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Forest management is vital to the growth and development of trees at different 
stages. However, comprehensively capturing tree attributes to determine the 
response to management remains a major challenge. Therefore, this study utilized 
TLS technology to probe forest structure information, explore the effects of TLS 
on stem diameter, and develop the most appropriate taper model to reveal how 
thinning management affects the stem size and form of larch during SIS and SES. 
Larch plantations aged 16 and 26 years were subjected to different intensities of 
thinning treatments, and 3D structural information of the stems was measured 
via TLS in the 7th year after the intervention. In present study, age and thinning 
intensity were used as dummy variables to reduce modeling costs and taper 
models were developed to reflect the stem shape. ANOVA was applied to assess 
differences in tree attributes (slenderness, stem taper, form factor at breast height, 
and form quotient) among the different thinning treatments. The results showed 
that the ability of TLS to measure stem diameter information was related to 
forest conditions, and the effect of the SES with low stand density and large stem 
diameters was greater than that of the SIS with complex understory conditions 
and small stem diameters (with 70% of the stem diameter captured in the SIS 
and 80% in the SES). During the SIS, plants were more sensitive to thinning, 
and their diameter growth efficiency was significantly greater than that during 
the SES. Thinning promoted trunk growth in the bottom part and intermediate 
section compared to that in the unthinned plots. The average DBH increased with 
increasing thinning intensity, while slenderness exhibited the opposite pattern. The 
responses of TH and form factor at breast height to thinning were not significant, 
but they were age dependent. Since TLS has difficulty capturing the diameter of 
canopy height, the Kozak variable-exponent taper equation is more suitable for 
modeling stem forms, and setting age as well as thinning intensity as dummy 
variables is an efficient modeling method. Overall, TLSs can be used for measuring 
long-term tree responses after intervention to efficiently support nondestructive 
forest inventories and management.
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1 Introduction

Stem form is an important factor affecting wood quality and yield, 
and improving it can help increase forest harvest and wood utilization 
efficiency. Stem form is influenced by genetics (Li et al., 2012; Morley 
and Little, 2012), stand density (Mäkinen and Isomäki, 2004; Jacobs 
et al., 2020; Hirigoyen et al., 2021), site characteristics (Larson, 1963; 
Jacobs et al., 2020), social status (Mette et al., 2015), climatic factors 
(Nigh and Smith, 2012; Liu et al., 2020; Rais et al., 2021), silvicultural 
management (Zhao et al., 2022b), and other factors. Generally, the 
slenderness, stem taper, form factor at breast height, form quotient 
and trunk curve model are used to characterize stem shape (these 
terms are described in Table 1). In forest production, treatments such 
as thinning (Saarinen et al., 2020; Wagle et al., 2022; Benedetti-Ruiz 
et al., 2023), pruning (Beadle et al., 2007; Alvarez et al., 2013) and 
fertilization (Teste and Lieffers, 2011; Zhao et al., 2011) are used to 
improve the quality of the forest and change the shape of the trunks. 
In particular, thinning controls stand density, changes forest spatial 
structure, reduces competition between trees, and provides trees with 
more growing space (Zhao et al., 2014; Saarinen et al., 2020).

Thinning is an important measure in forest operation and 
management that directly affects the growth and development of trees 
along with the establishment of stand growth models. The purposes 
of thinning are to improve stand conditions, reduce competition 
among trees, and allow the remaining trees to receive more light, more 
favorable temperatures, soil nutrients and water, thereby promoting 
the growth of individual trees and improving forest quality (Yu et al., 

2017; Forrester, 2019; Giana et al., 2023). Forests with high canopy 
density will undergo self-thinning; however, self-thinning does not 
progress toward timber forests; therefore, human intervention is 
particularly important. Studies have shown that for trees during the 
stand initiation and stem exclusion stages, thinning promotes the 
growth of diameter at breast height (DBH), tree height (TH), volume, 
stand basal area, and storage and causes suppressed trees to recover 
rapidly (Saarinen et al., 2020; Benedetti-Ruiz et al., 2023; Lehtonen 
et al., 2023). Slenderness serves as a measure of tree stability, and trees 
with smaller slenderness values are expected to be  more robust 
(Kontogianni et al., 2011; Albrecht et al., 2012; Wang et al., 2023). 
Species in larch plantations are isolated and have increased 
vulnerability to risks such as winds, snow, and pests. Thinning reduces 
the slenderness of forests (Tasissa and Burkhart, 1998; Pape, 1999; 
Morley and Little, 2012; Jacobs et al., 2020), enhances their ability to 
resist natural disasters, and improves forest health (del Río 
Gaztelurrutia et  al., 2017; Liu et  al., 2020; Saarinen et  al., 2020). 
Benedetti-Ruiz et al. (2023) reported in their study on adult chestnut 
plantations that the largest increase in DBH occurred in the third year 
after thinning, and after 5 years, the effect of thinning on tree growth 
decreased significantly. Compared with unthinned forests, thinned 
forests have advantages, increasing the economic value of forests and 
improving their stability (Newton, 2022). However, differences in the 
response of larch to thinning and its stem form during the stand 
initiation and stem exclusion stages have rarely been reported.

Some studies have shown that the DBH, basal area, and volume 
increase with increasing thinning intensity and that the slenderness 
decreases with increasing thinning intensity (Mäkinen and Isomäki, 
2004; Saarinen et al., 2020). With the development of thinning, the 
stem taper width, crown width and height of the tree crown base 
(HCB) also increased gradually. In addition, differences in stem 
tapering were also found to be related to tree age (Pape, 1999; Mäkinen 
and Isomäki, 2004). However, no previous studies have investigated 
the effects of the stand initiation and stem exclusion stages on 
tapering. Conflicting results have been published on the response of 
thinning to the growth of individual trees of different relative sizes, as 
they often ignore the effects of age factors (Muhairwe, 1994; Karlsson, 
2000; Mäkinen and Isomäki, 2004). The growth dominance of 
thinning plots was shown to be greater than that of unthinned plots, 
but the stand growth efficiency exhibited the opposite trend (Qu et al., 
2022). Heavy thinning results in a significantly faster increment of 
individual trees but produces more large stems, leading to poorer stem 
shape and decreases in forest biomass and stock, reducing forest 
quality (Mäkinen and Isomäki, 2004). Although progress has been 
made, the most appropriate thinning intensity for larch in the stand 
initiation and stem exclusion stages, as well as whether the response 
of stands in both age groups to thinning is consistent, is still unknown.

