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Abstract: Mixed-species forests may deliver more forest functions and services than monocultures,
as being considered more resistant to disturbances than pure stands. However, information on wood
quality in mixed-species vs. corresponding pure forests is poor. In this study, nine plots grouped
into three triplets of pure and mixed-species stands of European beech and Calabrian pine (three
dominated by European beech, three dominated by Calabrian pine, and three mixed-species plots)
were analysed. We evaluated tree growth and wood quality through dendrochronological approaches
and non-destructive technologies (acoustic detection), respectively, hypothesizing that the mixture
might improve the fitness of each species and its wood quality. A linear mixed model was applied to
test the effects of exogenous influences on the basal area index (BAI) and the dynamic modulus of
elasticity (MOEd). The recruitment period (Rp) was studied to verify whether wood quality was
independent from stem radial growth patterns. Results showed that the mixture effect influenced both
wood quality and BAI. In the mixed-species plots, for each species, MOEd values were significantly
higher than in the corresponding pure stands. The mixture effect aligned MOEd values, making
wood quality uniform across the different diameter classes. In the mixed-species plots, a significant
positive relationship between MOEd and Rp, but also significantly higher BAI values than in the pure
plots, were found for European beech, but not for Calabrian pine. The results suggest the promotion
of mixing of European beech and Calabrian pine in this harsh environment to potentially improve
both tree growth and wood quality.

Keywords: TreeSonic; MOEd; forest productivity; dendrochronology; recruitment period;
Aspromonte National Park

1. Introduction

Mixed-species forests may deliver forest functions and services more effectively than
monocultures [1,2], particularly in threatened mountain environments [3] and in man-made
mixed-species forests. Therefore, their spread is an important option to adapt European mountain
forests and forestry to future disturbances and extreme events [4]. Mixed-species forests may show
less temporal variation in growth and more stable productivity in comparison with pure stands, due to
reduced tree species competition for resources [5–13]. Nevertheless, contradictory mixed-species effects
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on tree growth have been found under conditions favouring drought stress or in dry years [14–16].
Gebauer et al. [17] observed that stand-level canopy transpiration was not higher in mixed broad-leaved
forests than in pure European beech stands and that the spatial complementarity in root water uptake
of mixed-species stands could be masked by edaphic conditions preventing the vertical stratification of
species-specific root systems. An increase in the frequency and severity of drought events, as predicted
for the coming decades [18,19], will have dramatic implications for the resilience of Mediterranean
mountain ecosystems, particularly in the case of forest stands with a simplified vertical structure [20].
Indeed, species-specific functional traits and allometric relations can be more important for stand water
use than tree species diversity per se. Therefore, more insight into species mixing, structural diversity
and forest dynamics is essential for modeling risk assessment and forest functions aimed at fostering
alternative silvicultural practices in harsh environments.

Although mixed-species stands can be more productive in comparison with monocultures [21–24]
up to 30% [25], site conditions, stand age, and tree species interactions affect these responses [26,27].
Focusing on the causes of differences in tree growth and stand productivity between mixed-species and
pure forests, most research addressed environmental settings and relationships with climatic conditions,
species composition, mixture type, and stand age [28–36]. Indeed, few studies exist on the quality and
value of wood produced in mixed-species vs. corresponding pure stands [37]. Information on how
wood quality can be affected in relation to tree species composition is essential for decision making in
adaptive forestry, especially where forest planning and thinning activities favour the occurrence of
mixed-species stands [27].

Liu et al. [38] showed that spacing and thinning experiments in pure stands highlighted the strong
effect of the surrounding spatial stand structure on tree growth and morphology and, ultimately, wood
structure and timber quality. Chomel et al. [39] demonstrated that, in mixed-species plantations, mixing
hybrid poplar and white spruce might increase the wood production of poplar in comparison with
monocultures of either poplar or white spruce. Battipaglia et al. [40] showed a considerable increase in
cumulative basal area and in intrinsic water use efficiency in mixed-species stands of pedunculate oak
and Italian alder, largely resulting from an increase in N fixation, which levelled off, when natural
mortality or management practices decreased the competitive ability of Italian alder. In addition to
stand productivity and water use efficiency, species mixtures with structural stratification may also
enhance individual-tree growth rates and stem quality of species in the upper canopies, minimizing
the proportion of taller species that reach the highest production [6,41].

