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Abstract: The first commercial thinning usually entails a high cost in harvest operations and a
low resulting income. From a practical forestry perspective, a schematic spatial selection might be
more efficient than a selective approach. Therefore, this study aimed to compare basal area, total
and standing volumes, and periodic annual increment (PAI), as well as stand structure, between
different thinning designs (selective and schematic thinning) and strategies (thinning once or more
than once) over a long-term monitoring period of Scots pine (Pinus sylvestris) plantations in Sweden.
We also evaluated the relevancy of distance-dependent competition indices (CIs) in individual tree
growth models by comparing growth model predictions with the use of distance-dependent and
distance-independent CIs. Despite higher heterogeneity in schematically thinned stands, there were
no significant differences in standing and total volumes (m3·ha−1) among treatments in the short or
long term. Although the inclusion of a distance-dependent CI improved the model slightly, distance-
independent models predicted diameter growth just as effectively. Schematic thinning could be a
viable option for a first commercial thinning or one-time thinning if, at least, one more thinning is
included in the management plan, or if the motivating interest is mainly volume.

Keywords: forest management; pine; competition indices

1. Introduction

Thinning is one of the main management practices in forestry, as it plays a key part in
the increase in individual tree growth and the regulation of wood quality [1]. Important
reasons for thinning include removing low-quality stems [2], increasing resource availability
(e.g., water, light, and nutrients) for the remaining trees [1,3], diversifying forest structure
and generating income before final felling [4], and reducing mortality rates due to self-
thinning [5,6]. In Swedish forestry, the first commercial thinning usually entails thinning
selectively from below, i.e., the biggest, most productive trees are kept on the stand and
the smallest and/or damaged trees are harvested, when the dominant trees reach a height
of over 11–12 m [7]. The 1960s saw an increase in mechanization in harvest operations,
accompanied by a higher thinning intensity in early stages, consequently reducing intensity
as the stands got older [1,8]. In that particular context, the possibility of having complete
systematized thinning operations became a topic of interest [1]. When it comes to the
first commercial thinning specifically, forest owners are still often reluctant to perform
systematized thinning due to the high cost of harvest operations and the low income
derived from it [9]. The importance of finding a more cost-efficient thinning method
is, therefore, as prevalent now as it was decades ago, a fact shown by various other
studies [1,9–11]. In their study, for example, the authors of [12] showed that mechanized line
thinning increased productivity and enabled low-cost thinning operations in comparison
to conventional single-tree selection thinning.
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Schematic thinning, i.e., boom-corridor cuttings, can lower the number of damaged
trees and reduce fuel consumption and emissions, offering not only an attractive economical
alternative, but a more environmental friendly one [13]. Potentially, schematic thinning
also increases biodiversity due to a more heterogeneous stand structure developing [11,14],
especially if it is a mixed forest or if there is ingrowth of other tree species.

Scots pine (Pinus sylvestris) is the most well-distributed conifer species worldwide [15].
It is considered to be a shade-intolerant, light-demanding species [16], and it has been
reported that competition leads to reduced diameter increment in stands of this species [17].
While using another study’s [18] competition index (CI), the authors of [19] found that com-
petition in four types of Scots pine stand structures (a mature even-aged stand, a plantation,
one with oak understory, and an uneven-aged stand) presented a negative relationship to
stem diameter in all stands. When evaluating the relationship between current diameter
increment and the CI, the authors suggested that, in low stand densities (<1000 stems·ha−1),
the competition between trees may not cause severe growth limitation [19].

The success of the first commercial thinning in Scots pine stands and further stand
development is highly dependent on precommercial thinning (PCT), with early and in-
tensive PCT generally increasing merchantable volume and the profitability of harvested
wood during the first commercial thinning [20]. However, the maintenance of a high stem
density, e.g., >3000 stems·ha−1, in the early development of Scots pine stands has been
shown to promote good external wood quality with smaller branches [21].

