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Abstract — The effect of different thinning intensities on growth and yield was studied in Pinus sylvestris L. stands at the south-western limit of its
distribution area (Central Spain), using five long-term thinning trials. Data were analysed collectively considering several factors (trial, block, plot and
period) as random effects. Total volume and volume increment decreased with thinning intensity, this loss being more significant in the case of moderate
and heavy thinning. No difference was found among treatments for total basal area or the increment in basal area. The results revealed an optimum basal
area (Assmann’s definition) between 85 and 100% of the basal area in unthinned plots. Volume growth loss associated with heavy thinnings (reduction
of 18% in volume increment) was smaller than that reported in Central and Northern European regions (greater than 25%). Height increment was not
influenced by thinning, whereas dominant and quadratic mean diameter increments increased with the thinning intensity. The response of diameter
growth to thinning was greater at younger ages (less than 50 y) and in medium-sized trees.

thinning / Pinus sylvestris / growth / Mediterranean area / long-term trial

Résumé — Intensité d’éclaircie et croissance dans des peuplements de pin sylvestre du sud ouest de I’Europe. L’effet de différentes intensités
d’éclaircie sur la croissance et la production de peuplements de Pinus sylvestris L. a été étudié a la limite sud-ouest de sa zone de répartition (centre de
I’Espagne), a partir de cinq essais d’éclaircie suivis a long terme. Les données ont été analysées collectivement en prenant en compte différents facteurs
(essai, bloc, placeau et période) comme facteurs aléatoires. Le volume total et I’accroissement en volume diminuaient avec I’intensité d’éclaircie, cette
perte devenant plus significative dans le cas d’éclaircies modérées et fortes. Aucune différence n’a été trouvée entre traitements pour la surface terriere
totale ni pour sa vitesse d’accroissement. Les résultats révelent un optimum de surface terriere (selon la définition d’ Assmann) compris entre 85-100 %
de la surface terriere des placeaux non éclaircis. Les pertes de croissance en volume associées aux éclaircies fortes (réduction de 18 %) étaient plus
faibles que celles qui sont rapportées pour les régions du Centre et du Nord de I’Europe (supérieures a 25 %). L’accroissement en hauteur n’a pas
été influencé par 1’éclaircie alors que 1’accroissement quadratique moyen en diametre augmentait avec ’intensité d’éclaircie. La réponse en termes
d’accroissement en diametre a 1’éclaircie a été plus forte pour les jeunes arbres (moins de 50 ans) et les arbres de taille moyenne.

éclaircie / Pinus sylvestris [ croissance / région méditerranéenne / essai a long terme

1. INTRODUCTION Another subject under discussion is the effect of thinning
from below on the diameter growth of individual trees accord-
ing to their relative size within the stand. Some studies report
a lack of response to thinning, or only a slight response, in the
diameter growth of larger trees [27,45], whereas others indi-
cate a positive response in all size classes [10,24]. However,
the results depend on the studied species and the thinning in-
tensity.

Besides regeneration felling, thinning is the most com-
monly applied silvicultural treatment, so the effects of thinning
have always been studied as part of forest research science.
However, despite the large number of thinning trials analysed,
some with very long-term observations, discussion still exists
regarding some aspects of the effects of thinning on growth

and yield [10, 14, 16,34,43,49].

One of the topics at the forefront of these discussions is
Wiedemann’s hypothesis [3] or Langsaeter’s curve [11], which
states that volume increment does not vary across a wide range
of densities. Volume increment decreases beneath the lower
limit of this range, but there is currently no agreement about
what happens when stand density is very high [49]; if the high-
est volume increment corresponds to the potential maximum
basal area [10] or if there is a loss in volume increment at max-
imum densities [36].

* Corresponding author: delrio@inia.es

Because of the ecological and economic importance of
Scots pine (Pinus sylvestris L.) and its large distribution area
in Europe, a large number of thinning studies have been con-
ducted for this species. However, the results of these studies
differ regarding the response of the species to thinning, both
in terms of volume increment [20,25] and in diameter incre-
ment of dominant trees [8, 26]. It is probable that these con-
flicting conclusions are in part due to differences in trial and
statistical methods [49], which makes it difficult to generalise
the conclusions. However, a large ecological variability of the
species could also help to explain the discrepancies. Therefore,
it is necessary to determine whether there is a common growth
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Table I. Location and description of the thinning trials.

