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Abstract

:

Konishii fir (Cunninghamia konishii Hayata) is an important conifer in Taiwan. The purpose of this study was to predict stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) for a Konishii fir plantation. This study was located at the Huisun Experimental Forest Station of Nantou County located in central Taiwan. Four sample plots, each with an area of 0.05 ha, were installed and surveyed from 29 June to 2 July 2020. Two models, the diameter distribution model (DDM) and allometric model (AM), were used to predict V, AGB, and AGCST. Each item predicted by these two models was compared by the paired sample t-test. We employed the Weibull function to quantify stand diameter distribution and this function can effectively quantify diameter distribution, because all plots passed the examination by the Kolmogorov–Smirnov test (non-significant). Therefore, the Weibull function was suitable for developing the DDM. The predicted V, AGB, and AGCST were 538.43 ± 140.52 m3 ha−1, 203.25 ± 52.79 Mg ha−1, and 100.85 ± 26.30 Mg ha−1 by DDM; and 555.90 ± 145.42 m3 ha−1, 209.10 ± 51.25 Mg ha−1, and 103.78 ± 25.51 Mg ha−1 by AM, respectively. Each item was insignificantly different between DDM and AM, indicating similarity in results for both predictions. Meanwhile, using DDM is advantageous, as it can provide more yield information in diameter classes; therefore, this approach was recommended for yield prediction of the Konishii fir plantation.
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1. Introduction


From 1991 to 2020, although the world total forest cover decreased from 32.35% to 31%, the area of planted forests during this period increased by about 72% [1]. This result indicates that the importance of plantation in current forest management is increasing, because it can provide various ecosystem services and play an important role in ecological, economic, and social aspects [2,3,4,5]. In recent years, numerous studies have assessed various species of plantations and discovered that they possess high carbon storage (CST) capacity due to their fast growth [6,7,8,9,10]. Thus, establishing plantations for carbon sequestration is regarded as a valid method to reduce global warming worldwide. The plantations are also a key component of Taiwan’s forest resources and occupy approximately 422,600 ha, which mainly contains conifers [10,11,12,13].



Assessment of CST among various forests is significant, because it helps understanding the contribution of forests to CST [9,10,14]. Numerous approaches have been developed for predicting the CST. Usually, prediction of biomass accumulation or CST based on the allometric model (AM) is regarded as a reliable approach at stand level [15,16,17]. On the other hand, the diameter distribution model (DDM) is another approach that could be used to predict CST [18]. However, the structure of DDM is more complex than that of AM, because DDM integrates AM and the diameter distribution function [19,20]. The advantage of using DDM is that it provides more detailed information than AM, while quantification of the stand diameter distribution requires a distribution function that is one of the major limitations of DDM [21]. The Weibull function is one of the important diameter distribution functions that can validly quantify various shapes of diameter distribution, and its parameters help to explain the curve shapes predicted by this function [22]. Hence, this function has been widely employed for quantifying the diameter distribution of various forest types, and satisfactory prediction results were obtained [18,22,23,24,25,26].



Cunninghamia lanceolata var. Konishii or C. konishii is known as Konishii fir, was first discovered in Luanta mountain of central Taiwan and is also known as Luanta fir [8,27]. Generally, it is dealt with as a variety of China fir; however, this conifer is classified into a single species as well (hereafter use Konishii fir in this study). Konishii fir is one of the important conifers in Taiwan, because it possesses some distinctive characteristics, including excellent wood quality, fast growth, and short rotation [28,29,30]. Its bark produces essential oils that give anti-wood-decay properties and makes it more durable and decay-resistant [31]. The natural habitat of this conifer is narrow, and it is naturally found in Taiwan and the border between Vietnam and the Lao People’s Democratic Republic [27]. In Taiwan, it is mainly distributed in the central part between the latitude 23° 30′ and 24° 30′ at an elevation range from 1300–2800 m [8,32]. It is commonly found scattered within forests of Chamaecyparis spp. Pinus spp. and Pseudotsuga wilsoniana [32]. Since this conifer possesses both high economic and ecological values, it has been widely planted across Taiwan [8].



This study has addressed a Konishii fir plantation at Huisun Experimental Forest Station of central Taiwan. The purpose of this study was to (1) assess the applicability of the Weibull function to quantify stand diameter distribution, (2) predict stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) capacity by DDM and AM, and (3) compare V, AGB, and AGCST using two models.




