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Chapter

Influence of Silvicultural
Operations on the Growth and
Wood Density Properties of
Mediterranean Pines

Daniel Moreno-Ferndndez, Andrea Hevia, Iciar Alberdi
and Isabel Canellas

Abstract

Silvicultural operations are widely used for forest regeneration and promotion
of tree growth by reducing competition. The main aim of pruning, on the other
hand, is to disrupt vertical fuel continuity and enhance wood quality, although the
impact of silviculture on wood properties has scarcely been studied in the case of
Mediterranean conifer forests. Our main goal is to synthesize the primary findings
regarding the impact of thinning and pruning on tree growth and wood density of
Mediterranean conifers. For this purpose, we used data from three thinning and
pruning trials in Central Spain, specifically in forests of Pinus sylvestris and two
subspecies of Pinus nigra. Our results indicate that thinning enhanced tree growth for
the three species but did not significantly affect wood density. In contrast, no signifi-
cant effects of pruning were observed, either on tree growth or on wood density. We
concluded that thinning in combination with pruning is a suitable way to promote
tree growth without compromising wood quality.

Keywords: knot-free timber, microdensitometry, Mediterranean forestry, sustainable
forest management, timer quality

1. Introduction

High-quality wood, such as sawn wood and veneer, typically necessitates high-grade
logs, large in diameter, containing mostly clear wood, with straight stems and a sig-
nificant amount of heartwood [1]. For this, it is desirable that any knots are limited to a
narrow central core in order to obtain the so-called clear wood [2], free of knots, of more
valuable wood [3]. However, clear wood not only increases the quality of the highest-
value by-products by removing visual defects but also reduces the influence of knots on
the magnitude of pith eccentricity, stem curvature, and bending [1, 4, 5].

Besides the abovementioned wood properties that are desirable for high-quality
uses, other characteristics such as wood density are a major physical criterion for
wood quality [6] since they are related to many other aspects of quality such as
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wood strength and shrinkage, fiber properties, and flexibility or stiffness, among
others [7, 8]. Furthermore, it has been demonstrated that wood density affects
carbon storage [9-11].

The variability of wood density is not only dependent on the functional group
or species [12, 13] but has also been observed to vary among provenances [14] and
climate [15], a high level of variability being attributable to this factor. Other factors,
such as site conditions or genetics, also affect wood density [16]. In addition, wood
density does not remain constant across the trunk but varies both in radial (from
pith to bark) and axial directions, forming juvenile and adult wood (also known as
corewood and outerwood, respectively) [17, 18]. Furthermore, variations in wood
density also occur at the intra-ring level because of the differentiation between
early and latewood. Earlywood usually presents lower density values than latewood,
although its section is normally larger [19]. In contrast to earlywood, the density and
section of latewood increase with cambial age [20, 21]. In this regard, the proportion
of latewood emerged as a key variable in the characterization of wood density.

Silvicultural treatments, such as thinning, have commonly been employed to
reduce stand density and increase the diameter growth rates of the remaining trees
[22, 23] having a major influence on wood quality [8]. Pruning operations, mean-
while, involve the removal of branches, which contributes to limiting knots and other
branch-related defects to a central “knotty core” [13] resulting in more valuable wood
(clear wood) [3]. Additionally, both operations can play a key role in the crown fire
hazard [24] since thinning can reduce fuel loading and connectivity and pruning dis-
rupts the vertical continuity of fuel, reducing the severity of forest fires [25]. On the
other hand, pruning usually has a negative impact on tree diameter growth [3, 26, 27]
although the magnitude of this effect depends on the proportion of crown removed
by pruning [4, 28]. As regards the impact of silvicultural operations on wood density,
most studies state that thinning has a limited impact on wood density [9, 20, 29, 30].
As for pruning, while [16] and [31] reported an increment in wood density after
pruning, other authors such as [32] found no significant influence of pruning on
wood density properties.

The way in which silviculture affects wood density is an important issue as higher
growth rates coupled with lower wood density as a result of thinning and/or pruning
operations could lead to bias in the estimation of forest biomass and therefore carbon
accounting [33, 34].