M. del Rio et al.

Trial So-1 So-2 Sg-1 Sg-2 Bu-1
Longitude 2° 57 2° 5% 4°17 350 3°00
Latitude 41° 58 41° 55’ 40° 42 41° 01" 42° 03’
Altitude (m a.s.l.) 1200 1500 1400 1750 1700
Exposure NW NE NE NW NE
Slope 15% 5% 15-20% 17% 15-20%
Setting year 1968 1968 1970 1971 1972
Age range 41-76 50-80 45-75 35-65 41-71
Site index® 20-23 17-20 26-29 23-26 29
Plots 12 9 12 12 9
Treatments® C, T1, T2, T3 C, T1, T2 C, T1, T2 C, T1, T2, T3 C, T1, T2

* Following the site quality model of Rojo and Montero [41].

b Treatments: C, control; T1, light thinning; T2, moderate thinning; T3, heavy thinning.

response to thinning intensity for a given species growing un-
der different ecological conditions. To this end, the analysis
of the data with GLM including random components acting at
different levels (site, block, plot and inventory) has been pro-
posed in several recent thinning studies [24-26,45].

In Spain, there are several ongoing thinning experiments in
Scots pine stands. In each experimental trial, the results are in-
fluenced by site particularities such as initial densities, snow
damage, etc. [32,33,40]. Not all the trials have been used in
these previous studies and a synthetic analysis of all of them
has not been undertaken. However, more appropriate methods,
and new inventories can contribute to improving the informa-
tion derived from these trials. It would also be of interest to
compare the response to thinning of Scots pine in the Iberian
Peninsula, being the south-western limit of its natural distri-
bution, with that detected in other regions. A comparison of
yield tables from various European regions revealed a larger
production in southern regions [29,37], which could also in-
fluence the effects of thinning on growth and yield.

The main objective of this study is to carry out a synthetic
analysis of the effects of thinning on the growth and yield of
Scots pine stands in the south-western distribution area. The
hypothesis is that the response to thinning regarding growth
and yield could differ among ecological regions. The cumula-
tive production at different thinning intensities and the density
ranges of Langsaeter’s curve (density limits at which volume
decreases) are analysed, as well as the effect of thinning on
both the mean and dominant tree height and diameter growth.
The results are compared with those from other experimental
trials in central and northern Europe.

2. MATERIAL AND METHODS
2.1. Data

Data were obtained from 5 thinning trials belonging to a thin-
ning experiment established in 1968 by the Forest Research Centre
(CIFOR-INIA) in sites of different fertilities. The thinning trials were
located in two of the main mountain regions in which the species is
found in Spain, the Iberian and Central Mountain Ranges. All sites
belong to the phytoclimatic subtype VIII(VI) [1] and are situated on

acidic soils. The trials were installed in pure even-aged stands es-
tablished through natural regeneration, except for Sg-1, where hole
planting was employed using a spacing of 2 X 2 m. The site locations
and the main characteristics of the trials are presented in Table I.

The thinning trials were carried out using a randomised complete
block design, with three blocks per site and three or four treatments
per block (Tab. I). The trials involved comparing different thinning
intensities with a control treatment. All thinnings were undertaken
from below and the thinning rotation was 10 years. The age at which
the first thinning is performed varies among trials. Due to differences
both in thinning intensities and in the number of thinnings applied,
treatments were reclassified according to the percentage of average
basal area over the whole period in relation to that of the control
plots in each trial, using the same interval limits as those proposed
by Mikinen and Isomiki [25,26] for Scots pine thinning experiments
in Finland. The treatments tested were the following:

— Control (C) — no thinning. Only dead trees were removed.

— Light thinning (T1) — average basal area 80-90% of that in the
control plots.

— Moderate thinning (T2) — average basal area 65-79% of that in
the control plots.

— Heavy thinning (T3) — average basal area < 65% of that in the
control plots. This treatment was only applied in two experiments
(Tab. I).

The plots were rectangular and varied in size from 0.08 to 0.13 ha
with 10-m-wide buffers. The inventory interval was 5 years except
for one of 10 years, resulting in 6 or 7 inventories per thinning exper-
iment. In order to gather the data, all trees in each plot were identified
with a number and marked at a height of 1.3 m so that the diameter
would always be measured at the same point. In each plot, the diame-
ters of all trees and the height of a sample of 40 trees were measured,
30 of these proportionally to the diameter distribution for mean height
estimation and 10 dominant trees for top height estimation.

Height-diameter equations were adjusted for each plot to estimate
non-measured tree heights and age was also included as an indepen-
dent variable [9]. Tree volume was calculated from tree diameter and
height using a tree volume function [28]. Stand and tree attributes cal-
culated for each plot and inventory provided the data for the analysis.
In Table II, the main stand variables per thinning trial at the beginning
of the experiment are shown.