Forest management practices oriented to obtain mixed-species stands potentially determine
variation in the physical and mechanical properties of the harvested wood, both at stand and tree
level [42]. Nevertheless, although mixed-species forestry is gaining popularity in Europe [10,43], a
greater understanding of the differences in wood quality between mixed-species vs. corresponding
pure stands is needed. In the last decades, the evaluation of wood quality has been preferentially based
on non-destructive technologies (NDTs) [44]. More specifically, stress wave-based non-destructive
acoustic techniques resulted in very useful methods for predicting the mechanical properties of woody
materials [45]. Nowadays, acoustic sensing technology allows for the estimation of wood quality and
intrinsic woody properties for standing trees, stems and logs. Among the parameters measurable by
acoustic methods, the most important is the dynamic modulus of elasticity (MOEd), being related to
wood anatomy and tree physiology. This parameter can be used for the evaluation of wood quality,
providing information on the stiffness of material [46,47].

In this study, the wood quality term refers to the use of wood in the field of construction. The wood
properties that determine the structural requirements are defined by indicators, such as strength grades,
that depend on knottiness, stiffness and density of the wood [48]. These parameters are commonly
used worldwide to define strength grades [49]. With reference to stiffness, the dynamic modulus of
elasticity (MOEd) is considered a good predictor, so as to be used as a proxy variable for assessing
the wood quality and, in particular, its stiffness [50]. As a matter of fact, profound implications for
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wood properties and utilization derive from the growth and ecophysiological responses of trees to
environmental conditions.

We focused on two important tree species, European beech (Fagus sylvatica L.) and Calabrian pine
(Pinus nigra Arnold subsp. calabrica), widespread in mountainous forest ecosystems of Southern Italy;
European beech is a late-successional broadleaved tree species, here occurring in its southernmost
ecological limit, whereas Calabrian pine is an early-successional conifer, providing timber of high
quality. In the Calabrian Apennines, these species occur in both pure and corresponding mixed-species
stands, which may help test the effects of mixture on tree growth and wood quality in a drought-prone
environment. Our study comprises nine plots grouped into three triplets of pure and mixed-species
stands of European beech and Calabrian pine (three dominated by European beech, BP, three dominated
by Calabrian pine, PP, and three mixed-species plots, MBP), in the Aspromonte National Park. The three
stands grow in the same environmental conditions and show similar structural traits. We hypothesized
that the mixture effect may improve the physiological fitness of each species and, thus, the wood quality.
The specific objectives of the study were to: (Q1) evaluate the wood quality (MOEd), (Q2) analyse
tree growth patterns through the basal area index (BAI), and (Q3) highlight potential relationships
between wood quality and tree growth, in mixture vs. monocultures. In particular, we tested whether
(i) the mean wood quality in mixed-species and corresponding pure stands are equal, (ii) the mean
BAI in pure and mixed-species stands are equal, and if (iii) the wood quality and tree growth patterns
are independent.

2. Materials and Methods

2.1. Study Area

The study area is located in the Aspromonte National Park, Calabria (Southern Italy), near the
village of Bagaladi (RC). The climate is temperate, with an annual mean temperature of around 8 ◦C
and minimum and maximum monthly means of 0.5 ◦C (coldest month) and 16 ◦C (warmest month),
respectively. Annual precipitation is 1611 mm unevenly distributed over the year (Meteorological
station of Gambarie d’Aspromonte—1187 m above sea level (a.s.l.).

The study is based on nine plots (each with an extension of 5000 m2 and square shape), grouped
into three triplets of pure and mixed-species stands of European beech and Calabrian pine, using a
randomized block design. Plots within each block were randomly assigned to the units. Each triplet,
extended over 1.5 ha, contains two monospecific plots, dominated by European beech (BP) or Calabrian
pine (PP), and one mixed-species European beech—Calabrian pine stand (MBP). The pure stands
were selected if the target species represented ~90% of the stand basal area. The mixed-species stand
was defined as the stand in which the two species together represented at least ~80% of the total
stand basal area and the sum of the basal area of other species was lower than that of each of the two
studied species. In order to quantify the mixing effects, the pure stands were used as reference for the
mixed-species stand.

Plots are located in similar environmental conditions in terms of environmental settings
(topography, slope, substrate) and climatic conditions. Soils developed from igneous and metamorphic
rocks and are classified as Umbrisols, Cambisols and Leptosols [51], with an udic soil regime moisture.
Further details on the main environmental conditions characterizing the study site are reported in
Table 1.