2. Materials and Methods


2.1. Study Areas


This research was conducted on a Konishii fir plantation at Huisun Experimental Forest Station of Nantou County located in central Taiwan (24°04′26″ N, 121°01′56.5″ E). This forest station has an area of 7477 ha and belongs to and is managed by the College of Agriculture and Natural Resource of National Chung Hsing University [33]. One of the important missions of this forest station is to provide a research facility for researchers. The structure of this forest station contains natural forest (70%), plantation (20%), and others including bamboo (10%) [34]. The altitude of this forest station ranges between 454 and 2419 m. The average annual temperature and annual rainfall are 21.0 °C and 2633 mm [35]. The Konishii fir is among the five most precious coniferous species of Taiwan and has been planted in various parts of the country [13]. It was selected as one of the major planting tree species in Taiwan during the 1970 plantation campaign [36]. To study its growth and yield, a Konishii fir plantation located at the third compartment was selected; the age of this stand at the time of the survey was 53 years based on the study of Liu [37]. The study site and stand status are shown in Figure 1.




2.2. Data Collection


Four sample plots were installed in the Konishii fir plantation site (Figure 1). The size of each plot was 0.05 ha (20 m × 25 m), and a total of 0.2 ha area from four plots was used. The field survey for data collection was conducted from 29 June to 2 July 2020.



During the fieldwork, trees in all the plots were fully enumerated for the measurement of diameter at breast height (DBH) using diameter tape (Yamayo, Tokyo, Japan); tree height (H) was measured with a Haga altimeter (Haga, Nürnberg, Germany); crown diameter (CD) was also measured by taking the mean of the longest and the shortest ground distance under the tree crown; and position of each tree within plots was measured with a Ushikata surveying compass LS-25 (Kantum Ushikata, Yokohama, Japan) and a Leica DISTO X4 (Leica Geosystems, Heerbrugg, Schweiz). Since the main focus of this study was stand level, we used plot data to scale out stand stockings. The detailed information of tree number within each plot was: 28, 25, 18, and 21 for plots 1 to 4, respectively. A total of 92 trees from 4 plots were selected for the complete measurement of the above characteristics. Because the present study only used DBH and H in the data set, other tree characteristics were not carried out for further analysis.




2.3. Method


2.3.1. Research Framework


The flowchart of this study is presented in Figure 2.



The research framework was based on the study purpose, including predicting V, AGB, and AGCST for the Konishii fir plantation. We also compared these items by two models (DDM and AM) using the data collected from 4 sample plots. Both prediction models used the same allometric models; however, the DBH inputs in both cases were derived using different ways. The DDM used DBH derived from the Weibull function, while AM used the DBH directly obtained from the individual trees of plots to make predictions. After the predictions for these items were obtained, we compared the DDM and AM for each item by the paired t-test. The detailed stepwise method was presented in the below section.




2.3.2. Tree Height Equation


Tree height equation is an essential model for stands, especially at tree level. In order to build the relationship between DBH and H, a simple tree height equation was developed for this conifer based on the 92 sample trees. The tree height equation used in this study is shown in Equation (1) [17].


ln(H) = a+ bln(DBH),



(1)




where H is tree height, DBH is diameter at breast height, and a and b are parameters.




2.3.3. Diameter Distribution Model for Predicting Stand Volume, Aboveground Biomass Accumulation, and Aboveground Carbon Storage


The framework of DDM proposed by Hyink and Moser [20] was used in this study and is shown in Equation (2).


  Y = N     ∫  l u  g  ( x )  f  ( x )  d x ,  



(2)




where Y represents yield per unit area given by g(x), N denotes the number of trees per unit area, x is the diameter at breast height (DBH), g(x) is yield attributes including functions of DBH, f(x) is the probability function, and l and u are the lower and upper DBH limit of each class separated by size.



Equation (2) consists of three parts: (1) tree number (N), (2) probability density function, and (3) yield attributes including functions. In this study, the number of trees per ha based on sampling plots (0.05 ha) was used to calculate N. The Weibull function was adopted as a probability density function. The relevant allometric equations cited from previous studies were employed to predict V, AGB, and AGCST.



The Weibull probability density function (PDF) and cumulative distribution function (CDF) are given in the following Equations (3) and (4) [22]:


  f  ( x )  =  c b     [    x − a  b   ]    c − 1   e x p  {  −    [    x − a  b   ]   c   }  ,  



(3)






  F  ( x )  = 1 − e x p  {  −    [    x − a  b   ]   c   }  ,  



(4)




where f(x) is a type of probability density function, F(x) is a type of cumulative distribution function, x is the diameter at breast height, and a, b, and c are parameters.