Dead trees were considered as ‘removed stand’; therefore, cumu-
lative volume, basal area and their respective increments included
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Table II. Mean and standard deviation (in brackets) of the main stand attributes of the thinning trials at setting year.

Trial Age N Dg Do Hm Ho G v
(years) (trees/ha) (cm) (cm) (m) (m) (m?/ha) (m3/ha)
So-1 41 2356.6 13.9 23.8 9.3 10.9 35.1 169.3
(402.5) (1.2) (2.2) (0.6) (0.8) (1.9) (18.1)
So-2 50 2052.7 14.2 22.7 9.7 114 32.0 159.1
(388.0) (1.3) (1.5) (0.5) 0.4) 3.1 (19.8)
Sg-1 45 1414.9 20.2 28.0 13.1 14.2 45.0 286.7
(204.4) (1.4) 2.2) (0.8) (1.2) (4.0) (40.3)
Sg-2 35 5495.4 9.7 20.0 6.8 8.4 39.9 147.1
(985.6) 0.7) (1.2) (0.5) (1.0) 4.3) (22.5)
Bu-1 41 3103.4 14.5 27.9 12.8 159 48.8 320.8
871.7) 2.2) 3.7 (1.5) (1.6) (3.2) (45.6)

N: Stand density; Dg: quadratic mean diameter; Do: dominant diameter; Hm: mean height; Ho: dominant height; G: basal area; V: stand volume.

dead trees. All control plots show density-dependent mortality or self-
thinning, but not all of them have the maximum density [39]. The
mean annual mortality rate in control plots is 1.65%, varying from
0.96% t0 2.59%.

2.2. Dependent variables

The effect of different thinning intensities on growth and yield
was evaluated by analysing both stand and average tree attributes
as dependent variables, either cumulative values or absolute and rel-
ative increments. The variables analysed were: V, cumulative vol-
ume (m>/ha) (current volume plus volume removed in the thinnings);
VI, volume increment (m?/ha/year); VI, relative volume increment
(volume increment/stand volume at the beginning of the growth pe-
riod); VIt/Vlc, volume increment in thinning treatments (VIr) in re-
lation to the volume increment in control plots (VIc) (%); G, cumula-
tive basal area (m?/ha) (current basal area plus basal area removed in
the thinnings); GI, basal area increment (m?/ha/y); Gl, relative basal
area increment (basal area increment/stand basal area at the begin-
ning of the growth period); Ho, dominant height (m) (mean height of
the 100 thickest trees per ha); Hol, dominant height increment (m/y);
Hm, mean height (m); Hml, mean height increment (m/y); Do, dom-
inant diameter (cm) (mean diameter of the 100 thickest trees per ha);
Dol, dominant diameter increment (cm/y); Dg, quadratic mean diam-
eter (cm); and Dgl, quadratic mean diameter increment (cm/y).

2.3. Langsaeter’s curve

The Langsaeter curve was studied by analysing the relationship
between the volume increment in thinned plots in relation to the mean
volume increment in control plots (VIt/VIc%) and the residual basal
area (percentage of basal area in thinned plots in relation to the mean
basal area of control plots) (Gr/G¢c%). According to Assmann [3],
this relationship allows the following variables to be defined: Maxi-
mum basal area (basal area of control plots, G1/G¢c = 100%); Opti-
mum basal area (basal area in which the volume increment is maxi-
mum); and Critical basal area (basal area in which 5% of the volume
growth is lost).

2.4. Statistical analysis

The pattern of correlation between observations can be consid-
ered by formulating a mutilevel mixed model including random ef-
fects [42,46,47], which define systematic departures from the aver-
age value specific to observations coming from the same trial, block
(common site effects on different spatial scales) or inventory (tempo-
ral dependence). Trial X treatment, block(trial) X treatment and trial X
inventory X treatment random interactions were also evaluated. Other
complex interactions at three levels or more were not taken into con-
sideration. The proposed expression for the complete mixed model is:

Yyijsp = f(treat;, agej) + trialg + block(trial), + treat X block(trial)y;

+ trial X inventorySj + trial X treatg; + trial X treat X inventorySij +Eijsb

(1

where yjjs, indicates the observation for the variable y taken in a plot
with treatment 7, located in block b within trial s, measured on inven-
tory j; f (treat;, age;) represents the fixed part of the model, depend-
ing on both treatment effect and time-dependent covariate stand age;
trialy, block(trial),, treat X block(trial);, (trial X inventory);, (trial X
treatment); and (trial X treatment X inventory); are random effects,
following a normal distribution with mean zero and variance o2, o,
fo a'fj, o, a'fij, respectively; &g are independent and identically
distributed residual terms of error, with mean zero and residual vari-
ance o2,