These forest stands are of natural origin, with a dominant age ranging from 70 to 120 years old.
They evolved naturally in the last 70 years. However, these forests (approximately until the Second
World War) were cut following a management approach based on the “selection cutting” criteria, in
which few trees were cut approximately every 20 years in the same forest section [52]. This type of
management has preserved the typical forest landscape by maintaining a continuous forest cover,
determining a stand structure consisting of clusters of trees in different age classes. These clusters are
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the result of the natural regeneration occurring in the gaps opened by the selection cutting previously
applied [52].

Table 1. The main geographical features of the investigated triplets located nearby the village of
Bagaladi, RC (Aspromonte National Park).

Triplet 1 Triplet 2 Triplet 3

Latitude (N) 38◦06′50.53” 38◦05′54.59” 38◦06′15.69”
Longitude (E) 15◦51′53.25” 15◦50′37.72” 15◦51′23.37”
Exposure (◦) 59 59 59

Altitude (m a.s.l.) 1521 1511 1497
Slope (◦) 28 30 34

2.2. Tree Sampling and BAI Analyses

In 2017, in order to derive the dendrometric variables at the stand level, the nine plots were fully
inventoried. The diameters at breast height (DBH) and the total heights (Ht) of all trees were measured.
Tree volume was calculated using the equations derived for the prediction of the aboveground tree
volume [53]. Canopy dominant/co-dominant trees were targeted for sampling (coring and measuring
MOEd) and were selected through a stratified random sampling, in relation to the frequency of the
diameter classes at the plot level. In detail, in each monospecific stand (BP and PP), 30 dominant
trees per species were cored, while 60 dominant trees were cored (30 for European beech and 30 for
Calabrian pine) in MBP. For each selected tree, two increment cores were collected at breast height and
at an angle of 120◦ to each other. Particular care was taken to select trees with canopies well separated
from each other. Moreover, to avoid the effect of wood alteration and exogenous disturbances on tree
ring growth, only trees without abrasion scars or other visible evidence of injury were selected. Cores
were then mounted on channeled wood, seasoned in a fresh-air dry store and sanded a few weeks later.
Ring widths were measured with a resolution of 0.01 mm using the LINTAB measurement equipment
(Frank Rinn, Heidelberg, Germany) fitted with a Leica MS5 stereoscope (Leica Microsystems, Wetzlar,
Germany). Tree ring widths were then statistically cross-dated and verified with the software TSAP
software package (version 4.81c) and COFECHA (version 6.06) [54]. Once all measurement series were
validated, tree-ring chronologies were developed for each species. Subsequently, tree ring widths were
converted into tree basal area increment (BAI), according to the following standard formula:

BAI = π
(
r2

n − r2
(n−1)

)
where r is the radius of the stem at breast height and n is the year of tree-ring formation. In order to
examine the mean growth trend for the sampled trees, BAI for each year was averaged over all the
individuals for removing the variation in radial growth attributable to the increasing tree circumference.

The latest fully built tree ring valid for our analysis was related to 2016. We considered only the
tree-ring chronologies starting from 1900, because few trees had rings formed before the year 1900.

2.3. Wood Quality

In order to evaluate the wood quality, acoustic wave tests were conducted at breast height on
the same 120 trees from which the woody cores were collected. In order to reduce the effect of air
humidity [55], the tests were carried out in the summer of 2017, from June to July.

TreeSonic (FAKOPP TreeSonic™ Fakopp Enterprise, Agfalva, Hungary) [44,56] was used for
measuring the acoustic velocity. It is characterized by a hand-held hammer and two probes, a
transmitting accelerometer and a receiving accelerometer. The system consists in the insertion of two
sensor probes (a transmitting probe and a receiving one) into the sapwood, applying acoustic energy
into the tree stem through hammer impact. The probes were aligned within a vertical plane on the
same face. In our study, a 1.00-m testing span was roughly centered at breast height. The lowest probe
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was placed about 60–70 cm above the forest floor. Three measurements were realized for each selected
tree and the average of the three recordings was used as final transit time. In order to measure the
acoustic velocity wave, the start and stop sensors were driven at a 45◦ angle through the bark into
the wood of the standing tree [57]. Acoustic velocity was determined on the upstream side of the tree
(according to standard procedure), the same side where the stem diameter was measured. The acoustic
velocity (CT) was then calculated from the span between the two sensor probes and the time-of-flight
(TOF) data, using the following formula:

CT = S/TOF (1)

where CT = tree acoustic velocity (m/s), S = distance between the two probes (sensors) (m),
TOF = time-of-flight (s).

