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Abstract
& Key message Detailed measures of growth pattern and structural heterogeneity applied in this study helped to quantify
the immediate effects of various thinning regimes on forest structure and the resulting alterations in tree size as well as
observed longer term stand dynamics.
& Context Forest management, stand structure, and tree growth are highly inter-correlated. Prior analyses, however, have resulted
in mixed outcomes with limited success in revealing ecological mechanisms.
& Aims The study aimed at evaluating the relationship between forest structure and stand dynamics by applying several sophis-
ticated measures of growth pattern and structural heterogeneity.
& Methods Data from a controlled and fully stem-mapped commercial thinning experiment with seven contrasting treatments
including a non-thinned control at six locations across the Acadian Forest of Maine, USA, was used. Stand-level attributes
examined included tree size and growth heterogeneity, spatial tree distribution, and growth dominance.
& Results Thinning generally reduced stand structural heterogeneity compared to the non-thinned control. In addition, the spatial
arrangement of trees changed from fully random (non-thinned control) to a more clustered (removal of dominant and co-
dominant individuals) or regular distribution (removal of intermediate and suppressed individuals). Overall, stand growth
exhibited increasing (non-thinned control, removal of intermediate and suppressed individuals) or decreasing growth dominance
of large trees (removal of co-dominant competitors). Forwarder trails increased basal area growth of individual trees up to a
distance from the trail of approximately 5 m.
& Conclusion Findings of this study validate an earlier insight according to which interactions between management practices,
forest structure, and tree growth form a permanent feedback loop.
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1 Introduction

Commercial thinning directly influences tree growth by re-
leasing individual trees to achieve specific forest management
objectives such as the promotion of desired species and the
volume of utilizable woody material (Smith et al. 1997). The
majority of thinning prescriptions, however, aims to concen-
trate total site productivity on fewer trees to optimize individ-
ual tree or stand growth.

In addition to the direct effect on individual trees, thinning
also modifies overall forest stand structure. Depending on the
method (Nyland 2002), thinning can alter variation in stem
diameter, homogenize canopy stratification, or increase spe-
cies mingling (Pretzsch 1998; Barbeito et al. 2009; Kuehne
et al. 2015). More recently, thinning has been promoted as one
means of enhancing structural heterogeneity in secondary for-
ests due to thinning-induced changes in stand dynamics
(Bauhus et al. 2009). The spatial arrangement of individual
trees is an important aspect of forest structure, and its modifi-
cation is of specific significance during thinning operations
(Pretzsch 2009).

Forest structure has been defined as the spatial arrangement
of the various components of a forest ecosystem, whereas
forest structural heterogeneity refers to a measure of the vari-
ety and relative abundance of different structural attributes
(Pommerening 2002). Changes in forest structure caused by
management activities such as thinning can be measured and
quantified to evaluate the effectiveness of the treatment.
Depending on the spatial scale and availability of tree coordi-
nates, a variety of spatially implicit and explicit tree neighbor-
hood and stand metrics can be applied (Szmyt 2014). Using
measures of forest structural heterogeneity, previous studies
successfully differentiated between various forest manage-
ment regimes including silvicultural systems (e.g., Saunders
and Wagner 2008; Barbeito et al. 2009) and thinning treat-
ments (e.g., Pretzsch 1998; Morrissey et al. 2015).

Quantifying forest structural heterogeneity and respective
changes from management activities also allows for the sub-
sequent evaluation of its influence on stand dynamics and
hence stand and tree growth (Pretzsch 2009). The seemingly
close inter-relationship among forest management, stand
structure, and tree and stand growth has been analyzed in
various studies (Pretzsch et al. 2015). Traditionally, the inter-
connectivity between these factors has been evaluated via the
classical stand density-forest growth relationship (e.g.,
Assmann 1970). Other, more recent studies directly linked
forest structure and stand (e.g., Lei et al. 2009; Kuehne et al.
2015) as well as tree growth (Mainwaring and Maguire 2004;
Dănescu et al. 2016), or evaluated growth and stand dynamics

in different structural forest settings (e.g., Ngo Bieng et al.
2013; Pamerleau-Couture et al. 2015). These studies also in-
cluded the examination of stand conditions shaped and de-
fined by spatially restricted, hence small-scale structural, fea-
tures such as artificial canopy openings (Arseneault et al.
2011) and harvester trails (Pukkala and Kolström 1991;
Boivin-Dompierre et al. 2017).