Thinning can be selective, systematic, or half-systematic [1,10]. The first is generally
applied on the basis of size selection, i.e., dominant and codominant trees are prioritized,
with the removal of smaller and/or damaged trees (thinning from below), or bigger trees
are removed from the stand to allow the suppressed, subdominant trees to grow better (thin-
ning from above) [8,10]. Schematic thinning, on the other hand, refers to when the thinning
design is chosen on the basis of a spatial selection, e.g., thinning in corridors, regardless of
tree size; it can be implemented in different ways and have different nomenclatures, such
as row thinning [22], corridor thinning [11], systematic thinning [1], and boom-corridor
thinning (BCT) [23,24], with trees of all sizes being removed proportionally [25]. If the
distance between rows is small, an alternative to this is to use narrow harvesting machines
or to increase the number of adjacent rows to be removed [22].

Growth rates vary considerably within different diametric classes in a stand, and
one cause of that is the variation in competition by other trees [26,27]. A larger crown
will generally result in high increment performance for a tree, while also reducing light
availability for its neighbors [28].

Having a better understanding of what impacts growth variation is essential for pre-
dicting stand development and evaluating forest resistance and resilience to environmental
change [27]. Other authors have previously suggested that the effect of competition on the
growth of individual trees and stand development can be best predicted if the coordinates
for all trees are known, potentially making the model more accurate and enabling the
effective evaluation of different spatial distribution designs derived from, for example,
systematic thinning, half-systematic thinning, or selective thinning [26,29]. Individual-
tree-based growth models generally include an index designed to quantify the degree
of competitive stress on individual trees in a stand [18]. The models can be distance-
dependent or distance-independent. The former requires that the model has information on
the location of the trees [30]. CIs depend on the position, dimensions, and number of trees,
and they can be based on the weighted distance of neighboring trees (competitors), selected
through an empirical rule, which are located within a certain distance from the subject
tree [30,31]; CIs are usually included in individual tree growth models as an explanatory
variable [32].

CIs are important tools in forest management and help determine how much of the
growing space of an individual is occupied by others, potentially reflecting more success-
fully the growth of individual trees [33–35]. CIs can assume asymmetry or symmetry
when it comes to the partitioning of resources and neighborhood effects [31], i.e., “the tree
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with the highest influence captures all the resources available at that spot” (asymmetric
distribution), or the opposite, when the resources are assumed to be shared among the
trees proportionally, depending on their local influence function values (symmetric distri-
bution) [36]. CIs generally assume that there is asymmetry on the effects caused by the
neighboring trees and the way that the tree responds to them [33].

Within this context, this study compares different thinning designs (selective and
schematic thinning) and strategies (by thinning once or more than once), using long-term
monitoring of a set of Scots pine stands in Sweden. Furthermore, we enquire whether or
not the spatial arrangement of trees influences single tree growth.

From a practical forestry perspective, it could be economically relevant for forest
owners to know if the spatial selection of thinned trees significantly affects productivity,
rather than a size selection. Therefore, this study aimed to investigate if spatial selection
affects stand growth. We hypothesized the following:

H1. There will be no significant differences among thinning treatments in pine stand basal area,
periodic annual increment (PAI), or in mean diameter growth.

H2. Distance-independent models will be as effective for predicting diameter growth as the distance-
dependent model.

2. Materials and Methods
2.1. Experimental Design

The data were obtained from a long-term thinning experiment established in Swe-
den [7] in young Scots pine plantations, using a site for each block, with three exceptions
in which there were two blocks on the same site. Each block contained two randomized
plots with the respective treatments (selective and schematic thinning). The stands were
planted between 1949 and 1958 as a provenance trial, and the thinning experiment was then
established between 1974 and 1981, when the stands were, on average, 25 years old, in a
total of 16 blocks. The original spacing and stem density from the planting were maintained,
and ingrowth was removed in blocks where it had appeared. The spacing between the
trees was 1.5 m × 1.5 m; on the basis of the planting design, we created coordinate systems
for each treatment plot with the spatial location of each tree (Figure 1). The treatment plots
ranged from 0.05 to 0.2 ha in size. Surrounding the treatment plots was also a buffer zone of
trees with the same treatment (varying 2–5 m in width), but none of the trees in the buffer
zone were measured. In this study, we reduced the net plots by trimming at least 3 m of
distance off the plot edges, such that all subject trees had known size and distance to all
neighboring trees within at least 3 m.
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1038 Västerbotten 2022 4 29 1979 8.53 23.5 18°48′ 64°22′ 1 
1039 Dalarna 1999 4 28 1978 8.5 23.5 14°27′ 61°29′ 1 
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1041 Jämtland 2003 5 25 1974 8.45 25 14°32′ 63°08′ 1 
1042 Västernorrland 2022 5 26 1977 8.4 24.5 17°10′ 63°50′ 1 