The taper equation, also known as the stem curve equation, 
describes the degree to which the stem diameter gradually decreases 
with increasing height. It provides a complete indication of the shape 
of the entire tree trunk and can be used to calculate volume and compile 
a table of timber yield (Meng, 1982; Kozak, 2004). The taper model is 
an important approach for describing stem shape and calculating 
commercial timber. Traditionally, the taper model is established by 
felling trees, but this often consumes considerable manpower and 
material resources and is dangerous. Determining accurate stem form 
factors is challenging because information on tree height and upper 
stem diameter is difficult to obtain. In recent years, terrestrial laser 

TABLE 1 Description and units of nomenclature used in this paper.

Nomenclature (Units) Description

DBH (cm) Diameter at breast height

TH (m) Total tree height

Volume (m3)

Calculated by numeric integration of 

the Kozak (2004) dummy variable 

model

d (cm) Diameter at height h

h (m) Stem height from the stump

q h/TH, Relative height

d0 (cm) Diameter at stump height

d0.5 (cm) Diameter at 50% of tree height

h0 (m) Stump height, 0.1 m

Slenderness TH/DBH

Stem taper (d0 − d0.5)/(1/2 * TH − h0)

Form factor at breast height
Volume/(basal area at breast height * 

TH)

Form quotient Diameter at 50% of tree height/DBH

SIS Stand initiation stage

SES Stem exclusion stage

CK Control check

L Light thinning

M Moderate thinning

H Heavy thinning

https://doi.org/10.3389/ffgc.2025.1418334
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Li et al. 10.3389/ffgc.2025.1418334

Frontiers in Forests and Global Change 03 frontiersin.org

scanning (TLS) has been widely used in forestry investigations due to 
its high precision, high efficiency and nondestructive nature (Zhang 
et al., 2022; Bornand et al., 2023). TLS can be used to capture detailed 
3D information about stands and individual trees and provide 
nondestructive measurements of DBH, TH, crown, basal area, volume 
stocks, biomass and carbon storage (Jacobs et al., 2020; Bogdanovich 
et al., 2021; Li S. et al., 2021; Abegg et al., 2023). According to the report 
of Stovall (Stovall et al., 2023), TLS can estimate stem diameter to an 
average of 15.7 m above ground. Similarly, Li et al. (2023) indicated that 
it could capture the upper stem diameter to 75% of the relative height. 
Saarinen et al. (2020) used TLS to assess the effects of thinning on the 
stem growth allocation of individual trees and revealed differences 
between stem form and tree size. Sun et al. (2016) and Li D. et al. (2021) 
used TLS data to establish a taper model. Although previous studies 
have shown good results, no detailed information has been obtained on 
how thinning intensity in the context of TLS data affects stem shape 
and size during the stand initiation and stem exclusion stages. This 
study assumes that the response of the thinning effect in larch remains 
consistent during the stand initiation and stem exclusion stages.

The present study adopted TLS technology to capture three-
dimensional structural information on the stand initiation and stem 
exclusion stages of larch (Larix olgensis Henry) under different 
thinning intensities in a nondestructive manner, with three main 
objectives: (A) the use of TLS in estimating upper stem diameters for 
Larix olgensis, larch species in other regions, other coniferous tree 
species, and stand initiation and stem exclusion stages; (B) the use of 
TLS in building taper models and computations of tree form indices 
similar for Larix olgensis and larch species, coniferous tree species; and 
(C) the use of thinning effects on tree form indices similar for Larix 
olgensis and larch species. The following notations (Table  1) will 
be used throughout the remainder of this paper.

2 Materials and methods

2.1 Study site and data acquisition

The study site is in Heilongjiang Province, Northeast China 
(45°03′29″–45°58′30″N, 129°41′50″–130°34′20″E). The average 
annual temperature is 2.7°C, the altitude is 400–600 m, and the 
average annual precipitation is 580 mm. The forests of the study area 
mostly covered by conifer plantations along with few broad leave 

species. The larch plantations were established in 1990 and 2000. In 
2008, 18-year-old plantations were thinned, with an average plant 
intensity of 60%. Thinning treatment was performed on 16- and 
26-year-old larches in spring 2016, and 0.06 ha (20 m × 30 m) of 
sample plots were set in each thinned area. The 26-year-old stem 
exclusion stage larch was thinned to three intensities (light thinning: 
20% of the plant density was removed; moderate thinning: 35% of the 
plant density was removed; heavy thinning: 50% of the plant density 
was removed), the 16-year-old stand initiation stage larch was thinned 
to two intensities of thinning (light thinning: 20% of the plant density 
was removed; moderate thinning: 35% of the plant density was 
removed), and a control group was set up, that is, 0% of the plant 
density was removed (Peng et al., 2018). Two sample plots were set for 
each thinning treatment in both age groups, for a total of 14 sample 
plots. The DBH, TH and crown width of all trees in the plots were 
measured, and the relative position of each tree was also recorded.

All sample plots were measured in 2022, with stand ages of 22 years 
(stand initiation stage) and 32 years (stem exclusion stage). The 
summary statistics of the trees for the DBH and TH at each thinning 
intensity for both ages are shown in Table 2. This study used the RIEGL 
VZ-400i terrestrial laser scanning system to capture data from thinning 
plots. Each plot scans five positions, that is, one station set at the center 
of the plot and four stations set at the corner of the rectangle. Then, this 
study selected typical representative trees of average size near each 
sample plot, felled them and performed stem analysis (destructively 
sampled), measured their DBH, TH, and stump diameter, and measured 
their diameter at relative heights of 2, 4, 6, 8, 10, 20, 25, 30, 40, 50, 60, 70, 
75, 80, and 90%. These positions refer to Li D. et al. (2021). The point 
cloud data captured by TLS were coregistered and preprocessed using 
RISCAN PRO software, and then outliers were removed from the 
LiDAR360 software. An improved progressive triangulated irregular 
network densification filtering algorithm was implemented to classify 
ground points (Zhao et al., 2016). To remove the effects of topographic 
relief on the elevation of the point cloud data, this study performed 
normalization by ground points. Finally, tree segmentation was 
performed using the comparative shortest-path algorithm (CSP). The 
CSP algorithm consists of two steps, namely, trunk detection and 
subsequent crown segmentation (Tao et  al., 2015). There are some 
phenomena of incorrect segmentation and omission in the process of 
tree segmentation. This study extracted the trunk diameters at 0.1 m and 
1.3 m and each relative height for the correctly segmented trees in the 
plots. These diameters were fitted using the least squares algorithm 

TABLE 2 Descriptive statistics of the larch dataset.

