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Abstract: Pinus halepensis Mill. covers most lowland forests on limestone soils and semiarid to sub-
humid climates in the Mediterranean basin. It is considered a key species in climate change due to
its pioneer nature, versatility, and flexibility. Moreover, its industrial potential is an additional in-
centive to promote forest management to increase its quality and productivity while contributing
to other environmental and social objectives. However, there is a considerable gap in science-based
knowledge on the effects of different silvicultural treatments on Pinus halepensis stands. Thus, this
research compares the impact of four different treatments (light thinnings, strong thinnings, trans-
formation to uneven-aged, and diameter-driven uneven-aged) on even-aged mid-rotation stands of
Pinus halepensis in terms of growth, vulnerability, and resilience to extreme weather events, regen-
eration, and shrub cover. The effects of four treatments are evaluated in 12 research plots of 0.49 ha
each (three per treatment) and contrasted with the other three non-managed control plots. Light and
strong thinning treatments show better growth—at least in the short term —and stock results than
those reported in the reference yield tables. Transformation to uneven-aged treatment shows ad-
vantages in maintaining periodic growth, regeneration, and stability. In addition, it offers an alter-
native for steep slope stands, smallholders, and extended narrow-aged estates to speed up the de-
sirable balanced age class distribution. Diameter-driven uneven-aged treatment implies greater vul-
nerability to extreme weather events during the first years and considerable stock reduction while
offering faster and taller tree regeneration. A dual regeneration pattern of Ulex parviflorus Pourr is
observed in addition to post-fire regeneration in the case of sudden and well-distributed tree cover
reduction around 40% of the canopy due to the transformation into the uneven-aged stand. An
observation period longer than a decade of the research plots will confirm these first conclusions.

Keywords: Pinus halepensis Mill.; climate change; land abandonment; silvicultural treatments; forest
management; forest yield; thinnings

1. Introduction

Pinus halepensis Mill. (Aleppo pine) is one of the most representative species of the
Mediterranean-type ecosystems (MTEs) [1,2], covering more than 6 million ha in this re-
gion [3]. It is present in all regions on both shores of the Mediterranean Sea [1,4] and ex-
tends from the Western Mediterranean (Spain, Morocco), where it is most abundant, to
Lebanon through Southern France, Italy, Greece, and Turkey in South Europe and Alge-
ria, Tunisia, and Libya in North Africa. Pinus halepensis is close related to Pinus brutia
(Turkish or Calabrian pine) and can hybridize with it. This commonly occurs in the east-
ern part of the Mediterranean basin [5] in coastal zones [6].
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Pinus halepensis is a drought-tolerant and relatively fast-growing native coniferous
species [2], well adapted to dry summer conditions [1]. In contrast to the rest of euro-
Mediterranean pines, it can sprout in any season as far as the climate allows. It prefers
limestone soils, avoiding harsh mountain climates. It is among the species most affected
by wildfires in Europe [7]. However, it is fire-resilient due to the high production of se-
rotinous cones that favor a quick post-fire regeneration [8]. It is also the only serotine pine
species of the euro-Mediterranean species as Pinus pinaster Ait. serotine cones are re-
stricted to the Western subspecies (atlantica).

These species were widely planted between 1930 and 1980 in Mediterranean areas
for soil protection and windbreaks near the coasts [8]. Bioclimatic envelope models predict
that the suitable climatic area of Pinus halepensis is clearly in expansion [9] due to climate
change [10,11] as well as to land abandonment [12]. It covers 2.1 million ha in Spain, rating
it as the most extended conifer [13]. It is found around the Mediterranean coast, the Bale-
aric Islands, and some near continental lowlands (La Mancha, Ebro Valley) below 1000 m.
This species is the dominating tree species in 3 Spanish regions (Valencia, Balearic Islands,
and Murcia), covering more than 70% of the forests in these Autonomous Communities.

Pinus halepensis is characterized by monospecific stands [14,15] for two main reasons.
First, it displays a high capacity to colonize poor and degraded soils, especially after agri-
cultural abandonment. It regenerates rapidly and efficiently after a fire, creating very
dense stands that can exceed 10,000 trees/ha [16,17] in the case of fire well above 100,000
trees/ha. Second, it has been widely used in reforestations after the Spanish Civil War [18].

Thanks to its excellent adaptation capacity, this species can alter its morphology de-
pending on the environment. Tall, straight trees and specimens with tortuous stems can
be formed depending on site limitations, poor forest management, or both [19]. In addi-
tion, 4 to 6 m¥ha-year can be reached in high-quality sites where, however, it can be dis-
placed in the long term by more shadow-resistant species. Nevertheless, the average
growth is less than 2 m®/ha-year [1]. Thus, Pines halepensis stands out more for its role as a
protective species preventing erosion and regulating the water cycle and for its landscape
value than for its direct productive use. This reduces the economic interest in silvicultural
treatments of its stands. Interestingly, the quality of the wood is of reasonable quality if
compared to other pines [20,21]. However, the poor morphology of most trunks, espe-
cially those harvested in thinnings or first-generation stands [22], implies a lower propor-
tion of roundwood usable as sawn timber, even veneer [19]. The everyday use of this raw
material is for pallet slabs [23]. Some recent innovations allow the inclusion of sawn tim-
ber from Pinus halepensis in engineered products such as OSB or CLT [24], which opens
added-value opportunities for this species. Nevertheless, the most widespread use is chip-
ping, either for wood-based panels (chipboard or fiberboard) or bioenergy (chips or pel-
lets) [25].