10,432 *** Jämtland 1984 3 32  1974 11.4 28.5 16°18′ 63° 49′ 1 

Figure 1. Representation of the spatial location of the trees for one of the sites after establishing the
thinning treatments (selective or schematic). The size of the points is based on the diameter at breast
height (DBH), i.e., bigger points represent bigger trees. The colors in the scale express the competition
based on one of the calculated distance-dependent competition indices in this study (Hegyi’s in this
case). Higher CIs indicate that the tree is suffering from more competition.
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The 16 blocks were located In eight regions in Sweden, between latitudes 56◦40′ N
and 66◦04′ N (the counties Kronoberg, Västerbotten, Västernorrland, Norrbotten, Dalarna,
Jämtland, Kalmar, and Halland) (Figure 2, Table 1). The experimental design consisted of
two levels of thinning treatments, selective and schematic thinning, randomized within
blocks during first thinning. Over time, the blocks were managed with two different
experimental plans, where 10 of the blocks had no further thinning, only measurements of
living and dead trees. The other six blocks were thinned more than once, according to a
thinning template and with the same thinning strategy for both treatments. This resulted
in two different experiments.
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Figure 2. Map of the sites included in the study.

Table 1. Description of the study sites.

Study
Sites Location Year of Last

Revision
No. of

Revisions
Age * Establishment

of Treatments *
Hdom
(m) *

Site Index
(H100) **

Coordinates Number of
ThinningsE N

1034 Kronoberg 2010 4 21 1978 8.15 27.5 15◦01′ 56◦44′ 1
1038 Västerbotten 2022 4 29 1979 8.53 23.5 18◦48′ 64◦22′ 1
1039 Dalarna 1999 4 28 1978 8.5 23.5 14◦27′ 61◦29′ 1
1040 Norrbotten 1999 3 28 1976 8.15 23 21◦23′ 66◦04′ 1
1041 Jämtland 2003 5 25 1974 8.45 25 14◦32′ 63◦08′ 1
1042 Västernorrland 2022 5 26 1977 8.4 24.5 17◦10′ 63◦50′ 1

10,432 *** Jämtland 1984 3 32 1974 11.4 28.5 16◦18′ 63◦

49′ 1

1051 Västernorrland 1999 3 25 1980 7.95 24.5 15◦22′ 62◦20′ 1
1053 Jämtland 2003 3 24 1981 7.55 24 14◦32′ 63◦08′ 1
1033 Kalmar 1998 5 22 1976 10.25 31.5 15◦43′ 57◦47′ 3
1035 Kalmar 1998 4 25 1980 10.5 28 15◦45′ 57◦47′ 2

10,431 *** Jämtland 2022 5 32 1974 11.8 27.5 16◦18′ 63◦

49′ 2

1050 Västernorrland 1999 4 29 1978 9.55 25 16◦13′ 63◦28′ 2
8097 Halland 2018 7 18 1974 7 28 13◦04′ 56◦40′ 4

* At the time of the first revision, when the thinning treatments were established; ** Site index calculated for
the current age of the stands; *** Blocks 10,431 and 10,432 are presently in the same site, but different thinning
strategies were applied for each one; hence, they are included separately here, unlike other pairs of blocks present
in the same site.

In the first thinning, both treatments had a basal area removal of the same intensity
(50% intensity), with the selective thinning being performed from below and the schematic
thinning being applied on the basis of a spatial selection (two rows were harvested, two
rows were kept).

The thinning ratio, i.e., the ratio of mean diameter between harvested trees and
retained trees, describes the used thinning type [8]. Since thinning from below consists of
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harvesting, mostly, the smallest trees, the ratio is lower than 1.0. In contrast, in thinning
from above, the thinning ratio is over 1.0 [8]. Schematic thinning, however, is based on
spatial selection, regardless of tree size, e.g., corridor thinning; the thinning ratio should
theoretically be 1, or close to 1. Mean thinning ratios for the treatments were 0.72 and 0.97,
respectively.