The Weibull function needs to determine the parameter a at the initial stage of the process [39]. We solved the parameter a based on an approach proposed by Zanakis [40] and then employed the least squared estimator (LSE) to predict the other two parameters. The Kolmogorov–Smirnov (K–S) test was used to examine the goodness-of-fit of the Weibull distribution at α = 0.05 level. For the detailed examination procedure, please refer to Law [41].



After quantifying the stand diameter distribution by the Weibull function, the theoretical tree number could be obtained for each DBH class. Integration of relevant models, the V, AGB, and AGCST can be predicted for each DBH class and whole stand.



The relevant equations used to predict V, AGB, and AGCST were taken from previous studies conducted on China fir studies in central Taiwan [16,42]. The detailed forms of these equations are shown in Table 1. Noticeably, the equations of Table 1 used in the DDM were according to the mean DBH of upper and lower diameter classes not based on individual trees.




2.3.4. Allometric Model for Predicting Stand Volume, Aboveground Biomass Accumulation, and Aboveground Carbon Storage


We used the equations of Table 1 to predict V, AGB, and AGCST for individual trees within each plot. The V, AGB, and AGCST were the summation results obtained from each individual tree for each plot. The plot data were used to scale out the stand-level analysis.




2.3.5. Comparing Stand Volume, Aboveground Biomass Accumulation, and Aboveground Carbon Storage between the Two Models


This study used two models for predicting V, AGB, and ABCST, respectively. The DDM is more complex than the AM because it contains quantifying diameter distribution and uses allometric models to predict V, AGB, and ABCST. Noticeably, the process of DDM cannot be continued when the diameter distribution fails to be quantified by the Weibull function. It indicates that using this approach to predict V, AGB, and ABCST is subjected to the diameter distribution quantified by the Weibull function [21]. If each of the predictions for V, AGB, and ABCST by DDM and AM is achieved, they could be compared by using paired sample t-test. The p-value for this study was kept at a 0.05 level of significance.






3. Results


3.1. Stand Characteristics


The stand characteristics are presented in Table 2. These characteristics are scaled with the minimum, maximum, mean, and standard deviations.



From Table 2, we found that each item of stand characteristic has a small standard deviation indicating uniformity among plots, as the plantation was pure and evenly -aged. The consistency among the plots was also promoted by the proximity among plots, as they share the same environmental, ephaptic, and topographic factors.




3.2. Tree Height Equation


A tree height equation with natural logarithm type (Equation (1)) was developed for this conifer based on the 92 sample trees. The result obtained for the tree height equation is: ln(H) = 2.2217 + 0.2893ln(DBH) (r = 0.527, F = 34.678, p < 0.001). This equation is suitable for predicting the tree height of the Konishii fir plantation in this study area.




3.3. Quantifying Stand Diameter Distribution by Weibull Function


We employed the LSE to predict the Weibull function and examined it by the K–S test; the details are shown in Table 3.



The parameters a, b, and c were predicted to be 23.87 ± 2.87, 12.51 ± 1.37, and 1.66 ± 0.15, respectively (Table 3). The goodness of fit of the Weibull function was examined by the K–S test. Since we predicted the diameter distribution based on single plots, the K–S test also used to examine four plots, individually. The K–S test proposed by Law [41] was adopted to this study. This examination should calculate two values, that is the K–S and critical values. The former (   n   D n   ) is calculated from the tree numbers of the plot (n) and    D n    (the maximum value of the absolute difference between the cumulative distribution of observation and the Weibull function). The latter (   C  1 − α  ∗   ) is the critical value of the K–S test at α = 0.05. This critical value varies with numbers of trees in the plot [41], and for plots 1 to 4, the critical values were obtained as 0.846, 0.845, 0.838, and 0.843, respectively. Noticeably, if the    n   D n    <    C  1 − α  ∗   , the Weibull function could effectively be used to predict stand diameter distribution; else, the Weibulll is not suitable for predicting stand diameter distribution. The result of Table 3 showed that    n   D n    <    C  1 − α  ∗    for all plots, indicating the Weibull distribution is suitable for quantifying stand diameter distribution. We also displayed the observed data and predicted the curve for all plots in Figure 3. Figure 3 illustrates that the Weibull distribution follows the observation distributions for all plots.