In the actual climate change context, sustainable forest management is critical for
adapting forests to climate alterations. In this sense, Pinus halepensis plays a crucial role in
the Mediterranean basin due to its versatility and adaptation to severe weather conditions
such as high temperatures and prolonged droughts. Its industrial potential could be used
as a solid incentive to promote management to increase its quality and productivity while
improving the landscape and environmental value. However, studies assessing the im-
pact of different silvicultural treatments on these forest stands are lacking due to the ab-
sence of interest in its production potential and the need to sustain the research for dec-
ades. This species is the dominant one in extended Mediterranean areas considerably af-
fected by fire and is also crucial in their landscape values for tourism. Thus, consistent
science-based research on the most suitable management options is urgently needed.

In summary, this research aims to evaluate the effect of different silvicultural treat-
ments applied to Pinus halepensis even-aged mid-age stands to identify the most suitable
silvicultural models applicable to various conditions and demands. To achieve this, a net-
work of permanent experimental plots was established in 2009 to analyze the influence of
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forest management on the structural dynamics of even-aged stands of Pinus halepensis.
The specific objectives of this research are:

e To analyze the effect of each silvicultural treatment on the growth and stock evolu-
tion of the stands.

e  Toanalyze the damage caused by perturbances (wind, snow) concerning the applied
treatment.

e  To evaluate the natural regeneration of pine trees and shrubs in each silvicultural
treatment.

e To check the accuracy of the existing yield tables for this species in the selected areas.

2. Materials and Methods
2.1. Study Area

The research plots are situated within the state forest P. V154 “La Hunde y La
Palomera”, located at the western limit of the municipality of Ayora in the Region of Va-
lencia in Spain (Figure 1). Geographically, the ETRS89 coordinates of the midpoint of the
study area are 39°7'41" N; 1°13'32" W.

de Cofrentes-Ayora

{Cerro/de Pakomeras

Sierm/de’Palomer

Figure 1. Location map of the study area in Valencia region (Spain).

Concerning the orography, the study area is located in a valley with an average alti-
tude of 793 m in a slight slope of less than 10%. The soil presents Quaternary glacis sedi-
ments (Calcisols). The climate is considered an upper meso-Mediterranean floor with an
upper dry humidity index [26-28].

2.2. Experimental Plots and Silvicultural Treatments

Site and stand factors must be similar among the research plots not to affect the anal-
ysis. Thus, the following characteristics were homogeneous in the plots located in slight
slopes:

(a) Soil (rock and deepness);

(b) Orography (orientation, soft, and even slope);

(c) Climate (near the location of the different research plots);

(d) Stands (even-aged stands afforested in the same year with the same species and with
no significant thinning applied before).

The selected stands were planted in 1959 on marginal agricultural land with cereal
crops.
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A total of 15 plots of 0.49 ha (70 x 70m) were defined in late 2008 with a 10 m perimeter
in which the same treatment was applied (Figure 2). Four silvicultural treatments were
carried out at the beginning of 2009 in the plots of this 50-year-old forest stand, allowing
three replicas of each of the four treatments. Once the site index of each of the 15 plots was
determined, they were grouped into three categories (low, medium, and average), allot-
ting one of each to each of the four treatments.

Figure 2. Type of treatment per plot. Light thinning (blue), strong thinning (red), transformation to
uneven-aged (yellow), diameter-driven uneven-aged (pink), and control plots (green).

The plots inventory and main stand state characteristics per plot (2009-2019) can be
seen in the Supplementary Material section. First, for the design and definition of the sil-
vicultural treatment, a sociological classification of the trees in each experimental plot was
performed according to the classes defined by [29]. These sociological classes were: 1 =
dominant tree, 2 = co-dominant, 3 = intermediate, 4 = dominated, and 5 = overtopped. The
five different treatments applied to the experimental plots according to their sociological
class are summarized as follows, including their rationale:

e  Light thinning (LT): All trees of Kraft classes 4 and 5 were removed, as well as those
of class 3, unless excessive understocking in the stand would be created. In addition,
the most vigorous and best-positioned trees were preselected, identifying them as
possible seed trees for future natural regeneration. Thus, those of classes 1 and 2 of
poorer quality that may interfere with each other would be removed. Trees with any
health issues would also be removed. The applied thinning intensity was derived
from the yield table for this species published by [16] for light thinning.

e  Strong thinning (ST): All trees of Kraft classes 3, 4, and 5 were removed unless exces-
sive understocking in the stand was created. Trees of classes 1 and 2 were only elim-
inated for health reasons, overstocked stand density, or if they show poor quality.
The applied thinning intensity was derived from the yield table for this species pub-
lished by [16] for strong thinning.

e  Transformation to uneven-aged (TU): Trees were systematically removed according
to quality criteria and phytosociological position. All trees of Kraft classes 4 and 5
were removed, as well as those of class 3, if they were of low quality. Trees of classes
1 and 2 with poor quality or presenting health issues were eliminated unless an ex-
cessive understocking in the stand was created. In stands with a high density of trees
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of classes 1 and 2, these were removed following quality and space distribution cri-
teria to facilitate regeneration.