Later thinning, if applied, was performed as selective thinning from below with 25%
intensity for both treatments.

All trees with a height over 1.3 m were numbered and registered for remeasurements
over all revisions, starting with the first revision at the time of conducting the thinning
treatments, prior to harvest. Stem diameter at 1.3 m height (dbh) was measured on every
tree together with height on 20 sample trees. Each revision provided data on the dbh of
all trees, status of the trees (e.g., thinned or not, dead or alive), and height of sample trees.
The experiments were measured at minimum three times and at most seven times, with
the monitoring period from 1974 to 2022 (Table 1). The time for remeasurements varied
among sites, with an increased interval across revisions as the stands got older. On average,
it ranged from 8 to 10 years.

2.2. Treatment Comparisons

The treatment effect on stand level was tested by comparing PAI between the first
two revisions, and standing and total volumes for the second and the last revisions. On
average, the time between the first and second revisions was 6 years. Additionally, we also
compared the mean annual increment (MAI) between the selective and schematic thinning
treatments. PAI establishes a relation between tree growth (in this case, specifically volume
growth) “over a certain period to the length of the period” [37], whereas MAI refers to the
current size of a tree in relation to its age [37].

A visual representation of the data was obtained by plotting the diameter distribution
of the different blocks, the treatments (selective or schematic), and thinning strategies
(thinning once or more than once). Additionally, to test the heterogeneity, we calculated
the Gini coefficient [38,39] to measure the heterogeneity of forests as a function of certain
variables, e.g., diameter, basal area, and growth. In the case of our study, we used arithmetic
mean diameter. As a way to further showcase the heterogeneity, the coefficient of variation
(CV) was calculated. We also compared quadratic mean diameter (QMD) among the
thinning treatments in the short term (first revision at the time of thinning). For the long-
term analysis, we compared both the treatments and the thinning strategies, i.e., blocks
that were only thinned once with treatments maintained after first thinning, and blocks
that were thinned more than once, using data from the last revision.

The data were analyzed using the statistical and graphics software R (version 4.0.4)
(R Core Team 2021). To test for potential statistical difference among treatments on a
stand level, the data were computed with mixed-effects models using the nmle package
in R. Plots within sites were considered a random effect. We tested PAI (m3·ha−1·a−1)
between the first two revisions (revision 1 after thinning and revision 2 before thinning),
and standing volume (m3·ha−1) between the second (before second thinning) and last
revisions as response variables. The Tukey test (0.95 level of confidence) was used to test
the difference in basal area, total and standing volumes, and QMD among the different
treatments.

2.3. Comparing Growth Predictions with and without Competition Indices

The measured growth between revisions 1 and 2 was used for the development of
5 year interval growth functions with and without CIs. Thereafter, the functions were
applied for dbh increment over 5 and 10 years, respectively, after first commercial thinning.
We used the individual tree models with no CI (BA-base), with distance-dependent CI
(BA-DDCI), and with distance-independent CI (BA-DICI) to predict diameter growth
and, subsequently, basal area on a stand level to see how well the models performed in
comparison to the original stand-level data (BA-stand) (Figure 3).
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Figure 3. Description of the model comparison process.

The individual tree dbh growth base model was fitted to the data (Equation (1)), with
no CI, using the 5 year diameter growth as the response variable. Only trees within the
net plots were used as subject trees. Plots within sites were used as random effects using
the lme function in the nlme package. Treatment (selective and schematic thinning) was
initially tested, but was proven to be nonsignificant and, therefore, removed from the final
model.

Idbh5 = β0 + (β1dbh) + (β2SI) + (β3BA) + bi + ei, (1)

where Idbh5 is the 5 year diameter increment (cm), dbh is the diameter at breast height (cm),
SI is the scaled site index ranging from 0 to 1 (lowest to highest SI, respectively), BA is the
basal area (m2·ha−1), bi is a random factor, and ei is the error term. β0 is a constant and βi
denotes coefficients.