The joint impact of thinning and pruning on tree growth and wood density has
been poorly evaluated in Mediterranean conifer forests. In this study, our objective
is to synthesize and evaluate the primary findings presented by [2, 35] regarding
the impact of these silvicultural practices on tree growth and wood density. For
this purpose, we used data from three thinning and pruning trials in Central Spain,
specifically in forests of Pinus sylvestris L. and two subspecies of Pinus nigra Arnold.
These species are important not only for the forestry sector in Spain but also from an
ecological perspective.

2. Material and methods

2.1 Material

We used data from three thinning and pruning trials located in Central Spain. These
experimental trials were established in monospecific reforestations of P, sylvestris, Pinus
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Feature P sylvestris P, nigra
Coordinates 40°520 N, 3°510 W 41°020 N, 3°040 W
Altitude (m asl) 1650 1050
Aspect North facing None
Slope (%) 10-40 0-3
Average annual rainfall (mm) 1062 620
Average annual temperature (°C) 7 10.5

Table 1.

Ecological characteristics of the thinning trials.

nigra subsp. nigra Arnold, and Pinus nigra subsp. salgmannii (Dunal) Franco. The trials
were initiated at the beginning of the 1990s when the P, sylvestris stand was 37 years old,
the P, nigra nigra 26 years old, and the P, nigra salzmannii 31. While both the P. nigra
trials are adjacent and share similar ecological characteristics, the P, sylvestris stand is
located at a higher altitude with colder and wetter conditions (see Table 1).

The P, sylvestris trial was initiated in 1991 when the first thinning was undertaken.
Since then, five inventories have been conducted, in 1991, 1996, 2001, 2006, and
2011, including diameter at breast height measurements. The experiment consisted of
nine permanent plots, each covering 0.1 hectares, with a 10 m buffer area to eliminate
the edge effect (Table 2). Three treatments were applied (i.e., three plots per treat-
ment): control treatment in which only dead trees were felled (C), thinning from
below without pruning (T), and thinning from below combined with pruning (TP).
Thinning intensity was around 30% in terms of basal area. In the TP treatment, trees
were pruned to a height of 6 meters, and 40 dominant and codominant trees per plot
were selected for pruning. This resulted in a stand density of 400 trees per hectare,
ensuring an adequate number of pruned trees to achieve the desired stand density
during the regeneration phase (200-300 trees per hectare).

In 2001, the second thinning operation (ca. 15% in basal area) was carried out in
the study plots. However, it is important to note that one plot per treatment had to be
excluded from the analysis due to a severe storm in January 1996, which resulted in
significant snow-throws.

The Pinus nigra nigra experiment with six plots was established in 1993. Dasometric
inventories were conducted in 1993, 1998, 2002, 2006, and 2011 (Table 1). Figure 1
illustrates the appearance of a thinned plot in May 2023.

In the case of Pinus nigra salzmannii, the establishment, inventories, and thinnings
followed the same schedule as the Pinus nigra nigra trial. The same three treatments
(C, T, and TP), with two replicates in six plots (0.1 ha), were evaluated in the P, nigra
salzmannii trial and in six plots of Pinus nigra nigra. Thinning intensity, however, was
greater for P, nigra nigra (40% in terms of basal area) than for Pinus nigra salzmannii
(25-30%) In 2006, the second thinning with an intensity of 16% of the basal area was
performed in these two trials.

To investigate the impact of silvicultural operations on wood density, six cores were
taken at a height of 1.3 m above ground level (breast height) from six trees per treat-
ment and taxa in January 2013. Therefore, the full dataset included 18 cores for taxa,
i.e., atotal of 54 cores. These trees were selected from the second and third quartiles
of the diametric distribution, representing the codominant trees within the stand. It
is worth noting that both dominant and codominant trees were present in the stand
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Treatment First thinning Second thinning

Age N Dg BA %BA Age N Dg BA %BA
Pinus sylvestris
C 37 2332 14.5 385 07 47 1997 172 464 9.9*
T 37 2037 14.6 341 28.2 47 928 20.7 31.2 18.6
TP 37 2082 144 339 34.8 47 821 212 29.0 144

Pinus nigra nigra

SPUDIS 2]qUUIVISNS 0] P2IS ULOLT - SA2J1U0D)