Change in structure was often accompanied with increased
growth rates in residual trees compared to a non-managed
control in the abovementioned studies, but differences be-
tween varying management prescriptions were less obvious.
In general, studies on the relationship of forest or tree growth
and stand or neighborhood structural heterogeneity, respec-
tively, have resulted in mixed outcomes with varying or lim-
ited success in revealing ecological or mechanistic rationale.
Furthermore, treatments in most of these previous studies
were not well replicated, which effectively limited their scope
of inference and ability to detect general trends in the relation-
ship between management regime and forest structure across
treatments. In addition, effects of several different manage-
ment regimes such as various thinning treatments on the rela-
tionship between forest structure and tree growth have only
rarely been studied over longer, multi-year time periods to our
knowledge (Pretzsch 1998; Crecente-Campo et al. 2009).

This study aimed at further evaluating the relationship be-
tween forest structure and stand dynamics by applying several
detailed measures of growth pattern and stand complexity
including spatial statistics of structural heterogeneity. Using
10-year measurements from a well-replicated, fully stem-
mapped commercial thinning experiment across the Acadian
Forest in northern Maine, USA, we sought to answer the fol-
lowing research questions: (1) How do various thinning treat-
ments modify stand structural heterogeneity and the spatial
arrangement of trees compared to a non-thinned control? (2)
How do potential changes in forest structure correlate with
overall stand and individual tree growth? (3) How do forward-
er trails as an additional structural feature of commercially
thinned stands influence post-treatment individual tree
growth?

The expected findings were that the range of thinning treat-
ments would create distinctive spatial patterns within each
stand, modify growth pattern at the tree and stand level, and
in conjunction with the newly created forwarder trails poten-
tially trigger new dynamics in forest structure and tree growth
over the course of the 10-year study period. More specifically,
we hypothesized that (1) thinning operations aimed at the
removal of intermediate and suppressed trees will lower struc-
tural heterogeneity irrespective of thinning intensity and time
since thinning (Soares et al. 2017), (2) thinning activities
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focused on harvesting dominant and co-dominant trees reduce
post-treatment size variability but the more aggregated post-
thinning tree distribution pattern and increasingly variable
growth rates among the small residual trees lead to higher
structural heterogeneity in the longer term (Rozas et al.
2009), and (3) thinning operations that release dominant trees
by removing co-dominant competitors promote higher levels
of structural heterogeneity in the longer term (Pretzsch 1998).

2 Material and methods

2.1 Study sites and experimental design

We used six study sites of the Commercial Thinning Research
Network (CTRN), which was initiated by the University of
Maine’s Cooperative Forestry Research Unit in the early
2000s. The CTRN study was implemented in naturally regen-
erated mixed red spruce (Picea rubens Sarg.)-balsam fir
(Abies balsamea [L.] Mill.) stands of the Acadian Forest
Region of Northern Maine to study the response of forest
stand growth to commercial thinning (Kuehne et al. 2016).
Low densities of white pine (Pinus strobus L.), eastern hem-
lock (Tsuga canadensis (L.) Carrière), or northern white cedar
(Thuja occidentalisL.) also occurred in each stand. The stands
covered a range of site conditions typical of the region. Soils
were generally podzols with glacial till and alluvium as parent
material and a mix of drainage classes that ranged from poorly
to well drained. Elevation varied between 147 and 652 m
above sea level, and mean annual temperature and mean an-
nual precipitation were 2.8–5.0 °C and 1046–1185 mm, re-
spectively. The resulting site index (red spruce top height at
the age of 50 years) ranged from 13 to 22 m (Online Resource
1).

Stands were between 32 and 68 years old when commer-
cial thinning treatments were applied from autumn 2000
through to autumn 2002. None of the stands had been thinned
before the study was initiated. Pre-treatment basal area and
spruce-fir proportion ranged from 32 to 56 m2 ha−1 and from
34 to 99%, respectively (Online Resource 1). The experimen-
tal design was a randomized complete block with seven treat-
ments and six replications, with the six study sites serving as
blocks. Permanent 26.6 × 30.5 m (0.08 ha) research plots were
established in the center of each of the seven 61 × 61 m
(0.37 ha) treatment plots on each study site, and treatments
were randomly assigned (Kuehne et al. 2016). In addition to a
non-thinned control, thinning treatments included a factorial
combination of thinning method (low, dominant, or crown)
and intensities. The latter was assessed by the level of relative
density (ratio of stand density index (SDI) and maximum SDI;
Long 1985) reduction (33 or 50%). The low and dominant
thinning treatments were defined as the removal of trees be-
ginning at the lower or upper end of the diameter distribution,

respectively, until the target reduction in relative density was
achieved. In the crown thinning treatment, crop trees were
selected at approximately one third average tree height apart,
and then, dominant and co-dominant competitors around each
crop tree were harvested until desired residual density was
reached.

Except for the non-thinned control, a 4-m-wide forwarder
trail ran through the center and parallel with the shorter width
of each research plot. Since forwarder trails were created ap-
proximately every 30 m, ghost trails used by the operating
harvester only and running parallel with and at a distance of
8–10 m on each side of a forwarder trail also became part of
the research plots.

