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Abstract

+ Context Edible stone pine (Pinus pinea L.) nut is a forest
product which provides the highest incomes to the owners of
stone pine forests.

+ Aim The objective of this work is to evaluate the effect of
first thinning on growth and cone production in an artificially
regenerated stand in order to determine optimum intensity.

« Methods A thinning trial was installed in 2004 to compare
two thinning regimes (heavy and moderate) and a control
treatment. From 2004 to 2012, six inventories of forest attri-
butes were carried out, and the cone crop was harvested
annually. We evaluated the effect of thinnings on growth using
repeated measures analysis of variance with a mixed model
approach. With regards to cone production, we first estimated
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the probability of finding cones in a tree by applying a gener-
alized mixed model and then estimated cone production by
using a mixed model, including climatic variables.

+ Results We found that thinning had a positive influence on
tree diameter increment. Thinning increased the probability of
finding cones and cone production. However, significant differ-
ences between heavy and moderate thinnings were not found.

« Conclusion We recommend early silvicultural treatments in
stone pine stands to favor the development of trees and larger
edible pine nut production.

Keywords Mixed models - Logistic regression - Nonwood
products - Edible nut - Mediterranean area - Early treatments

1 Introduction

Stone pine (Pinus pinea L.) is a species native to the
Mediterranean area. Natural or afforested stone pine stands
occupy more than 400,000 ha in Spain (Montero et al. 2008).
Traditionally, the management of stone pine stands has tried to
combine multiple objectives: edible pine nut production, tim-
ber, firewood, recreational use, landscaping, and protection
against wind erosion on sandy soils. However, pine cones
provide high incomes to the forest owners, often more than
that associated with timber or firewood, due to the fact that pine
nuts are currently highly prized (average price of 2,100€t ") in
international markets (Mutke et al. 2005). Edible nuts have
become the most important forest product in many rural areas.
Sustainable development of the stone pine forest and the sur-
rounding rural areas requires more intensive management of
forest resources in order to achieve maximum value per tree.
For these reasons, when nut production is the main goal the
target of stone pine management, thinnings must aim low
densities to encourage crown development and to avoid over-
laps and reduction of the crowns. Also, thinnings must pro-
mote tree cone production even if this means a reduction in
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productions per unit area in order to reach greater yield in
harvest operations. If there is a delay in thinning treatments or
they are too light, productions will not be commercial until the
stand is at least 60 years old (Montero et al. 2008). The first
thinning must be carried out for achieving low densities since
the beginning of fructification (15-25 years old) (Montero
et al. 2008).

There are some scientific works which report that fellings
favor seed production in pine species, such as Pinus sylvestris
L. (Karlsson 2000), Pinus ponderosa Dougl. Ex P.&C.
(Krannitz and Duralia 2004), or Pinus resinosa (Sol. Ex
Aiton) (Cooley 1970). The effects of density on cone produc-
tion in managed stands have been studied in P. pinea L stands
(e.g., Calama et al. 2008). However, there are no any studies
which have analyzed the thinning schedules and goal densities
for each site index and age in the case where the edible pine
nut is the main stand aim.

However, large crops fluctuate significantly over the years.
The fluctuation is attributed to meteorological conditions
(Calama et al. 2011; Mutke et al. 2005) and is associated with
the secondary effect of exhaustion of resources caused by large
crops (Mutke et al. 2005). Climate conditions affect the phys-
iological cone development and, therefore cone production, in
the course of its long reproductive cycle, which takes 3 years.
Hot points of cone development are bud formation and flower
survival; all of them are closely related to rainfall (Mutke et al.
2005). In addition, both cone and seed production for a given
year are also conditioned by the vigor and health of the tree, its
size, the loss of seed through pests or predation, soil attributes,
mainly water soil retention, and the attributes of the stand,
especially the stand density (Calama et al. 2008, 2011).