Age group Treatment DBH (cm) TH (m)

Mean Min Max SD Mean Min Max SD

SIS

CK 11.37 5.2 19.4 2.82 14.03 6.2 19.7 2.10

L 13.37 5.5 22.8 3.42 13.65 6.4 18.7 2.35

M 13.68 6.7 22.0 3.24 12.54 4.2 19.2 2.61

SES

CK 17.71 7.9 25.6 4.10 18.58 9.4 26.8 2.28

L 19.23 10.5 27.1 3.23 19.66 10.8 23.6 2.14

M 19.87 10.6 26.6 3.73 19.53 13.4 23.9 2.15

H 20.90 10.5 29.5 3.93 20.02 11.9 23.9 2.58

DBH is the diameter at breast height; TH is the total tree height; Min is the minimum; Max is the maximum; and SD is the standard deviation. SIS = stand initiation stage; SES = stem 
exclusion stage; CK = control check; L = light thinning; M = moderate thinning; H = heavy thinning.
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defined by the software itself at each target position of the stem (for 
example, the 1.3 m point cloud height is 1.2–1.4 m, with a buffer height 
of 20 cm) (Figure 1). For the detailed process, please refer to https://
www.lidar360.com/archives/9428.html. This study used 14 destructively 
sampled larch trees to verify the effect of TLSs on stem diameter 
measurements at different heights. The identification precision is used 
to check the reliability of the TLS data, which is calculated based on 
Equation 1. After removing anomalous data, such as dead trees, 
nontarget trees, and TLS point clouds missing trees, this study used 880 
trees for modeling analysis in thinning plots. This study was conducted 
in August, when all vegetation was under leaf-on conditions.

 

   
1 100%

  
 − 

= − × 
 

TLS measured value Field measured value
Precision

Field measured value  
(1)

2.2 Taper models and tree trunk variables

In this study, four highly accurate taper equations were used to 
simulate the stem shape of larch at each thinning intensity in the stand 
initiation and stem exclusion stages: Max and Burkhart (1976) 
[abbreviated as Max and Burkhart (1976)], Fang et  al. (2000), Bi 
(2000) and Kozak (2004). Max and Burkhart (1976) and Fang et al. 

(2000) are segmented models, Bi (2000) is a trigonometric variable 
form, and Kozak (2004) is a variable-exponent taper equation. The 
basic model form is shown in Table 3.

This study first established taper models for each thinning 
intensity of the stand initiation and stem exclusion stages based on the 
data obtained from the TLS. The SAS PROC MODEL procedure was 
used to fit the model, seemingly unrelated regression (SUR) was used 
to estimate the parameters, and the model with the highest accuracy 
according to the goodness-of-fit statistics was selected as the basic 
taper equation (SAS Institute Inc, 2020).

There may be  some differences in stem form among plants of 
different ages and under different treatments. To improve the generality 
and applicability of the equation, a dummy variable method was used to 
construct a larch taper equation that could consider both age group and 
thinning intensity. Dummy variable processing is a method of treating 
qualitative factors or categorical variables and is widely used in forestry 
modeling (Zeng et al., 2011; Zhao et al., 2022a). For the optimal base 
taper model, a dummy variable S was constructed to represent the two 
age groups (Equation 2), and three dummy variables (P1, P2, P3) were set 
to identify the four thinning treatments (CK, L, M, H) (Equations 3–5):

 

1   
0   

Stem exclusion stage
S

Stand initiation stage


= 
  

(2)

 
1

1 t
0

treatmen L
P

otherwise
=

= 
  

(3)

 
2

1
0

treatment M
P

otherwise
=

= 
  

(4)

 
3

1
0

treatment H
P

otherwise
=

= 
  

(5)

In each thinning treatment of the stand initiation and stem 
exclusion stages, 80% of the samples were randomly selected for 
dummy model fitting, and the remaining 20% of the independent 
samples were used for validation. 

The coefficient of determination (R2, Equation 6), mean square 
error (MSE, Equation 7), root mean square error (RMSE, Equation 8), 
mean error (ME, Equation 9) and mean absolute bias (MAB, 
Equation 10) were used for model comparison and validation.

 

( )22 1
2

1

1
ˆ

=

−
=

−
= −

 
− 

 

∑

∑

n
i ii

n
ii

y y
R

y y
 

(6)

 

( )21
ˆ

1

n
i ii y y

MSE
n

=
−

=
−

∑
 

(7)

FIGURE 1

Single tree points cloud and diameter extraction (taking 1.3 m as an 
example). (A) A larch colored by height (DBH = 23.07 cm, 
TH = 18.52 m); (B) point cloud at the 1.3 m position with a layer 
thickness of 1.2–1.4 m and buffer of 20 cm; (C) rasterized point 
cloud at 1.3 m with a fitted diameter of 0.2307 m.
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( )
0.52

1
1

ˆn
i ii y y

RMSE
n

=
 − =
 −
  

∑
 

(8)

 
( )

1

1 ˆ
n

i i
i

ME y y
n =

= −∑
 

(9)

 1

1 ˆ
n

i i
i

MAB y y
n =

= −∑
 

(10)

where iy  and ˆiy  are the TLS-measured and TLS-predicted diameters at 
different heights, respectively; n is the total number of observations; −y  
is the mean of iy ; and p is the number of estimated parameters in 
a model.

This study directly used the data obtained from the TLS data 
(880 trees) from the thinning plots to calculate differences between 
trunk variables of different thinning intensities, including trunk 
size and form attributes such as DBH, TH, volume, slenderness 

(Equation 11), stem taper (Equation 12), form factor at breast height 
(Equation 13), and form quotient (Equation 14). In general, denser 
stands have greater slenderness and smaller stem tapers, as well as 
more plump trunks. The stem taper refers to the degree to which 
the diameter decreases with increasing height (Li, 2019). Both the 
form factor at breast height and the form quotient disregard the 
influence of tree size, directly revealing changes in stem shape. The 
form quotient is the ratio of the central diameter ( 0.5d ) of the 
trunk to the DBH relative to the form factor, and it can be directly 
measured. In this study, tree volume was calculated via numeric 
integration of the taper model with dummy variables. Analysis of 
variance (ANOVA) and Tukey’s honest significance test were used 
to check for statistically significant differences (p value <0.05) in 
stem size and form attributes between different thinning 
treatments in the stand initiation and stem exclusion stages.