3.4. Diameter Distribution Model


Since the Weibull function was suitable for predicting stand diameter distribution, it could be further integrated with the relevant models (Table 1) to predict V, AGB, and AGCST based on diameter class. The detailed results of the procedure of yield measurement using DDM are shown in Table 4.



Because the location parameter a of the Weibull function in all plots was higher than 20, the smallest diameter classes were in 20–25 cm. The N was calculated from the probability of the Weibull function and trees per ha. Tree height was calculated by the tree height equation built by this study based on the middle value of each DBH class. The V, AGB, and AGCST were predicted by the volume, aboveground biomass, and aboveground carbon storage equations of Table 1, respectively.



The yield distribution of V, AGB, and AGCST could be estimated for each DBH class, and a total of V, AGB and AGCST could be obtained from the DBH classes. For example, in plot 1, the V, AGB, and AGCST were calculated to be 600.83 m3 ha−1, 227.06 Mg ha−1 and 112.56 Mg ha−1, respectively. Likewise, the other sample plots followed the same procedure to obtain the yield distribution of V, AGB, and AGCST. The summarized values for each item of four plots are shown in Table 5.



The estimated values using the diameter distribution model for V, AGB, and CST for four plots were 538.43 ± 140.52 m3 ha−1, 203.25 ± 52.79 Mg ha−1, and 100.85 ± 26.30 Mg ha−1, respectively. Each of the items was calculated from Table 4 by summation of each diameter class obtained through the Weibull function of diameter distribution.




3.5. Allometric Model


We also used the AM to predict V, AGB, and AGCST, and the results obtained using the AM are shown in Table 6.



The predicted values using the allometric model for V, AGB, and CST were 555.90 ± 145.42 m3 ha−1, 209.09 ± 51.25 Mg ha−1, and 103.78 ± 25.51 Mg ha−1, respectively. The predictions are purely based on the allometric models for V, AGB, and AGCST and applied on individual tree basis.




3.6. Comparison of the Two Models


We used the paired sample t-test to compare the predictions of DDM and AM for each item, i.e., V, AGB, and AGCST. The result is shown in Table 7.



From Table 5 and Table 6, the results of DDM and AM comparison for all items were found to be consistent, and the predictions of both the methods are very close to each other. We also found a slightly larger mean value in AM for each item; as a result, a negative number was shown in the mean of   D ¯   for each item by the paired sample t-test (Table 7). Nevertheless, there was no significant difference between the prediction of the DDM and the AM.



Overall, AM is one of the important models widely used for predicting V, AGB, and AGCST. This reliable approach was utilized to compare with the DDM in V, AGB, and AGCST. We found that these items showed a non-significant difference between the predictions of the two methods. It also confirmed that DDM was a reliable approach for predicting these items. However, it must be noted that the successful quantification of the diameter relies upon the diameter distribution function. Although DDM could provide more information for predicting V, AGB, and ABCST, this model is subjected to whether the diameter distribution could be quantified by the Weibull function. Noticeably, the process of DDM cannot be continued when the diameter distribution fails to be quantified by the Weibull function. Therefore, the diameter distribution function plays a key role in DDM.





4. Discussion


Assessment of carbon storage for various forests is an important work worldwide, because it helps understand their contribution to reducing global warming ([9,43]. The predictions of carbon storage capability for forests might vary with approaches [21]. Usually, predictions of CST based on the AMs are considered reliable for stand level [15,16,17]. The present study addressed Konishii fir, which is an important conifer of Taiwan with ecological and economic values [16,37]. The results showed the high potential of CST for this conifer. We also used the DDM to predict V, AGB, and AGCST, and the Weibull function was carried out to predict diameter distribution. The Weibull function plays a key role in the framework of DDM, because this model is subject to whether the diameter distribution could be quantified by the Weibull function [18]. If the diameter distribution fails to be quantified by the Weibull function, the process of DDM cannot be continued. It indicated that using DDM to predict V, AGB, and ABCST was subject to whether Weibull function could successfully predict the diameter distribution [18,21].



The Weibull function has been used widely in predicting diameter distribution for various types of forests and obtained satisfactory results [18,22,23,24,25,26,44,45,46]. Because it possesses many advantages, including the flexibility of its curve for characterizing different forest types, its parameters could be helpful to explain the stand structure through DBH distribution, and the interval of DBH classes could be easy to calculate [18,22,23]. We also found that the parameters of the Weibull function could be predicted by various approaches. Usually, assessment of those approaches is based on the goodness of fit test, such as the K–S test. The present study showed that the Weibull distribution was suitable for the Konishii fir plantation, because all the predictions passed the K–S test, indicating the DDM is applicable in this study.



