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Abstract: Stand density management is important for decision-making regarding adaptive silvicul-
ture and thinning, growth modelling, and yield prediction in forests, especially plantations. Although
substantial research related to the self-thinning rule and maximum size-density law has been con-
ducted, there are still critical gaps that exist in the biophysical explanation and validation of the
relationships among stand variables and relevant parameters. In this study, time series observations
from six plots of fully stocked Chinese fir plantations with different densities of planted trees were
used to characterise the growth of stand basal area (G), average height (H), and diameter at breast
height (D). The growth trends in the stand parameters and the relationships among them were
analysed. As indicated by previous studies, in the fully stocked stands, there was a significant linear
relationship between G and H. This study also resulted in the following new findings: (1) At the
beginning, the growth rate of stand basal area (Pg) was greater than the growth rate of average height
(Pr), but Pg decreased quickly as the stands approached canopy closure and then became stable.
Meanwhile, as the stands neared canopy closure, the rate of increase in the G/H ratio decelerated,
ultimately resulting in a stable G/H value that approached the first limit value. This led to a stand
growth balance status that continued until self-thinning took place. (2) Artificial thinning broke the
growth balance status, but the stands returned to balance status if they were still young enough.
Self-thinning also broke the growth balance status and lead to fluctuating growth rates of both G and
H, but the fluctuations were very slight, which showed a trend in similar growth rates of G and H.
(3) The findings implied that the stand G and H growths were allometric at the beginning but became
isogonic as canopy closure and self-thinning were approached. On the other hand, the H growth rate
was generally greater than that of D, but both growth rates showed a trend in similar values after
the stands matured. Subsequently, the H/D ratio is anticipated to stabilize and gradually converge
towards the second limit value once the stands reach maturity. The results implied that the stand
growth balance status and two limit values can be used to identify and select fully stocked stands
that are needed for the development of maximum size-density equations and self-thinning rules.

Keywords: maximum size-density; stand parameters; growth balance status; isogonic growth;
growth rate

1. Introduction

Stand density accounts for the degree of trees occupying and utilising space in a
forest stand and is a quantitative measure of tree stocking. For a given tree species, stand
growth varies depending mainly on tree age, site condition, and stand density [1,2]. Stand
density is thus considered the most important parameter of plantation management. By
adjusting the number of planted trees per unit area, silviculturists can not only determine
tree species for forest generation and increase the growth of tree diameter but also improve
the merchantable volume and quality of wood and enhance soil and water conservation [3].
Determining an optimal stand density for a given management purpose becomes critical [4].
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Stand density management thus provides a useful tool for silviculture, thinning, growth
and yield prediction, and harvesting [3,5,6].

Self-thinning pertains to the phenomenon wherein tree density progressively dimin-
ishes as a forest undergoes its inherent growth trajectory [1]. The maximum size-density
and stand density index (SDI) equations of Reineke have been widely used to account
for the density-dependent mortality of trees in crown closed or fully stocked pure stands
and to develop forest growth models, density management diagrams, and forest manage-
ment plans [2,3,7]. The maximum size-density equation explains the relationship between
the number of trees per unit area (N) and the quadratic mean diameter at breast height
(D). Their log—log transformation is a straight line, implying a maximum size-density or
self-thinning boundary line [7-9]:

InN =k+0bxInD 1)

where k represents a constant value associated with the dependent species and b denotes
the allometric index that characterizes the relationship between size and density.

It was originally assumed that the relationship existed with a constant b of —1.605,
independent of tree species, age, and site condition, while the parameter k varied with tree
species [7,10]. Based on Equation (1), the SDI equation is derived:

D 1605
DI = N(—= 2
SDI=N(p) @
where Dy is a standard diameter.
On the other hand, Yoda found the self-thinning rule for the relationship between
stand average plant biomass (w) and stand density (N) [11]:

w =k N2 3)

where ki was originally assumed to be a constant that varied with tree species. The self-
thinning rule is based on a simple assumption of geometrical similarity for tree growing
or proportionally in a three-dimensional space with a consistent stem form and biomass
density and accounts for a consistent relationship between mean biomass and the approxi-
mately —3/2 power of stand density in fully stocked even-aged stands. The Reineke SDI
and Yoda —3/2 relationships are algebraically equivalent for given assumptions of the rela-
tionship between mean tree volume and D. Yoda’s —3/2 value is a rediscovery of Reineke’s
—1.6 value, but it is more general for applications to plants other than trees [12-21].