All residual trees in each research plot were mapped by
determining the x-y coordinate location of each living tree
taller than breast height (1.3 m) after the commercial thinning
treatments were completed. The diameter at breast height
(DBH, cm) of all mapped trees was measured on an annual
basis starting in the first year after the thinning and for
10 years. Tree data collected immediately after the thinning
were not available.

2.2 Analytical approach

2.2.1 Differences in stand structural heterogeneity
and variation in annual DBH growth

To study the relationship between overall stand structural het-
erogeneity and growth variability at the individual tree level,
we calculated the spatially explicit structural complexity index
(SCI, Zenner and Hibbs 2000). SCI is a measure of the vertical
size differentiation and horizontal spatial positioning of trian-
gles formed by considering x, y, and z coordinates of neigh-
boring trees. The three-dimensional space is based on x and y
coordinates of individual tree locations, and a selected mea-
sured individual tree characteristic such as total height or DBH
used as the z variable. By connecting three adjacent points
(trees) in the x, y, z space, a triangular surface is generated.
When extended across a stand of trees, a network of non-
overlapping triangles forms a continuous faceted surface
(Zenner 2000). SCI is the ratio of the continuous faceted sur-
face, and the projected areas of the triangles forming the fac-
eted surface and calculated as follows:

SCI ¼ SCIP
ATP

where SCIP ¼ ∑
N

k¼1

1

2
ak � bkj j ð1Þ

where k = 1,. .., N is the number of triangles in the research
plot P, and |ak × bk| is the absolute value of the vector product
of the vectorABwith coordinates ak = (xb xa, yb ya, zb za) and
the vector AC with coordinates bk = (xc xa, yc ya, zc za)
(Zenner 2000). A graphical depiction of the approach is pro-
vided in Zenner (2000). SCI has a minimum value of 1 when
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all trees have the same size, regardless of spatial pattern, and
has no upper bound (Kuehne et al. 2015). In order to calculate
SCI as a means to quantify spatial variability in individual tree
size and growth, we used stem DBH and annual basal area
increment (ΔBA, cm2 year−1), i.e., absolute growth rates. The
programming software R version 3.3.1 (R Core Team 2016)
and the “tri.mesh” function of the “tripack” package (Renka
et al. 2016) were used to create the Delaunay triangulations.
To improve interpretability and to effectively capture both the
immediate and longer term response, SCI was averaged over
the first 3 (1 to 3) and the last 3 years (8 to 10 years after
thinning) of the study.

2.2.2 Spatial distribution of trees and spatial correlation
of tree attributes

Contemporary spatial statistics have increasingly relied on
second-order functions that depend on distances between all
point locations in a point pattern instead of simple indices that
are often based on limited nearest-neighbor data (Szmyt
2014). The two-dimensional arrangement of trees in a fully
stem-mapped forest can be interpreted and hence analyzed as
a realization of a spatial point pattern. Combining tree loca-
tions with individual tree attributes such as species or DBH
creates spatial marked point patterns and allows interactions
between trees to be identified (Penttinen et al. 1992). Avariety
of second-order summary characteristics exists to characterize
and evaluate spatial point patterns and spatial marked point
patterns. Here, we calculated several of these functions to gain
further insights into the relationships between forest structure
and growth. For this portion of the analysis, we focused on the
50% relative density reduction-level treatments because pre-
liminary result indicated similar outcomes for the 33% reduc-
tion (less intense thinning treatments).

First, we evaluated horizontal tree distribution patterns
using pair correlation functions. A pair correlation function
g(r) is an inter-tree distance-dependent summary statistic that
identifies the tree-to-tree distance r at which deviations from
complete spatial randomness (Poisson distribution, g(r) = 1)
occur and whether these deviations indicate clumping
(g(r) > 1) or regularity (g(r) < 1) (Stoyan and Penttinen
2000). We then evaluated spatial differences between tree
DBH using mark variograms. A mark variogram γm(r) is a
summary statistic for marked point patterns that helps in
highlighting deviations from independence (no autocorrela-
tion, γm(r) = mark variance) occurs, and whether these devia-
tions indicate positive (similarity, γm(r) < mark variance) or
negative autocorrelation (dissimilarity, γm(r) > mark variance)
(Stoyan and Penttinen 2000). Large γm(r) values, for example,
reveal high mark diversity at the tree-to-tree distance r, i.e.,
large differences in DBH between neighboring trees
(Pommerening and Särkkä 2013).