Thereafter, the CIs were added to the base model, creating a total of five models
(Equation (2)).

Idbh5 = β0 + (β1dbh) + (β2SI) + (β3BA) + (β4CI) + bi + ei, (2)

where CI is the added competition index.
Additionally, we created a final function in which we included age at last revision as a

covariate (Equation (3)).

Idbh5 = β0 + (β1dbh) + (β2SI) + (β3BA) + (β4CI) + (β5age) + bi + ei, (3)

where age refers to the age of the trees at the last revision.
The models met the normality assumptions. To correct for heteroscedasticity, we used

an exponential weight function. Since the models did not have the same fixed effects, we
used the maximum likelihood (ML) method. R2 values for all models were calculated with
the MuMIn package. To check for multicollinearity amongst the explanatory variables in
the model, we calculated the variance inflation factor (VIF).

We calculated and implemented two distance-dependent and three distance-independent
CIs into the base growth model. The neighboring trees (competitors, j) were selected
regardless of their distances to the subject tree (i), i.e., every tree that was not the subject tree
was selected as a competitor, with the distances between the trees being incorporated into
the calculation of the distance-dependent CIs. Five models using asymmetric competition
were developed [40]. In total, there were 3267 and 3240 subject trees in the net plots in
revisions 2 and 3, respectively, excluding outliers and dead trees. We used Spearman’s rank
correlation to examine the relationship between the CIs and 5 year diameter increment for
individual trees.

The evaluation of model performance for predicting 5 year diameter increment was
initially conducted using the Akaike information criterion (AIC). The same models were
used for predicting 10 year diameter growth and final growth. The model comparisons
were then used to test the second hypothesis.
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3. Results
3.1. Treatment Effect on Stand and Individual Tree Growth

Basal area (m2·ha−1) did not differ among treatments in the short term, on aver-
age, 6 years after thinning (p = 0.214), nor did it differ in the long term, on average,
35 years after first thinning, for stands that were thinned once (p = 0.092) or more than once
(p = 0.736). Although there was no significant difference, mean basal area was higher for
the schematic thinning than in the selective thinning in the short and long terms. There
were no statistical differences among the treatments on stand-level data for PAI between
the first two revisions (p = 0.850) or standing volume on the second revision (p = 0.768).
Conditional R2 values for the models were 0.936 and 0.931, respectively, i.e., the variance
was well explained by the fixed and random effects. Additionally, no significant difference
among treatments was found when evaluating MAI over a long term for either thinning
strategy, i.e., sites that were thinned only once (p = 0.230) and more than once (p = 0.661).
Total volume in the last revision did not present significant differences among treatments
for the blocks that were thinned only once (p = 0.060) (Figure 4). The same can be said for
the blocks that received more than one thinning (p = 0.673) (Figure 4). Standing volume
also did not differ significantly among treatments at the last revision.
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Figure 4. Total volume production (m3·ha−1) of the blocks thinned more than once (A) and only once
(B), expressed on stacked bar charts with mortality, harvested, and standing volumes. The error bar
represents the standard error of the total volume among the thinning treatments. The site index ranged
from 23 to 29 for blocks that were thinned once and from 24 to 32 for blocks that were thinned more.
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Mean arithmetic diameter growth (cm·year−1) was significantly higher for the se-
lective thinning treatment (0.32 cm·year−1) in comparison to the schematic thinning
(0.29 cm·year−1) for sites that were thinned only once (p = 0.012). On the other hand,
for sites that had more than one thinning, that difference was not significant (p = 0.948),
with mean diameter growth being 0.42 cm·year−1 for both thinning treatments.

3.2. Stand Structure

For the sites that maintained the initial treatment, i.e., those that were thinned only
once, stand structure was more heterogeneous for the schematic thinning treatment, since
there were a higher number of smaller trees, as well as greater stem density, in general,
along with a higher Gini coefficient and CV (Figure 5, Table 2). As a result, mean dbh was
mostly concentrated in bigger diameter classes for the selective thinning, in comparison
to the schematic thinning (Figure 5). For sites that were thinned more than once, that ten-
dency started to disappear and heterogeneity was no longer significant among treatments
(Figure 6, Table 2).
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Table 2. Coefficient of variation and Gini coefficient calculated in the first and last revisions. N is the
number of blocks, and sd is standard deviation.