Diameter-driven uneven-aged (DU): Trees with the largest diameter were removed,
while those with a lower diameter were left standing. The target diameter chosen
was 23 cm (DBH) without felling any trees below that diameter except for the dead
ones. If the gap left after the felling creates an equivalent space larger than three dom-
inant trees, the most centric or stable tree will be left standing.

Control plots (CP): Only dead or almost trees were removed (class 5), counted as
natural mortality.

It should be noted that since these research plots were established, including the 2009

treatment, two extreme weather events caused significant damage and windthrow: a
strong wind in February 2010 and a heavy snowfall in January 2017. These events have
also been used to evaluate the four silvicultural treatments applied regarding their resili-
ence effect, including their time evolution.

The different treatments were identified due to the following rationale:

LT and ST are the standard treatments in mid-aged and even-aged stands. Before
engaging into new thinning pathways and considering the relatively high age of the
stands (50 years) in relation to the rotation age in this species (80-100 years) for ap-
plying a first thinnings, the most prudent option was to test, for the first time in a
research plot setting, the thinning intensities of the previously quoted yield table.
TU: Pinus halepensis is not predisposed to uneven-aged structures, as it is a light spe-
cies. This treatment is considered suitable in at least three cases: steep slopes due to
high erosion potential and increased light availability, small-scale ownership, and as
a transitional option for extensive mid-age afforestation to speed up the diversifica-
tion of age classes and structures. The small-scale stand diversity in steep slopes
would risk masking the results, recommending the establishment of research plots
of uneven-aged treatments in almost flat conditions such as the ones of these research
plots.

DU: In the past, the standard treatment was diameter-driven uneven-aged selection
with 23 cm as the minimum diameter. While this practice had been phased-out in
public forests in the past decades, it remained the standard in private ones. Profes-
sional foresters have shared strong criticism regarding the degradation risks of this
treatment, especially about the stand stability, growth potential, and genetics [30].
Ex-ante exclusion of long-applied treatment without due research-based checking
was considered premature.

CPs are foreseen in silvicultural treatment plots as a standard practice to allow com-
parisons with non-treated stands.

2.3. Stand Characterization Based on Forest Growth Parameters

The effect of each silvicultural treatment was analyzed based on the measurement of

the following forest growth parameters:

Stand density (trees/ha): This is defined as the number of living trees with a DBH >7.5
cm at 1.30 m high present in each plot per hectare.

Basal area (BA or G, in m? or m2/ha): This is defined as the cross-sectional area of the
normal diameter of a tree or all trees per hectare at 1.30 m high of a stand. It is a good
thickness estimator if it is combined with the dominant diameter and the mean
square diameter [31]. It can be calculated with the following expression (1):

n

Gm?) =73 ) (DBH(m)?) M

Quadratic mean diameter (Dq, in cm): This corresponds to the mean basal area diam-
eter of each plot (Gm). It can be calculated with expression (2):
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Quadratic mean height (Hg, in m): This corresponds to the mean height of the mass.
This height also corresponds to that of the mean basal area tree.

Dominant diameter (Dq, in cm). This corresponds to the diameter of the 100 thickest
trees per hectare. The quadratic means of the diameters of the 49 thickest trees of each
one are calculated to obtain the dominant diameter per plot.

Dominant height (Hq, in cm): This corresponds to the tree’s height with the average
normal section of the thickest 100 trees per hectare. The thickest 49 trees per plot are
selected, and the mean square of their heights is calculated.

Volume with bark (Vws, in m3 or m3/ha): This is calculated based on the formula ob-
tained from the last available National Forest Inventory (3rd) released just a few years
before the plots were set-up [32] for the forest district to which the study area belongs
(Province of Valencia). The ratio is individually applied for each tree in the plot, and
these unit volumes are subsequently added to gather the total volume per plot. It can
be calculated with expression (3):

Vwb(dm3) = 0.0010409 x DBH (mm)'9°%43 x h(m)072076 (3)

Slenderness (h/d, as a %): Ratio between the total height and the normal diameter.
Slenderness index is a stability indicator for which values below 80 indicate good
stability, whereas values between 81 and 100 show some instability and values above
100 represent a high instability [31]. The average slenderness index of the plot corre-
sponds to the arithmetic mean of the individual slenderness indexes of all the trees
[33]. The individual slenderness index can be calculated with expression (4):

hy, = Dh& x 100 (4)

BH(cm)
Unitary volume of the average tree (Vi, in m¥tree): The volume corresponding to the
average tree of a stand, calculated as the quotient between the total volume of the
plot and the number of trees.
Periodic growth (pg): This represents the periodic growth of a tree parameter. It is
also known as Periodic Annual Increment (PAI) or Periodic Annual Growth. Periodic
growth can be calculated with expression (5):

_M-m

pg =— )

M and m are the values of the variable considered at the final and initial moment,

respectively, and n is the period between both measurements.