All g(r) and γm(r) functions were derived for individual
treatment plots and then pooled to obtain mean functions for
each treatment (Crecente-Campo et al. 2009). Using a step
width of 0.25 m, we gradually increased r from 0 to 10 m to
estimate all g(r) and γm(r) functions with the R package
“spatstat” (Baddeley et al. 2015). A comparatively low kernel
bandwidth of 0.5 was used for the estimation of g(r) to better
reflect differences between treatments. The kernel bandwidth
is a smoothing parameter that defines how much detail is
displayed in the derived functions.

2.2.3 Change of growth dominance over time

To further gain insights into the dynamics of treatment-
induced growth patterns at the stand level, we calculated the
growth dominance statistic GD, which is a measure that de-
tects and quantifies whether the larger or the smaller trees of a
forest stand dominate total stand growth (Binkley et al. 2006).
In mathematical terms, GD refers to the cumulative propor-
tional contribution to stand growth by individual trees in rela-
tion to the cumulative proportional contribution of the sizes of
those trees (West 2014). The calculation of GD requires the
arrangement of trees in ascending order of size and results in
values ranging between − 1 and 1 with GD values of 0 indi-
cating no growth dominance, i.e., proportional contributions
of each tree are the same for size as for increment. GD values
greater than 0 signal growth dominance of larger trees (i.e.,
contribution to stand total growth by larger trees is greater than
their contribution to stand total size), whereas negative GD
values signal growth dominance of smaller trees (“reverse
growth dominance”). Here, we used the numerical integration
approach as in Eq. 2 in West (2014) to calculate GD with BA
andΔBA as tree size and tree growth measures, respectively:

GD ¼ 1− ∑
n

i¼1
si−si−1ð Þ � di þ di−1ð Þ ð2Þ

where si refers to tree sizes expressed as the cumulative pro-
portions they make of plot-specific total size with

si ¼
∑i

j¼1BAj

∑n
j¼1BAj

ð3Þ

di refers to tree growth expressed as the cumulative propor-
tions they make of plot-specific total growth with

di ¼
∑i

j¼1ΔBAj

∑n
j¼1ΔBAj

ð4Þ

and n is the number of trees per plot. To improve interpret-
ability, GD was averaged over the first 3 (1 to 3) and the last
3 years (8 to 10 years after thinning) of the study. Again, this
should help to capture the immediate and longer term response
to thinning.
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2.2.4 Effect of forwarder trail on basal area growth

To examine the effect of forwarder trails on individual tree
ΔBA, we calculated the distance from each live tree to the
forwarder trail (TDIST) using tree x-y coordinates. The effect
of TDIST was first evaluated using a linear mixed-effects
ANOVA and the “lme” function of the R package “nlme”
(Pinheiro et al. 2016) and included DBH, species (balsam
fir, red spruce), time since thinning, thinning treatment, as well
as the interactions of TDIST with time since thinning and
treatment, respectively, as fixed effects and CTRN sites as
random effects. Because of the variation in stand age and site
quality among the studied CTRN locations, the response var-
iable ΔBA was relativized and transformed to percentage of
species- and site-specific basal area growth of the respective
control treatment (RelΔBA). Based on the outcome of the
ANOVA, we further analyzed the TDIST and RelΔBA rela-
tionship to detect potential differences between species and
treatments. Prediction performance of various model forms
was preliminary assessed using the Akaike information crite-
rion (AIC) as evaluation statistic with the logarithmic function
resulting in the greatest prediction accuracy. Consequently,
using the function nlme of the R package nlme, treatment-
as well as species-specific non-linear mixed-effects models
with CTRN locations treated as random effects of the follow-
ing form were used to further examine the relationship:

RelΔBA ¼ aþ b� ln TDISTð Þ ð5Þ
where a and b are estimated fixed parameters of the logarith-
mic function, and all other variables are described above. To
improve interpretability and reliability, the models were de-
rived using pooled data of the first 3 (1 to 3) and the last 3 years
(8 to 10 years after thinning) of the study.

3 Results

3.1 Overall influence of thinning treatments

All commercial thinning treatments substantially reduced mean
absolute stem density, and density further decreased between
the first- and 10-year measurements (Table 1). Independent of
the CTRN location, total post-treatment tree mortality over the
course of the 10-year study was especially high in the crown
and dominant thinning treatments averaging between 36 and
62% (Online Resource 2). In the control and low thinning
treatments, mean cumulative mortality varied between 10 and
29% with the thinned plots exhibiting lower mortality rates on
average. Across locations and treatments, no excessive mortal-
ity events were observed, and thus, mortality occurred contin-
uously throughout the study period. In contrast to the control,
where just 11% of all tree mortality was caused by wind storms Ta
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on average, approximately 50% of all dead trees in the thinning
treatments were either uprooted or snapped. Using first-year
post-treatment data, plot-specific quadratic mean diameter
(QMD) of dead trees were mostly smaller in comparison to
QMD of live residual trees (Online Resource 3). In addition,
pair correlation functions indicated random (control, dominant
thinning) or regular spatial distributions of dead trees (low thin-
ning) for the majority of treatments (Online Resource 4). Dead
trees in crown thinning plots, however, appeared to be spatially
clustered at inter-tree distances of 2 to 4 m.