First Revision Last Revision

Treatment Thinning Strategy N CV% ± sd Gini Coefficient ± sd N CV% ± sd Gini Coefficient ± sd

Selective Thinned once 10 18.17 ± 1.78 0.10 ± 0.010 10 17.47 ± 3.12 0.10 ± 0.018
Schematic Thinned once 10 29.59 ± 4.65 0.16 ± 0.025 10 23.98 ± 1.89 0.13 ± 0.010
Selective Thinned more 6 16.54 ± 1.47 0.09 ± 0.009 6 13.16 ± 1.42 0.07 ± 0.008

Schematic Thinned more 6 28.11 ± 3.13 0.16 ± 0.018 6 15.27 ± 3.46 0.08 ± 0.019
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QMD was significantly different between treatments at the time of first thinning due
to the thinning designs that were established and the thinning ratios derived from them
(p < 0.0001) (Figure 7). When evaluating QMD at the time of the last revision, the thinning
strategies differed significantly (p < 0.0001), as did the treatments in blocks that had only
one thinning (p = 0.0147) (Figure 8). There was no significant difference between treatments
when there was more than one thinning (p = 0.3735).
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3.3. Competition Indices and Model Performance

All of the computed CIs (distance-dependent and distance-independent), using Spear-
man’s rank correlation coefficient (rho), presented a negative relationship with 5 year
individual tree diameter increment (Table 3).

Table 3. Spearman’s rank correlation coefficient between 5 year individual tree increment and the
competition indices.

Competition Index Spearman’s rho

Hegyi (Hey) Distance-dependent −0.4945112
Lorimer_(Lor1) −0.4416078

Wyk (BAL)
Distance-independent

−0.5403026
CoFe (BAR) −0.5864578
LOR_(Lor2) −0.551673

Model performance did not differ across treatments. However, the addition of CIs
to the growth model slightly improved its performance according to AICc. The model
that best predicted 5 year dbh increment and best explained the variation in the data was
a distance-dependent model using Hegyi’s CI (BA_DDCI_Hey, Tables 4 and 5, Figure 9),
which differed significantly to other models. The model with no CI (BA_BASE) and one of
the distance-independent ones (BA_DICI_Lor2) were ranked as less suitable models. The
CI in the latter was not significant (Table 4).
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Table 4. Models for predicting 5 year dbh increment for individual trees.

Model Response
Variable Parameter Estimates Std.

Error p-Value Marginal
R2

Conditional
R2

Random
Variance

BA_BASE 5 year dbh
increment

intercept
dbh (cm)
basal area (m2·ha−1)
scaled SI
sites: plots (random)

1.4507
0.1979
−0.1420
1.0592

0.1778
0.004
0.0149
0.1883

<0.0001
<0.0001
<0.0001
0.0143

0.70 0.80

0.09

BA_DDCI_Hey 5 year dbh
increment

intercept
dbh (cm)
basal area (m2·ha−1)
scaled SI
DDCI * (Hegyi)
sites:plots (random)

1.7319
0.1728
−0.1329
1.0340
−0.0086

0.1920
0.0068
0.0151
0.1981
0.0019

<0.0001
<0.0001
<0.0001
0.0201
<0.0001

0.67 0.77

0.10

BA_DDCI_Lor1 5 year dbh
increment

intercept
dbh (cm)
basal area (m2·ha−1)
scaled SI
DDCI * (Lorimer)
sites: plots (random)

1.5979
0.1853
−0.1379
1.0405
−0.0007

0.1906
0.0066
0.0150
0.1947
0.0003

<0.0001
<0.0001
<0.0001
0.0179
0.0211

0.68 0.78

0.10

BA_DICI_Wyk 5 year dbh
increment

intercept
dbh (cm)
basal area ( m2·ha−1)
scaled SI
DICI ** (BAL)
sites: plots (random)

1.2540
0.2271
−0.1639
1.0731
0.0221

0.1903
0.0095
0.0162
0.1921
0.0065

<0.0001
<0.0001
<0.0001
0.0152
0.0007

0.70 0.80

0.09

BA_DICI_Lor2 5 year dbh
increment

intercept
dbh (cm)
basal area (m2·ha−1)
scaled SI
DICI ** (Lor)
sites: plots (random)