The wood density of each measured tree was also determined on the woody cores. The fresh
weight and volume of the tree cores were measured in the laboratory. Woody samples were weighed to
the nearest 0.01 g with an electronic scale. After ring width measurements, the woody cores were dried
in oven at 105 ◦C, to constant weight. Density (kg m−3) was calculated by dividing the dry weight by
the fresh volume.

Afterwards, it was possible to calculate the modulus of elasticity (MOE), according to the following
equation:

MOEd = WDi × CT2; (2)

where WDi = tree wood density i (kg m−3) and CT =velocity (km s−1).
When MOE is estimated using the above formula, it is termed dynamic modulus of elasticity

(MOEd) [58], as the stress wave propagation in wood is a dynamic process, internally related to the
physical and mechanical properties of wood [59].

2.4. Relationship between Wood Quality and Tree Growth

In standing trees, the stress wave propagation is affected by tree stem diameter, wood travel distance
and internal wood conditions [60]. Furthermore, the mean tree values of timber grade-determining
properties (elastic modulus, bending strength, and wood density) are related to the acoustic velocity
and tree slenderness. Signals are transferred through the whole stem, depending on stem diameter:
when smaller is the diameter, then the signal is more transferred inside the stem [61]. In this study, we
used the tree final growth time to evaluate the relationship between wood quality and tree growth,
in order to verify if the wood quality was independent from tree growth. In detail, the final growth
time is given by the number of radial rings included in the outermost 2.5 cm of the sampled trees.
This parameter is called “recruitment period” (RP), which indicates the number of years needed to
pass from a diameter class xi to the largest class xi + 5, assuming classes of 5 cm [62]. Therefore, for
each sampled tree, we counted the number of rings contained in the last 2.5 cm.

2.5. Statistical Analysis

The data collected were characterized by a nested structure and they were not independent from
each other: in detail, an inter-correlation among samples occurred, since they were referred to the same
triplets, and the single tree ring chronologies belonged to one single tree. Therefore, an analysis based
on a linear mixed model was used, including both fixed and random effects. We then set up the model
functions to test the effect of mixing on tree ring width (expressed as BAI) and on the MOEd. The linear
mixed models incorporated the triplet identifier as a random effect, thus considering both the mixing
effect (expressed as percentage of basal area of the examined species of beech or pine, compared to the
total area) and the nested structure of the data. The initial model included the following independent
variables: basal area, stem DBH, tree height, tree age. A stepwise procedure (in each step, a variable
was considered for addition to or subtraction from the set of explanatory variables based on F-tests)
eliminated all variables, except for the basal area, the only variable that had a significant effect on
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the dependent variable. Therefore, the below model, based only on mixing effect and the nested
design of data, was applied to evaluate if significant differences on BAI between mixed-species and
corresponding pure stands occurred:

BAIi j = β0 + β1 ×Mixi j + u j + εi j

where BAIij is the mean of the basal area increment per tree i on triplet j, β0 is the intercept, Mixij is the
fixed effect describing the quantification of the mixing effect (expressed as % basal area) on tree BAI for
tree i on triplet j, uj is the random effect for triplet j and εij is the error term. Moreover, the following
model was used to analyse the effect of both mixture and tree ring width (expressed as recruitment
period) on wood quality (MOEd values), incorporating the triplet identifier as a random effect:

MOEdi j = β2 + β3 ×Mixi j + β4 ×RPi j + u j + εi j

where MOEdij is the wood quality of tree i on triplet j, RPij is the recruitment period of tree i on
triplet j, examined as the main effect. For the linear mixed-effect model analysis, the nlme package
for the R programming language [63] was used. In addition to the linear mixed-effect models, the
Mann-Whitney Test for independent-sample (U-Test) was also used to compare the average MOEd
values and the average BAI values between mixed-species and pure stands. More specifically, the
U-test is a non-parametric test and requires no assumptions.

3. Results

Table 2 shows the main structural and dendrometric characteristics of the studied stands, while
in Table 3, the age, the wood density, the acoustic velocity and the MOEd for the sampled trees are
reported. Forest structure did not differ markedly among the studied stands. Analysis of variance
(ANOVA) showed no significant differences among plots in stand density (F3/6 = 1.020; p = 0.447),
tree DBH (F3/6 = 0.329; p = 0.805), basal area (F3/6 = 2.104; p = 0.201) and stand volume (F3/6 = 2.208;
p = 0.188). The number of trees per hectare varied from 743 in the pure European beech plots to 873 in
the mixed-species plots. The tree volume ranged between 773 m3 ha−1 in the pure European beech
plots and 876 m3 ha−1 in the mixed-species plots.