Average periodic growth (apg): This is an expression of the accumulated growth di-
vided by the age. It is also called Mean Annual Increment (MAI) or Mean Annual
Growth. It can be calculated with expression (6):

M
apg = Age (6)

where M, in this case, is the total accumulated growth divided by age.

In addition, some considerations about the regeneration must be taken into account:

Regeneration is counted before reaching 0.25 m as the smaller juveniles often dry out
due to the lack of light in excessive shadow.

Regeneration and shrub cover, including the dominant species, are measured by in-
ventory subplots of 4% of the area of each research plot.
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Finally, the effect of the interventions is analyzed with Kruskal-Wallis and Tukey’s
post hoc tests with a significance level of 5%.

3. Results and Discussions
3.1. Analysis of Growth Differences among Silvicultural Treatments

The amount of biomass extracted by the different silvicultural treatments, which is
an average of each set of three plots, is described in Table 1.

Table 1. Fellings in number of trees, basal area, and volume by type of treatment in 2009.

% R d %R d
% Removed Trees %o Remove % Remove

(n/ha) Basal Volume
area (m%/ha) (m3/ha)
LT—Light thinning 14% 7% 7%
ST—Strong thinning 25% 14% 13%
TU —Transformation to uneven-aged 44% 38% 37%
DU —Diameter-driven uneven-aged 29% 40% 41%

Table 2 shows the mean values for each treatment of the average periodic growth in
terms of diameter, height, basal area, and volume. Additionally, the unitary volume of the
average tree for 2009 (calculated from the data prior to the 2009 fellings) and for 2019
(calculated from the total volume accumulated in 2019) is displayed in Table 2. The peri-
odic growth indices are also included, which are obtained from the data of the stand be-
fore the 2019 fellings and from the data after the 2009 fellings (deducting the losses due to
extreme weather events of 2010 and 2017 and the natural mortality).

Table 2. Mean values of average periodic growth, periodic growth, and unitary volumes of the mean
tree per treatment in different years.

Average Periodic

Average Periodic Growth Growth Periodic Growth (Average of Average Tree
2009 (Average of 50 Years) 2019 (Average of 60 10 Years) Volume
Years)
Dq Hq BA \% Dgq Hq BA \ Dq Hq BA \'% 2009 2019
m?3/ m?3/
cm/ m/ m?/ ha- cm/ m/ m?/ ha- cn/ m/ m?/ m3/ m3  m¥
year year ha-year year year year ha-year year year year ha-year ha-year tree tree
CP 045 0.25 0.58 285 042 0.23 0.55 288 020 0.11 0.42 3.04 0198 0.26
LT 044 024 060 299 043 022 0.61 309 025 007 062 3.62 0187 0.26
ST 043 024 061 303 044 022 0.61 312 028 008 0.61 3.61 0183 0.28
TU 043 0.24 0.53 262 046 0.21 0.54 272 046 0.07 0.58 3.14 0.182 0.30
DU 044 0.22 0.52 246 042 0.20 0.52 251 046 0.08 0.50 257 0176 0.22

Table 2 shows that the average mean growth before the 2009 fellings is nearly the
same in all the treatments because the stand was unmanaged for a long time. The mean
growth remains practically constant in all silvicultural treatments in 2009 and 2019. Thus,
it is impossible to determine at which stage of the average growth curve the stand is right
now as a period of ten years is too short to show significant changes. However, the anal-
ysis of the control plots (CPs), without treatment, reflecting the natural stand evolution,
shows that for Dg, Hq and BA, the mean growth is lower in 2019 than in 2009. Thus, it can
be deduced that the stand has already reached the age of maximum average growth in
BA, Hq and Dq and periodic growth. In addition, LT and ST treatments show a higher
average periodic volume growth than those predicted in the Pinus halepensis yield tables
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110%
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80%

[16]. In fact, the measured average periodic growth accounts for 3.6 m¥/year/ha, while the
expected value is 2.9 m®/year/ha [16] corresponding to a 25% stronger growth in both
types of thinning (LT and ST).

Furthermore, the same situation occurs in all treatments. As a light species, Pinus
halepensis culminates its height much earlier than other species, and the decrease in its
periodic growth intensifies with age [31].

Comparing the Dq growth among treatments, the more intense the intervention, the
stronger the periodic growth in diameter is. However, concerning the BA, this trend is
ambivalent, showing the lowest increase in CP and the highest in LT, ST, and TU with
minimal differences in between both DU. In principle, a more intense treatment could
have a certain positive effect on tree growth. However, the lower growth in the DU inter-
vention could also indicate that this treatment potentially leads to the loss of stand stabil-
ity and, therefore, to the loss of growth.

In the case of Hq no significant differences are observed in the periodic growth
among treatments, confirming the enlarged law by Faustmann [34] and that reformulated
by Assmann [35]. This equation estimates total growth in even-aged stands of the same
species by considering the height of the dominant trees regardless of the tree density/ha
as far as the critical basal area (BA) is not reached (around 70%).