Thinning in conjunction with post-treatment mortality had
a strong influence on diameter distributions, particularly with
the crown and low thinning treatments (Fig. 1). Consequently,
mean DBH was higher in the crown and low thinning treat-
ments by approximately 20 and 50%, respectively. In contrast,
mean ΔBA increased by at least 30% in all thinning treat-
ments when compared to the control (Table 1). Differences
in DBH and ΔBA between thinned and non-thinned treat-
ments either remained at the observed initial levels or further
intensified towards the end of the study. Differences between

the 33 and 50% relative density reduction-level variants of the
same thinning treatment were most evident in meanΔBA and
the low thinning (Table 1). The findings were consistent
across the six CTRN locations.

3.2 Differences in stand structural heterogeneity
and variation in tree growth

Irrespective of method and intensity, thinning reduced stand
structural heterogeneity as reflected in lower DBH-based SCI
when compared to the non-thinned control (Table 2). This was
most evident in the dominant and low thinning treatments.
Variation inΔBA among trees in the different treatments gen-
erally followed trends observed for stand structural heteroge-
neity (Table 2). InitialΔBAvariedmost in the control and was
most homogeneous in the dominant and low thinning treat-
ments, while crown thinning resulted in the most variation in
ΔBA among the thinning treatments.

Stand structural heterogeneity mostly decreased marginally
towards the end of the study except for the two low thinning
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treatments exhibiting slightly higher SCI 8 to 10 years after
thinning (Table 2). A different trend was found for tree growth
variation where heterogeneity in ΔBA increased in all treat-
ments. The observed change in DBH heterogeneity andΔBA
variation was least pronounced in control and low thinning
treatments.

3.3 Spatial distribution of trees and spatial correlation
of tree attributes

The pair correlation function g(r) revealed spatial randomness
in the control treatment 1 year after study initiation, while an
aggregation of trees up to an inter-tree distance of 3 m was
found in the dominant thinning treatments (Fig. 2). Clustering
of trees also occurred in the crown thinning treatment at a
distance between trees of approximately 1 m. However, trees
became more regularly spaced at inter-tree distances of 2 to
3 m. Regularity was also observed in the low thinning treat-
ment at inter-tree distances of approximately 4 and 9 m, re-
spectively. Within the 10-year study period, the horizontal tree
distribution patterns changed only marginally. There was a

slightly more clustered tree arrangement in the dominant thin-
ning treatments at small inter-tree distances.

The mark variogram γm(r) depicted a decrease in overall
DBH variance for the dominant and low thinning treatments
compared to the non-thinned control (Fig. 2). Across the 10-
year period, overall DBH variance increased in the crown thin-
ning treatments, where it remained relatively stable in the con-
trol and low thinning treatments. No or weak spatial correlation
was found at the beginning of the study, but spatial patterns
were more evident 10 years after thinning. Negative autocorre-
lation (significant variance in DBH of neighboring trees) up to
an inter-tree distance of 2 to 3 m and weak positive autocorre-
lation (similarity in DBH of neighboring trees) at a distance of
approximately 4 m was observed in the crown thinning. In
contrast, weak negative autocorrelation became evident in the
low thinning treatments at small inter-tree distances.

3.4 Change in growth dominance over time

Despite only marginal absolute differences, trends in GD
showed variation among thinning treatments (Table 3).

Table 2 Mean (± standard error, minimum–maximum) DBH-based stand structural heterogeneity and ΔBA-based tree growth variation in the
different CTRN treatments (n = 6 per treatment) quantified using the structural complexity index (SCI) 1 to 3 and 8 to 10 years since thinning (YST)

Treatment YST Structural heterogeneity (SCIDBH) Growth variation (SCIΔBA)

1–3 8–10 1–3 8–10

Control 5.81 ± 0.08 (5.20–6.40) 5.58 ± 0.07 (5.20–6.13) 4.51 ± 0.17 (3.44–5.85) 4.94 ± 0.19 (3.32–6.45)

33% Crown 4.20 ± 0.19 (3.21–5.69) 4.18 ± 0.21 (2.91–5.68) 4.50 ± 0.35 (2.24–7.93) 5.22 ± 0.34 (2.75–7.67)

33% Dominant 3.47 ± 0.21 (1.99–4.89) 3.37 ± 0.31 (1.78–5.56) 3.81 ± 0.28 (2.56–7.45) 4.86 ± 0.51 (2.47–8.95)