Model (1) represents the complete model. To avoid over-
parameterisation an iterative sequential procedure was proposed to
define the appropriate model structure for each response variable. The
initial model evaluated included intercept and treatment as fixed ef-
fects along with a completely random structure, including all the ran-
dom components mentioned in (1). This basic model was compared
with models which had the same fixed effects but a simpler random
structure (after discarding some of the random components). Con-
trasts were performed by applying restricted log-likelihood tests after
restricted maximum likelihood (REML) estimation. Once a prelimi-
nary random structure had been selected, the inclusion of additional
fixed effects was evaluated sequentially; testing the inclusion of age,
treatment X age and the quadratic forms age” and treatment x age? in
terms of log-likelihood ratio tests, applied after maximum likelihood
(ML) estimation. Quadratic terms in the model were only adjusted
after considering linear terms. Each time a fixed effect was selected
for inclusion in the model, the random structure was re-evaluated and
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Table III. Estimates of the parameters of fixed effects and covariance parameters of random effects for volume and basal area variables (only

shown for significant effects).

. Variables
Source Treat Y VI Vi Vis/Vic G Gl Gl
Intercept -597.76 16.83 0.36 81.31 -51.72 2.49 0.20
Treat. C -63.26 2.35 -0.12 -0.09
Treat. Tl —22.58 1.42 —-0.08 11.69 -0.06
Treat. T2 -0.28 0.35 -0.03 2.12 -0.03
Age 24.22 -0.13 -0.01 2.81 -0.03 -49.5 E-4
Age? -0.13 0.64 E-4 -0.02 0.3 E-4
Treat. X age C 2.13 348 E-4 0.09 234 E-4
Treat. X age Tl 1.34 224 E-4 0.08 16.8 E-4
Treat. X age T2 0.43 9.3 E-4 0.03 6.8 E-4
Treat. X age? C -0.3E-4 -0.2 E-4
Treat. x age’ Tl -0.2E-4 -0.1 E-4
Treat. X age? T2 -7.0E-6 -4.6 E-6
Trial 19926.00 17.44 195.70
Block 703.86
Treat X block (trial) 883.72 1.42 12 E-4 95.46 12.38 0.01 4.6 E-6
Trial X inv. 807.44 2.20 54 E-4 53.33 2.90 0.05 0.3 E4
Fixed effects® 33.1% 31.5% 84.1% 7.1% 12.6% 56.8% 76.9%

* Parameter estimates for treatment T3 are always 0. C: Control; T1: light thinning; T2: moderate thinning; T3: heavy thinning.

b Percentage of variability explained by fixed effects. V: Cumulative volume (m>/ha); VI: volume increment (m>/ha/year); Vl,: relative volume incre-
ment; VIp/VIc: volume increment in thinning treatments (VIr) in relation to the volume increment in control plots (VI¢) (%); G: cumulative basal area
(m?/ha); GI: basal area increment (m?/ha/year); Gly: relative basal area increment (%).

the process was repeated until an appropriate structure for the model
was defined.

Once the structure had been defined, the models were fitted fol-
lowing REML techniques. Multiple pairwise comparisons among the
adjusted least square means of the treatments at ages 40, 60 and 80
were then performed. Degrees of freedom were adjusted using the
Kenward-Rogers procedure [23]. Graphical comparisons were also
carried out by plotting the marginal fixed effects response for each
treatment.

3. RESULTS
3.1. Cumulative volume and basal area

The thinning treatment, the quadratic effect of age and the
interaction of treatment X age were statistically significant for
cumulative volume, whilst in the case of volume increment,
the significant fixed effects were treatment and age (Tab. III).
Cumulative volume presented the highest value in non-thinned
stands, decreasing with thinning intensity (Fig. 1). Neverthe-
less, volume loss due to mortality in the control treatment
totalled 16.64% of the cumulative volume at the last inven-
tory. Differences among treatments increased with stand age
(Tab. IV). Both in the case of cumulative volume and volume
increment, comparisons among treatments revealed only small
differences between control plots and those with light thinning
treatments as well as between moderate and heavy thinning
(Tab. IV). Neither basal area nor its increment presented a sig-
nificant treatment effect (Tab. III) but the interaction of treat-
ment X age was significant in the case of basal area, particu-

larly at older ages when the differences among treatments were
greater (Tab. IV).