Finally, the fact that periodic growth in volume is still higher in all treatments than
the mean periodic growth of 2019 implies that the period of maximum mean growth has
yet to be reached [36]. This is in agreement with [16] for this species, expecting the age of
maximum mean growth in volume to be between 60 and 70 years. For the DU treatment,
the lower periodic growth in volume indicates that this treatment is disruptive.

This assumption can be verified in Figure 3, which represents the variation in the
periodic growth in volume as a function of the intensity of the treatment. Figure 3 shows
the periodic growth in volume for each treatment (expressed as a percentage of the peri-
odic growth of CP) and BA (a percentage of the BA control plots). BA is obtained by de-
ducting the 2010 and 2017 wind and snow extreme events from the 2009 post-treatment
stock.

CP  @LT ST TU DU

% BA

90% 80% 70% 60% 50% 40%

Figure 3. Variation in the current volume increment (pg V) expressed as a percentage of that of the
Control Plots (100%) with respect to BA expressed as a percentage of the CP BA (100%).

Figure 3 shows that light to medium silvicultural treatments cause a higher volume
growth compared to the unmanaged stands in the CP. On the contrary, too intensive treat-
ments can reduce this increase even below the growth of the CP stands. According to [35],
the critical BA is defined as the basal area related to a 5% growth loss in volume with
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respect to the growth of the non-treated plots. This corresponds to a pg V of 95% in the
vertical axis of Figure 3. Thus, Figure 3 shows that the critical BA is around 50% of the BA
of the CP. Therefore, the DU intervention leads to considerable volume growth losses, at
least temporarily.

Alternatively, Figure 4 provides a visual interpretation of the data from Table 2. It
represents the average of Dq, Hq, BA, and V in 2009 and 2019 for each silvicultural treat-
ment. Figure 4 displays that there are no significant differences among treatments in terms
of growth of Hq (4b), BA (4c), and V (4d), because the slope is similar. However, for Dy,
there is a significant variation in the slope of the TU and DU treatments compared to the
rest (4a).

In addition, Figure 4 shows that the BA and V magnitudes of the stocks within the
DU and TU groups are significantly lower than those of the others. The same occurs with
Hgq and Dgq of the DU-treated individuals. Despite the lower Dq in the DU trees in 2009, this
magnitude increases enough to compensate for the initial gap ten years later.

Regarding the evolution of the CP individuals, the variables Dq, BA, and V display a
lower rise among all treatments. Just Hq in CP stands shows a stronger increase due to
high-light competence, which promotes stand instability due to critical h/d factors.

CP e==@==|T e=@==ST TU e=o==DU CP ==@==|T e=@==ST TU e=e==DU
14
/ 13 /
/ 12
11 /
10
2009 2019 2009 2019
(a) Mean Diameter (Dq) (b) Mean height (Hq)
CP ==@==|T ==0==ST TU ==e=DU m3/ha CP ==@==|T ==0==ST TU ==e=DU
170
/ 150 /
130
110
90
/ 70 /
50
2009 2019 2009 2019
(c) Mean basal area (BA) (d) Volume (V)

Figure 4. Changes in the different parameters by type of treatment between 2009 (after the applied
treatment) and 2019.

Figure 5 reveals that the increase in the unitary volume of the average tree is very
similar in all the treatments. However, regarding absolute values, DU leads to a slightly
lower increase than the other silvicultural treatments.
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m3/tree CP e=@==|T ST TU e=o==DU
0.35

0.30

0.25

0.15
0.10
0.05

0.00
2009 2019

Figure 5. Changes in the unitary volume of the mean tree per treatment between 2009 and 2019.

Figure 6 represents the relative variation in the unitary volume of each treatment
regarding the corresponding magnitude in the CP stands (100%) against its respective BA
value compared to the CP magnitude (100%). It shows that the stronger the treatment
intensity, the higher the unitary volume of the mean tree. This can be explained by the
fact that a density reduction implies a greater spacing among trees. This leads to a larger
diameter growth and, therefore, a volume increase. However, a decrease in the unitary
volume of the average tree in the DU treatment is appreciable (Figure 6). This occurs as
the unitary volume is strongly influenced by the thinnest trees that remain standing,
whereas the most vigorous trees are mostly removed. This is another sign that the DU
treatment leads to a loss of quality and growth. Remarkably, the growth pattern within
LT and CP plots for the unitary volume and the BA is very similar and relatively modest.
Thus, LT does not considerably contribute to the stand growth and its resilience.

% V average tree CP ®LT ®ST ®TU @DU

120%
115%
110%
105%
100% ¢-@
95%100%
90%
85%

80%

% BA

90% 80% 70% 60% 50% 40%

Figure 6. Unitary volume variation V of the average tree in 2019 expressed as a percentage of the
volume of the mean tree of the control plots (100%) with respect to the BA expressed as a percentage
of the CP BA (100%).