Table 2. Structural traits obtained for the investigated triplets. Mean values and the related standard
deviation (in bracket) are reported.

Stand Density
(N. Trees ha−1)

Tree DBH
(cm)

Tree Height
(m)

Basal Area
(m2 h−1)

Stand Volume
(m3 ha−1)

Beech pure 743 (155.7) 33.2 (2.8) 24.2 (2.2) 64.3 (4.6) 772.7 (41.5)
Pine pure 754 (96.3) 35.6 (4.4) 23.1 (0.8) 75.1 (10.4) 857.6 (160.9)

MBP-B 470 (75.9) 28.3 (2.3) 18.8 (1.3) 29.6 (6.3) 277.0 (31.1)
MBP-P 403 (74.1) 40.3 (9.6) 23.6 (5.1) 51.4 (14.1) 599.1 (90.7)

Table 3. Tree age, wood density, acoustic velocity, and MOEd values obtained for the two studied
species in the pure and mixed-species stands (SD: standard deviation; MOEd: dynamic modulus of
elasticity).

Stands
Tree Age
(Years)

Wood Density
(kg m−3)

Wave Velocity
(m s−1)

MOEd
(MPa)

Mean SD Mean SD Mean SD Mean SD

Beech pure 69 41 658 28.4 3841.7 382.4 9523.2 1738.1
Pine pure 97 38 562 27.6 3823.4 427.5 8056.6 1358.2

MBP-B 127 33 653 30.1 4253.0 349.3 11583.0 2212.6
MBP-P 103 21 555 25.2 4066.4 370.6 8999.8 2132.6
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Tree age differed between the pure European beech plots (on average 69 years) and the European
beech trees sampled in the mixed-species plots (on average 127 years) (Table 3). By contrast, Calabrian
pines occurring in the pure and mixed-species plots revealed no significant differences in tree age (on
average 100 years).

For both tree species, MOEd values were significantly higher in MBP than in BP and PP, as
confirmed by the Mann-Whitney test applied for independent-samples (Figure 1). MOEd was 21.6%
and 10.7% higher in MBP than in BP and PP, respectively. Further, considering the different diameter
classes investigated, MOEd values were always higher in MBP than in BP and PP.Forests 2019, 10, x FOR PEER REVIEW 7 of 18 
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which confirmed the significant effect of the diameter classes on MOEd. MOEd decreased as tree 
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were significantly lower than in MBP, also varying significantly as tree DBH increased.  

Figure 1. MOEd values in the pure and mixed-species stands for European beech (Mann-Whitney Test,
Z = −6.491, p < 0.001) and Calabrian Pine (Mann-Whitney Test, Z = −3.134, p < 0.010).

Analysis of variance (ANOVA) showed a significant effect of the diameter classes on MOEd for
BP and PP. As the diameter classes are not independent, the Kruskal–Wallis test was also used [64],
which confirmed the significant effect of the diameter classes on MOEd. MOEd decreased as tree DBH
increased, with significant differences observed between the smallest and the largest diameter classes.
On the contrary, no significant differences were observed in MBP (Figure 2). The mixture of species had
the effect of aligning MOEd values, both for European beech and Calabrian pine, making wood quality
more uniform for each diameter class. In contrast, in the pure stands, MOEd values were significantly
lower than in MBP, also varying significantly as tree DBH increased.
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mixture were always higher than in BP. Later, a similar trend was observed, until 1990. In the last 
period (1990–2016), BAI values were again higher in MBP. In the period 1900–2016, BAI always 
increased in MBP, while it gradually decreased in BP, from 1990. For Calabrian pine, BAI values were 
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decrease of BAI values was observed for Calabrian pine, both in MBP and PP.  

Figure 2. Dynamic modulus of elasticity (MOEd) in relation to the diameter classes for European beech
and Calabrian pine growing in the pure and mixed-species stands. European beech in the mixed-species
stand: F12;18 = 1.255, p < 0.322; for European beech in the pure stand: F12;18 = 2.461, p < 0.050; Calabrian
pine in the mixed-species stand: F12;18 = 0.774, p < 0.669; Calabrian pine in the pure stand: F11;19= 2.621,
p < 0.050.