Another way to approach the effect of thinning on stand
production is to analyse the percentage of volume increment
in relation to the mean of the same increment in the control
plots (VIt/VIc) [3]. The only significant fixed effect for this
variable was the thinning treatment, although this explained
less than 10% of the variability (Tab. III). Light thinning val-
ues differed from those for moderate and heavy thinning, the
percentage volume increment being significantly higher for the
former (Tab. IV). The relationship between this percentage of
volume increment and the residual basal area (percentage of
basal area in thinned plots in relation to the basal area of con-
trol plots, Gt/Gc), is presented in Table V. It was found that a
residual basal area of about 83% caused a small loss in volume
growth (< 8%) and, as residual basal area decreased (less than
70%), the drop in volume growth accelerated, reaching a loss
of 19% when basal area in relation to the control was 61%.

3.2. Relative volume and basal area increments

Thinning treatment effects and the interactions of treatment
x age and treatment X age®> were found to be significant for
relative increments in volume and basal area (Tab. III). These
fixed effects explained most of the variability of both incre-
ments. Comparisons between treatments revealed statistical
differences for all the studied contrasts at younger ages but
not at the oldest age (Tab. V). The greater the intensity of the
thinning, the higher the relative growth values reached (Fig. 2).
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Figure 1. Evolution of cumulative volume (upper) and cumulative
basal area (bottom) with age for the different treatments. C: Control;
T1: light thinning; T2: moderate thinning; T3: heavy thinning.

3.3. Mean and dominant height and diameter

It was found that dominant height was not influenced by
thinning, even when heavy thinning was applied (Tab. VI).
Neither the mean height nor the increment in this variable
showed any significant effects for treatment and the interac-
tion of treatment X age was found to be significant for mean
height only. Differences in mean height between non-thinned
and thinned plots were found at older ages (Tab. VII).

The results for dominant diameter revealed a quadratic ef-
fect for age and an interaction between age and treatment
(Tab. VI). In spite of the significant effect of the thinning treat-
ment on the increment of larger trees, no differences in dom-
inant diameter were detected among the different treatments
(Tab. VII). We found significant differences in dominant di-
ameter increment in all the contrasts between treatments ex-
cept for moderate vs. heavy thinning, while the largest differ-
ences occurred between these treatments and the control plots
(Tab. VII).

The thinning effect was more obvious for quadratic mean
diameter than for dominant diameter (Fig. 3). We found that
both the treatment and the interaction of treatment X age were
significant fixed effects for both the quadratic mean diameter
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Figure 2. Evolution of relative increments of volume (upper) and
basal area (bottom) with age for the different treatments: C: Control;
T1: light thinning; T2: moderate thinning; T3: heavy thinning.

and its increment variables, and that treatment X age2 was also
significant for the quadratic mean diameter (Tab. VI). The val-
ues of the mean diameter between control plots and thinned
plots differed greatly, but differences among the three thinning
treatments were not so marked (Tab. VII). The quadratic mean
diameter increased with thinning intensity, and these differ-
ences became somewhat greater with age. However, regarding
the increment in the latter, differences among treatments de-
creased with age.

4. DISCUSSION
4.1. Cumulative volume and basal area

There was a significant loss in cumulative volume and vol-
ume increment when moderate or heavy thinning were ap-
plied, whereas differences were not significant or only slightly
significant between light thinning and control treatments. The
behaviour of cumulative basal area was similar to that of cu-
mulative volume (same treatment order, Fig. 1) but differ-
ences among treatments only appeared at older ages and no
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Table IV. Differences in adjusted least squares means among treatments for volume and basal area variables. Pairwise comparisons at ages 40,
60 and 80 are presented for those variables for which the treatment X age effect is significant (variables for which the treatment or treatment X

age effects are not significant are not presented).

Contrast between treatments®

Variable Age C-T1 C-T2 C-T3 T1-T2 T1-T3 T2-T3
\% 40 —9.237 ns 4.733 ns 21.779 ns 13.970 ns 31.016 ns 17.046 ns
60 6.480 ns 38.589 * 64.297 ** 32.109 * 57.817 * 25.708 ns
80 22.197ns 72.444 ** 106.81 ** 50.247 ** 84.617 ** 34.370 ns
VI 0.930 ns 1.999 ** 2.350 * 1.069 * 1.420 * 0.351 ns
Vlrel 40 —0.009 *3* —0.016 ** —0.025 ** -0.007 * —0.016 ** —0.008 *
60 —0.002 ns —-0.004 * —0.008 * —0.002 ns —0.006 * —0.004 ns
80 —0.003 ns -0.007 * —0.012 ns —0.004 ns —0.009 ns —0.005 ns
VI/Vie 9.56 * 11.69 * 2.12 ns
G 40 —0.698 ns 1.660 ns 3.663 ns 2.358 ns 4.361 * 2.003 ns
60 —0.194 ns 2.917 * 5.336 * 3111 * 5.530 * 2.419 ns
80 0.311 ns 4.174 * 7.010 * 3.863 * 6.699 * 2.835 ns
Glrel 40 —0.007 ** —0.014 ** —0.021 ** —0.007 ** —0.014 ** -0.007 *
60 —-0.003 * —0.004 ** —0.007 ** —0.002 ns —0.005 * —0.003 *
80 —0.002 ns —0.004 ns —0.007 ns —0.003 ns —0.005 ns —0.002 ns