 /Slenderness TH DBH=  (11)

 

( )0 0.5

0

 
1
2

d d
Stem taper

TH h

−
=
 − 
   

(12)

TABLE 3 Base taper model forms.

Model form Equations

Max and Burkhart (1976)

( ) ( ) ( ) ( )1 1 2 22 2 21 2 3 1 1 4 2 2d DBH b q b q b p q I b p q I = − + − + − + −  

1,if ;01 1I q p otherwise= ≤

1,if ;02 2I q p otherwise= ≤

Fang et al. (2000)

( ) ( )( )4 4 1 2 21/ /
1 1 2d c TH q q qk b b k J J Jβ β= −− − +

( ) ( )2 3 4 //1 1 4 0 1 5 1 1 2 6 1 2c b DBH TH b t t b t q t b q tb b k b= − + − +  
−

( ) ( ) ( )4 51 / ; 1 ; 1/ /
0 0 4 1 1 2 2t p k b t p t pk b k b= − = − = −

( )
( )

( )
( ) ( )5 4 6 5

1 2 1 2

4 5 5 6
1 ; 1 ; 1

1 1 2 2 4 5 6q p q p b b b
b b k b b k J J J J

b b b b β= − = − =
− −

− +

/ ; / ; /0 0 1 1 2 2p h TH p h TH p h TH= = =

1, ;0,1 1 2J ifp q p otherwise= ≤ ≤

1, 1;0,2 2J ifp q otherwise= < <

Bi (2000)

1 2 3 4 5 6 7

ln sin
2

lnsin
2

3sin cos sin /
2 2 2q

d DBH
t

b b q b q b q q b DBH b q DBH b q THπ

π

π π π
  

    =
   

    

     + + + + + +     
     

Kozak (2004)

2 3
1

1

1/3
1 1/3

qd b DBH TH
t

X
b b  − =

 − 

( )
1/31 11 / 1 /

1 1

0.11/3 1/34 / 14 5 6 7 8 91/3 1/3
q qX b q b e b b DBH b TH b
t t

DBH TH q   − −     = + + + + +       − −   

−

Where d is the diameter at height h (cm), h is the stem height from the butt (m), DBH is the diameter at breast height (cm), TH is the total tree height (m), bi are model parameters, p1 and p2 
are the relative heights at the lower and upper inflection points of the stem, respectively, h0 is the stump height; 0.1 m, h1, h2 are the heights of the lower and upper inflection points (m), 
respectively, q = h/TH, t = 1.3/TH, k is a metric constant for converting from diameter squared in cm2 to cross-sectional area in m2, / 40000k π= .
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VForm factor at breast height
DBH THπ=

 

(13)

 
0.5 dForm quotient

DBH
=

 
(14)

where DBH is the diameter at breast height (cm), TH is the total tree 
height (m), 0d  is the diameter (cm) of the tree at stump height (0.1 m), 

0.5d  is the diameter at 50% of tree height, and 0h  is the stump 
height, 0.1 m.

3 Results

3.1 Stem form measurements with TLS

The stem diameters captured by TLS were in close agreement with 
the field stem analysis data (Figure 2A), and the error range of each 
relative height was −2 cm to 2 cm (Figure  2B), except for some 
positions at 0 m and a relative height of 2%. The error range of the 
DBH was −0.57 cm to 0.59 cm, the mean bias was 0.12 cm, and the 
identification precision was 99.24%. The error range of the tree height 
was −0.36 m to 0.71 m, the mean bias was 0.13 m, and the 
identification precision was 99.29%. Compared with those of the field 
stem analysis, the slope and R2 of the measurements captured with the 
TLS were 0.899 and 0.9695, the mean bias was 0.14 cm, and the 
identification precision was 98.05%. There was a slight negative bias 
in the bottom diameter and a slight positive bias in the upper diameter, 
which resulted in TLS underestimating the bottom stem and 
overestimating the upper stem. The stumps in contact with the ground 
swelled, resulting in a large bias (greater than 3 cm). There were 
gradual decreases in the total number of diameter measurements as 

height and therefore distance from the laser scanner increased. On 
average, in the stand initiation stage, the study was able to measure the 
stem diameter to a relative height of approximately 70% of the way up 
the stem, and in the stem exclusion stage, the study was able to 
measure the diameter to a height of approximately 80%. Overall, TLSs 
accurately and reliably estimate stem diameter, suggesting that they 
can be used for measuring stem size and form.

3.2 Parameter estimation and evaluation of 
the base taper model

Taper models were developed for the stand initiation and stem 
exclusion stages of each thinning treatment. The model parameters 
and fitting criteria are shown in Tables 4, 5. For the Max and Burkhart 
(1976) segmented taper model, the lower inflection point in the stand 
initiation stage was greater than that in the stem exclusion stage (the 
lower inflection point of the stand initiation stage was greater than 6% 
of the relative height, and the lower inflection point of the stand 
initiation stage was less than 6% of the relative height), and the upper 
inflection point was not much different. For the Fang et al. (2000) 
segmented taper model, the inflection points of the stand initiation 
and stem exclusion stages were almost the same. The lower and upper 
inflection points of the Fang et al. (2000) equation were generally 
lower than those of Max and Burkhart (1976), where the difference in 
upper inflection points was approximately 10% of the trunk. Overall, 
two parameters (b7 and b8) of the Bi (2000) model were not significant 
in the stand initiation stage.

In this study, the taper models for all age groups and thinning 
treatments provided good data fit and explained more than 95% of 
the variation in stem diameter (Table 5). The R2 values of the stem 
exclusion stage (except for moderate thinning) were generally greater 
than those of the stand initiation stage. The Kozak, 2004 and Bi 
(2000) equations exhibited good fitting effects and generally 
outperformed segmented models. In the stand initiation stage, the 
RMSE was less than 0.9 cm, while in the stem exclusion stage, it was 
approximately 1 cm. The RMSE and MSE gradually increased with 
increasing DBH.