Although it is widely accepted that the slope value of —1.605 or —3/2 is a reasonable
approximation, many studies have shown that this value varies between species and within
a species [22-31]. For a given stand, the slope parameter may also differ at different ages
due to inconsistent diameter and height growth rates [21,32,33]. Moreover, there have also
been some reports that indicate that the maximum stand carrying capacity is related to
climate change [2,34,35] and thus varies depending on site conditions [1,36,37]. For a given
tree species, in addition, different data and methods used to obtain this parameter may
lead to variable values of the slope parameter [19,20,29,38-43].

Hart expressed the self-thinning rule using the Hart index, defined as the ratio of the
mean distance between trees to stand height [44]. Other authors also suggested that stand
average height had a significant effect on the relationships between maximum size-density
and self-thinning [45-52]. For example, Zeide proposed a modified SDI equation [36]:

InN =k —alnD + bHIn(D) 4)

In comparison with the original equation, Zeide concluded that the modified SDI equa-
tion performed better [48]. Lynch obtained a relationship between N and tree mean height
for shortleaf pine stands: In(H) = 5.7899 — 0.3740In(N) [52]. Based on the relationships
between N and D and H, Inoue and Nishizono proposed a generalized uneven-aged forest
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growth model that reveals the mechanism underlying different slopes in the maximum
size-density line and suggested that the original SDI model was a specific case of the
generalized model [53]. Woodall, Ducey, and Knapp also developed a generalized model
for uneven-aged mixed stands using the mean specific gravity of individual trees as the
predictor of a stand’s maximum stocking potential and found that it was independent of
the stand’s diameter distribution and species composition [54,55].

Weller found significant relationships between tree biomass and height, crown size,
and biomass density. The shape changes in tree crowns and gaps among the crowns led to
the variable exponent of the self-thinning rule [21]. Miyanishi modelled the relationship
between the canopy cover area of a plant and its biomass w = kN~1/2? and found that the
self-thinning exponent was b = — %@, and b = —3/2 was a specific case when @ = 1/3 [56].

Previous studies imply that tree height and crown size play an important role in
tree competition [21,23,56]. Theoretically, Weiner and Thoms regarded the self-thinning
rule as resulting from tree asymmetric competition for light [57]. Larger and taller trees
shade their smaller and shorter neighbours that tend to die when the amount of light
needed is not enough for growing, which leads to self-thinning. Asymmetric competition
often takes place when light for tree growth becomes limited. In low-density stands,
tree competition is often not strong. In high-density stands, tree competition is usually
symmetric at the beginning and eventually becomes asymmetric as trees grow. However,
Forrester noted that the size-asymmetric or size-symmetric aboveground competition
among trees for light varied depending on whether the trees responded to shading and
light [58]. Thus, there is no reason to assume that self-thinning only results from size-
asymmetric competition for light. Self-thinning could also be caused by belowground
competition for water and nutrients.

Overall, although there is no doubt of the relationship between increasing mean D
and a decreasing number of trees per unit area, most of the existing reports indicate that
the slope parameter of the maximum size-density equation and self-thinning rule is not
a universal constant [5,36,59]. Accounting for other factors, such as H, crown size, tree
species, and site conditions, can improve the relationships between maximum size-density
and self-thinning [48,53,60]. After the relationships were determined, Zeide and Burkhart
suggested that tree D contributed the most, followed by volume and H [6,51]. However,
there are no reports that systematically clarify the significance of all the relevant factors,
and it is also not certain whether the obtained relationships are truly universal [6,10,59,61].
A critical challenge to clarify the relationships is the lack of a reliable and operative measure
that can be used to identify fully stocked stands.

In addition, maximum size-density equations are also used to develop basal area-
volume tables for fully stocked stands, also called standard tables, which have been widely
utilized in forest inventories to determine stand volume with stem density [62-71]. In the
tables, it is assumed that for fully stocked stands, there is a linear relationship between total
basal area and volume and stand average height. This implies that average height is a signif-
icant factor that determines the volume productivity of fully stocked stands. However, the
standard tables often result in overestimations and underestimations due to the difficulty
of identifying fully stocked stands for developing maximum size-density equations [68].
For this purpose, various methods have been proposed, including visual inspection of
data [6,11], mortality in successive measurements [21,24,72], interval-based methods [73,74],
degree of canopy closure [38,75], and the relative stand density method [76]. In addition, a
commonly used technique to determine the maximum size-density relationship involves
sampling many plots, deriving a stand-density line that shows the density level of the
existing stands, and lifting up the line to the potential maximum size-density [66,77]. Other
alternatives include the use of quantile regression [55] and segment regression [78]. How-
ever, these methods are often associated with a large uncertainty. More importantly, these
methods do not offer an objective, effective, accurate, or operative measure or criterion to
directly or indirectly quantify the status of maximum stand biomass or volume at varying
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densities due to the lack of understanding of the relationships among the parameters of
fully stocked stands [3,79].

