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Abstract: Accurate forest information on tree species, stand age, tree density, and stand volume is
required to ensure effective forest management practices. In Japan, forest information is consolidated
in forest yield tables and stand density management diagrams (SDMDs) that are specifically designed
for major forest plantation species. In this study, we analyzed whether the current full density
curve in the SDMD of Hinoki (Chamaecyparis obtusa) plantation stands in Kyushu Island aligns with
the characteristics of the existing stands. Data from 18 Hinoki forests were used to measure tree
heights, diameters, and densities. Equations were developed to establish relationships between stand
factors, and various curves were derived for average height, competition ratio, full density, yield ratio,
average diameter, and natural mortality. The results showed that the current full density curve in the
SDMD for Hinoki plantation stands did not completely align with the characteristics of the existing
Hinoki plantation stands in Kyushu Island. Thus, the full density curve in the SDMD for the Hinoki
stands in this region should be significantly adjusted. These results can enhance forest management
in Japan and advance SDMD modeling and its application in forest planning and management.

Keywords: stand density management diagram; Hinoki (Chamaecyparis obtusa); full density curve;
forest management; plantation stands

1. Introduction

Forest managers and planners require a wide range of forest data, such as tree species,
stand age, tree density, and stand volume, which are crucial for understanding the present
and future conditions of a forest and to plan effectively and implement appropriate forest
management practices [1–3]. In Japan, forest information is consolidated in forest yield
tables and stand density management diagrams (SDMDs) specifically designed for major
forest plantation species. Forest yield tables present empirical relationships between stand
age and stand stem volume [4], while SDMDs are average stand-level models that visually
depict the inter-relationships between yield, density, and mortality in various stages of
stand development [5–14].

The National Forest Inventory (NFI) is a comprehensive forest survey conducted at
the national level that primarily focuses on estimating timber productivity. Typically, the
NFI collects information regarding tree species composition and measures stem or timber
volume on both the stand and individual tree scales in selected forests [4]. Moreover, the
NFI accurately and reliably estimates carbon stocks and carbon uptake across the entire
forested area of the country [4,15–17]. Numerous studies have utilized NFI data to examine
historical forest carbon stocks and net carbon uptake [4,16–23] and to project future changes
using forest growth models [4,24–26].

In Japan, NFI data have traditionally been based on forest registers using yield tables
derived from observational data collected around 1970 [4]. However, in recent years, new
yield tables incorporating mathematical formulas based on SDMDs have been developed
for private forests in Japan [27–33].
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As mentioned above, SDMDs visually represent the relationships between yield,
density, and mortality in different stages of stand development [12–14,34–37]. A full
density curve plays a significant role in SDMDs as an important functional and empirical
quantitative element. It serves as the foundation for the yield index, which indicates the
ratio of a specific stem volume on the equivalent height curve to the maximum stem volume
per unit area (e.g., ha) at the intersection point of the full density curve and the equivalent
height curve [6]. The yield index is a common criterion for determining relative stand
density because it is directly related to the stem volume per unit area. Furthermore, the full
density curve establishes the upper limit of stand density with respect to a given mean stem
volume [7]. However, in recent years, Kondoh [38] reported practical data for long-term
forest survey plots of Hinoki (Chamaecyparis obtusa) that exceeded the upper limit of stand
density for a given mean stem volume.

Although the full density curve serves as the foundation for the yield index of the
SDMD, a residual error can occur between the full density curve and practical forest survey
plot data [27–30,38]. This can affect the accuracy of the yield index in the SDMD. Therefore,
in this study, we analyzed data from long-term continuous survey plots of Hinoki stands
located in national forests to address the following question:

Do the characteristics of the current full density curve in the SDMD for Hinoki plan-
tation stands in national forests in Kyushu Island align with that of the existing Hinoki
plantation stands?

Answering this question will allow for adjustments to the current full density curve
in the SDMD for Hinoki plantation stands in the national forests in Kyushu Island and
potentially lead to improvements in the SDMD for Hinoki stands in this region. Hinoki
is one of the primary tree species used in forestry in Japan, along with Sugi (Cryptomeria
japonica) [39]. In 2017, the artificial Hinoki plantation area accounted for 25.5% of the total
plantation area in Japan. Specifically, in Kyushu Island, located in southwestern Japan,
Hinoki plantations cover 34.5% of the area [40]. Notably, the timber price of Hinoki is
generally higher than that of Sugi in Japan [41].