Diameter is positively correlated with crown size (Ciancio
et al. 1986) and cone production (Calama et al. 2008, 2011;
Krannitz and Duralia 2004). Since trees of larger diameter
produce the most of the cones, increased cone production
may be a longer-term benefit of thinning (Krannitz and
Duralia 2004). Therefore, large diameters will be required to
maximize cone and edible nut productions per tree. Tree growth
is regulated by thinning which controls stand density (Mékinen
and Isomaki 2004b). There are many studies about the thinning
intensity and growth response, mainly in Northern conifers
(e.g., Mékinen and Isoméki 2004a, b; Slodicak et al. 2005).
In the Mediterranean basin, several thinning experiments have
been carried out on other pines (e.g., Del Rio et al. 2008;
Montero et al. 2001). However, there is less information about
the effect of first thinning on stone pine (Gordo et al. 2009).

The main objective of this study is to analyze the effect of
the first thinning on growth at single tree and stand levels, and
on cone production, while taking climatic variables into ac-
count, for stone pine stands established through artificial
regeneration in the Northern Plateau, which is one of the most
important areas for the species in Spain. Considering our data
series, the results of this work might be useful in order to
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determinate the optimum goal density after first thinning. We
hypothesize that diameter growth and cone production will be
higher in thinned stands than in control stands. Also, we
expect to find a positive correlation between cone production
and precipitation.

2 Materials and methods
2.1 Experimental design

A thinning trial with permanent plots was installed in the Pinar
y Dehesa de Abajo forest (Valladolid Province, Northern
Plateau, Spain) (Fig. 1) in 2004, when the stand was 20 years
old. The trial is located in a pure P. pinea stand established
through artificial regeneration. Annual precipitation in the area
is 408 mm, and average annual temperature is 11 °C. The stand
is on sandy flat soil at an altitude of around 743 m above sea
level. This area is in the climatic limit of the species because of
the shortage of precipitation and the extremely high summer
temperatures.

The thinning trial was carried out using a randomized
complete block design, with three blocks and three treatments
per block. The plots, nine 2,500 m” adjacent squares
(50 mx50 m), were thinned from below immediately after
trial establishment eliminating small trees, trees with badly
shaped crowns, twisted stems, and less vigorous and domi-
nated trees providing remaining trees enough growing space
and water and nutrients which are scarce in these sandy soils.
Selection of future or elite trees was rejected because the stand
was too young at the installation moment. Three treatments
were tested: heavy thinning (goal density 275 trees ha ),
moderate thinning (goal density 350 trees ha '), and control
(517 trees ha '). Due to the differences in dominant height,
three blocks were established. The dominant heights of the
blocks I, II, and IIT were 6.68, 7.20, and 7.82 m, respectively.
The block effect is due to the difference of sand stored in the
soil which is related to the water retention in the soil. The
average attributes of the stand treatments are shown in Table 1.

All trees in the nine plots are identified in order to facilitate
data gathering. Six inventories (2004, 2007, 2009, 2010,
2011, and 2012) were carried out, and the following data were
collected: diameter at breast height (dbh) of all trees, the
height of 30 trees proportionally situated throughout the dia-
metric distribution, and the height of the ten broadest trees per
plot in order to estimate the dominant height (H,).

In addition, cones from the trees used to calculate the
average height were collected (30 trees per plot proportionally
situated throughout the diametric distribution), counted, and
quantified their fresh weight each autumn between 2005 and
2012. They were classified into healthy and unhealthy cones.
Unhealthy cones were attacked by Dioryctria mendacella Stgr.
(Lepidoptera) and Pissodes validirostris Gyll. (Coleoptera).
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Fig. 1 Distribution of P. pinea stands in Spain and the location of the study area

2.2 Dependent variables

The effect of different thinning intensities on growth was
evaluated by analyzing both stand and average tree attributes
as dependent variables. The variables analyzed were as fol-
lows: di, tree diameter increment (in millimeter per year)
(diameter increment of each single tree); 4i, height increment
(in centimeter per year) (height increment of each single tree);
H,, dominant height (in meter); H,/, dominant height incre-
ment (in centimeter per year); Dg, quadratic mean diameter (in
centimeter); Dgl, quadratic mean diameter increment (in cen-
timeter per year); G, basal area (square meter per hectare); and
GI, basal area increment (square meter per hectare per year).

In order to evaluate the effect of the three treatments on the
cone production, the following variables were analyzed:
n_healthy (mumber of healthy cones per tree) and w_healthy
(weight of healthy cones per tree).