The objective of this study was to analyse and characterise the relationships between
height growth and basal area and diameter growth based on observations of stand pa-
rameters from six plots of fully stocked Chinese fir (Cunninghamia Lanceolata (lamb.) Hook)
plantations with different tree densities and then explore the dynamics and trajectory of the
stand attributes and determine the self-thinning rate in the stands. It is expected that this
study will enhance the understanding of the self-thinning rule and provide a theoretical
basis for the selection of fully stocked stands.

2. Materials and Methods
2.1. Overview of the Study Area

This study was conducted in two study areas. The first study area is situated in
Nianzhu Forest Farm of Fenyi County, Jiangxi Province, China. This area is in a subtropical
humid climate zone, with an annual average precipitation of 1435 mm and an annual
average temperature of 18 °C [80]. The second study area is located in Guang-Ping-Xiang,
Huitong County, Hunan Province, China. Huitong County has a humid subtropical
monsoon climate with an annual precipitation of approximately 1400 mm. The topography
of the study area is characterized by low mountains and hills with an elevation range of
300 m to 500 m and red soils.

2.2. Design of the Experimental Plots

In 1981, to investigate the self-thinning characteristics of non-thinning plots at varying
densities, five experimental plots of 600 m? each were established in the first study area,
with each plot having a different planting distance and falling in a pure Chinese fir stand.
These distances included plot A:2m X 3m; plot B:2m X 1.5m; plot C: 2m x 1 m; plot
D:1m x 1.5m; and plot E: 1 m x 1 m. The site indices for plot A and plot B were both
16 m, while the other plots had a site index of 14 m, all with a standard age of 20 years. No
artificial thinning was implemented. Data on tree variables were collected annually from
1986 to 1991, and then at a biennial interval starting from 1991. A total of 10 observations
were recorded for each variable of each tree. Within each plot, the diameter (D), height, and
number of trees per hectare were measured (Table 1).

Table 1. The statistics of stand parameters for five plots from Nianzhu Forest Farm.

Stand Trees per Hectare (N/hm?) Mean DBH (cm) Mean Tree Height (m) Basal Area (m?/hm?)
Age (Year) A B C D E A B CDTEAB C D E A B C D E
5 1667 3333 4983 6633 9967 50 48 40 38 35 37 38 35 34 33 327 603 626 752 958
6 1667 3333 4983 6633 9967 76 65 58 54 49 50 48 45 44 43 756 11.05 13.16 15.18 18.79
7 1667 3333 4983 6617 9950 9.8 81 70 64 58 63 59 5.6 52 51 1257 1717 19.17 21.28 26.28
8 1667 3333 4967 6583 9900 109 9.0 78 72 64 74 70 65 6.2 5.9 1555 21.19 23.72 26.79 31.83
9 1667 3333 4950 6533 9733 121 99 84 78 69 84 78 72 6.9 6.7 19.16 25.64 2742 31.20 36.38
10 1667 3317 4933 6450 9483 130 10690 82 72 94 87 79 7.7 72 2212 2926 31.37 34.05 38.59
12 1667 3267 4883 6350 8933 144 11595 91 8.0 108 99 9.0 8.8 82 27.14 3392 3459 41.28 44.88
14 1667 3217 4750 6050 8467 155 124 105 9.8 8.6 12.0 11.0 9.8 9.7 9.0 3144 3883 41.11 4561 49.16
16 1633 3133 4583 5717 7467 165 13.1 11.3 103 93 13.0 11.8 11.0 106 99 3490 4221 4594 47.61 50.70
18 1617 3067 4367 5550 6850 17.0 13.6 119 109 99 14.1 133 122 11.7 10.8 36.68 4453 4855 51.76 52.70

To investigate the self-thinning characteristics of an artificial-thinning plot, a square
plot of 666.7 m? located in the middle part of a low mountain and falling in a pure Chinese
fir stand was selected and named plot F. The plot had a northeast aspect and a slope of
30 degrees with a site index of 16 m. In this stand, trees were planted in 1954 and clear-cut in
1984 to study the growth characteristics of the trees. A stem analysis was conducted using
a new method different from the traditional method. Each of the cut trees was vertically
split into two parts. Growth rings were determined, their diameters were measured at 2 m
intervals along the stem, and their heights were recorded over a 2-year period. The volumes
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of each tree were calculated at a 2-year time interval using a sectional measurement method.
Based on the relationship between bark diameter and the diameter inside the bark, the
values of diameter, basal area, and volume with bark were derived. The values of basal area
and volume for all the trees were summed to obtain the stand basal area and volume for
every 2-year period. The stand mean height for every 2 years was calculated by weighting
tree heights by basal area.