1.4922
0.1936
−0.1401
1.0595
−0.00001

0.1849
0.0064
0.0148
0.1887
0.00002

<0.0001
<0.0001
<0.0001
0.0139
0.4203

0.70 0.79

0.09

BA_DICI_CoFe 5 year dbh
increment

intercept
dbh (cm)
basal area (m2·ha−1)
scaled SI
DICI ** (BAR)
sites: plots (random)

1.4145
0.2030
−0.1439
1.0599
0.000003

0.1772
0.0045
0.0145
0.1874
0.000002

<0.0001
<0.0001
<0.0001
0.0155
0.0293

0.71 0.8

0.09

* DDCI = distance-dependent competition index; ** DICI = distance-independent competition index.

Table 5. Ranking of the tested models, from best to worst, based on the Akaike information criterion.

Model AICc

BA_DDCI_Hey 5258.54a
BA_DICI_Wyk 5268.97b
BA_DICI_CoFe 5273.71c
BA_DDCI_Lor1 5273.97c
BA_BASE 5278.1d
BA_DICI_Lor2 5279.33d

When comparing the predictions of basal area (m2·ha−1) for 5, 10, and 35 years after
thinning (average time at the last revision), they did not significantly differ among all tested
models, with and without CIs (Figure 10).

The analysis using VIF presented no major multicollinearity issues, with similar
studies suggesting that a value of less than 10 is acceptable [41,42]. The highest value was
close to 6 for one of the distance-independent models (BA_DICI_Wyk), with the initial
dbh and DICI presenting values of 5.52 and 5.63, respectively. All other models and their
explanatory variables presented a VIF of less than 3.
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Figure 10. Basal area (m2·ha−1) predictions using different models and over time (5, 10, and
35 years (last revision age) (average time)) after thinning. The last graph had age included in
the model, considering the latest revision. “BA” indicates the real basal area value. “BA_base” has
no competition index. “BA_DDCI_Hey” and “BA_DDCI_Lor1” are distance-dependent models.
“BA_DICI_Wyk”, “BA_DICI_Lor2”, and “BA_DICI_CoFe” are distance-independent models.

4. Discussion

We show in this study that both selective and schematic thinning are useful strategies
in early harvests. In this experiment, by design, only the thinning ratio differed among the
treatments after thinning, but not the remaining basal area. With this approach, a schematic
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thinning will create stands with more stems, albeit smaller. This resulted in no significant
difference in stand basal area, over a short or long term. It also resulted in an increased
mean diameter in the selective thinning. However, when later thinnings were performed
(selective thinning from below), the difference between the early treatment of selective and
schematic disappeared.

Unlike what we found in our study, despite the selective thinning treatment having a
higher mean diameter increment, the authors of [1] found no statistical differences in mean
diameter growth among the thinned treatments (selective, half-systematic, and systematic)
when working with Scots pine and Norway spruce stands in Finland. The authors argued,
however, that a higher mean diameter increment for a selective thinning based on basal
area removal, as was the case in our study, makes sense since “the growing space released
by the removed trees is more evenly distributed among all the trees remaining on a plot”.
When working with a 35 year old Douglas fir stand to compare growth among unthinned,
strip-thinned, and selectively thinned, the authors of [43] also found that individual tree
growth was higher in the selective thinning than in the plots with strip thinning. Our
first hypothesis was, therefore, partly rejected, since, although there were no significant
differences among treatments in stand basal area and PAI, arithmetic diameter growth was
significantly higher for the selective thinning treatment.

Different management goals and thinning strategies can result in a varied stand
structure and resource distribution in the short term, potentially also affecting forest
development in the long term [44]. The authors of [11] argued that different thinning
treatments will promote “very different effects on vertical stand structure, habitat diversity,
and light conditions”. In a different study, the authors of [45] found that crown attributes
in Scots pine were significantly larger in intensive thinning from below (66% of basal area
removal) in comparison to the systematic thinning and thinning from above treatments,
which could be one reason to explain the higher individual tree diameter growth found in
the selective thinning i.e., potentially higher photosynthetic rates, due to a larger crown. The
authors of [44], who did not specifically work with corridors on their thinning simulations,
argued that light distribution may not vary so much among different stand structures,
which could be the reason why, in our study, we did not see significant differences in basal
area in the short and long terms after thinning.