33% Low 3.07 ± 0.15 (2.24–4.25) 3.42 ± 0.16 (2.59–4.73) 4.25 ± 0.24 (2.39–6.04) 5.26 ± 0.36 (2.55–7.47)

50% Crown 4.26 ± 0.17 (2.88–5.41) 3.91 ± 0.24 (2.85–5.87) 4.79 ± 0.33 (2.75–7.81) 5.30 ± 0.38 (2.75–8.28)

50% Dominant 2.76 ± 0.15 (1.94–3.68) 2.49 ± 0.23 (1.58–4.03) 3.82 ± 0.40 (1.72–7.83) 4.73 ± 0.63 (1.65–9.97)

50% Low 2.46 ± 0.07 (1.98–2.97) 2.53 ± 0.10 (2.19–3.47) 4.15 ± 0.24 (2.65–6.17) 4.78 ± 0.31 (3.18–7.45)
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Fig. 2 Estimated mean pair correlation functions g(r) and estimated mean mark variograms γm(r) for DBH (average mark variances are depicted as thin
lines) of CTRN treatments (50% relative density reduction, n = 6 per treatment) 1 and 10 years after thinning
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Initially, comparatively large positive values signaling strong
GD of larger trees in the control further increased in the second
half of the 10-year study period. Irrespective of the level of
relative density reduction, GD of large trees also increased in
the low thinning treatments over time, but was not evident at
the beginning of the study. In contrast, initial GD in larger trees
in the crown and dominant thinning treatments remained stable
or slightly increased over the course of the study, respectively.

3.5 Effect of forwarder trail on tree growth

In addition to DBH, species, time since thinning, and treatment,
forwarder trails also significantly influenced tree basal area
growth quantified as relative percentage of species- and site-
specific basal area growth of the control treatment (RelΔBA)
(Online Resource 5). Regression analysis revealed that
RelΔBA was reduced with increasing distance to trail. This
effect was evident up to approximately 5 m from a trail irre-
spective of treatment and in both examined species with balsam
fir exhibiting higher growth rates compared to red spruce
(Fig. 3). Based on the slopes of the individual regression curves,
the observed effect appeared to be greater in crown thinning
treatments and towards the end of the study. Irrespective of
treatment and species, observed data showed an increase in
RelΔBA at a trail distance of approximately 8 to 9 m.

4 Discussion

4.1 Effect of thinning on forest structure

Our findings revealed that the studied commercial thinning
prescriptions clearly modified forest stand structure relative

to the non-thinned control. Furthermore, variation in the pat-
tern of tree removal among thinning treatments provided ad-
ditional diversity, resulting in structural differences among the
thinning treatments (Fig. 1). Harvesting the majority of small
(suppressed and intermediate) or large (co-dominant and
dominant) trees in the low and dominant thinning treatments,
respectively, lowered structural heterogeneity quantified using
the SCI (Table 2). In contrast, removal of dominant and co-
dominant competitors of crop trees in the crown thinning
treatments maintained higher tree size heterogeneity similar
to the control (Fig. 1 and mean mark variograms γm(r) in
Fig. 2). However, the random horizontal tree distribution pat-
tern in the non-thinned control changed to a more clustered
tree aggregation at small inter-tree distances (0–2.5 m) in the
crown and dominant thinning treatments (mean pair correla-
tion functions g(r) in Fig. 2). On the contrary, a trend towards
a more regular spacing was found in the low thinning treat-
ment (mean pair correlation functions g(r) in Fig. 2).

Thinning clearly increased post-treatment mortality rates
compared to the non-thinned control in the crown and domi-
nant thinning treatments and thus likely influenced the ana-
lyzed metrics and their change during the 10-year study peri-
od. Irrespective of treatment, dead trees were always smaller
in size compared to the individuals still alive at the end of the
study. The observed increase in mean DBH and annual basal
area increment (ΔBA) in all treatments at the end of the study
therefore are at least partly attributable to the observed mor-
tality dynamics. Furthermore, SCI values calculated to quan-
tify stand structure and growth variation could also have been
lowered by higher mortality rates because the measure is re-
lated to stem density (Kuehne et al. 2015). However, we argue
that the derived spatially explicit summary statistics were al-
tered only marginally as a result of post-treatment mortality
because dead trees were mostly randomly or regularly distrib-
uted throughout the research plots (Online Resource 4). Only
the observed clumping of residual trees in the crown thinning
might have been reinforced by post-treatment mortality pat-
terns as dead trees also tended to form clusters at small inter-
tree distances. Species-specific characteristics (shallow
rooting patterns in both of the studied species and proneness
to stem rot in balsam fir) and site specifics such as shallow
soils and a high seasonal groundwater table likely contributed
to the observed mortality levels (Seymour 1992).
Consequently, post-thinning acclimation to higher wind load-
ings as a result of modified stem growth patterns failed to fully
develop and therefore did not lead to improved wind firmness
in all the trees of this study (Mitchell 2000, Bonnesoeur et al.
2016).