3.3 Performance of dummy variable 
models

Dummy variable taper models considering age group and 
thinning treatment were developed based on the Kozak (2004) and Bi 
(2000) equations with high fitting accuracy and tested with samples 
not involved in the modeling. The nonsignificant parameters were 
removed (p value >0.05), and the final parameter estimates and 
evaluation statistics of the model are shown in Table 6. R2, MSE, and 
RMSE measure goodness-of-fit, while ME and MAB are test 
indicators. The table shows that the performance of the dummy 
variables model was slightly better than that of the basic model of the 
stand initiation stage and not much different from that of the base 
model of the stem exclusion stage. Both dummy variable models 
explained more than 96% of the stem shape variation, but the Kozak 
(2004) equation performed slightly better than Bi (2000) (Kozak 
(2004): R2 = 0.9659; Bi (2000): R2 = 0.9657). The ME of the test indices 
was greater than 0, indicating that the diameter predictions were 

FIGURE 2

One-to-one plot showing the diameters captured via TLS via stem 
analysis (A) and the errors at each relative height (B).
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TABLE 4 Parameter estimates (standard errors) for taper models based on datasets from the stand initiation and stem exclusion stages of different 
thinning treatments.

Age 
group

Treatment Model Parameter

b1 b2 b3 b4 b5 b6 b7 (p1) b8 (p2) b9

SIS

CK

Max
−4.3409 1.8565* 115.7250 −2.5582 0.073 0.743

(1.9300) (1.1019) (9.6806) (1.0863) (0.0027) (0.0607)

Fang
6.200−5 1.9937 0.8927 4.856−6 4.200−5 3.000−5 0.032 0.651

(3.683−6) (0.0163) (0.0262) (2.818−7) (2.563−7) (1.390−6) (0.0012) (0.0152)

Bi
2.5175 −0.7749 −0.1521 −1.3526 0.0033 −0.0297* −0.0133*

(0.0784) (0.0517) (0.0108) (0.0532) (0.0011) (0.0162) (0.0137)

Kozak
1.1746 1.0019 −0.0590 0.5143 −0.5400 0.1984 2.2005 0.1175 −0.3662

(0.0430) (0.0085) (0.0156) (0.0398) (0.0823) (0.0222) (0.3501) (0.0081) (0.0469)

L

Max
−6.5627 3.2797 220.2863 −3.8839 0.061 0.750

(1.9842) (1.1294) (18.7021) (1.1176) (0.0021) (0.0394)

Fang
6.600−5 1.9702 0.8667 3.865−6 3.900−5 2.600−5 0.031 0.651

(5.277−6) (0.0249) (0.0443) (2.001−7) (2.672−7) (1.357−6) (0.0010) (0.0135)

Bi
2.9287 −0.9873 −0.1783 −1.5755 0.0040 −0.0379* 0.0197*

(0.0991) (0.0654) (0.0132) (0.0674) (0.0012) (0.0211) (0.0245)

Kozak
1.2883 0.9872 −0.0809 0.6392 −0.5078 0.1682 2.4874 0.1611 −0.5162

(0.0607) (0.0126) (0.0244) (0.0512) (0.1298) (0.0291) (0.5113) (0.0097) (0.0568)

M

Max
−4.7619 2.2553 180.1552 −2.7219 0.066 0.715

(1.2948) (0.7471) (17.7658) (0.7222) (0.0027) (0.0473)

Fang
7.100−5 1.9527 0.8531 4.253−6 3.800−5 2.800−5 0.033 0.642

(5.282−6) (0.0224) (0.0365) (2.807−7) (2.807−7) (2.029−6) (0.0014) (0.0290)

Bi
2.8535 −0.9789 −0.2084 −1.5190 0.0047 −0.0241* −0.0099*

(0.1067) (0.0713) (0.0152) (0.0721) (0.0013) (0.0206) (0.0220)

Kozak
1.3438 0.9849 −0.0955 0.5717 −0.7898 0.2418 3.2353 0.1588 −0.5157

(0.0630) (0.0114) (0.0216) (0.0619) (0.1270) (0.0281) (0.5841) (0.0112) (0.0621)

SES

CK

Max
−4.6690 2.2111 237.6901 −2.6200 0.056 0.732

(0.8658) (0.4946) (17.2867) (0.4787) (0.0017) (0.0307)

Fang 4.300−5 2.0028 0.9837 4.428−6 3.900−5 2.900−5 0.032 0.632

(3.725–6) (0.0182) (0.0401) (1.883−7) (2.305−7) (1.038−6) (0.0010) (0.0175)

Bi 2.7468 −0.8247 −0.1556 −1.4771 0.0036 −0.0323 −0.0098*

(0.0822) (0.0535) (0.0099) (0.0555) (0.0009) (0.0143) (0.0161)

Kozak 0.9800 1.0119 −0.0026* 0.4891 −0.3426 0.3347 1.2765 0.1115 −0.5337

(0.0485) (0.0099) (0.0224) (0.0368) (0.0928) (0.0251) (0.4156) (0.0060) (0.0500)

L Max −4.9528 2.3330 325.9640 −2.7079 0.053 0.763

(1.5062) (0.8501) (22.1086) (0.8378) (0.0015) (0.0416)

Fang 6.000−5 1.9664 0.9103 3.612−6 3.900−5 2.800−5 0.031 0.669

(5.564−6) (0.0223) (0.0429) (1.332−7) (2.572−7) (9.518−7) (0.0008) (0.0106)

Bi 3.3569 −0.8770 −0.1843 −1.8461 0.0062 −0.0385 −0.0638

(0.0887) (0.0589) (0.0102) (0.0611) (0.0010) (0.0158) (0.0160)

Kozak 1.2346 1.0283 −0.0974 0.4895 −1.0046 0.4271 3.7091 0.1219 −0.5435

(0.0649) (0.0121) (0.0237) (0.0378) (0.1043) (0.0267) (0.5422) (0.0061) (0.0532)

(Continued)
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underestimated. After combining these results, this study selected 
Kozak (2004) as the optimal taper model for larch.

Overall, there was a homogeneous distribution of the residuals of 
the dummy variable model (Figure 3), and no heteroscedasticity was 
detected, indicating that the model yielded good predictions. 
Consistent with the results of the basic model, the residual 
distributions of moderate thinning in the stand initiation stage and 
control stage of the stem exclusion stage were more concentrated, 
indicating that the generalized dummy variable model this study 
developed had the same performance as the model fitted separately 
for each thinning intensity in the different age groups.