Finally, Kruskal-Wallis and Tukey’s post hoc tests with a significance level of 0.05
were carried out for the periodic increase in Dq, Hq, and unitary volume of the average
tree to evaluate the impact of the treatments on these three variables. The statistical
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analysis only indicates significant differences among treatments in the periodic growth in
Dgqvalues. In this regard, individual trees react to large clearings by considerably increas-
ing their Dq. In even-aged stands, especially reforested stands, and according to [31], Hq
usually varies little with the Dq. Thus, the slightly larger periodic growth in height in un-
managed control plots could be explained by the need for light and, thus, height in dense
stands. Alternatively, the statistical analysis of the periodic growth of BA, the unitary vol-
ume, and the total accumulated unitary volume does not show any significant differences.
However, previous data exploration for DU-treated stands (Figures 4 and 5) suggested
that there could be a considerable reduction in growth in the DU treatment in the coming
years.

Individual results of the different sample plots for each of the thinning treatment can
be seen in “S2: The stands state characteristics along the study (2009-2019)” of the Sup-
plementary Materials section.

3.2. Impact of Extreme Weather Events of 2010 and 2017

Wind and snowstorms in 2010 and 2017 caused a significant windthrow of trees in
the research plots. These events allowed us to assess the stability of the stands related to
the different applied treatments. In this regard, Table 3 shows the state of the research
plots before the 2010 windthrow and the main features of the thrown trees.

Table 3. Main parameters of the research plots for each treatment in 2009 before the extreme weather
event and characteristics of the trees affected by the 2010 windthrow (total value and percentage
compared to 2009).

After the 2009 Fellings Trees Affected by the 2010 Windthrow
N Dq BA \% N Dq BA \%
trees/ha cm m?/ha m3/ha trees/ha % cm m?/ha % m3/ha %
CP 712 22.82 28.72 142.09 15 2.0% 15.94 0.28 1.0% 1.32 0.9%
LT 686 22.75 28.05 139.74 9 1.3% 21.07 0.33 1.2% 1.66 1.2%
ST 620 23.32 26.38 131.24 28 4.5% 20.66 0.91 3.5% 4.44 3.4%
TU 405 22.81 16.59 82.03 33 8.3% 22.88 1.35 8.3% 6.71 8.4%
DU 493 20.24 15.42 71.41 89 18.7%  20.09 292  189% 14.07 19.0%

It has to be noted that the interventions in 2009 caused temporary instability in the
treated stands as the canopy was substantively opened. The resistance of the trees to the
wind in the short term depends on the group but also individual stability. Thus, individ-
ual mid-term trees react to greater wind exposure by increasing diametric growth and
reducing height growth. This way, the slenderness index is reduced and the overall basal
area increases [37]. However, the damage caused by the 2010 windthrow was considera-
ble, especially in the more intensive treatments (TU and DU). This was due to the short
time (just one year) that passed between the treatments and the weather event. Thus, that
period was insufficient for the trees to reach the mid-term stabilization mentioned by [37].
An alternative situation occurred for the 2017 windthrow as the time window after the
treatments of 2009 was much larger. In the 2010 windthrow, CP, LT, and ST ranged from
0.9% to 4.5% in N, Dq, BA, and V, while TU doubled the highest figures of the previous
parameters (8.3%-8.4%) and DU quadrupled them (18.7%-19.0%). In advanced ages, the
capacity to respond to fellings, especially the most intensive ones affecting the dominant
strata, is lower [38]. Hence, extreme weather conditions mainly affected those unable to
improve their stability by increasing their diametric growth and reducing their slender-
ness.

Moreover, Table 4 shows the main parameters of the research plots for each treatment
after 2010 and after the 2017 windthrow. The thrown tree proportion in each treatment
ranges between 2% and 3% of the previous tree numbers. Low values (1.2%-3.6%) in N,
Dg, BA, and V can be seen without any clear tendency in the different treatments. Thus,
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although the most intensive treatment (DU) caused a high predisposition to windthrow,
this was just a relatively short-term impact diluted after eight years.

Table 4. Main parameters of the research plots by treatment after the 2010 windthrow and trees
affected by the 2017 windthrow.

After the 2010 Windthrow Trees Affected by the 2017 Windthrow
N D BA v N D BA v
treessha  cm m*ha  mdha trees/ha % cm m%ha % m3ha %
(€ 697 22.94 28.44 140.77 20 3.0% 18.11 0.52 2.0% 2.50 1.8%
LT 678 22.76 27.72 138.08 12 1.8% 19.35 0.35 1.3% 1.70 1.2%
ST 592 23.44 25.47 126.81 16 2.6% 20.57 0.51 2.0% 2.51 2.0%
TU 371 22.80 15.23 75.32 13 3.6% 18.81 0.35 3% 1.77 2.5%
DU 404 20.20 12.49 57.34 8 2.1% 16.65 0.17 1.4% 0.77 1.4%

Finally, the comparison of both windthrows reveals that the damage caused by the
2010 one was far more significant (Figure 7). The lower losses of the 2017 event highlight
the positive effect of the interventions on the stand stability. Thus, the period of eight
years (2009) after the treatment application was enough to improve the average individual
stability of the stand, reducing the susceptibility to windthrow. However, it can be seen
that the impact of the windthrow in the lighter treatments (CP, LT) was much greater in
the second weather event compared to the stronger ones (ST, TU, DU). In the first group
of interventions, a larger stock was thrown in 2017 than in 2010. However, the opposite
occurred in the strongly treated individuals: fewer trees were affected by the wind in 2017
than in 2010, that is, many years after the fellings.