The pair correlation functions derived in this study evalu-
ated the entire inter-tree distance range and not just nearest
neighbor pairs allowing for a more detailed spatial analysis
(Kint et al. 2003; Ruiz-Mirazo and Gonzalez-Rebollar 2013).
For example, regularity at inter-tree distances of

Table 3 Change in mean (± standard error, minimum–maximum)
growth dominance GD in the different CTRN treatments (n = 6 per
treatment) 1 to 3 and 8 to 10 after thinning. GD values greater than 0
signal growth dominance of larger trees (i.e., contribution to total stand
growth by larger trees is greater than their contribution to total stand basal
area), whereas negative GD values signal growth dominance of smaller
trees and GD values of 0 indicate no growth dominance, i.e., proportional
contributions of each tree are the same for basal area (size) as for basal
area increment (growth)

Treatment Years after thinning

1–3 8–10

Control 0.15 ± 0.02 (0.04–0.30) 0.19 ± 0.02 (0.06–0.36)

33% Crown 0.11 ± 0.02 (0.02–0.25) 0.10 ± 0.02 (− 0.04–0.28)

33% Dominant 0.09 ± 0.02 (− 0.05–0.25) 0.12 ± 0.02 (− 0.04–0.29)

33% Low 0.01 ± 0.03 (− 0.21–0.19) 0.10 ± 0.02 (− 0.12–0.23)

50% Crown 0.06 ± 0.02 (− 0.06–0.21) 0.07 ± 0.03 (− 0.18–0.34)

50% Dominant 0.05 ± 0.03 (− 0.13–0.31) 0.13 ± 0.03 (− 0.18–0.36)

50% Low − 0.04 ± 0.02 (− 0.13–0.14) 0.09 ± 0.02 (− 0.05–0.23)
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approximately 2 to 4 m in the crown and low thinning
depicted the more uniform spacing of dominant and co-
dominant trees released in these treatments (Pretzsch 2009).
Thinning also changed spatial tree size diversity and thus tree
size composition at the tree neighborhood level reflecting the
differences in size and crown class of trees selected and har-
vested in the various thinning treatments. This effect was most
apparent with crown thinning where negative autocorrelation
(high DBH diversity) signaled close proximity of small and
large trees at low to intermediate inter-tree distances (mean
mark variograms γm(r) in Fig. 2). In contrast, the control and
dominant thinning treatments exhibited little if any tree size

diversity in neighboring trees. Overall, these findings are in
agreement with the initial hypotheses and results of previous
studies (Pretzsch 1998; Montes et al. 2004).

4.2 Effect of thinning on forest growth

Mean ΔBA in the low thinning treatments were among the
highest measured in our study, likely a result of the pre-
thinning dominant and co-dominant status of residual trees,
as well as their relatively uniform spacing (Table 2 and mean
pair correlation functions g(r) in Fig. 2). The non-thinned
control, by contrast, exhibited the lowest ΔBA because of
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high stand density and a large number of intermediate and
suppressed trees (Fig. 1). Relatively minor changes in ΔBA
in the control and low thinning as compared to crown and
dominant thinning treatments likely were a result of the initial
(post-treatment) stand structures that allowed no dynamic in-
teractions among neighboring residual trees. Since no, or a
very limited number of, dominant and co-dominant trees were
removed, respectively, and post-treatment mortality levels
were comparatively low, hardly any growing space became
available in the upper canopy. Consequently, the observed
initial stand structures remained fairly stable over the 10-
year study period, as reflected in the low and only slightly
changing stand structural heterogeneity in these treatments
(mean mark variograms γm(r) in Fig. 2). This finding is again
in agreement with our initial hypotheses and a previous study
(Crecente-Campo et al. 2009).

In contrast, different stand structural development was ev-
ident following crown and dominant thinning treatments
where growth rates increased substantially in relative terms
towards the end of the study. The rapid and distinct change
in ΔBA indicates that crown and dominant thinning-induced
changes in larger DBH size classes modified the competitive
status and likely the vigor of most residual trees in these treat-
ments (Fig. 1). Exploiting more resources as a result of lower
competition and newly available growing space eventually
triggered growth acceleration in the released residual trees as
reflected in higher ΔBA at the end of the study period. In
addition, higher stem taper as a result of greater exposure to
wind and related mechanical stress may have also contributed
to the observed trend (Gardiner et al. 1997).