3.4 Stem size and form

The stem size and form at the stand initiation and stem exclusion 
stages under the different thinning intensities are shown in Figure 4. 
Single tree volume was calculated by numeric integration using the 
parameters of the Kozak (2004) dummy variable model. Thinning 
significantly promoted tree growth, and DBH gradually increased 
with increasing thinning intensity. Thinning affected the height 
growth of small trees, and light thinning and moderate thinning had 
similar effects on tree height and volume in the stem exclusion stage. 
Trees in the stand initiation stage are in a period of vigorous growth, 
and there was no significant difference in individual tree volume for 
different thinning intensities. In the stem exclusion stage, the growth 
rate of both diameter and height peaked, and the effect of thinning on 
tree size was obvious; that is, compared with the control conditions, 
thinning promoted the growth of DBH, TH and volume, with greater 
thinning intensity leading to greater growth.

As found in previous studies (Mäkinen and Isomäki, 2004), the 
slenderness increased with increasing stand density; that is, the greater 
the thinning intensity was, the lower the slenderness was, and thinning 
intensity had a significant impact on the slenderness, especially in the 
stem exclusion stage. In terms of the effect of thinning intensity on 
stem form, the stem taper response was more sensitive at the stand 
initiation stage, and the stem taper value significantly increased with 
thinning, while the stem exclusion stage also increased, but the 
difference was slight (Table 7 and Figure 4). The form factor at breast 
height of small trees is generally greater than that of large trees, but 
their response to thinning is different: thinning reduces the breast 
height of small trees and increases the breast height of large trees. The 
form quotient appeared to be greater in small trees than in large trees, 
while no statistically significant difference between different thinning 
intensities in the stem exclusion stage was found.

The stem curves were simulated using the parameters of the 
dummy variable model and the stand’s mean DBH and mean tree 
height (from TLS measurements) of each thinning treatment for the 
stand initiation and stem exclusion stages (Figure 5). For the stand 
initiation stage, compared with the control, light and moderate thinning 
resulted in larger stem bottoms (below a relative height of 60%). Light 
thinning resulted in a more slender stem form than moderate thinning 
because at the top of the stem, the upper stem diameter decreased more 
slowly. During the stem exclusion stage, thinning promoted an increase 
in the diameter of the middle section (relative height of 10–70%), and 
heavy thinning increased the sensitivity of the upper stem; above a 
relative height of 80%, the diameter under heavy thinning was smaller 
than that under moderate thinning; above a relative height of 90%, the 
diameter under heavy thinning was even smaller than that under light 
thinning. The stem form under light thinning was similar to that under 

TABLE 4 (Continued)

Age 
group

Treatment Model Parameter

b1 b2 b3 b4 b5 b6 b7 (p1) b8 (p2) b9

M Max −4.3344 1.9760 263.7423 −2.4003 0.058 0.740

(1.1372) (0.6480) (18.9823) (0.6316) (0.0017) (0.0415)

Fang 5.800−5 1.9546 0.9361 4.023−6 3.900−5 3.000−5 0.034 0.642

(6.511−6) (0.0256) (0.0534) (1.818−7) (2.715−7) (1.209−6) (0.0011) (0.0198)

Bi 3.2065 −0.9918 −0.1994 −1.7566 0.0072 −0.0380 −0.0312*

(0.0947) (0.0644) (0.0107) (0.0654) (0.0010) (0.0174) (0.0192)

Kozak 1.1294 1.0302 −0.0690 0.4571 −0.8770 0.4698 2.1376 0.1284 −0.5975

(0.0703) (0.0136) (0.0290) (0.0408) (0.1253) (0.0293) (0.6252) (0.0068) (0.0571)

H Max −5.3984 2.5957 244.3434 −3.1275 0.058 0.752

(1.0930) (0.6196) (18.8347) (0.6087) (0.0018) (0.0284)

Fang 7.100−5 1.9791 0.8426 4.190−6 4.000−5 2.800−5 0.033 0.653

(6.849−6) (0.0247) (0.0467) (1.959−7) (2.853−7) (9.987−7) (0.0011) (0.0130)

Bi 2.8201 −1.0885 −0.1814 −1.5206 0.0054 −0.0760 0.0820

(0.0884) (0.0597) (0.0107) (0.0605) (0.0009) (0.0155) (0.0159)

Kozak 1.1345 0.9988 −0.0386* 0.4997 −0.0354* 0.2640 −0.3026* 0.1126 −0.5035

(0.0618) (0.0134) (0.0257) (0.0401) (0.1071) (0.0275) (0.5353) (0.0065) (0.0563)

The standard errors of the corresponding parameters are shown in brackets. An asterisk (*) indicates nonsignificant parameters at p < 0.05. SIS = stand initiation stage; SES = stem exclusion 
stage; CK = control check; L = light thinning; M = moderate thinning; H = heavy thinning.
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moderate thinning, and the stem size under moderate thinning was 
slightly larger than that under light thinning.

4 Discussion

This study used the least squares method to manually extract 
diameters because the study objects were larch plantations during the 
stand initiation and stem exclusion stages with more small trees and 
relatively complex understory vegetation, so the visual interpretation 
method could be used to effectively identify more targets. This study 
also applied the Hough transformation to extract the diameter 
automatically (Simonse et  al., 2003), but the results were not 
satisfactory. Compared with those in the stand initiation stage, the 
understory conditions in the stem exclusion stage are relatively simple, 
and the tree size is larger. Therefore, the height and accuracy of stem 
diameter acquisition in these stands were better than those in the 
stand initiation stage, which was reflected in the fitting of the base 
taper model; that is, the goodness-of-fit of the stem exclusion stage 

was greater than that of young forests. This is consistent with the 
findings of Stovall et al. (2023), who reported that TLSs had good 
characteristics of two-thirds of the stem form and tended to slightly 
underestimate the diameter. Adequate capture of the upper stem by 
TLSs is challenging due to occlusion by branches, leaves, and 
understory shrubs. On average, in the stand initiation stage, it was able 
to measure stem diameter to a relative height of approximately 70% of 
the way up the stem of a tree, and in the stem exclusion stage, it was 
able to measure up to 80%. The measurement error gradually 
increased with increasing height from the ground.