The number of planted trees in 1954 was 200 for the plot, that is, 3000 per ha. At the age
of 10 years, the stand became canopy-closed, that is, fully stocked. Artificial thinning was
carried out by removing 23 trees, that is, 11.5% of 200 trees, at 10 and 11 years. Thinning
decreased the canopy cover and provided space for the remaining trees to grow. The
number of remaining trees was 177, with one dead tree found when clear-cutting took place
in 1984. The dead tree had a total of 22 rings, implying that it died at age 22 years. The
statistical parameters of the stand are shown in Table 2.

Table 2. The stand attribute statistics (note: the number of trees younger than 10 years was not
3000/hm? because some of the trees did not reach 1.3 m).

Stand Age (Year) Hec;r:::in/el:mz) Mean DBH (cm) Ilfldeeiagl;l;l"(r;e) ]?;s?/lh:f)a Volume (m3/hm?)
4 2625 39 2.9 3.14 35.42
6 2790 7.0 53 10.83 79.75
8 2910 9.2 74 19.30 12991
10 3000 10.6 9.2 26.32 181.29
12 2655 115 10.7 27.63 210.68
14 2655 12.3 12.1 31.65 258.61
16 2655 13.0 13.2 34.97 299.24
18 2655 13.44 14.1 37.67 332.74
20 2655 13.9 14.7 40.00 362.71
22 2640 14.2 15.2 41.69 387.43
24 2640 14.5 15.6 43.41 407.87
26 2640 14.7 16.0 45.05 428.60
28 2640 15.0 16.3 46.40 445.55
30 2640 15.2 16.5 47.78 463.17

2.3. Computation of the Growth Rate for G, H, and D

The growth rate of stand basal area (G), stand average height (H), and stand average
diameter (D) was calculated using the following formula:
Y 200

P(t) =2

5
Yt+Yyir—n n ©)

where P(t) is the growth rate of G, H, and D, y; is the cumulative growth of G, H, and D in
a given year t, y;—y is the cumulative growth of G, H, and D in a given year t — n, and n is
the age interval from t — n to t.

2.4. Analyses of the Interrelationships among G, H, and D

SPSS Statistics 24 software (IBM Corp., Armonk, NY, USA) was used to analyse the
interrelationships among G, H, and D. During the preliminary analysis, linear and nonlinear
models were used to establish the correlation between G, D2, and H. The determination co-
efficient (R?), root mean square error (RMSE), and relative root mean square error (RRMSE)
were used as metrics to assess the efficacy of the model’s fit. We observed a noteworthy
linear correlation between the variables G and H, as well as between D? and H, during
specific stages. Therefore, the primary method used in this study involves deducing the
characteristics of forest stands before and after self-thinning by analysing the interplay
between the variables G, D, and H.
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3. Data Analysis and Results
3.1. Relationships between Basal Area and Average Height

In Table 1, the higher the initial stand density, the earlier the self-thinning began.
The starting ages of self-thinning for plots A, B, C, D, and E were 16 years, 16 years,
10 years, 7 years, and 7 years, respectively. Although the scatter plot of stand basal area (G)
against average height (H) showed different slopes, a linear relationship between G and H
was found for plots A to E since canopy closure (Figure 1a) mainly because of the linear
relationship between D? and H (Figure 1b).

60

(a) (b)
e 300
4 - P .e
50 /r' o« e
T e 250
40- d &
—~ . 2
< T 200
£ 2
~ 304
8 5 150
E
20 S
“2100
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Plot A Plot B 501
Plot C PotD
Plot E
0 T T T T T T 0 T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14 16
Height (m) Height (m)

Figure 1. The relationships between (a) basal area G and (b) square average diameter at breast height
(D?) and H for plots A, B, C, D, and E.

For plot F (Figure 2a), the scatter plot of the stand basal area against average height
showed three line segments. Line segment 1 demonstrated the relationship for mean
heights from 5.3 m to 9.2 m, corresponding to the ages of 6 to 10 years. At this stage, the
tree canopies changed from relatively open to closed, and natural pruning occurred but
not self-thinning. The artificial thinning that was conducted at the ages of 10 and 11 years
created space for the remaining trees to grow. Line segment 2 covered a longer period and
was associated with the relationship between basal area and a mean height from 10.7 m
to 15.2 m, corresponding to the ages of 12 to 22 years. Thinning at the ages of 10 and
11 years decreased the stand density and changed the slope of the basal area—mean height
relationship, causing the slope of line segment 2 to differ from that of line segment 1. Line
segment 3 revealed the relationship between basal area and stand mean height from 15.6 m
to 16.5 m, corresponding to the ages of 24 to 30 years. At this stage, as the trees grew,
the tree crowns and diameters became larger, and the stand development moved towards
full stocking again, which slowed tree height growth and increased the slope of the basal
area-mean height relationship. The corresponding linear relationships between D? and H
are shown in Figure 2b.