2 C: Control; T1: light thinning; T2: moderate thinning; T3: heavy thinning.

ns: Not significant at the 0.05 level; * significant at the 0.05 level; ** significant at the 0.001 level.
V: Cumulative volume (m?/ha); VI: volume increment (m3/ha/year); VI, : relative volume increment (%); VIp/Vlc: volume increment in thinning
treatments (VIr) in relation to the volume increment in control plots (VI¢) (%); G: cumulative basal area (m?/ha); GI,: relative basal area increment (%).

significant loss in basal area increment was observed. Vuok-
ila [48] found a similar behaviour for cumulative basal area
in a Finnish thinning trial, but findings for basal area growth
are more conflicting, with some reports even finding the high-
est basal area growth for light thinning [12, 20]. The effect of
the interaction of treatment X age in cumulative volume and
basal area is more related to the cumulative effect of differ-
ences among treatments in the respective increments (VI and
GI) over time than to a different response to thinning with age,
since this effect is not significant for volume and basal area
increments.

Cumulative volume and volume increment showed a
decreasing trend as thinning intensity increased. There-
fore, Langsaester’s curve, which shows the pattern of the
production-density relationship, would be an increasing
asymptotic function, with the highest level of production for
basal area ranging from 85-100% of the potential maximum
basal area or density (Fig. 4). Many control plots presented
the maximum density according to the self-thinning trajectory
proposed by Rio et al. [39], but no reduction in growth was
detected in any of them.

According to Assmann’s approach in his study of the ef-
fect of thinning on growth [3], this pattern would mean that
the maximum and optimum basal area would have the same
value. Other long-term thinning experiments in Scots pine
stands found a similar pattern at high densities [12, 19, 25].
Some studies reported a higher volume growth with light thin-
ning (optimum basal area of 90%) at younger stages of de-
velopment [7,20] and in Scots pine forests growing in areas
with limited resources (low fertility sites or arctic timberline),
as stated by Mielikdinen [31] and Varmola et al. [45]. How-
ever, in our study, the lack of significance of trial and age ef-
fects with respect to the variable VIp/VI¢ (Tab. III) indicates

Table V. Relationship between current increment in volume in
thinned plots in relation to the control plots (VI/VI¢) and basal area
in thinned plots in relation to the control (Gt/Gc) for the different
treatments.

Treatment®
C T1 T2 T3
Gr1/Gce (%) 100% 82.74% 69.91% 61.00%
VIr/VIc (%) 100% 92.21% 83.44% 81.18%

2 C: Control; T1: light thinning; T2: moderate thinning; T3: heavy thin-
ning.

a similar behaviour for different site qualities and ages. The
relationship between this variable (VIp/VI¢) and basal area in
relation to the control (Gt/Gc) by age classes (Fig. 4) does
not reveal any trends with age. Mikinen and Isoméki [25] also
pointed out that the character of volume increment reactions
after thinning was independent of site fertility conditions in
Finland.

Regarding the loss of volume growth with thinning, the re-
lationship between volume increment in relation to the control
(VIr/VIc) and basal area in relation to the control (Gt/Gc¢)
(Tab. V) reveals a critical basal area (in which 5% of the vol-
ume growth is lost) over 83% of the basal area in unthinned
stands. This figure agrees with the value proposed by Assmann
[3] for Scots pine, which was based on several thinning ex-
periments in Central Europe. Some authors suggest a critical
basal area varying with age [7,21], with values from 65-75%
at young ages (approximately 35 years old) and 85-90% for
older stands (from 40 to 55 years). In our study, however, age
does not seem to influence this variable (VI/VIc).

The observed volume loss associated with heavy thinning is
small compared with that reported for Scots pine in Northern

308p6



Thinning and growth response in Scots pine in SW Europe

Ann. For. Sci. 65 (2008) 308

Table VI. Estimates of the parameters of fixed effects and covariance parameters of random effects for height and diameter variables (only
shown for significant effects).