TLS can rapidly capture forest 3D scenes and, in most cases, 
produces very accurate stem diameter data, so this study used four 
taper models to characterize the form of large and small trees. The 
fitting effects of the four taper models on the stand initiation and 
stem exclusion stages with varying thinning treatments were similar. 
In the stand initiation stage, light thinning had the greatest 
goodness-of-fit, and the control conditions had the greatest effect in 
the stem exclusion stage. This study found that larger trees fit better 
than smaller trees, probably because the occlusion effect in complex 

TABLE 5 Goodness-of-fit statistics of the base taper models analyzed.

Age group Treatment Model R2 RMSE (cm) MSE (cm)

SIS

CK

Max 0.9509 0.7568 0.5728

Fang 0.9503 0.7614 0.5797

Bi 0.9517 0.7510 0.5640

Kozak 0.9514 0.7532 0.5674

L

Max 0.9583 0.8147 0.6637

Fang 0.9582 0.8169 0.6673

Bi 0.9593 0.8052 0.6483

Kozak 0.9599 0.8003 0.6404

M

Max 0.9526 0.8593 0.7385

Fang 0.9523 0.8621 0.7433

Bi 0.9546 0.8413 0.7079

Kozak 0.9530 0.8568 0.7340

SES

CK

Max 0.9690 0.9443 0.8917

Fang 0.9686 0.9502 0.9028

Bi 0.9680 0.9595 0.9206

Kozak 0.9693 0.9395 0.8826

L

Max 0.9612 1.0930 1.1947

Fang 0.9616 1.0883 1.1844

Bi 0.9621 1.0806 1.1678

Kozak 0.9630 1.0687 1.1421

M

Max 0.9552 1.1362 1.2910

Fang 0.9546 1.1451 1.3112

Bi 0.9575 1.1068 1.2250

Kozak 0.9578 1.1036 1.2179

H

Max 0.9648 1.1245 1.2646

Fang 0.9648 1.1246 1.2648

Bi 0.9665 1.0980 1.2056

Kozak 0.9661 1.1049 1.2208

SIS = stand initiation stage; SES = stem exclusion stage; CK = control check; L = light thinning; M = moderate thinning; H = heavy thinning.
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TABLE 6 Correlation parameters and evaluation statistics of the dummy variable models.

Model parameter Kozak Bi

Estimates Standard errors Estimates Standard errors

b1 1.1605 (0.0374) 2.2812 (0.0538)

b2 0.9802 (0.0054) −0.8553 (0.0216)

b3 −0.0331 (0.0124) −0.1390 (0.0067)

b4 0.4845 (0.0173) −1.2173 (0.0340)

b5 −0.3620 (0.0633) 0.0046 (4.160−4)

b6 0.2099 (0.0180) −0.0491 (0.0061)

b7 1.2776 (0.2650) 0.0588 (0.0066)

b8 0.1373 (0.0049)

b9 −0.4702 (0.0268)

b11 0.2692 (0.0608) 0.9899 (0.0756)

b12 0.1932 (0.0576) 0.9814 (0.0782)

b13 0.1107 (0.0337) 0.4897 (0.0727)

b14 −0.1257 (0.0146)

b23 −0.0336 (0.0101) −0.2322 (0.0388)

b24 0.0439 (0.0042)

b31 −0.0793 (0.0174) −0.0441 (0.0071)

b32 −0.0589 (0.0173) −0.0656 (0.0073)

b33 −0.0405 (0.0122)

b41 −0.5977 (0.0475)

b42 −0.5899 (0.0492)

b43 −0.2638 (0.0397)

b51 −0.7011 (0.0758) 0.0028 (4.550−4)

b52 −0.8143 (0.0750) 0.0036 (4.820−4)

b53 0.3392 (0.1027)

b61 0.0950 (0.0246)

b62 0.1257 (0.0249)

b63 −0.0839 (0.0274)

b64 0.1327 (0.0090)

b71 2.7589 (0.3024) −0.1102 (0.0085)

b72 2.7866 (0.3115) −0.1236 (0.0088)

b73 −1.6395 (0.4885)

b81 0.0287 (0.0047)

b82 0.0266 (0.0050)

b83 0.0082 (0.0023)

b84 −0.0369 (0.0023)

b91 −0.1315 (0.0279)

b92 −0.1037 (0.0286)

R2 0.9659 0.9657

MSE (cm) 0.9243 0.9286

RMSE (cm) 0.9614 0.9636

ME (cm) 0.0078 0.0214

MAB (cm) 0.6430 0.6543
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scenes in the stand initiation stage leads to uncertainty in diameter 
acquisition, which, in turn, leads to bias in model predictions. In 
previous studies (Corral-Rivas et al., 2007; Hussain et al., 2020), 
segmented models usually outperformed the variable-exponent 
model and trigonometric form model because they used destructive 
sampled data with complete trunk diameters (especially upper stem 
diameters). In this study, the segmented model was unable to 
accurately predict the upper inflection point due to insufficient data 
on the upper stem diameter (relative height of 80–100%). The Kozak 
(2004) and Bi (2000) models are highly flexible and robust and are 
more suitable for developing stem taper models of larch captured by 
TLS than are the other two examined models (Bi, 2000; McTague 
and Weiskittel, 2021). The dummy variable model considering age 
and thinning intensity can be used to explain the diameter variation 
of large and small trees well, with a smaller ME (less than 0.01 cm) 
when implemented with the Kozak (2004) model compared to the 
Bi (2000) model. The residual scatterplot shows that the prediction 
performance of the Kozak (2004) dummy variable model for each 
thinning intensity of large and small trees was consistent with that 
of the base model. In other words, the dummy variable model this 

study developed can reduce the modeling process for different 
scenarios with reliable prediction accuracy.