Figure 3 shows the BAI values obtained for European beech and Calabrian pine. In general, BAI
increased over time (at least up to a determined year) in both species. Overall, trees revealed higher
BAI in MBP than in BP and PP. However, until 1980, BAI values of European beech growing in mixture
were always higher than in BP. Later, a similar trend was observed, until 1990. In the last period
(1990–2016), BAI values were again higher in MBP. In the period 1900–2016, BAI always increased in
MBP, while it gradually decreased in BP, from 1990. For Calabrian pine, BAI values were higher in
MBP than in PP, considering the period 1900–1960. Later, for about 20 years (1960–1980), an opposite
trend was observed, with a higher BAI in PP. Furthermore, for 1980–2016, a consistent decrease of BAI
values was observed for Calabrian pine, both in MBP and PP.
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Figure 3. BAI values for European beech and Calabria pine growing in the pure and mixed-species
stands. Values were considered starting from 1900.

Figure 4 reports both the variability and the average of BAI values for European beech and
Calabrian pine growing in the pure and mixed-species stands. For European beech, the BAI variability
was higher in MBP, while for Calabrian pine in PP. European beech growing in mixture had a
significantly higher BAI values than in BP (+65%, 30.6 vs. 18.5 cm2, on average, p-value < 0.001). Yet,
Calabrian pine growing in mixture revealed higher BAI values than in PP, although not significantly
(+11%, 21.1 vs. 19.1 cm2, on average, p-value = 0.0563).
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Figure 4. BAI values (mean values) in the pure and mixed-species stands for European beech (linear
mixed-effect, p < 0.05, R2 = 0.437; Mann-Whitney Test, Z = −4.345, p < 0.0001) and Calabrian pine
(linear mixed-effect, p = 0.271, R2 = 0.078; Mann-Whitney Test, Z = −1.928, p = 0.0563).

In Table 4, results obtained through the application of the linear mixed model are shown. The site
identifier was considered as a random effect. The mixture significantly influenced European beech
(p = 0.015), but not Calabrian pine (p = 0.601).
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Table 4. Values achieved with the application of the linear mixed-effect model, considering the “triplet”
as random effect. The influences of the fixed effects (BA%, RP) on the response variables “basal area
increment” (BAI) and “dynamic modulus of elasticity” (MOEd) were examined. Significant variables
are reported in bold.

Model Value t-Value p-Value R2

European beech (BAI) 0.502
Intercept 17.623 7.720 <0.0001
Mix (BA) 0.358 4.047 0.0155

Calabrian pine (BAI) 0.015
Intercept 19.299 8.126 <0.0001
Mix (BA) 0.028 0.567 0.6009

European beech (MOEd) 0.278
Intercept 5114.401 4.191 0.0000

RP 210.252 4.119 0.0001
Mix (BA) 76.434 3.353 0.0285

Calabrian pine (MOEd) 0.045
Intercept 6487.034 6.291 <0.0001

RP 83.52 1.833 0.0684
Mix (BA) 23.23 2.079 0.1061

Figure 5 shows the values of the recruitment period (RP) for European beech and Calabrian pine,
which invariably decreased as DBH increased. For European beech, RP was lower in MBP than in BP,
though with lessening differences as DBH increased. Calabrian pine growing in PP had, for the first
diameter classes, a slightly lower RP than in MBP, at least for the first diameter classes. Then, the trend
was the opposite and the differences tended to increase, though not for the DBH of about 90 cm.
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Figure 5. Recruitment period obtained for European beech and Calabrian pine growing in the pure
and mixed-species stands. It indicates the number of years needed to pass from a diameter class xi to
the largest class xi + 5 cm.

Finally, in Figure 6, variations of MOEd as RP changes are shown. In each stand, MOEd tended
to rise as RP increased, even if it revealed higher values in MBP than in BP and PP. In addition, the
relationship between MOEd and RP was stronger in MBP, for both species. However, the analyses
of the linear mixed-effects model underlined that only for European beech, RP (p < 0.0001) and the
mixing effect (p = 0.0285) had a significant role, explaining the largest proportion of MOEd variation
(Table 3). On the contrary, for Calabrian pine, RP (p = 0.0684) and the mixing effect (p = 0.1061) had
marginal effects on MOEd.
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4. Discussion

Results demonstrated how the mixture effect influenced both wood quality and tree ring widths.
In both the pure and mixed-species stands, MOEd values were above the minimum quality threshold
(MOEd > 9000 MPa) [65]. However, in the mixed-species plots, MOEd values were always higher than
in the corresponding pure plots. This difference was more evident for European beech (11583 vs. 9523)
than for Calabrian pine (8999 vs. 8056). Tree age differed between European beech trees sampled in the
pure and mixed species plots, which might have played a role in determining differences in MOEd
values. In the case of Calabrian pine, the differences in MOEd values are less evident, though significant.
As a matter of fact, tree age did not differ between trees sampled in the pure and mixed-species plots.