2. Materials and Methods
2.1. Materials

We used 118 datasets collected from 18 pure and uniformly aged Hinoki forests in
Kyushu Island, southwestern Japan (Figure 1, Table 1). The latest measured ages for each
survey plot ranged from 54 to 113 years (Table 1). The plot sizes varied from 0.065 ha to
0.493 ha (median: 0.168 ha; mean: 0.197 ha). Throughout the study period, the total tree
height and diameter at breast height (DBH) of all living trees were measured multiple
times, with intervals of approximately 5 years for young plots (approximately <50 years)
and approximately 10 years for older stands.

As shown in Table 1, the dominant height was calculated as the average height of the
dominant trees within each plot. Dominant trees were determined based on the tallest
100 trees per hectare [42].

The relative index (Ry) shown in Table 1 represents a commonly used indicator for
determining stand density utilized in SDMDs in Japan. Ry is a relative value, with higher
values indicate denser stands and a theoretical value of 1.0 representing an overcrowded
stand. The curve at which Ry equals 1.0 is referred to as the full density curve [7]. The
relative index (Ry) was calculated as follows:

Ry = V/Ves

where V is the stem volume per hectare and Ves is the stem volume per hectare on the full
density curves of the existing SDMDs, that have been used [43].

2.2. Methods

The development methods used for SDMDs are primarily based on the studies of
Ando [6], Nagahama [27,28], and Nagahama and Kondoh [29].
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In this study, we aimed to establish the expression for forest stand functions.
The relationship between stand form height, the mean height of dominant trees, and

stand density was calculated as follows:

HF = a1 + a2 × Ht + a3 × N1/2 × (Ht/100) (1)

where HF represents stand form height; Ht denotes the mean height of the dominant trees;
N represents the number of trees per hectare, that is, stand density; and a1, a2, and a3 are
coefficients.

The relationship between the mean DBH, quadratic mean diameter, and stand density
was calculated as follows:

D = b1 + b2 × Dg + b3 × N1/2 × (Ht/100) (2)

where D represents the mean DBH, Dg signifies quadratic mean diameter, and b1, b2, and
b3 are the coefficients.

The relationship between the mean tree height at a survey stand (H), the mean height
of dominant trees (Ht), and stand density (N) was calculated as follows:

H = c1 + c2 × Ht + c3 × N1/2 × (Ht/100) (3)

where c1, c2, and c3 are the coefficients.
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Table 1. Stand attributes of the pure Hinoki (Chamaecyparis obtusa) forests studied during the first and last measurement periods.

Stand
No. Site Name

Beginning of Measurement Latest Measurement
Site

IndexAge
(Years)

Stem Density
(Trees × ha−1)

Mean
Height

(m)

Dominant
Height

(m)

Mean
DBH
(cm)

Stand
Volume

(m3 × ha−1)
Ry Age

(Years)
Stem Density
(Trees × ha−1)

Mean
Height

(m)

Dominant
Height

(m)

Mean
DBH
(cm)

Stand
Volume

(m3 × ha−1)
Ry Mortality

Rate (%)

1 Aoidake 43 1645 14.7 17.0 19.9 413.9 0.90 68 1475 19.0 22.2 24.2 688.3 1.01 7.1 16.1
2 Hontano 61 1064 15.9 17.8 15.9 519.1 0.78 103 881 22.9 25.0 36.7 1021.7 0.94 1.6 12.3
3 Kirishima 48 1446 14.6 16.7 21.0 391.2 0.85 68 1257 19.8 23.4 24.5 624.1 0.99 5.6 13.8
4 Koshisashi 59 1165 17.2 19.9 23.9 467.8 0.89 79 992 23.9 26.2 30.3 846.5 1.00 3.1 12.3
5 Manzen 1 53 1524 16.5 18.1 21.9 485.1 0.92 83 1172 22.5 24.2 28.5 841.2 0.99 6.7 15.5
6 Manzen 2 51 1637 13.9 15.3 20.4 383.1 0.83 75 1219 18.1 19.5 25.3 554.5 0.89 0.0 11.9
7 Manzen 3 51 1267 13.1 14.4 17.6 212.9 0.70 66 1220 15.8 17.4 19.2 295.0 0.81 0.0 12.5
8 Maruyama 54 2127 14.9 18.3 17.6 423.0 1.02 65 2046 16.5 19.8 19.2 533.2 1.04 6.1 16.4
9 Naijuyama 47 2772 9.8 11.3 13.4 210.5 0.81 62 2772 12.8 14.5 14.6 325.7 0.95 5.2 9.9