2.3 Statistical analysis

The available data consisted of repeated observations of a
variable taken from the same tree, block, and plot during
different years. Measurements taken on the same tree are more
highly correlated than measurements taken on different trees,
and measurements taken closer in time on the same tree are
more highly correlated than measurements taken further apart
in time. This pattern of correlation between observations im-
plies that assumptions about error variance being independent
and homogenous are no longer valid (Littell et al. 2000;
Wolfinger 1996). The analysis of repeated measurements re-
quires that correlations between the observations made on the
same subject be taken into account as well as possible hetero-
geneous variances among observations on the same tree over
time. In this study, this is achieved using a mixed linear model
specifying a model for the covariance structure of the data.

Table 1 Average attributes of the stand treatment before and after thinning treatment at the installation year and quantification of the thinning developed

Treatment Before thinning Stand removed After thinning

H, N Dg G N Dg G H, N Dg G
Control 7.13 517 15.18 9.34 - - - 7.13 517 15.18 9.34
Moderate 7.09 456 15.50 8.59 104 11.17 1 7.09 352 16.55 7.59
Heavy 7.48 521 15.54 9.87 239 12.45 2.92 7.48 282 17.69 6.95

H, dominant height (in meter), N density (in trees per hectare), Dg quadratic mean diameter (in centimeter), G basal area (in square meter per hectare)

HFINRA 2 spige
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2.3.1 Thinning effects on growth

The hypotheses of no differences among thinning treatments
averaged over the six inventories and whether their effects
change over time or not were tested using the following
analysis of variance (ANOVA) mixed model:

Vi = 1+ wi + hj 4+ why + by + Sy + bhy + ey (1)

where y;;; indicates the value of the response variable taken in
the sampling unit (tree or plot) k£ with treatment i, located in a
block /; p represents the intercept of the model or overall
mean; w; is the fixed effect treatment i; /; is the fixed time
effect (periods between inventories for increments and inven-
tories for growth); wh; is the fixed interaction effect corre-
sponding to treatment i and time j; b, is the random effect of
block /; sy is the random sampling unit effect & in block /; and
bhy; is the random interaction corresponding to blocks and
time j. b; , sy, and bhy; are random effects following a normal
distribution with mean zero and variance 0>, o,°, and 03,>,
respectively. Finally, ;3 is a random error term defining
within-subject pattern of variability. In the case of tree diam-
eter increment (di), the diameter at the beginning of the period
(dj4), i.e., previous diameter inventory, was taken as covariate.

Model (1) represents the complete model. The simplest
structure, including only the fixed part of the model and
without random effects, was compared with more complicated
models with random structures. Contrasts were performed by
applying restricted log-likelihood test after restricted maxi-
mum likelihood estimation. Variance—covariance structures
for within-subject observations were then evaluated on the
basis of the log-likelihood ratio test and Akaike's information
criterion (AIC): variance components, compound symmetry
(CS), autoregressive order 1, Huyhn—Feldt (H-F), and un-
structured (UN). In order to explore the data in more detail,
significant ANOVA effects were further investigated using
Tukey's post hoc test. All analyses were carried out using
SAS 9.2 Proc MIXED (SAS 2009).

2.3.2 Thinning effects on cone production

As stated above, cone crops fluctuate over the years, and
fluctuation can be mainly attributed to meteorological condi-
tions of the 3-year reproductive cycle. Stone pine bud forma-
tion takes place 3 years before cone maturation (Mutke et al.
2005), and therefore thinning effects (more resource availabil-
ity) do not appear until 3 years after thinning treatment, i.e.,
cones harvested in 2005 and 2006 came from female flowers
sprouted in 2003 and 2004, and buds were formed the previ-
ous year during 2002 and 2003, respectively, before thinning
treatment. To take these two issues into account, we evaluate
the influence of thinning treatment on cone production by a
linear mixed model including the modeling data number and
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the weight of healthy cones per tree and year from 2007 to
2012, and rainfall variables related to key points of cone
formation and development. The number and weight of
healthy cones do not follow a normal distribution because of
the dramatic number of zeros, 81.41 % from 2007 to 2012.
First, a logistic regression was used to estimate the probability
of finding a cone in a tree according to thinning intensity, and
then the influence of treatment on crop was evaluated only for
the nonzero events.