In even-aged stands below 60 years and despite the higher slenderness indices, the
high density of individuals hinders air circulation, reducing the magnitude of the force
exerted by the wind on the trees [39], leading to a less intense windthrow that masks pos-
terior collapse risks. Later, the lability tendency shifts to the dense and less managed
stands.

trees/ha 2010  m2017 m3/ha 2010 = 2017
100 16
18.7% 19.0%
N 14
80
12
60 10
8 8.4%
® 4.5% e ° 3.4%
20 |09 3:0% : 2.6% . ! 1.8% 1.2%
0 0" -
CcpP LT ST TU DU cp LT ST TU DU
(a) Number of trees throws per hectare by treatment (b) Volume thrown per hectare by treatment.

Figure 7. Effect of the windthrow events in 2010 and 2017 on treatment plots by treatment. The
percentage corresponds to the proportion of thrown trees and thrown volume with respect to the
corresponding total magnitude per ha.
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3.3. Regeneration and Shrub Cover Evaluation by Treatment

Figure 8 compares the different treatments' juveniles (trees below 0.25 m). It notes
that the seedling density in the control plots is significantly lower than the corresponding
magnitude for the rest of the treatments. The average density of the control plots is lower
than 10,000 trees/ha and that of the other treatments is around 25,000 trees/ha.

In order to regenerate, Pinus halepensis requires much light during its first years [31].
Therefore, in the CP, the juveniles have a greater difficulty developing correctly or sur-
viving as the very dense canopy impedes light penetration. In addition, Figure 8 suggests
a slightly increasing correlation between the regeneration and the felling intensity. This
can be appreciated in TU and DU plots, corroborating the light species character of Pinus
halepensis.

trees/ha
35,000 A
30,000 - T
25,000
20,000
15,000 B
10,000
5,000

0
CP LT ST TU DU

Figure 8. Average seedling (<0.25 m) density/ha for the different treatments. Different capital letters
indicate significant differences among treatments in 2019.

Furthermore, Figure 9 analyzes the development and the real changes of regenera-
tion survival considering the light species nature of Pinus halepensis. In particular, plots
treated with LT or ST show a regeneration restricted to tiny young trees (trees with a
height between 0.25 and 0.50 m). Nevertheless, the regeneration of young trees in the TU-
and DU-treated plots is more solid and displays a more significant height variability.

DU plots present the highest number of juveniles per hectare (7708/ha on average).
In addition, 8% of regenerated trees display a height above 1.3 m. TU treatment plots pre-
sent an average juveniles density of 2500 trees/ha, that is, less than 1/3 of the equivalent
DU magnitude. It should also be recalled that most individuals are at most 0.75 m. This
could be explained by the fact that the TU intervention aims for a gradual regeneration,
allowing differentiated age classes over time [31], while DU management generates, in
practice, a stand with 2-3 coexisting age classes. Nevertheless, DU promotes regeneration
due to the extraction of the thickest trees, favoring light penetration.
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Figure 9. Density of juveniles above 0.25 m (as parameter for measuring regeneration) in the plots
of each treatment and classified by height ranges. Different capital letters indicate significant differ-
ences among treatments.

The understory cover highly conditions the development of the regeneration. There-
fore, the presence of various shrub species has also been statistically analyzed. The as-
sessed species are Quercus ilex L., Juniperus oxycedrus L., and Ulex parviflorus due to their
abundance and coverage share that influences the regeneration development. Figure 10
shows that the three species present some significant differences in coverage share in the
different treatments applied.

In the case of Quercus ilex, its highest coverage was noted in the CP, followed by DU-
and LT-treated plots, while the lowest coverage was found in the TU and ST stands (Fig-
ure 10). Statistical differences were only found in the case of CP when compared to ST and
TU plots. A certain similar pattern can be found in the cover of Juniperus oxycedrus. How-
ever, the highest coverage in this case appeared in DU plots followed by the CP and LT.
The lowest coverage occurred in the TU and ST stands. A statistical difference was found
between DU and ST trees.

These two species—Quercus ilex and Juniperus oxycedrus—are primarily of vegetative
origin, sprouting from the remaining trees/shrubs among the fields where stones were set
aside by the farmers. This fact and the presence of former field edges in the different plots
could explain this dissimilarity. Additionally, the obtained results for these two species
must be taken carefully as their coverage percentages are very low (less than 10% in all
cases). In addition, the high variability in the data could be masking the real trend in its
distribution.

Finally, Ulex parviflorus is more abundant in the TU plots (average cover of 22%) fol-
lowed by DU plots (average cover of 9%), showing significant differences between them
but also when compared to the other three treatments that do not display substantial dif-
ferences among the three types of interventions. Its presence in the CP and ST plots is rare.