10 Natsuki 56 1471 18.9 21.3 23.7 632.4 1.00 90 1012 26.1 28.4 31.7 1033.7 1.05 1.0 16.7
11 Nikawa 1A 43 1585 17.0 18.8 20.2 454.7 0.95 65 1569 20.2 22.7 24.5 787.2 1.01 10.6 18.3
12 Nikawa 1B 43 1174 17.0 19.2 22.7 421.1 0.87 65 1174 21.0 23.6 28.2 786.5 0.98 2.4 18.4
13 Nikawa 1C 43 1719 16.7 19.5 20.2 484.2 1.00 65 1656 20.2 23.3 22.5 740.3 1.04 0.0 18.7
14 Nikawa 2 24 2895 11.5 13.2 12.3 224.9 0.93 54 1574 20.4 22.9 21.3 603.8 1.06 1.9 18.5
15 Onigami 13 3082 5.4 7.0 7.8 50.7 0.53 62 1755 19.6 23.2 21.3 683.8 1.07 11.7 16.6
16 Osuzu 43 1290 12.4 14.3 16.9 203.5 0.70 98 787 23.0 26.3 30.5 669.8 0.90 4.4 13.8

17 Saigo
onsendake 23 2000 10.7 11.7 16.2 233.2 0.72 63 1725 20.0 21.2 25.7 929.1 1.02 11.7 16.3

18 Tankaino 42 2384 12.8 12.8 16.3 372.5 0.89 113 996 27.3 31.6 31.1 1278.7 1.31 0.0 12.3

Site index is dominant tree mean height at 40 years of age.
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The relationship between the mean stem volume of an individual tree (v) in a survey
stand, the mean height of dominant trees (Ht), and stand density (N) was calculated
as follows:

v = d1 × (Htd2) × Nd3 (4)

where d1, d2, and d3 are the coefficients.
To derive the above-mentioned equations, 118 plot measurements were used. The

residuals between the calculated values based on each stand factor and the observed values
were obtained using the derived equations. These residuals were divided by the sum of
the squared residuals, and data exceeding the 1% threshold in the t-distribution table were
assigned a score of 2, whereas data falling between 5% and 1% were assigned a score of 1.
Data with a total score of 4 or higher were identified as anomalous and excluded [44]. The
residual standard deviation (S) was calculated as follows:

S = (Σ(yi − Myi)2)1/2/(N − P − 1)

where yi represents each individual residual, Myi is the mean of the residuals, N is the total
number of data points, and P is the number of parameters in the equation.

2.2.1. Reciprocal Equation of Competition—Density Effect

The average height curve in SDMDs represents the relationship between the num-
ber of stems per hectare and stem volume and is called the reciprocal equation of the
competition—density effect [45–47]:

V−1 = A + B × N−1 (5)

where V is stem volume per hectare, and A and B are constants determined for each
dominant height.

Ando [6] assumed that stands with the same dominant height were in the same growth
stage regardless of their site or stand age. He substituted A and B into the dominant height
equation and transformed Equation (5) as follows:

V = (k1 × Htk2 + k3 × Htk4 × N−1)−1 (6)

where k1, k2, k3, and k4 are constants.
Equation (6) requires the coefficients (constants) to be determined using a nonlinear

model. Manabe [48] applied the iterative method described by Marquardt [49].

2.2.2. Derivation of Various Curves

The coefficients (constants) were calculated using the iterative method proposed
by Marquardt [49]. Using the acquired results, we obtained the average height curve,
competition ratio, full density curve, yield ratio curve, average diameter curve, and natural
mortality line.

The expressions of all forest stand functions were established, and an SDMD for
Hinoki (C. obtusa) forests in the Kyushu region is presented here. The estimation accuracy
of the SDMD was determined through hypothesis testing. All statistics were calculated
using R. 4. 2. 1 [50].