The relationships between G and H for plot A to F were modelled using a simple
linear regression and are shown in Table 3. The estimated coefficients of the models were
significantly different from zero at the significance level of 0.05, the R were greater than
0.995, and the RRMSE ranged from 0.07% to 10.44%. These results indicated that there
was a significant linear relationship between G and H in the Chinese fir plantations. As
the initial tree density increased, the absolute value of the intercept and the slope of the
models increased.
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Figure 2. The relationships between (a) basal area (G) and (b) square average diameter at breast
height (D?) and H for plot F.

Table 3. The results of modelling the relationship between G and H for plots A to F (2 and b are model
coefficients; R? is the coefficient of determination; RMSE is the root mean square error; RRMSE is
the relative RMSE; and * indicates that the model parameter is significantly different from zero at a
significance level of 0.05).

Plot Intercept (a) Slope (b) R? RMSE RRMSE/%
A —9.252 % 3.3811 % 0.999 0.29 1.48
B —10.085 * 47404 * 0.998 2.61 10.44
C —12.618 * 5.5909 * 0.997 0.48 2.40
D —14.624 % 6.7085 * 0.995 0.67 3.30
E —21.027 * 9.2698 * 0.999 0.04 0.23
F-line 1 —10.471 % 4.0123 * 0.999 0.06 0.29
F-line 2 —6.0594 * 3.1268 * 0.999 0.16 0.44
F-line 3 —31.09 % 4.7664 * 0.999 0.03 0.07

The relationship between G and H can be expressed as follows:
G=a+bH (6)

In the equation, the intercept a and the slope b vary depending on stand density. Given
a fully stocked stand, both parameters can be considered constant. If b does not change,
then the value of the derivative of b is equivalent to zero. By incorporating Equation (6), it
can be deduced that the derivative of % is similarly equal to 0. Then, there is,

G-a' H(G-a)—(G-a)H

b:(H): H2

—0. @)
Based on Equation (7), it can be concluded that H(G — a)’ is equal to (G — a)H'.

The following relationship was obtained:

Gl H/
G—a H ®

where G’ is the derivative of G, which represents the annual increase in the stand basal
area, and H’ is the derivative of H, which represents the annual increase in the average tree
height. Equation (6) implies that for a stand with any stand density, as long as its growth of
basal area and height meets Equation (8), its relative stand density does not change. This
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implies that a fully stocked stand can grow following Equation (8) until the relationship
between basal area growth and height growth is broken, that is, when self-thinning occurs.

Based on the record of field observations and information in Table 2, the stand of plot
F was fully stocked at the age of 10 years, but self-thinning had not yet taken place. The
slope of the basal area—average height relationship from line segment 1 can be regarded
as the exponent of the maximum size-density line. When the stand was fully stocked at
the age of 10 years, and if artificial thinning was not conducted, then the trees in the stand
would continue to grow for a certain period and then would start self-thinning. When
fully stocked, the trees would grow by changing the ratio of height to D and become stable
for some years. During this period, self-thinning might not necessarily occur. However,
without artificial thinning, competition would become stronger and self-thinning would
occur when the suppressed trees were not able to obtain enough light, water, and nutrients
to grow.

With a slope of 4.0123, extending line segment 1 resulted in the potential maximum
size-density line based on the relationship between stand basal area and average height
for the fully stocked stand plot F. The extended line segment was used to define a stand
growth balance status in which its stock density P; o = 1.0, the number of trees per hectare
does not change, and the change rate in the basal area—average height relationship is zero.
At the stage of the stand growth balance status, the annual growth rate of the basal area
balanced the annual growth rate of the average height with a change rate of almost zero,
meeting Equation (8). Because of the invariable number of trees, the annual growth rate of
D also balanced the annual growth rate of the average height.

The aforementioned stand growth balance status was verified by the change in basal
area and height growth rate over time, as shown in Table 4. During the period from 4 years
to 6 years, Equation (8) was not met. However, at the ages of 8 and 10 years, the values
of G'/(G — a) were very close to the values of H'/ H. Significant differences occurred at
the age of 12 years due to artificial thinning at the ages of 10 and 11 years. The similarity
between the values of G’/ (G — a) and H'/H was quickly achieved at the age of 14 years
and was maintained until the stand was clear-cut at the age of 30 years.