We used logistic regression to model the probability that a
tree i produces at least one cone in a single year j. The
dependent variable n_healthy (number of healthy cones per
tree) was transformed into a binary variable logged bin where
value “1” implies n_healthy>0 and “0” implies n_healthy=0.
We used a generalized linear mixed model with a logit link
function, random effects and repeated measures to test the
effects of explanatory variables on the binary cone production
data. Let 7, be the probability of n_healthy>0 and 1 —m as the
probability that a tree produces no cone. Odds is defined as 7/

(1—m).

logit() = log (&) = p+wi + axj + by + s+ (2)

All the model parameters have been defined previously,
except x which represents vectors of covariates (correspond-
ing to different levels depending on the covariate), and «
which represents vectors of the unknown but estimable pa-
rameters. We included as covariates the stand age and some
rainfall variables (data series from the nearest weather station
of the State Meteorological Agency (AEMET 2012)): (a) sum
of May and June, and October and November precipitation
3 years before maturation (Pmj and Pon, respectively). Pmj is
related to the formation of buds and Pon, to the differentiation
of buds into flower and growth buds; (b) summer precipitation
after flowering and conditions the survival of flowers (Ps);
and (c) the sum of winter—spring months precipitation before
maturation (Pws), which influences cone weight. In addition,
we incorporated diameter at breast height dbh as covariate
since the diameter is positively correlated with cone produc-
tion (Calama et al. 2008, Calama et al. 2011; Krannitz and
Duralia 2004).

Moreover, the model can also be interpreted as the log of
odds back to the probability such that

e twirtaxi +bi+siteiu

Tijlke = 1+ el twitaxu+brtsite (3)

For any given value of p+w;+ax;i+bi+sytem Tiu
values (probability of finding a cone in a tree £ with treatment
i, in the block / and the year ;) are always between 0 and 1.
Therefore, we only get sensible realizations (Zuur et al. 2009).

Analysis was conducted using SAS 9.2 Proc GLIMMIX
(SAS 2009). In order to avoid over-parameterization, an
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iterative sequential procedure was proposed to define the
appropriate model for each response variable. Firstly, the
simplest structure with only the treatment as fixed effect and
without random effects was compared with more complicated
models with random structures. Inclusion of random effects
and selection of covariance matrix followed the same proce-
dures described for growth models. Once the preliminary
random structure was selected and the within-subject covari-
ance matrix was chosen, the inclusion of covariates was
evaluated in terms of the log-likelihood ratio test, applied after
a pseudo-maximum likelihood estimation. When the structure
had been defined, the model was fitted following residual
likelihood. The disadvantage of the pseudo-likelihood is the
absence of a true log-likelihood, which complicates model
comparisons and model selection based on information criteria
(Schabenbeger 2007). The GLIMMIX procedure implements
two integral approximation techniques to marginal likelihood:
Laplace's method and quadrature approximation which do not
allow R-side random effects (SAS 2009), and therefore, they
do not tolerate repeated measures.

Once the probability that a tree produces no cone was
modeled, the effect of thinning treatments on cone production
was evaluated using nonzero weight cone values. Weight
values, even when not considering zero events, do not follow
a normal distribution, so a logarithmic transformation was
employed. The proposed mixed model was

10g(C;7k1) = p+w; + axyyg + by + s + g (4)

where Cyy, is the weight of cone production for a tree k& with
treatment 7, in the block / and the year j. All the parameters
have been defined above. The methodology for model build-
ing was the same as used for the probability logistic model but
using true likelihood. Analysis was carried out using Proc
MIXED (SAS 2009).