3. Results
3.1. Calculation of Abnormal Data

Scores were obtained for each stand composition factor using Equations (1)–(4). For
data from 42-year-old and 47-year-old stands in the Tankaino survey plot, the scores were
≥4. Therefore, data from these two sets were excluded from the analysis. Consequently,
116 datasets were used to calculate the stand composition factor relationships.
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3.2. Relationship Equations of Stand Composition Factors

The relationship equations of the stand composition factors were calculated based on
discarded data for the experimental site.

The relationship between stand shape height, the average height of dominant trees,
and stand density was calculated as follows:

HF = 0.113013 + 0.399036 × Ht + 0.109946 × N1/2 × Ht/100 (7)

The coefficient of multiple determination was 0.978, and the residual standard devia-
tion (S) was 0.2622.

The relationship between the mean DBH, quadratic mean diameter, and stand density
was as follows:

D = 0.097290 + 0.988882 × Dg − 0.034098 × N1/2 × Ht/100 (8)

The quadratic mean diameter (Dg) was calculated based on the stand shape height
(HF) using Equation (7) and the basal area per hectare (G) using Equations (9) and (10).

G = V/HF (9)

Dg = 200 × (G × (pi × N)−1)1/2 (10)

The coefficient of multiple determination was 0.9994, and S was 0.1345.
The relationship between average tree height, the average height of dominant trees,

and stand density was as follows:

H = −0.55205 + 0.95098 × Ht − 0.08986 × N1/2 × Ht/100 (11)

The coefficient of multiple determination was 0.9746 and S was 0.6288.
The relationship between average stem volume per tree, the average height of domi-

nant trees, and stand density was:

v = 0.08917 × (Ht2.17785) × N−0.69803 (12)

The coefficient of multiple determination was 0.9528, and S was 0.06789.

3.3. Reciprocal Equation of Yield Density Effect

Using the Levenberg–Marquardt method [48–50], the coefficients were calculated
using Equation (6), and subsequently, Equation (13) was constructed as follows:

V = (0.07839 × Ht−1.32287 + 256,036.07702 × Ht−4.44913 × N−1)−1 (13)

3.4. Derivation of Various Curves on Stand Structure Factors
3.4.1. Equivalent Height Curve

Using the inverse formula of the yield density effect (Equation (13)), the relationship
between the number of trees per hectare (N) and stem volume per hectare (V) for a given
dominant tree height (Ht) was determined. This relationship corresponds to an even-aged
stand—height curve, as indicated by Ando [6].

3.4.2. Competition Index and Limit Competition Index

Following the method proposed by Ando [46], the competition index (Rc) and limit
competition index (Rf) were calculated using the method proposed by Ando:

Rc = 256,036.07702 × Ht−4.44913 × V × N−1 (14)

where V represents the stem volume calculated using Equation (13). Ando [6] stated that
there is an upper limit to density depending on the growth stage of a pure stand. Therefore,
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Rc had a certain threshold value for a real forest stand. The competition index at this
threshold is referred to as the threshold competition index. In this study, Rc was calculated
for 116 survey datasets, and the minimum value was considered as Rf, which was found to
be 0.05447.

3.4.3. Full Density Curve

Using the previously mentioned Rf values, a full density curve was constructed fol-
lowing the methods proposed by Ando [6] and Nagahama [28], resulting in Equation (15):

V_Rf = 23,033.51908 × N_Rf−0.42315 (15)

3.4.4. Yield Index Curve

Based on the methods of Ando [6] and Nagahama [28], the yield index curve was
formulated as follows:

V_Ry = K × N_Ry−0.42315 (16)

where K is a constant. The values of K for each yield index are listed in Table 2.

Table 2. Values of constant K for each yield index.