C 26 1392 18.2 36.2 0.0 39 1250 21.2 44.1 0.0
T 26 1447 17.8 36.0 419 39 725 23.6 317 176
TP 26 1455 177 35.8 40.2 39 756 233 32.2 16.5
Pinus nigra salzmannii

C 31 1597 15.7 309 0.0 44 1446 18.1 372 0.0
T 31 1574 156 30.1 24.8 44 1064 19.6 321 16.9
TP 31 1498 16.6 324 304 44 907 209 311 16.9

C = control treatment. T = thinning without pruning. TP = thinning with pruning the best trees. Adapted from [35]. Natural mortality.

Table 2.
Mean values of quadyatic mean diameter (dg; cm) before thinning, basal area (BA; m* ha™) befove thinning and percentage of basal avea removed (%BA) per treatment and thinning
intensity.
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Figure 1.
Photograph of a P. nigra nigra thinned plot in May 2023 (author D. Moreno-Ferndndez).

until the start of the regeneration period. To obtain the wood cores, a 5 mm diameter
increment borer was used. In the TP treatment, increment cores were exclusively taken
from the pruned trees, as these were the focus of this particular treatment.

2.2 X-ray microdensitometry measurements

In the laboratory, each increment core obtained was mounted on a wooden
holder. The cores were then cut into longitudinal radial strips, approximately 1 mm
thick, using a twin-blade saw. To remove resins, the samples were refluxed in 96%
ethanol using a Soxhlet apparatus. The refluxing process lasted 24 hours for P
sylvestris and 48 hours for P, nigra. The resulting thin strips were then stored under
constant temperature and humidity conditions before being subjected to X-ray
analysis. X-ray imaging was performed using an Itrax Multiscanner (Cox Analytical
Systems, Moélndal, Sweden) at the CETEMAS laboratory in Asturias, Spain. The
Multiscanner, equipped with a Cu-tube operating at 30 KV, 50 mA, 25 ms with 20 pm
steps, produced radiographic images that were later analyzed using WinDendro
software (Regent Instruments, Québec, QC, Canada). From the radiographic images,
average wood density values for tree rings (RD, in g cm™) and the proportion of
latewood density relative to the entire ring width (LWP, in %) were extracted. This
extraction involved calibrating the greyscale intensities to wood densities using a light
calibration curve derived from a calibration wedge [36]. Cross-dating accuracy was
assessed using statistical parameters provided by the dendrochronological software
COFECHA (University of Arizona, Tucson, AZ, USA) [37].

2.3 Statistical analyses

To evaluate the effect of the silvicultural operations on the stand variables and tree
wood density of each taxon, we used linear mixed models. The assumption is made
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that measurements obtained from the same tree or plot exhibit a stronger correlation
than those from different trees or plots. Additionally, measurements taken in closer
proximity in time on the same tree or plot are expected to have a higher degree of cor-
relation than those taken further apart in time [38, 39]. Consequently, the traditional
assumptions of independent and homogeneous error variance are no longer appli-
cable due to the inherent correlation pattern among observations. To solve this, we
entered an autocorrelative structure of errors and random effects in the wood density
models [39, 40]. As response variables, we considered the id, tree diameter increment
(mm year’l) calculated as the ratio of the difference between two consecutive forest
inventories and the temporal lapse between inventories, RD, ring density (g cm™),
and LWP, percentage of latewood (%). Thus, the linear mixed model included an
intercept, treatment, Time (periods between inventories for id and year for RD and
LWP), as well as their interaction, as fixed effects. The model also included random
intercept effects for the tree and plot to account for the abovementioned correlations.
Both random effects follow a normal distribution with mean zero and variance o},
and o;”. We included the diameter recorded in the previous inventory and the ratio of
the basal area of larger trees to the plot basal area (BAL/B) in the id model to control
the effects attributable to tree size and competition [41, 42]. In the dataset for P
sylvetris, there were 1533 id observations for C, 696 for T and 630 for TP. Meanwhile,
the dataset for P. nigra contained 1025 id observations for C, 549 for T and 576 for TP,
while the dataset for P. nigra salzmannii included 1188 id observations for C, 818 for T
and 693 for TP.

