kg ha'*
felled under pine canopy (59% pine needles, 41% beech leaves) whereas 2050.5 kg ha* were collected under
mixed canopy (29% pine needles, 71% beech leaves) (Gonzalez de Andrés et al., 2019). Hence, higher organic
matter inputs combined with a higher decomposition rate under beech trees driven by its better quality litter in

comparison with pines could also explain the higher SOC accumulated under pine trees.

However, the effect of focal tree species on C/N was not found close to the pine trees located in the mixed
patches, where beech litter also accumulates, suggesting that an additional factor related with tree species

proximity could be affecting soil C/N. Here, roots and root secretions could be playing an even more important
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role than litter. When roots die and decompose, root exudates and root tissues are an additional input of organic
matter known to drive soil microbial community composition and functioning (Broeckling et al., 2008;
Eisenhauer et al., 2017; Whipps, 2001). In this study, we found higher fine root abundance in the mixed patches

mainly caused by beech FRB, which in turn correlated positively with microbial biomass.

4.2. Fine root biomass and functional traits: tree species interaction at belowground level

Scots pine and beech fine roots differed greatly in both biomass and functional traits with the maximum pine
FRB on PP (1.5 mg per soil g at the first 26 cm) and the maximum beech FRB on BM (3.4 mg per soil g).
Although proximity to the stem and stem size are key variables to determine FRB (Sochacki et al., 2017), in this
study the influence was more clear for beech than for pine. Beech FRB diminished as expected when distance to
beech stems increased (BM > PM > PP), but that was not the case for pine, in which FRB suffered a sharp
reduction on the mixed forest area, even close to pine stems (PP > PM = BM). Thus, in the mixed patches
interaction with beech trees seemed to be a more important factor. Although pine stem density was only 10%

lower in the mixed patches (Table 1), pine FRB was reduced to a third at the first 26 cm.

The low SRL found in Scots pine absorptive fine roots in comparison to beech roots could be attributed in part
to its thicker root tips but also to the observed lower ramification of the first three root orders in pine and,
consequently, a smaller number of first and second order roots. Even when beech trees invested in larger soil
occupation, they also invested in higher RTD, which is typical of slow growth and conservative strategies with
longer organ life span (Reich, 2014; Ryser, 1996). Both FRB and absorptive fine roots SRL were much higher
for beech, giving the species a soil exploration and exploitation capacity much more pronounced than that of
Scots pine. Given the intensive soil occupation strategy of beech, a competitive interaction could be behind the

pine FRB reduction close to beech trees, in which Scots pine fails to compete with beech root systems.

This competitive exclusion took place mainly at the upper soil layer, and therefore our results also suggest a
certain degree of niche segregation. Beech roots more effectively colonized the shallower portion of the soil,
and the proportion of roots at greater depth was reduced when growing close to Scots pine trees. In BM, an
average of 57% of beech FRB was found in the first 13 cm of the soil while this proportion increased to 72% in
PM. Pine FRB followed the opposite distribution, 75% was at 0-13 cm in PP, diminishing to 61% in PM. In the

case of Scots pine, the distribution pattern was driven mainly by the drastic reduction of biomass at 0-13 cm,
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implying that, in this situation, pine root system cannot cope with beech competition by colonizing deeper soil

portions. Although due to soil stoniness only around one third of sites could be sampled down to a depth of 65

cm, a pattern emerged. Thus, on average, 69% of Scots pine FRB and 63% of European beech FRB were on the

first 26 cm. The average results for deeper soil layers were similar to those found in the upper part of the soil,

with a dominance of beech roots in mixed patches.

These differences lead to accept the second hypothesis in the case of fine root biomass, as both species FRB and
vertical distribution were altered by the other species proximity. However, the results support that this is a
competitive interaction, rejecting the third hypothesis in which complementary effects were expected. Previous
research at this site had observed a continuing increase of beech foliage production over the past twenty years
while pine foliage production has steadily being reduced, reaching similar production levels in 2016 (Gonzélez
de Andrés et al., 2019). A similar trend could be expected to have occurred belowground, as belowground niche
partitioning did not explain the coexistence of these species. In fact, European beech is regarded as a highly
competitive and adaptive species, currently expanding its distribution range (Bolte et al., 2007; Packham et al.,
2012). Above- and belowground evidences observed so far suggest a growing dominance of beech even in the

early middle stages of natural succession (~50 years since stand establishment).

Contrary to biomass, absorptive fine roots functional traits were not modified by patch type or focal tree
species. Those first root orders (the finest portion of the root system) may be more susceptible to modification
depending on external factors (Makita et al., 2011). However, chemical variables were mostly unaffected by
patch type or focal tree species. Only TN and SOC changed significantly depending on focal tree species, with
lower values close to beech trees. Depth was a more important driver of variability in root functional traits,
coinciding with the way soil chemical variables were altered. Higher FRB and SRL in the upper layer benefit
resource uptake at this more fertile area of the soil, which was the case for beech. Scots pine SRL showed a
similar but not significant trend and pine FRB was altered in the same way but only on the pine patches. The
consistent higher RTD on deeper soil may be attributed to the common finding of increasing tissue density on
poorer nutrient conditions (Ryser, 1996; Ryser and Lambers, 1995) and to the better soil penetration capacity of

harder roots (Hutchings and John, 2003).

5. Conclusions
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Soil C/N improvement was associated with the presence of F. sylvatica, being significantly higher only close to
beech stems. Here, the lower C/N ratio could be associated with higher quality of organic matter, enhancing
decomposition rate and accelerating carbon cycling. Though there was no other significant change in soil
chemical properties affected by tree species, Scots pine and beech fine root systems responded to the presence
of the other species through biomass changes. The change was dramatic in the case of Scots pine, indicating a
strong competitive interaction in which mature beech trees tend to dominate the whole soil profile. With no
evidence of complementarity effects sufficient to overcome competition. higher production of fine roots by
European beech, with higher SRL and RTD, may accelerate the eventual substitution of a pioneer species such
as Scots pine on a fertile soil under natural conditions. These belowground interactions should be taken into
account when planning the transition from pure to mixed stands currently advocated through Europe’s forest

management community.
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