. Variables
Source Treatement Ho Hol Hm Hml Do Dol Ds Dl
Intercept -5.54 0.50 -7.24 0.40 3.46 0.66 —-16.60 0.57
Treatement C -0.06 14.13 -0.25
Treatement Tl -0.03 6.56 -0.15
Treatement T2 -0.01 3.16 -0.08
Age 0.54 —-0.005 0.53 -3.8E-3 0.63 -5.7E-3 0.96 -4.7E-3
Age? —-0.003 -2.6E-3 -29E-3 —4.7E-3
Treat. X age —11.1 E-3 -0.02 —-0.48 2.1E-3
Treat. X age T1 2.8E-3 -0.01 -0.23 12E-3
Treat. X age T2 1.4E-3 59E4 -0.12 0.7E-3
Treat. X age’ C 2.6E-3
Treat. X age’ Tl 1.4E-3
Treat. x age” T2 0.8 E-3
Trial® 10.05 13.4E-4 8.84 12.1 E-4 12.34 11.17
Block 0.45
Treat X block (trial) 0.92 0.52 5.59 3.67 3.5E4
Trial X inv. 0.25 15.8 E-4 0.22 49E-4 0.08 4.1 E-3 0.47 2.5E-3
Trial X inv. X treat 0.08
Fixed effects® 39.2% 99.4% 47.2% 41.3% 34.0% 60.0% 48.0%

# Parameter estimates for treatment T3 are always 0. C: Control; T1: light thinning; T2: moderate thinning; T3: heavy thinning.

b Percentage of variability explained by fixed effects.

Ho: Dominant height (m); Hol: dominant height increment (m/y); Hm: mean height (m); Hml: mean height increment (m/y); Do: dominant diameter
(cm); Dol: dominant diameter increment (cm/y); Dg: quadratic mean diameter (cm); Dgl: quadratic mean diameter increment (cm/y).

Table VII. Differences in adjusted least squares means among treatments for height and diameter variables. Pairwise comparisons at ages 40,
60 and 80 are presented for those variables for which the treatment X age effect is significant (variables for which the treatment or treatment X

age effects are not significant are not presented).

Contrast between treatments®

Variable Age C-T1 C-T2 C-T3 T1-T2 T1-T3 T2-T3
Hm 40 —0.226 ns —0.128 ns 0.066 ns 0.098 ns 0.292 ns 0.194 ns
60 -0.634 * —0.529 ns —0.371 ns 0.105 ns 0.263 ns 0.158 ns
80 —1.042 * —-0.930 * —0.808 ns 0.112 ns 0.234 ns 0.123 ns
Do 40 —0.607 ns —0.790 ns —0.905 ns —0.183 ns —0.298 ns —0.115 ns
60 —0.813 ns —1.234 ns —1.326 ns —0.422 ns —0.513 ns —0.092 ns
80 —1.018 ns —1.679 ns —1.747 ns —0.661 ns —0.729 ns —0.068 ns
Dol —-0.255 * —0.050 ** —0.060 ** —0.024 * —0.035 * —0.010 ns
Dg 40 -0.332 ns —-0.387 ns —0.961 ns —0.054 ns —0.629 ns —0.574 ns
60 —2.833 ** —3.894 ** —5.407 ** —1.031 ns —2.574 * —1.513 ns
80 —4.364 ** —5.951 ** —7.784 ** —1.587 * -3.420 * —1.833 ns
Dgl 40 —0.070 ** 0.111 ** —0.167 ** —0.041 ** —0.098 ** —0.56 **
60 —0.053 ** 0.083 ** —0.126 ** -0.030 * —0.073 #** —0.043 *
80 -0.036 * —0.055 ** —0.084 ** —0.018 ns —0.048 * —0.030 ns

2 C: Control; T1: light thinning; T2: moderate thinning; T3: heavy thinning.
ns: Not significant at the 0.05 level; * significant at the 0.05 level; ** significant at the 0.001 level.
Hm: Mean height (m); Do: dominant diameter (cm); Dol: dominant diameter increment (cm/y); Dg: quadratic mean diameter (cm); Dgl: quadratic

mean diameter increment (cm/y).

and Central European regions. In these regions, when basal
area drops below 65% of that in the control plots (heavy thin-
ning) volume increment losses reach figures of between 22
and 37% [7,21,25,44], whereas our results indicated a reduc-
tion of 19% (Tab. V), this percentage being greater than that
for non-thinned stands due to natural mortality. In the case of
moderate and light thinnings, however, the regional differences
detected are much smaller. Erteld’s [12] summary concerning

Scots pine thinning experiments in Germany revealed volume
increment losses of approximately 10% for basal area reduc-
tions of 20%. Mikinen and Isoméki [25] detected volume in-
crement losses of 3-6% and 12—17% for light and moderate
thinnings. The latter figures coincide with those of our study
(Tab. V).