In this study, the TLS measurements were conducted in the 
seventh year after the thinning treatment, and the thinning effect on 
the trees was clearly visible (Benedetti-Ruiz et al., 2023). This research 
confirms earlier findings that thinning promotes tree growth and that 
stands with high thinning intensity and low density have greater 
individual tree growth. During the stand initiation stage, the rate of 
increase in DBH was greater. Although moderate thinning reduces 
competition among trees, it seems to have a negative impact on the 
increase in tree height. As trees grow, branches and leaves are 
maintained, and more biomass is invested in stems (Qu et al., 2022). 
When the forest reaches the stage of stem exclusion, the tree height 
growth rate also reaches its peak, and the tree size in this phase is 
positively correlated with thinning intensity; that is, the greater the 
thinning intensity is, the faster the subsequent growth rate. From the 
perspective of volume estimation, the volume of a single tree in the 
moderate thinning stage was greater than that in the moderate 
thinning stage, and the difference between the light and moderate 
thinning stages in the stem exclusion stage was slight, but the 
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FIGURE 3

Residual scatterplot of estimated diameter by age group and thinning intensity class of the Kozak (2004) dummy variable model analyzed. SIS = stand 
initiation stage; SES = stem exclusion stage; CK = control check; L = light thinning; M = moderate thinning; H = heavy thinning.
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difference in the heavy thinning stage was significantly greater than 
that in the other treatments. As shown in Figure 4D,E, slenderness 
and the stem taper did not appear to be strongly related to age but 
were significantly correlated with thinning intensity, with denser 
stands having sharper trunks. The form factor at breast height was 
smaller in the stem exclusion stage because most of the volume of 
large trees was concentrated in the lower part of the stem, and the 
cumulative volume from stump to tip was more sensitive to the 
bottom part of the stem (Stovall et al., 2023). The present study found 
that thinning intensity had no significant effect on the form quotient, 
except for the control in the stand initiation stage, which was 
consistent with the results of Saarinen et al. (2020). Other studies have 
reported similar findings (Saarinen et al., 2020; Wagle et al., 2022; 
Benedetti-Ruiz et al., 2023).

Compared with the control check, thinning resulted in greater 
stem growth in the bottom part of the stand initiation stage and the 
intermediate section of the stem exclusion stage. Moreover, a greater 
thinning intensity led to a greater diameter of the taper curve in the 

bottom part of the stand initiation stage and the intermediate section 
of the stem exclusion stage. In other words, more volume and 
biomass can be expected to be allocated to stems than to branches 
and leaves in plots with high thinning intensity (Saarinen et al., 2020; 
Qu et al., 2022). In terms of stem diameter, high-intensity thinning 
resulted in larger stems in both the stand initiation and stem 
exclusion stages. However, in terms of stem form, the overall stem 
properties under light and moderate thinning were better. Excessive 
thinning may result in a lower average stem diameter of all the trees 
(standing and removed combined), a larger taper, and thicker 
branches in the lower parts (Mäkinen and Isomäki, 2004; Zhang 
et al., 2009).

5 Conclusion

Traditional destructive tree stem analyses are laborious. The 
present study obtained satisfactory results for detecting stem size and 
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Stem attributes [DBH (A), TH (B), volume (C), slenderness (D), stem tapering (E), form factor at breast height (F), and form quotient (G)] caused by each 
thinning treatment in the stand initiation and stem exclusion stages. SIS = stand initiation stage; SES = stem exclusion stage; CK = control check; 
L = light thinning; M = moderate thinning; H = heavy thinning.
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form using TLS data, indicating that TLS provides a nondestructive, 
accurate, and cost-effective means of measuring stem variables. The 
results showed that TLS yielded more accurate measurements for large 
trees with simple understory conditions and lower accuracies for small 
trees in the stand initiation stage with many shrubs and branches and 
leaves. This study illustrates that the Kozak (2004) variable-exponent 
taper model has broader applicability in situations when TLS fails in 
measuring upper stem diameters. This study suggests using the 

dummy variable approach for modeling the stem shape of different 
age groups and thinning treatments, as this method is more cost-
effective than simulating each thinning treatment individually while 
ensuring accuracy.

In the stand initiation stage, moderate thinning led to a larger 
stem taper, while in the stem exclusion stage, light thinning 
had a greater effect. This study found that the slenderness decreased 
with increasing thinning intensity, which was independent of age. The 
form factor at breast height was significantly correlated with age but 
not with thinning intensity; that is, small trees had a larger form factor 
at breast height, while larger trees had a smaller form factor. The effect 
of thinning on stem volume was mainly in the bottom and 
intermediate parts of the stem, indicating that thinning influenced the 
allocation of tree component biomass to stem growth and that more 
carbon was sequestered in the stem. In summary, TLS exhibited better 
performance than traditional destructive sampling approaches in 
developing stem taper models and detecting stem shape and size and 
is the preferred instrument of choice for nondestructive and precise 
forest inventories and management decisions. This study was 
performed in only two age groups, and in the future, it would 
be interesting to further investigate the response of the understory 
reinitiation and the old-growth stages to various thinning treatments 
to meet the needs of thinning management for larch throughout its 
life cycle.
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TABLE 7 Mean, minimum, maximum and standard deviation of stem attributes (slenderness, stem taper, form factor at breast height, and form quotient) 
between thinning treatments in the stand initiation and stem exclusion stages.

Attribute Stand initiation stage Stem exclusion stage

CK L M CK L M H

Slenderness

Mean 1.060a 0.950b 0.906b 1.077a 1.010b 0.988bc 0.949c

Min 0.651 0.712 0.621 0.734 0.742 0.737 0.608

Max 1.542 1.477 1.226 1.833 1.642 1.765 1.498

SD 0.168 0.127 0.124 0.193 0.144 0.140 0.140

Stem taper

Mean 0.884b 1.149a 1.238a 1.006b 1.139a 1.100ab 1.138a

Min 0.379 0.534 0.317 0.339 0.398 0.494 0.293

Max 1.761 2.168 2.481 1.927 2.025 1.932 1.984

SD 0.259 0.295 0.352 0.301 0.347 0.344 0.325

Form factor at 

breast height

Mean 0.597a 0.574b 0.575b 0.532b 0.541a 0.544a 0.548a

Min 0.565 0.523 0.526 0.516 0.502 0.510 0.508

Max 0.649 0.613 0.610 0.561 0.579 0.573 0.670

SD 0.014 0.017 0.018 0.008 0.015 0.016 0.024

Form quotient

Mean 0.797a 0.772b 0.759b 0.737a 0.745a 0.754a 0.752a

Min 0.601 0.562 0.584 0.550 0.545 0.534 0.612

Max 0.963 0.938 0.945 0.899 0.925 0.897 0.982

SD 0.062 0.057 0.057 0.061 0.061 0.065 0.061

Min is the minimum, Max is the maximum, and SD is the standard deviation. SIS = stand initiation stage; SES = stem exclusion stage; CK = control check; L = light thinning; M = moderate 
thinning; H = heavy thinning.
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FIGURE 5

Stem curves of each thinning treatment for the stand initiation and 
stem exclusion stages. SIS = stand initiation stage; SES = stem 
exclusion stage; CK = control check; L = light thinning; 
M = moderate thinning; H = heavy thinning.
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