Table 4. The change in basal area and height growth rates over time for plot F.

Age 4 6 8 10 12 14 16
G /(G —a) 0.058 0.181 0.142 0.095 0.019 0.053 0.040
H/H 0.25 0.225 0.144 0.094 0.073 0.056 0.042
Age 18 20 22 24 26 28 30
G /(G —a) 0.031 0.025 0.018 0.012 0.011 0.009 0.009
H/H 0.031 0.022 0.017 0.013 0.011 0.009 0.008

The stand growth balance status was further verified by the observed trends in stand
basal area and height growth rates over time from plots A, B, C, D, and E (Table 5). Plot
A had similar growth rates of stand basal area and height from the age of 6 to 16 years.
Self-thinning started to take place at the age of 16 years, which led to significantly different
basal areas and height growth rates at the age of 18 years. Similar trends in basal area and
height growth rates were found in plot B because self-thinning was very slight, although
self-thinning started earlier than that in plot A. Plot C exhibited a significantly shorter
duration of growth balance status than plots A and B, which can be attributed to its higher
tree density. In plot C, the stand basal area and height growth rates were similar from the
age of 6 to 10 years and became significantly different at the age of 12 years, at which time
the self-thinning became stronger. In plots D and E, the period of growth balance status
became much shorter due to higher tree densities and stronger and earlier tree competition.
Self-thinning broke the growth balance status and led to slightly different and fluctuating
growth rates of stand basal area and height.
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Table 5. The change in basal area and height growth rates over time for plots A to E.

Plot A Plot B Plot C Plot D Plot E
Age G ; G/ : G : Gl : G/ :

G- HH c-pn HH G, HHE G o, HHE G , HH
5 0.05 0.20 0.07 0.20 0.07 0.20 0.06 0.20 0.06 0.20
6 0.26 0.26 0.22 0.21 027 0.22 0.23 0.23 0.23 0.23
7 0.23 0.21 0.21 0.19 0.19 0.20 0.15 0.15 0.16 0.16
8 0.12 0.15 0.12 0.16 0.12 0.14 0.12 0.16 0.11 0.14
9 0.13 0.12 0.12 0.10 0.09 0.10 0.09 0.10 0.08 0.12
10 0.09 0.11 0.09 0.10 0.09 0.09 0.05 0.10 0.04 0.07
12 0.07 0.06 0.05 0.06 0.03 0.06 0.06 0.06 0.05 0.06
14 0.05 0.05 0.05 0.05 0.06 0.04 0.03 0.05 0.03 0.04
16 0.04 0.04 0.03 0.03 0.04 0.05 0.02 0.04 0.01 0.05
18 0.02 0.04 0.02 0.06 0.02 0.05 0.03 0.05 0.01 0.04

3.2. The Trend in Stand G/H to the First Limit Value

Dividing both sides of Equation (6) by H and then calculating its first derivative
results in:

(ﬁ) :(ﬁer) =~ )

/
Due to a negative value of the model intercept a, (%) = _LHZ > 0. Thus, the % value

increased in the stands due to a greater growth rate in the basal area than in the height
before canopy closure and self-thinning (Figure 3). As the stands experienced canopy
closure, however, the increase in the % value slowed, and eventually, the % value stabilized
and approached a limit value. Once the % value started to stabilize, self-thinning began.
During the period of self-thinning, the stands grew, with the % value remaining relatively
constant (Figure 3a). Any artificial thinning could change this trend, but the stands would
return with the % value approaching its limit value (Figure 3b). The stands with different
planting tree densities had different limit values and times for their % values to approach
the limit values. The higher the stand density is, the greater the limit values, the earlier
the % reaches the limit values, and the earlier the self-thinning starts. Theoretically, if

!/
(%) = 0, that is, % = (0, then, there is
G H

C i (10)