3 Results
3.1 Thinning effects on growth

In the case of tree diameter increment, treatment, time, and the
interaction of treatment x time were statistically significant (p
value <0.0001 for all of them), indicating that trees with
different thinning treatments had different diameter growth
rates over time. Further analysis indicated that tree diameter
growth was greater in thinned plots than in control plots in the
second, fourth, and fifth growth intervals, but we did not find
significant differences between moderate and heavy thinning
(Fig. 2). The tree diameter increments were decreasing since
thinning development (2004) to the last inventory (2012) ex-
cept in the fourth period (2010-2011) when the highest incre-
ments were found. Moreover, the diameter at the beginning of
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Fig. 2 Average and standard error of tree diameter increment according
to type III test for fixed effects. Treatments marked with same letter are
not significantly different (p value >0.05)

each period was also significant (p value=0.0045). It had a
weak negative influence (estimation coefficient=—0.00331) on
tree diameter growth, i.e., increments were larger when tree
diameters were thin. The values of tree diameter increment
were higher in released stands than those trees located in
unthinned stands. Concerning the random effect, the block
was significant in terms of the log-likelihood ratio test. The
best structure for within-subject covariance was the UN matrix
indicating the existence of a common pattern associated with
the tree effect, but no clear trends of correlation among tree
observations (Littell et al. 1996).

In the case of tree height increment, treatment and time were
also found to be statistically significant (p value=0.0260 and p
value <0.0001, respectively). However, interaction treatment x
year was not significant (p value=0.1505), indicating that
effect of thinning is constant in time. Significant differences
only appeared between heavy thinning and control treatment.
Block effect also improved the model in terms of the log-
likelihood ratio test. The Huyhn—Feldt structure for the vari-
ance—covariance matrix (H-F) reached the lowest AIC value.

As regards plot variables, thinning treatment and time had
significant effects on basal area and quadratic mean diameter
(p value >0.0001 for both effects), but the interaction treat-
ment X year did not (p value=0.8286 and p value=0.2514,
respectively). The effect of thinning in both variables was
inverse; thinning significantly decreased the basal area while
increasing the quadratic mean diameter. In both variables, the
block random effect was included, and the UN matrix was
selected as the best covariance structure.

The remaining variables analyzed were not statistically
influenced (p value >0.05) by the treatment or treatment x
time, and results are not shown.

3.2 Thinning effects on cone production
The cone production, once extrapolated that taking into account
30 sampled trees per plot were proportionally selected through-

out the diametric distribution, the average production of the
control, moderate, and heavy plots was 34.4, 50.8, and
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43.4 kg ha ' year !, respectively, since 2005-2012. Regarding
modeling data, from 2007 to 2012, the control plots produced
14.9 kg ha™' year '; the plots with moderate thinning,
39.3 kg ha ' year '; and the plots with heavy thinning,
32.8 kg ha ' year '. Figure 3 shows the average cone produc-
tion per plot and years according to the three treatments. It can
be seen that there was great variability among the years. Both the
number and weight of cones oscillated with minima in 2007 and
2012 and peaks in 2005, 2006, and 2009 (Fig. 3). The weight
per cone behaved similarly; it ranged from 0.198 to 0.255 kg per
cone. From 2005 to 2012, 76.22 % of the observations were
null, i.e., at least one cone was found in only 23.78 % of the
measurements. Furthermore, more than 70 % of the trees pro-
duced at least one cone during the period of 2005-2012.

Concerning the probability of finding at least one cone in a
given tree, the final chosen model contained just the treatment
as fixed effect. In terms of pseudo-likelihood, none of the
covariates analyzed improved the model (Table 2), and there-
fore, they were not included in the final model. The ratio of the
generalized chi-square statistic and its degrees of freedom was
0.90, indicating that the variability in this data has been prop-
erly modeled and that there was no residual overdispersion
(Schabenberger 2007). The best covariance structure was CS
pointing out a constant correlation among tree observations.
The treatment effect was significant for the probability of
finding cones in a tree (p value <0.0001). No significant
differences between heavy and moderate thinning were found
(p value=0.9939). In both cases, the probability of finding at
least one cone in a tree is about 23 %. This probability is
reduced by half in the control treatment, with significant dif-
ferences between thinned plots and control plots appearing
(p value <0.0001 for both contrasts) (Table 3).