Eventually, effects on MOEd exerted by the other parameters related to the stand structure (stand
density, basal area, stand volume) could be excluded, since the parameters did not differ significantly
between the pure and mixed-species stands. Several studies showed that, considering other variables
being equal (stand density, stand volume, etc.), the mixture effect could have a role in improving the
resistance and resilience of trees in comparison with the corresponding monocultures [21–24]. Yet, the
mixed-species stands could also be more productive than the corresponding monocultures [26].

Therefore, even with some limitations, a mixture of European beech and Calabrian pine might
have a positive effect on MOEd, not only at the stand level, but also considering the different diameter
classes. In fact, in the mixed stands, the MOEd values were similar for all the diameter classes, in both
species. On the contrary, in the pure stands, we observed a decrease in wood quality as the tree DBH
increased. A combination of a light demanding tree species with one more shade tolerant was probably
the foundation of these results. In other studies, mixed-species stands were found to show higher
light interception and light-use efficiency in comparison with monocultures [10,66–68]. Promoting the
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coexistence of these two species in the present environmental conditions might improve the quality of
wood materials, regardless of the size of trees from which the assortments are obtained.

The MOEd values, strongly related to wood density and acoustic velocity, indicated an overall
higher mechanical stability attained in the mixed-species stands. In fact, wood density is correlated
with timber strength [69], hardness and abrasiveness [48]. Therefore, mixing these species might
provide higher mechanical resistance to natural disturbances, such as windstorms, and higher carbon
sequestration potential in these Mediterranean mountain forest ecosystems. It must be pointed out
that Pretzsch and Rais [49] observed that the wood strength and stiffness could be lower in complex
forests than in homogeneous monocultures, where tree size and shape development progress more
continuously. Yet, Torquato et al. [70], in black spruce forests in Canada, detected lower strength and
stiffness properties in complex stands.

Growing in mixtures induced an increase in tree biomass production, particularly for European
beech, while differences between the pure and mixed-species stands were not significant for Calabrian
pine. In European beech, although environmental conditions did not differ between stands, BAI was
significantly higher in mixture than in monoculture. However, differences between the pure and
mixed-species stands in tree age might also have affected BAI trends. The identification of growth trends
and attribution of their drivers are not easy tasks, and require long-term and spatially-representative
experiments to control the effect of tree size and age, avoiding sampling biases at the various scales.
Indeed, heterogeneous crown structures and the tree size of mixed-species stands might facilitate the
penetration of light into the lower canopy layers [10]. In the studied stands, European beech could take
advantage of growing underneath the relatively transparent canopy of Calabrian pine. On the other
hand, European beech in pure and dense stands develops homogeneous canopy cover, having high
shade tolerance and large canopy expansion. Indeed, European beech growing in monocultures showed
low self-tolerance [71,72], resulting in severe intraspecific competition due to high lateral canopy
expansion [73]. Moreover, other studies reported beneficial effects on European beech productivity
from growing in mixture [74,75]. Condes et al. [76] reported that the productivity of pine-beech
admixtures was generally greater than in the corresponding pure stands. In light of this, admixture of
European beech with Calabrian pine might, therefore, reduce competition or even increase facilitation
processes in this Mediterranean mountain environment. Nevertheless, Conte et al. [16] observed
higher productivity in the pure than mixed-species stands of European beech and Scots pine, in Alpine
environmental conditions. These discrepancies suggest caution in generalizing the positive effects on
European beech productivity from growing admixed with pine species.

However, the complexity of the species interactions, which depends on stand development stage,
stand density and site conditions [26], suggests caution in generalizing these results, since other studies
reported opposite patterns [77]. Equal productivity at the stand level might not necessarily indicate a
neutral behaviour of the two species co-occurring in the mixed-species stands. In fact, species-specific
reactions, at individual or stand level, might counteract and cancel each other with respect to the
stand level productivity [74]. Behind overyielding or underyielding of mixed-species in comparison
with nearby pure stands, as revealed in this study for Calabrian pine and European beech, there is
always a modified supply and uptake, or different use-efficiency, of available resources [24,26,78].
Zhang et al. [21] reported that beneficial effects of admixing provided an overall 25% increase in
productivity across forest types and a 12% increase at European scale in Scots pine—European beech
mixtures [10]. Nevertheless, the mechanisms that might promote complementarity effects, leading to
increased productivity in pine-beech mixtures, are poorly understood, despite the frequent occurrence
and economic importance of these forest types [10].