Moreover, in Equations (6) and (8), because of a negative and constant intercept, as G
increases, G — a ijx G, then GG_I i % , and thus, % > %, generally. That is, the basal
area growth rate (Pg) should usually be larger than the height growth rate (Py) in fully
stocked stands. This is demonstrated in Figure 4, in which, overall, the growth rates of both
stand basal area and average height decreased over time. However, the growth rates of the
basal area were all greater than those of the average height for the stands with different
planting tree densities of plots A, B, C, D, and E before canopy closure and self-thinning
took place. As the stand canopies closed, the basal area growth was impeded due to limited
space, and its growth rates decreased much faster than that of height, which led to the
growth rate of the basal area becoming close to that of the average height for plots A, B, C,
D, and E. Self-thinning might break the similarity and lead to fluctuations in both basal area
and height growth rates, but both growth rates did not look very much different. The same
trend was also noticed in the stand of plot F, but the artificial thinning that was conducted
at the age of 10 and 11 years significantly changed the growth rate of the basal area. After
just two years, the basal area growth rate returned to that of the height. The growth trends
in the stand basal area and average height implied that the growths of the stand basal area
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and average height were allometric before canopy closure and self-thinning and became
isogonic afterwards.

a ’ b
6 @ . (b)
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Figure 3. The trend in G/H values over time for the fully stocked stands of (a) plots A, B, C, D, and E
and (b) plot E
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Figure 4. The regression curve of growth rates of stand basal area and average height over time in the
fully stocked stands with different planting tree densities. (Eg is the regression curve for the growth
rates of stand basal area over time. Ep is the regression curve for the growth rates of average height
over time).

3.3. Trend in % to the Second Limit Value

In Figure 5, for a given age, the H/D value increased from plot A to plots B, C, D, and
E as the tree density increased. For a given tree density, the H/D value decreased from the
age of 5 to 7 years and then continuously increased for plots A, B, C, D, and E. For plot F,
the H/D value increased quickly before the age of 20 years and then slowly approached
the second limit value.

In Figure 6, the growth rates of both average height and average DBH (simply called
diameter) decreased over time. Moreover, for all the stands of plots A, B, C, D, and
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E, the growth rate of the average diameter was greater than that of the average height
because space was sufficient for the expansion of tree crowns before the age of 7 years.
Afterwards, the growth rate of the average height was consistently greater than that of the
average diameter because the tree canopies started to close, and their diameter growth
was impeded. However, the differences between the height and diameter rates became
increasingly smaller. This indicated that the height and diameter growth in the stands was
allometric even at the stage of canopy closure and self-thinning but showed an isogonic
trend as the stand became mature. In the stand shown in Figure 6, plot F, the height
growth rate was always greater than that of the diameter, but their difference consistently
decreased and became similar to each other after 22 years of age, indicating a potential
trend in isogonic growth after maturation.

1.4
. (a) (b)
1.2
1.01 1.04
8 a
il M G
e 0.6
—@—Plot A —@—Plot B Plot C 0.4-
04 —@—PlotD —@=PlotE )

4 6 8 10 12 14 16 1820 0 5 10 15 20 25 30

Age (year) Age (year)
Figure 5. The trend in H/D values over time for the fully stocked stands of (a) plots A, B, C, D, and E
and (b) plot F.
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6 8 10 12 14 16 18 8 12 16 20 24 28 32
Age (year) Age (year)
Figure 6. The regression curve for the growth rates of stand average height and diameter over time
in the fully stocked stands with different planting tree densities. (Ep is the regression curve for the
growth rates of stand average height over time. Ey is the regression curve for the growth rates of
stand average diameter over time).



Forests 2023, 14, 2378

12 of 16

4. Discussion

The critical step for developing stand maximum size-density equations is the collection
of data from fully stocked stands. Although substantial research has been conducted, there
is still a lack of an operative and effective measure or indicator for identifying and selecting
fully stocked stands [6,55,68,78]. In this study, we explored the growth characteristics of
six fully stocked stands with five self-thinning stands and one artificial thinning stand
and proposed the concept of growth balance status. We found that at the stage of growth
balance status, the stands were fully stocked with an invariable slope for the relationship
between stand basal area and average height, that is, % = %/ was met and self-thinning
had not occurred. Artificial thinning may break the growth balance status, but the change
in stand density due to artificial thinning will adjust the growth of the basal area and height,
which will make the stands eventually return to the growth balance status if the stands are
young enough for growth.

Moreover, the time when the stands became fully stocked and entered the growth
balance status varied depending on the planted tree densities. The higher the tree density,
the earlier the time. Self-thinning will break the growth balance status and lead to fluctuat-
ing growth rates of the stand basal area and average height due to tree competition. Thus,
the higher the tree density, the earlier self-thinning takes place and the shorter the time
period of the growth balance status. However, the fluctuations in the growth rates of both
basal area and average height due to self-thinning were slight and showed a trend in both
growth rates becoming similar to each other, that is, P ~ Py. In addition, it was found
that the G/H values of the stands increased before being fully stocked, became stable after
canopy closure, and then approached their limit values at the self-thinning stage, implying
similar basal area and height growth rates.