Ry K

1.00 56,699,026.66
0.95 28,836,233.72
0.90 18,651,945.64
0.85 13,373,187.60
0.80 10,143,570.77
0.75 7,963,866.02
0.70 6,393,684.22
0.65 5,208,720.73
0.60 4,282,704.34
0.55 3,539,115.30
0.50 2,928,879.56
0.45 2,419,076.23
0.40 1,986,796.77

3.4.5. Natural Thinning Curve

A stand starting from planting density N0 will gradually approach the full density
curve while exhibiting a decrease in density during the growth process, without any
artificial thinning or adjustment of its tree numbers. The natural mortality line for planting
density N0 is a function of the average stem volume v and is expressed in Equation (17) [51]:

1/N = Av + B (17)

where A and B are constants determined from the full density curve and planting density,
respectively. Therefore, the natural mortality line was derived based on the full density
curve given in Equation (18):

V = ((N/N0) − 1) × (−54,765.60847) × (N00.42315) (18)

where V represents the stem volume per ha, N represents the number of trees per hectare,
and N0 represents the planting density.

3.5. Estimation Accuracy

Previous studies have examined the estimation accuracy of constructed SDMDs [6,28,44].
In this study, the estimation accuracy was examined following the estimation accuracy
evaluation methods of the Forestry Agency [44] and Nagahama [28]. Using a permissible
error rate of 20%, the stem volume per hectare estimated from the SDMD was compared
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with the actual measured values of stem volume per hectare at a significance level of 5%.
Denoting the 5% significance level as X2(0.05), the values obtained were X2 = 67.32339 and
X2(0.05) = 142.07551. Because the calculated value did not exceed the critical value, it was
deemed statistically insignificant and was within the permissible error rate.

3.6. Stand Density Management Diagram

Using the formulas representing the stand structure factors mentioned earlier, an
SDMD for Hinoki (C. obtusa) forests in the Kyushu region is presented (Figure 2).
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3.7. Comparison with the Existing Full Density Curve

Figure 3 shows the existing full density curve and that calculated in this study. Up to
a density of 167 trees × ha−1, the full density curve in this study was positioned above the
existing curve. The corresponding stem volume at this point was 2644 m3 × (ha−1).
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Figure 3. Comparison with the existing full density curve (black isoline) and full density curve
calculated in this study (red isoline). Up to a density of 167 trees × ha−1, the full density curve in this
study was positioned above the existing curve. The corresponding stem volume at that point was
2644 m3 × (ha−1).

4. Discussion

The full density curve shows the upper limit of stand density with respect to the
arbitrary mean stem volume [6,51]. It indicates the limit beyond which the density cannot
increase further and is considered the most important factor in SDMDs. However, based on
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our forest resource surveys of the Hinoki cypress stands, it is evident that stands exceeding
the full density curve exist. Moreover, this study revealed that compared to the existing
SDMDs, the upper limit of stem volume per unit area is increased for high-density forests,
as shown in Figure 3.

In Table 1, the mortality rates of the survey plots are shown. The average mortality rate
is 4.4%, with a standard deviation of 4.0. The full density curve is adaptable to populations
that exhibit mortality rates dependent on density. Given the low mortality rate in the study
area used in this research, it is believed that it represents a population with mortality rates
dependent on stand density. Therefore, it seems possible to adapt the full density curve.

In Japan, according to typical forest practice, Hinoki (C. obtusa) was planted at
3000 trees per hectare [52]. The natural mortality of Hinoki in a human-made forest
with the typical planting pattern of 3000 trees per hectare would follow the trend along the
natural thinning curve (red isoline) with competition for 3000 trees per hectare, as shown
in Figure 1.

The following factors can explain the increase in the upper limit of the full density
curve: First, there was a delay in the thinning of the Japanese cedar and Hinoki cypress
plantations in Japan. In fact, in the fiscal year 2019, although thinning was planned for
452,000 ha nationwide, it was implemented in an area of only 365,000 ha [41]. Furthermore,
considering the age structure of Japanese plantations, plantations exceeding the standard
harvest age of 50 years accounted for 50% of the total plantation area [41]. In other words,
there are many high-density, aging plantations in Japan where forest maintenance practices,
such as thinning, are not conducted. This is likely the case in the Hinoki cypress forests
in the Kyushu region, which were the focus of this study. We found an increase in the
upper limit of stem volume per unit area in the Hinoki cypress forests in the Kyushu region.
Therefore, the volume estimates for the Hinoki cypress in this region, calculated using
the existing SDMDs, are believed to be underestimated. Egusa et al. [4] indicated that
forest carbon storage estimated from yield tables created before 1970, which were used
to estimate the total stem volume nationwide, accounted for only 58%–64% of the carbon
storage estimated from the recent NFI, thus indicating a significant underestimation. These
results support the conclusions of Egusa et al. [4].