Commercial thinning-induced patterns of individual tree
growth also influenced, and thus were reflected in, stand-
level GD of each treatment (Table 3). Although differences
between treatments as well as changes over time were often
small, several trends were evident. Large dominant trees
accounted for the majority of stand growth (cumulative
DBH growth) in the control and crown thinning treatments.
This finding was consistent with the distinctive canopy strat-
ification reflected in high DBH heterogeneity (Table 2). GD
was therefore mainly driven by disproportionally low relative
growth rates of intermediate and suppressed trees caused by
strong size-asymmetric inter-tree competition (Barnes et al.
1998, Weiner et al. 2001).

GD in the dominant thinning slightly increased over time.
This is in agreement with the observed substantial increase in
ΔBA variation reflecting greater growth rates, most likely in
some of the larger released individuals in the dominant thin-
ning treatments (Tables 2 and 3). Previous studies have shown
the size dependence of the growth response in shade-tolerant
understory trees or advance regeneration released from strong
overstory competition with taller individuals exhibiting a
more pronounced and often more rapid increase in growth
rates (e.g., Claveau et al. 2006).

In contrast, growth rates of the more evenly spaced
former dominant and co-dominant residual trees of the
low thinning treatments resulted in the lowest GD values
of any treatment. This suggests comparable growth rates
across all residual trees especially at the beginning of the
study, which was not as clearly reflected in variation of
ΔBA quantified using SCI (Table 3). Ten years after the
thinning, however, reoccurring or strengthened inter-tree
competition in the retained, and thus mostly intact upper
canopy, likely caused changes in resource allocation lead-
ing to higher variation in relative growth rates and thus
the obse rved bu t unexpec t ed inc rease in GD.
Nevertheless, our findings of mid-term changes in GD
have been partly verified in previous studies where simi-
lar trends were reported for non-thinned control and low-
thinning treatments (Bradford et al. 2010; Keyser 2012).

4.3 Effect of forwarder trails

Forwarder trails added another structural element to the forest
structures modified by commercial thinning prescriptions.
Irrespective of thinning treatment and tree species, trails had
a beneficial effect on the relative basal area growth (RelΔBA)
of individual trees up to 5 m from the trail (Fig. 3). However,
the observed effect became more pronounced towards the end
of the study when trees had adjusted to and were fully capable
of exploiting the improved growing conditions created in
close proximity of the forwarder trails. Increased tree growth
(DBH, basal area, volume) has also been reported in other
studies analyzing the effect of linear clearings including hydro
lines and built roads (e.g., McCreary and Perry 1983;
Stempski and Jabłoński 2014). As in our study, the observed
effect was often restricted to distances ranging between 3 and
5 m from the trail edge (see overview in Bowering 2004;
Mäkinen et al. 2006).

In contrast to the regression analysis used in our study,
previous studies often categorized distance to road or clearing
and thus investigated growth response in pre-defined zones.
This approach may not have allowed the detection of fine-
scale differences in tree growth at greater distances from the
trail edge. As a result of our approach, for example, we found
an additional and spatially limited peak in observed growth
rates at a trail distance of about 8 to 9 m, which most likely
was caused by ghost trails created during thinning in the in-
terspaces between forwarder trails (Boivin-Dompierre et al.
2017). The lack of clear differences in magnitude and exten-
sion of the trail effect among treatments is at least in partial
disagreement with findings from a previous study (Van Laar et
al. 1990 in Bowering 2004). Therefore, our findings may in-
dicate that growing conditions in proximity of the trail were
not merely improved by increased radiation levels (Wallentin
and Nilsson 2011).
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5 Conclusions

This is one of the very first studies that used a strongly repli-
cated and multi-treatment thinning experiment as well as a
number of detailed stand- and tree-level metrics to evaluate
the effects of various silvicultural manipulations on forest
structure and growth pattern over the longer term. Applying
sophisticated measures and statistics used in this study helped
to uncover and better quantify the dynamic effects of commer-
cial thinning on forest structure as well as their long-lasting
influences on observed tree and stand growth patterns (Hui
and Pommerening 2014).

Overall changes in forest structure and growth observed in
our study highlight the interrelationship of forest manage-
ment, stand structure, and tree growth (Pretzsch et al. 2015).
As management activities manipulate stand structure, individ-
ual tree growth patterns are altered at the same time. The
resulting ongoing alterations in tree morphology, size, and
mortality affect the observed stand dynamics and in turn the
constantly changing forest structure and its substantial impact
on small-scale growing conditions (Suzuki et al. 2008, Bayer
et al. 2013). Although potentially confounded by high post-
treatment mortality rates in some of the thinned stands, our
findings therefore vividly validate an earlier insight according
to which interactions between management practices, forest
structure, and tree growth form a permanent feedback loop
(Pretzsch 2009).

The influence of forwarder trails in thinning experiments
has probably not received the attention it deserves given our
findings here. Given the complexities of thinning, continued
investigation using the various measures used in this analysis
is recommend for other species and forest types.
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