On the other hand, there have been substantial studies and debates on whether tree
variables in fully stocked stands grow allometrically or isogonically [22,28-31]. In this
study, we found that before canopy closure and self-thinning, the stand basal area growth
rate was greater than the average height growth rate. As the stands became fully stocked
and self-thinning took place, both the basal area and average height growth rates became
similar to each other. This implied that the growth of the stand basal area and average
height changed from allometric to isogonic. The average diameter growth rate was larger
than the average height growth rate at the beginning and then decreased quickly and
decreased more than the average height growth rate as the stands experienced canopy
closure. This indicated that the growths of both the average height and diameter were
allometric, and this was true even in the fully stocked and self-thinned stands. However,
there was a trend in both the average height and diameter growth rates becoming similar
as the stands matured.

The reason why the slopes of Reineke’s model and the —3/2nd power laws are
different [21,29] can be explored using the theory of the two limit values. Because the
second limit value is not reached at the canopy closure or self-thinning stages in many
stands, the height growth rate is still larger than the diameter growth rate, and the growth
relationship between height and diameter is allometric, not isogonic. The theory of the
two limit values can also be applied to explore the reason why the self-thinning rates are
different in different growth stages for one tree species. In fact, self-thinning in stands is
determined by the relative growth relationship of height and diameter and is dynamic
at different self-thinning stages. However, the initiation age of self-thinning cannot be
determined accurately because the first limit value (%) is still difficult to obtain due to the
lack of self-thinning data. However, the second limit value can be determined accurately
because the height growth rate is equal to the diameter growth rate at this time. For stands
with higher densities, the first limit value is reached earlier than the second limit value. If
the limit extreme value is reached or will be reached, it can be speculated that the stand
will begin to self-thin.

One of the arguments for self-thinning is that the self-thinning line can be straight or
curved. Several studies have already demonstrated that the self-thinning line is curved
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because the actual slope of the self-thinning line becomes steeper with increasing age and
tree size [5,81]. We speculate that there are two cases related to self-thinning: with and
without dead trees removed promptly. Compared with the latter, the former will lead
to an improvement in growing space and a reduction in competition, which will result
in different self-thinning rates and trajectories. In our most recent study, we found that
the self-thinning line was straight when dead trees were removed promptly; if dead trees
were not removed, then the self-thinning line was curved. The latter situation is more
prevalent in nature. However, it is still difficult to predict the curved self-thinning line
accurately because the decomposition rate of dead trees varies with tree species and climate.
Following this, an experimental study will be undertaken to examine the impacts of tree
removal and non-removal on self-thinning trajectories.

The results of this study show that the growth balance status in which % ~ %,
can provide a potential measure for identifying and selecting fully stocked stands before
self-thinning, while the similar growth rates of stand basal area and average height, P ~
Py, offer an implication of fully stocked stands in which self-thinning is taking place. In
practice, the existing stands can be first visually interpreted for their status of being fully
stocked, stand basal area and average height and their growth rates can be measured and
analysed to make a decision on whether the stands have been fully stocked, and then the
data can be used to develop maximum size-density lines. For plantations, due to different
site conditions and different numbers of trees planted, the time needed for stands to reach
the growth balance status and the length of time for the stands to maintain the growth
balance status may vary. However, the growth balance status does exist and can be used
for the selection of fully stocked stands in which the growth rate of the per unit basal area
is similar to that of the per unit average height.

5. Conclusions

In this study, the growth characteristics of stand variables from six fully stocked
Chinese fir plantations with five self-thinned plots and one artificial thinned plot were
investigated and analysed, which resulted in the following conclusions:

A highly significant linear relationship was observed between stand basal area and
average height, with the absolute values of the intercepts and the slopes of the models
increasing as the planted tree density increased.

After canopy closure and before self-thinning, there was a growth balance status of
fully stocked stands in which % ~ %/, providing a potential measure that can be used to
select fully stocked stands without self-thinning.

Before self-thinning, the growth rate of the stand basal area was greater than that of
the average height. As the stands were fully stocked, the basal area growth rate decreased
quickly and became similar to the average height growth rate at the self-thinning stage.
The isogonic growth of basal area and average height can be utilised as an indicator for the
selection of fully stocked and self-thinned stands.

As the stands experienced canopy closure, the % value became stable and approached
the first limit value. The stands with different planting tree densities had different limit
values. Meanwhile, the H/D value may approach the second limit value after the stands
become mature. The two limit values may be reached at the same time given suitable stand
density, and this density may be appropriate for plantation management.

The growths of average diameter and height were allometric before the stands became
mature and then showed an isogonic trend.
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