According to the survey results of the NFI conducted by the Forestry Agency from the
fiscal year 2014 to 2018, forest accumulation in Japan was approximately 8.6 billion m3 [53].
In contrast, the estimated forest accumulation based on the existing data, such as yield
tables, was approximately 5.6 billion m3. Although the survey methods differed between
the NFI and the estimates based on the existing data, such as yield tables, the total forest
accumulation in Japan significantly differed. For basic reference materials for policy con-
siderations, the estimated forest accumulation based on the existing data was utilized [54].
Owing to the large discrepancy between the NFI and existing data, it is necessary to
improve the calculation accuracy of Japan’s forest accumulation.

Second, another possible factor for the change in the slope of the full density curve,
as shown in Figure 2, is the age structure of the data used to create the SDMDs. In Japan,
during and after World War II, many forests were harvested because of the high demand
for timber. Widescale reforestation occurred from the 1950s to the 1960s [52]. The existing
SDMDs [43,44] were adjusted for 1982. It is believed that there were hardly any old stands
exceeding 50 years of age during the 1970s and 1980s. On examining the data used to
create SDMDs for privately owned Hinoki cypress plantations in the Kyushu region, which
were adjusted in 1982 [44], we found that the highest age was 79 years. Although this
study focused on SDMDs in national forests, the age structure of national forests in the
early 1980s was believed to be similar to that of private forests. Long-rotation management
in Japan requires approximately double the standard harvest age. The standard harvest
age for Hinoki cypress in the Kyushu region is 45 years [55], implying that the long-
rotation management of Hinoki cypress forests in the Kyushu region would be 90 years
or older. In this case, the existing SDMDs, which are assumed to lack data on old stands,
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would be difficult to implement for long-rotation management. Therefore, this condition is
considered to be a reason for the underestimation of the full density curve in the SDMDs.

Third, the increase in the upper limit of the full density curve, as observed in this
study, indicates that the growth of Hinoki cypress in the Kyushu region is greater than
previously predicted. This increase in growth can be attributed to the recent increase in
atmospheric CO2 concentrations and the effects of global warming [4,56].

Increasing temperatures promote plant growth [4,57,58]. Japan’s forests are located
in a mid-latitude region and are part of the Asian Monsoon. In this region, the annual
average temperature and solar radiation significantly influence the net primary productivity
of forests [59–61]. Owing to recent climate change, temperatures have increased, along
with an increase in the quantity of solar radiation due to reduced cloud cover. Therefore,
forest growth in Japan is highly likely to have increased. Additionally, since the 1980s,
increasing air pollutant emissions, particularly in China, have had a significant impact on
nitrogen deposition in Japan [62,63]. Forest carbon uptake is greatly enhanced by nitrogen
deposition [64–67]. Based on these factors, the increases in temperature and atmospheric
CO2 concentration due to global warming and the increase in nitrogen deposition may
contribute to an increase in net primary productivity and, subsequently, an increase in forest
accumulation (forest stock) in Japan. Furthermore, the anthropogenic impacts of climate
change, such as global warming and nitrogen deposition, may be factors contributing to
the upward shift of the full density curve.

However, this study focused specifically on Hinoki plantation stands in Kyushu Island,
and further research is needed to validate and generalize our findings to other regions and
tree species. Future studies should also explore the applicability of the developed equations
and their relationships with different stand types and forest management objectives.

5. Conclusions

By incorporating these new relationships and statistically significant equations into
SDMDs, forest managers and planners will gain a more accurate tool for assessing and man-
aging Hinoki plantation stands in the national forests of Kyushu Island. This improvement
in the SDMDs could also contribute to improved forest management practices, leading to
the more effective planning and implementation of forest management strategies.

Overall, this study provides valuable insights into the alignment between the current
full density curve in the SDMD and the characteristics of existing Hinoki plantation stands.
These results will contribute to ongoing efforts to enhance forest management practices in
Japan, particularly in relation to Hinoki forestry, and pave the way for future advancements
in SDMD modeling and its application in forest planning and management.
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