Values of BAI in Calabrian pine and European beech mixtures, of both species, were generally
greater than in the corresponding pure stands, although significant only in the case of European
beech. European beech, especially in the mixed-species stands, had a constantly increasing BAI in the
investigated time-span, although alternating years of little stem radial growth and years of great stem
radial growth. On the contrary, Calabrian pine revealed a decrease in BAI values in the last 30–40 years.
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Several studies reported that the inter-annual tree growth variability and its dependence on climatic
conditions might be modulated by species composition [4,79–81]. A positive effect of species diversity
on stand productivity, due to complementarity effects, might result in a greater size heterogeneity, with
unknown consequences on the provision of goods and services in pure vs. mixed-species forests. A
reduction in size asymmetry and growth inequality for European beech in mixture with Scots pine was
related to the complementary light ecology of the associated species [10].

At the stand level, light absorption of admixed light demanding and shade tolerant species
might benefit from light-related interactions, including canopy structure, stand density, tree size,
crown architecture, and allometric relationships [82,83]. Nevertheless, in the present Mediterranean
environment, although light-related interactions might contribute to the mixing effect on tree growth
for Calabrian pine, water- and/or nutrient-related interactions might dominate in the mixing effect on
tree growth for European beech [84]. Especially for European beech, we showed that the variability
of BAI was higher in the mixed-species vs. the pure stands. Although this variability might have a
minor role in determining the strength and stiffness of structural timber [49], it might still affect wood
properties, such as the dimensional stability. Nevertheless, we may confirm that (i) wood quality was
higher in the mixed-species than pure stands, (ii) wood quality was dependent on tree growth patterns
and that (iii) the longer a tree took to pass from one diameter class to the next, the better was the wood
quality. However, Genet et al. [85] stated that the way in which tree ring widths and ring wood density
are related to each other would depend on whether the tree is a conifer, ring-porous hardwood, or
diffuse-porous hardwood species.

We found a positive relationship between final growth time and MOEd, in both species. However,
while for European beech MOEd was significantly dependent on tree growth (expressed as recruitment
period), this relationship was not significant for Calabrian pine. In these relationships, MOEd was higher
in the mixed-species than pure stands, for both species. Again, this might depend on species-specific
growth patterns, as well as on technological wood features. However, it must be pointed out that wood
quality of coniferous trees, in comparison with broadleaved species, might be strongly influenced
by forest management practices. In fact, several studies on conifers [59,86–90], including Calabrian
pine [44], showed a reduction in wood quality with increasing spacing and thinning.

Admixture of Calabrian pine and European beech might improve adaptation to rainy winters and
dry summers of the Mediterranean climate, increasing both tree growth and wood quality, especially
for European beech. Several studies showed that mixed-species forests might be more productive
and resistant to disturbances, including drought, than corresponding pure stands [4,79], though
contrasting evidence was also reported [14,16]. In particular, European beech populations from
marginal ecological conditions were found more resistant to drought than those from the core of the
distribution range [91–93], and their admixture with co-occurring drought-tolerant conifers might
serve as benchmark for selecting resilient tree species combinations. Additional insight into the effect
of tree species mixture on wood quality is required to support the entire wood supply chain, from
the integration of wood quality in forest inventories to silvicultural guidelines for decision support
tools. In fact, although structure and function of mixed-species stands are relevant for their role as
supporting services in Mediterranean mountain forests, such as biodiversity conservation and soil
protection, the consequence of structural heterogeneity in admixture on wood quality requires greater
consideration in the future.

5. Conclusions

In the present study, the admixture of Calabrian pine and European beech increased stand
productivity, particularly for European beech, and improved wood quality. Nevertheless, caution
is still needed in drawing general conclusions on the mixture effect on wood quality and stand
productivity, in marginal environmental conditions. Nevertheless, European beech and Calabrian pine
co-occurring in forest stands of Southern Italy should be managed with the aim of improving the overall
quality of wood, which could be promoted by mixing these species. Although any generalization could
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be misleading, the admixture of tree species in these harsh environments might better maintain forest
stability, ensuring also woody products of better quality. These results, though related to marginal
environmental conditions, could be significant to implement and support climate-smart measures for
managing Mediterranean mountain forests.
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