There was a significant effect of treatment (p value=0.0488)
on the logarithm of nonzero weight cone values. The most
productive treatments were heavy and moderate thinning.
However, Tukey's test did not reveal significant differences
between both thinning treatments (p value=0.9933). Heavy
thinning was different from control treatment (p value=0.0114).
Also, significant differences appeared between moderate thin-
ning and control (p value=0.0131). Ps, summer precipitation
after flowering, was the only rainfall co-variable that showed
statistically significant influence (p value=0.0040) on cone

140
120
100

80

L -1
=

o oo
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Cone production
(kg ha™' year™)

Fig. 3 Average cone production per hectare according to treatment after
extrapolation of 30 selected trees per plot cone production
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Table 2 Estimates of the fixed effects parameters and covariance com-
ponents for cone production variables (only shown for significant effects
p value <0.05). p values are referred to type 111 test for fixed effects

Source Probability  Source Log of
weight
cones

Fixed parameters

Intercept —2.2391 Intercept 2.0327
Heavy 1.0287 Heavy 0.1382
Moderate 1.0474 Moderate 0.1342
Control 0 Control 0
Ps (summer precipitation)  0.002050
dbh 0.001577
Covariance component
Tree-CS 0.02231  Block 0.007337
Tree-CS 0.06578
p value treatment  <0.0001 p value treatment 0.0084
p value Ps 0.0040
p value dbh 0.0010

production (Table 2). Finally, diameter at breast height, dbh, also
appeared as significant (p value=0.0010). Both co-variables
showed a positive influence on stone pine cone production.

4 Discussion
4.1 Thinning effects on growth

In this study, two thinning treatments (moderate and heavy)
and one control were applied in a 20-year-old P. pinea stand.
As expected, thinning favored diameter growth. Similar re-
sults were found for other pine stands between 20 and 30 years
old (Cooley 1970; Guller 2007; Peltola et al. 2007; Pukkala
etal. 1998). However, we found significant differences among
unthinned plots and thinned plots, but no any difference
appeared between thinning regimes. This might be a conse-
quence of the soft difference between both thinning goal
densities. A heavier thinning could show larger tree diameter
increments. In younger stands than ours, the effect of pre-
commercial thinning already produced diameter growth incre-
ments in stone pine (Gordo et al. 2009). We suggest that the
cause of the appearance of the largest tree diameter increments
6 years after the thinning development (during 2010-2011) is
the high rainfall registered in 2010.

The diameter at the beginning of the period was significant,
in that the smallest trees had the greatest diameter growth. The
growth model of Calama and Montero (2005) for stone pine
included diameter at breast height as a negative effect on tree
diameter increment. Pukkala et al. (1998) also found that thin
trees showed larger diameter growth. Peltola et al. (2007)
reported that regardless of thinning intensity, the small- and
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Table 3 Probability mean and its
confidence limits and least Treatment Probability scale Logit scale
squares mean estimate on logit
scale and its 95 % confidence Mean Lower mean Upper mean Estimate Lower Upper
limits

Heavy 0.2296 (A) 0.1890 0.2761 —1.2104 —1.45680 —0.9640
Different letters indicate signifi- Moderate 0.2330 (A) 0.1916 0.2801 -1.1917 —1.43960 —0.9438
cant differences (p value <0.05) Control 0.0963 (B) 0.0698 0.1315 ~2.2391 ~2.5904 ~1.8877

according to Tukey's test

medium-sized trees grew more in relative terms in response to
the thinning than the largest trees. However, they found that
the largest trees grew more in absolute terms.

4.2 Thinning effects on cone production

In this study, we analyzed crop weight per tree which is a
function of both the number of cones per tree and their weight.
The number of cones is the counting data, and its statistical
problems have been described above. The use of the probability
of finding a cone in a tree allowed to complement the effect of
thinnings on crop weight. To this end, we used logistic regres-
sion. Logistic regression techniques have been used in the field of
forestry to predict mortality (Adame et al. 2010; Bravo-Oviedo
et al. 2006), ingrowth (Adame et al. 2010), and fiuit and cone
production (Calama et al. 2011). We found that thinning favored
the probability of finding at least one cone in a given tree, being
more than the double in the thinned than in control plots.