Furthermore, a higher number of stems in the schematic thinning and the potential
that some trees have to benefit from the increased resource availability along the corridors
end up making the treatments comparable when it comes to total stand volume [7], com-
pensating for the lower growth [1]. The forests look structurally different, i.e., the plots with
corridors have higher stem density and a higher number of smaller trees, making them
more heterogeneous, while the plots with selective thinning present a more homogenous
structure, even though both treatments had the same amount of basal area removed in the
first thinning and in subsequent thinning (for six of the blocks). Other studies have shown
that schematic thinning treatments, such as BCT, resulted in a more heterogeneous forest,
similar to the results from [9,14,46,47]. Schematic thinning will generally not improve the
external wood quality of the remaining trees [25].

Our models with CIs for comparison of stand basal area performed very well in the
short term, regardless of being spatially dependent or not, especially for the plots with
selective thinning. Despite the AICc showing a significantly higher efficiency in predic-
tion and explanation of the variation in the data for one of distance-dependent models
(BA_DDCI_Hey), we saw that estimated stand basal area using the predicted diameter
growth did not differ among the models (distance-dependent or -independent), thus con-
firming our second hypothesis. The slightly better, but not significant, performance for the
selective thinning treatment was probably due to the fact that the models underperformed
for trees in smaller diameter classes, which were mostly found in the schematic thinning
treatment. In their study, the authors [48] also found little difference in predictive ability
between distance-dependent and distance-independent models, when working on 11 year
old Pinus radiata plantations in Italy with different thinning intensities; they argued that
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the costs to obtain the coordinates of trees “may be unjustified for growth prediction, at
least in young conifer plantations”.

By not choosing a specific method for competitor selection, such as the fixed radius
method, one of the potential consequences in our analysis would be the presence of spatial
autocorrelation among samples, since the trees were not independent from each other and
were repeatedly analyzed, producing pseudo-replicates. To account for that, we included
plots within sites as random effects in the models. Additionally, the authors of [34] went
into detail about overlapping samples in their study, and one of their conclusions was that
spatial autocorrelation was only detected for a very short search radius (3–4 m) and that
“on average, this effect does not seem to introduce any type I statistical error”.

With advances in technology and the continuing development of precision forestry [49],
cheaper and less time-consuming methods could be implemented to obtain tree coordinates.
However, perhaps, even more important for long-term predictions would be to use methods
that could give us more information on crown development over a period of years; this
was one of the limitations in our study, since changes in morphology could be important to
understand growth patterns after competition release due to thinning [50]. When working
with unevenly sized Norway spruce stands in Sweden, the authors of [51] mentioned that
their model could have possibly been improved if they had a “more representative measure
for the crown ratio”.

5. Conclusions

Accordingly, on the basis of our findings, if production is the main goal, in addition to
selective thinning, schematic thinning could also be a viable option for the first commercial
thinning. If working with a one-time thinning system, schematic thinning will result
in a longer rotation to get to a specific target diameter in the stand. However, if the
main motivation is volume, the thinning design one chooses—selective or schematic—will
amount to nonsignificant differences between treatments. If thinning is performed more
than once, trees can be selectively thinned from below in later thinning, thereby promoting
fast-growing, good-quality trees at a later stage. Nevertheless, it is important to highlight
that the first commercial thinning in our study was performed when dominant height
ranged 7–11.8 m among the different sites, i.e., there was no late first commercial thinning.
In that way, codominant trees at this range of dominant height tend to develop really
well after thinning, because of their live crown ratio, which is especially important for
the schematically thinned stands due to a generally higher number of codominant trees
in growing stock, in comparison to the selectively thinned ones. If the first thinning was
applied later, the crown of codominant trees would suffer more to recover, consequently
affecting growth. Therefore, further investigation would have to be conducted at sites in
which first commercial thinning was performed at a later stage to evaluate if similar results
to our study would be found.
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