To account for the initial differences in wood density properties, a covariate
(AMS5) was used. This covariate was calculated as the arithmetic mean of the specific
wood property within the annual rings formed 5 years prior to the commencement
of the trials [29, 43, 44]. Finally, the models included a ¢ random error term. All the
statistical analyses were run in R using the “Ime” function of the “nlme” package [45]
and the restricted maximum likelihood option. Model structures were compared
using Akaike’s Information Criterion. We used Tukey’s post hoc test to conduct pair-
wise comparisons between group means to identify which groups differ significantly
from each other using the “emmeans” package.

3. Results
3.1 Impact of silvicultural operations on diameter increment

The species displaying the largest tree diameter increment, regardless of the
thinning treatment applied, were P. nigra and P. sylvestris (mean growth for both
species was 2.8 mm year ' with standard deviation of 1.6 mm year ), while P. nigra
salzmannii exhibited slightly lower growth rates (2.1 + 1.3 mm year™").

We found a significant effect (p < 0.05) of the Treatment and Time on tree growth
for the three taxa, while the interaction between them was found to be significant
in the P, nigra nigra trial (Table 3). Tukey’s post hoc test revealed that the trees in C
plots exhibited significantly lower growth than those in thinned plots (Figure 2). As
regards the thinning treatments, we only found significant differences between T and
TP for the P, nigra trial, with TP presenting larger diameter increment than T.

The diameter at the beginning of the period and the competition index BAL/B
were found to have a significant effect on tree growth (Table 3) in both the P, sylves-
tris and the P, nigra trials. The diameter at the beginning of the period displayed a
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Species Treatment Time Treatment*Time dbeg BAL/B
P, sylvestris <0.0001 <0.0001 n.s. <0.0001 <0.0001
) )
Polycelis nigra nigra <0.0001 <0.05 <0.001 <0.001 (-) <0.0001
)
P, nigra salzmannii <0.05 <0.0001 n.s. <0.0001 (-) <0.0001 (-)

Adapted from [2]. dbeg: diameter at the beginning of each period, respectively, and BAL/B: the ratio between the basal
area of the largest trees and the stand basal avea. n.s. = non-significant (p > 0.05).

Table 3.
Mixed model vesults for the diameter increment models for Pinus sylvestris (2859 observations), Pinus nigra nigra
(2510 observations), and Pinus nigra salzmannii (2699 observations).

-
N

(o]

P. nigra nigra  P. nigra salzmannii  P. sylvestris

Diameter increment (mm year‘1)
o

'_........
iR

& Control 8 Thinning & Thinning+Pruning

Figure 2.
Boxplot of tree diameter increment for the three studied species and treatments.

negative relationship with diameter increment, indicating that thinner trees exhibited
more growth than larger trees. The BAL/B was negatively correlated with diameter
growth in P, sylvestris and both P. nigra subpsecies. A negative estimation coefficient
for BAL/B implies that trees with larger BAL/B (thinner diameters and more competi-
tion) exhibited less growth compared to larger trees. This divergence between the
effect of the diameter at the beginning of the period and BAL/B can be explained by
the strong, negative correlation between the two variables (a = 99.9%).

3.2 Impact of the silvicultural operations on wood properties

The mean value of P. nigra salzmannii wood density was 0.66 kg cm ™ with a
standard deviation of 0.10 kg cm ™. P nigra nigra a had a wood density mean value of
0.62 + 0.11 kg cm >, whereas P, sylvestris exhibited a mean value of 0.54 + 0.08 kg cm ™.
As regards latewood percentage, this variable reached a value of 37.5 + 14.4% for P. nigra
salzmannii, 31.9 + 10.7% for P. nigra nigra, and 28.0 + 11.2% for P, sylvestris. All of these
values were calculated using the temporal series starting from experiment initiation
(1991 for P, sylvestris and 1993 for P, nigra) up until the date the cores were extracted.
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Figure 3.

Boxplot of (A) tree ring density values and (B) latewood percentage for the three studied species and treatments.
The data used ranged from experiment initiation to core collection date.

Variable AM5 Time Treatment Treatment x Time

Pinus sylvestris

RD <0.0001 n.s. n.s. n.s.