The differentiated distribution of this species in the different treatments could be ex-
plained by the fact that Ulex parviflorus shows a clear light behavior with progressive light
demand together with a seed regeneration preference in absence of a fire event. This could
explain its more remarkable presence in TU than in DU plots as there was a slightly
smaller and evenly distributed stand opening in the first case than in the second. In addi-
tion, its abundant presence in the TU plots could explain the lower regeneration of Pinus
halepensis within these plots compared to those treated with DU management due to the
stronger light competition and the faster growth of Ulex parviflorus. This species displays
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a dual regeneration pattern, one well-researched tendency linked to fire [40] and another
in the absence thereof, requiring a steadier canopy opening.

% shrub cover CpP mLT ST TU m DU

30%
9% [
20%
15%

AB ¢
10% T

B
A A A AB 2

% AB AB AB T A o

Niaad Biunl i

m OB

Quercus ilex Juniperus oxycedrus Ulex parviflorus

——

Figure 10. Average shrub cover percentage by species and treatment applied. The different letters
indicate significant differences among treatments. There are no significant differences between a
level with two letters and those of the corresponding single letters.

4. Conclusions

This paper presents experimental research on silvicultural treatments applied to mid-
aged even-aged Pinus halepensis permanent plots in Eastern Spain.

The periodic growth in the 60-year-old stands suggests that they have already
reached the age of maximum mean annual growth in basal area, mean diameter, and mean
height but not yet in volume. The forest growth parameters were checked compared to
the existing yield tables for this species [16], showing a higher growth (25%) as it would
correspond to the given site quality in both thinning intensities (LT, ST). This highlights
the need to fine-tune the national-wide single-yield tables of this species to the specific
regional conditions.

This research confirms that the periodic growth in mean diameter rises with the
felling intensity of the corresponding treatment. However, observed trends in the periodic
growth of volume indicate that DU treatment reduces long-term production, whose evo-
lution will need longer monitoring.

The volume in the plots treated with TU and DU is lower than that of the other treat-
ments due to the higher felling volume. Though the plots treated with TU were able to
improve the mean tree's periodic growth in volume and unitary volume compared to the
control plots after ten years, the plots managed under DU were not. Further research is
needed to shed light on the reasons behind the differences in each treatment in volume
and other growth-related parameters.

To gain a complete picture, resilience to perturbances is a crucial factor to consider.
The results show a possible destabilization of high tree density even-aged stands of P.
halepensis from 70 years on and highlights the risks of postponing thinnings. Extreme
weather events of snow and windthrow in 2010 and 2017 allowed us to evaluate the sta-
bility of the stands depending on the treatment applied. The treatments carried out in 2009
improved the average individual stability of all the treated stands, including DU plots.
Therefore, treatments that substantially affect the density of regular middle-aged stands
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carry a moderate immediate risk in the case of strong winds or snowfall, a risk that is
attenuated after a short period.

The analysis of regeneration shows that the number of juveniles in the control plots
is significantly lower than in the rest of the interventions, which reflects that Pinus halepen-
sis is a light species. In addition, the comparison between the number of seedlings and the
number of tree regenerations higher than 0.25 m confirms the high mortality rate of juve-
niles. Even in DU plots, which are the most favored in regeneration, the number of juve-
niles above one year does not even reach a third of all. Furthermore, the young tree regen-
eration is only relevant in TU and DU. In terms of height, DU shows by far a much faster
development of viable regeneration than TU.

In addition, the shrub cover of Ulex parviflorus is significantly more abundant in these
treatments than in the others. It is interesting to note that the coverage of this species is
significantly higher in the case of TU than in DU, indicating a not quoted dual regenera-
tion strategy of this species: (a) post-fire well-known regeneration and (b) a default one in
the case of fire absence by opening stands and reducing the coverage around 40%. This
corroborates the pioneer nature of the species. Thus, the thicker shrub cover hinders the
development of the Pinus halepensis regeneration.

Finally, the results are still too premature to identify a clear advantage among the
applied interventions. However, ST treatments are a plausible alternative if the goal is to
keep the even-aged structure stands. In fact, due to the minor differences between light
and strong thinning as defined in the applied yield tables, a more vigorous thinning in-
tensity might be considered for younger stands (30-50). Possibly, future research plots
will face this knowledge gap.

In high slopes, small estates, and when a single age class is extensively present and
there is a need to diversify the age classes, uneven-aged structures show advantages re-
garding maintaining periodic growth, regeneration, and stability. The TU treatment is es-
pecially appropriate to reduce the volume growth and windthrow risk, even for a short
period. Finally, the DU treatment presents some risks related to its higher vulnerability to
extreme weather events during the following years and due to the significant volume loss
caused by structural and genetic regression effects on the stands if interventions are re-
currently applied. However, DU treatment has the advantage of fast regeneration and a
sooner investment recovery of the afforestation costs. An intermediate intervention of
both treatments could be considered by combining the degree of opening of the DU treat-
ment and the positive selection of the trees to fell of the TU one. Increasing the canopy's
opening from 40% in TU to 50-60%, as applied in DU, would be crucial to speed up the
regeneration in a light species such as Pinus halepensis, while reducing the windthrow risk
and avoiding significant volume growth losses.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/f14030527/s1, Supplementary Material File S1: The plots in-
ventory and main characteristics per plot. File S2: The stands state characteristics along the study
(2009-2019).
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