The smaller yield loss with heavy thinnings at lower lati-
tudes could be due to the longer length of the growing season.
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Figure 3. Evolution of dominant diameter (upper) and quadratic
mean diameter (bottom) with age for the different treatments: C: con-
trol; T1: light thinning; T2: moderate thinning; T3: heavy thinning.

Kelloméki and Kolstrom [18], using a growth model which
included soil and climatic variables, found that the yield loss
due to heavy thinning in Scots pine stands in southern Finland
was reduced when an increase in the mean temperature was
simulated. Several thinning studies have also reported an im-
provement in tree-water status in heavily thinned stands during
the vegetative period if water is a limiting resource [4, 15,22].
In the southern locations of Scots pine, under Mediterranean
conditions, water is the most limiting resource to growth, so
the longer growing season could allow the trees remaining af-
ter a heavy thinning to compensate more rapidly for the loss
of yield associated with the lower density.

4.2. Relative volume and basal area increments

Higher relative volume and basal area increments were
found for thinning treatments, increasing the growth rate with
thinning intensity, although the differences between treatments
tended to decrease with age (Fig. 2). This better response to
thinning at younger ages reflects the interaction of treatment
X age and indicates the suitability of early thinning for this
species. On the other hand, differences found in relative basal

M. del Rio et al.

area increment reveal greater growth for the same basal area
when heavy thinning is applied. Some basal area growth mod-
els assume that initial basal area and age provide sufficient in-
formation to predict future basal area [2, 5, 6,30, 38], but the
results for relative basal area increment support the need to
include a thinning response factor when modelling basal area
growth [17] in Scots pine stands.

4.3. Mean and dominant height and diameter

The results confirm that dominant height is not influenced
by thinning intensity when thinnings from below are applied,
corroborating the suitability of this variable as a site quality
indicator. The observed increase in mean height as thinning
intensity and age increase (treatment x age effect) is in fact a
technical increment, since the dominated trees were removed
in successive thinnings. Other studies have also reported little
effect of thinning on height growth for Scots pine [25, 44].

One of the objectives of thinning is to produce larger trees,
which is clearly achieved by applying heavy thinning from be-
low. According to the results, the heavier the thinning inten-
sity, the higher the quadratic mean diameter. Most of the thin-
ning experiments reported similar results for quadratic mean
diameter, but the case is not so clear for dominant diame-
ter. Mékinen and Isomiki [25] found significant differences
in dominant diameter, but in other studies, as in the present
study, no differences were reported [8,45].

Both dominant and quadratic mean diameters are influ-
enced by site and initial stand conditions, reflected in the sig-
nificant trial and treatment X block (trial) effects (Tab. VI).
However, their increments were more influenced by growth
period characteristics (trial X inventory effect). On the other
hand, thinning from below produces a technical increment
in mean diameters due to the removal of the thinnest trees.
Therefore, it is more appropriate to analyse diameter incre-
ments since they more faithfully reflect the effect of thinning.
The quadratic mean diameter increment increased with thin-
ning intensity and the differences among treatments decreased
with age (treatment X age effect), again revealing that the
response to thinning is greater at younger ages [13]. How-
ever, the differences among treatments were greater for the
quadratic mean diameter increment than for dominant diam-
eter increment (Tab. VII). This result agrees with the find-
ings of Kramer and R66s [21], who found the smallest dif-
ferences between thinning intensities in the larger diameter
classes. Pukkala et al. [35] reported a greater thinning response
in medium-sized trees, while Mikinen and Isomiki [25] found
a decreasing thinning effect with increasing tree size. All these
results seem to support the idea that in Scots pine stands, thin-
ning from below favours the development of intermediate trees
more than dominant trees.

In conclusion, it should be underlined that thinning in Scots
pine stands does not lead to an increase in cumulative volume
or volume increment. Greater total volume and volume incre-
ment are obtained with an optimum basal area of between 85
and 100%, which corresponds to control and light thinning
treatments. Basal area increment is not affected by thinning
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Figure 4. Relationships between volume increment in thinned plots in relation to the control (VIr/VIc) and basal area in thinned plots in
relation to the control (Gr/Gc) by age classes: 30-45 years old, 45-60 years old; > 60 years old. The solid line is the trends line for all data.

intensity and neither are mean or dominant height increments.
Thinning does, however, influence diameter increment, espe-
cially in medium-sized trees. In general, our results agree with
those from long-term experiments. The main regional differ-
ences found between southern and northern European growth
patterns after thinning are related to volume loss after heavy
thinning, with smaller losses in SW-European stands.
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