LWP <0.05 n.s. n.s. n.s.

Pinus nigra nigra

RD <0.0001 n.s. n.s. n.s.
LWP n.s. n.s. n.s.

Pinus nigra salzmannii

RD <0.0001 n.s. n.s. n.s.

LWP n.s. n.s. n.s.

Adapted from [35]. n.s. = non-significant (p > 0.05).

Table 4.

P-value of AM5 (5-year arithmetic mean prior to the initiation of the trials), time, treatment, and interaction of
treatment x time in the RD (ving density) and LWP (percentage of latewood) models.

Despite the visual differences observed among treatments as shown in Figure 3,
there was no statistically significant effect of the treatment factor on the two wood
density variables studied (RD and LWP) for any of the three species. Additionally, the
covariate AM5 appeared to be significant in all models except for LWP in both P, nigra
nigra and P. nigra salzmannii (Table 4), suggesting that the abovementioned differ-
ences between treatments may be partially associated with RD and LWP temporal
trends prior to initiating the trials.

4, Discussion

In this chapter, we have evaluated the impacts of common silvicultural treatments

on tree growth and wood properties (wood density and LWP) of two dominant pine
species found in the Spanish mountains.
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This positive effect of thinnings on tree diameter growth is in agreement with
the findings of most previous studies [46-48]. In addition to promoting secondary
growth in trees, thinning may enhance components of tree resilience (sensu [49])
during drought periods [50] serving as a climate change adaptation tool. These
effects are not accompanied by a significant loss in wood quality in terms of wood
density and latewood proportion, which is in line with previous results reported
for conifers [9, 20, 29, 30]. In contrast, [22] reviewed the impacts of thinning on
the set of properties defining wood quality in P. sylvestris and reported a negative
impact of this silvicultural operation. However, many of the properties covered
by these authors, such as strength, stiffness, knottiness, distortion, wood hetero-
geneity, and compression wood, have not been considered here. Moreover, the
thinning experiments discussed in [22] were conducted with the future crop trees
in mind, aiming to foster the growth of the highest-quality trees. This approach
may lead to a more substantial release of space compared to our study, potentially
exerting a greater influence on wood quality. Our findings indicate that pruning
has a negligible effect on the growth, ring density, and latewood percentage in
P, sylvestris and P. nigra subspecies. This suggests that pruning is an appropriate
treatment to remove branches and obtain knot-free timber without a reduction
in wood density. Previous studies, however, postulated that pruning significantly
impacts tree growth and that this effect is directly related to the percentage of green
crown removed [3, 26-28]. It is important to note that we have not quantified the
percentage of crown removed during the pruning operations, but both intensity
and timing of the pruning and thinning operations were within the schedules of
regular forest prescriptions, that is, 6 m pruning in low-size trunks, ca. 15-25 cm
wide [51]. Therefore, it is possible that the 6-m pruning treatment eliminated dead
branches and the lower part of the crown, which is expected to have low photosyn-
thetic activity. In particular, this would be the expectation in the case of P. sylvestris,
which is a self-pruning species.

Our results open a window for further research regarding the combination of
thinning and pruning: (i) the impact on growth and wood density at different trunk
heights and (ii) the effect on other wood quality properties (e.g., strength, stiffness,
knottiness, distortion, wood heterogeneity, and compression wood). Additionally,
although more information has become available in recent years on the influence of
climate and other site conditions on wood density [52-54], the effects of interaction
between climate and management or land-use legacies on wood properties are still
scarcely understood [34].

5. Conclusion

Our findings provide strong evidence supporting the efficacy of implement-
ing combined silvicultural practices, that is, thinning and 6 m pruning, in
Mediterranean middle-aged pine forests. The thinning intensity and pruning height
assessed in this study align with established practices in Mediterranean pine forests.
Consequently, the findings presented in this chapter offer valuable scientific insights
for forest managers, aiding them in their decision-making for the typical forest
operations they undertake. It has been evidenced that not only do these silvicul-
tural interventions enhance wood-quality characteristics, such as promoting larger
diameters and knot-free timber, but also the wood density remains at the same levels
as untreated plots.
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