The fact that bud formation takes place 3 years before
maturation and the thinning treatment was carried out in
2004 implies that cones harvested in 2006 and 2005 came
from buds formed before the thinning treatment. Therefore,
the harvest of 2007 is the first one to be considered under
thinning effects. Until 2007, the differences between treat-
ments were weak, and since 2007, control plots showed lower
production. This was more evident in bumper crop years,
where the difference between thinned and control plots was
larger. Overall, the greatest cone production appeared in
thinned plots, reaching more than twice the production in
thinned stands than control stands. Reukema (1961) found a
similar result. He reported that thinned stands of young
Douglas fir produce much more seed than unthinned stands
in good years, but thinning does not stimulate seed production
in poor seed years. At the end of our study period, trees
located in thinned plots produced almost two times the num-
ber of cones, and they reached double of the cone production
in weight. In a 20-year-old P. resinosa plantation on a good
site, Cooley (1970) reported that the number of mature cones
per tree was increased 2 years after thinning. Our results are
also in concordance with Karlsson (2000), who studied on
seed production of mature Scots pine stands after release
cutting. His results showed that released trees produce much
more cones than the unreleased. Thinning treatment allows
crowns to be exposed to more light, and the availability of water

and mineral nutrients is higher (Karlsson 2000; Krannitz and
Duralia 2004) because of less inter-tree competition. Actually,
Gongalves and Pommerening (2012) found an inhibition of
cone production between trees close in space and stimulation
at larger distances. However, we did not find important differ-
ences between the two thinning regimes. We suggest a small
difference between heavy and moderate intensities and, there-
fore, the development of heavier thinnings to promote larger
crops per tree. Moreover, more trials are needed to find out
when first thinning should be carried out in each site index.

Although we did not find differences in cone production
between moderate and heavy treatments, the harvest effective-
ness is higher in heavily thinned plots, since production is
located in an area with fewer trees, and, in this way, both
manual and mechanized harvesting reach greater yields.

When we carried out the statistical analysis by performing
mixed model with the log of cone weight production being the
dependent variable, differences between treatments appeared
with the significant difference between the thinned treatments
and control plots. Log transformation was already used by other
authors (Calama and Montero 2007; Mutke et al. 2005) to study
on stone pine cone production. However, instead of removing
null weight values to perform statistical analysis, they applied
the log transformation of the cone weight plus 1 to delete zero
values since they were studying on older stands than ours,
which were more productive, and null values were shorter.

Regarding the effect of climatic variables on the log of cone
weight production, the only variable that appeared as significant
was the Ps, summer precipitation after flowering, related to
flower survival and, therefore, number of cones. The other
rainfall variables (Pmj, Pon, and Pws) are related to bud survival
and cone fattening. In older stands, Calama et al. (2011) found
all of rainfall variables considered in our study to be statistically
significant. Mutke et al. (2005) studied on meteorological ef-
fects on cone production in mature stands of stone pine. They
found that cone production was significantly affected by winter/
spring rainfall before primordia formation (3 years before cone
maturation), rainfall in October 3 years before cone maturation,
rainfall of winter/spring before pollination, and the annual rain-
fall before cone ripening. Null influence of these precipitation
variables can be explained by short data series, and the fact that
pines are young and they did not reach normal and regular cone
productions. We suggest that the stands were quite young, and
root competition between trees was weak.
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Despite of our short data series, we consider that it is
enough to compare the effect of the thinnings over the whole
study period (not over individual years) since we did not want
to identify those factors characterizing masting, or describe a
pattern of annual production which has already been studied
(e.g., Calama et al. 2011).

Finally, we found a positive effect of diameter at breast
height with cone production. This is in concordance with other
authors (Calama et al. 2008, 2011; Krannitz and Duralia
2004). Therefore, thinning treatments, on one hand, reduced
the density, decreasing inter-tree competition and favoring
cone production, and on the other hand, increased diameter
growths and, hence, promoted larger crops.

We observed a positive effect of the density reduction on the
growth of young stone in artificially regenerated pine stands.
Also, cone production increased by employing early thinning
treatments. However, we did not find significant differences
between moderate and heavy thinning both on tree diameter
growth and cone production, and, despite of our short data
series, our results suggest to carry out heavier thinnings to
favor individual tree cone production. Wider knowledge about
starting thinning age in each site index is necessary.
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