Since AM is a model generally used in predicting V, AGB, and AGCST, we predicted these items based on DDM and compared them with the AM predictions. Each item was non-significantly different between DDM and AM, indicating similar results for both predictions. Similar results were also found in a bamboo study. Liu et al. [21] used these two models to predict AGCST for a Makino bamboo (Phyllostachys makinoi) plantation, and non-significant differences were shown between DDM and AM. Meanwhile, using DDM is advantageous as it can provide more yield information in diameter classes.



The China fir plantation is approximately 10% of all plantations in Taiwan, which has been planted in middle and low altitude areas [8]. Globally, China’s fir plantation has reached over 12 million ha [47,48]. Since Konishii fir was regarded as a variant of China fir in some research, we also compare the results of our study to that of China fir worldwide. The results are listed in Table 8.



The Konishii fir in this study has higher AGCST (100.85 Mg ha−1) compared to that of China fir in central and whole Taiwan [10,43] or various regions of China (Table 8). The mean AGCST (1.90 Mg ha−1 year−1) of this study was close to that of China fir in the whole of Taiwan; however, it was lower than that of China fir in various regions of China (Table 8). Usually, the rotation age of Konishii fir or China fir is approximately 30 years [10,43,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63], but the stand age of Konishii fir in the present stand is more than 50 years. Therefore, higher AGCST was expected. Nevertheless, the present study focused on providing an approach to predict AGCST for a Konishii fir plantation. This additional information helps extend understanding relevant researches at the global level.




5. Conclusions


This study focused on predicting V, AGB, and AGCST or the Konishii fir plantation in central Taiwan. We used two models to predict these items, and the conclusions are as follows. The presented Weibull function was suitable for quantifying the diameter distribution of this plantation. The V, AGB, and AGCST were predicted to be 538.43 ± 140.52 m3 ha−1, 203.25 ± 52.79 Mg ha−1, and 100.85 ± 26.30 Mg ha−1 by DDM and 555.90 ± 145.42 m3 ha−1, 209.10 ± 51.25 Mg ha−1, and 103.78 ± 25.51 Mg ha−1 by AM, respectively. For each item (V, AGB, and ABCST), the differences were statistically non-significant between DDM and AM. We recommended DDM for yield prediction of the Konishii fir plantation, because it provides more yield information in diameter classes.




6. Patents


This section is not mandatory but may be added if there are patents resulting from the work reported in this manuscript.
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Figure 1. The study area and stand status (a) study site and plots (National Land Survey and Mapping Center, NLSC [38], (b) stand status of the Konishii fir at the survey period (2020/06/30 photo by Tian-Ming Yen). 
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Figure 2. The flowchart of model application to predict stand volume, aboveground biomass accumulation, and carbon storage capacity of Konishii fir (Cunninghamia konishii Hayata) plantation in central Taiwan. 
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Figure 3. The relationship between the observation (bar) and predicted curve (line) for all plots. 
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Table 1. The volume, aboveground biomass, and aboveground carbon storage equations used in this study.






Table 1. The volume, aboveground biomass, and aboveground carbon storage equations used in this study.





	Items
	Equations
	Species and Site
	References





	Volume
	V = (0.000033DBH1.9092 × H1.1170)−0.0122
	China fir in central Taiwan
	Yen et al. [42]



	Aboveground biomass
	AGB = 0.1502DBH2.2273
	China fir in central Taiwan
	Yen et al. [42]



	Aboveground carbon storage
	AGCST = 0.0681DBH2.2521
	China fir in central Taiwan
	Yen et al. [16]







V is volume, DBH is the diameter at breast height, H is tree height, AGB is aboveground biomass, and AGCST is aboveground carbon storage.
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Table 2. Diameter at breast height (DBH), tree height, number of trees, basal area for the Konishii fir plantation of this study area based on the sample plots.
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	Items
	Number of Plots
	Minimum
	Maximum
	Mean
	Standard Deviation





	Number of trees (trees ha−1)
	4
	360
	560
	460
	88



	DBH (cm)
	4
	33.85
	38.29
	35.49
	1.99



	Tree height (m)
	4
	25.24
	26.72
	25.84
	0.69



	Basal area (m2 ha−1)
	4
	34.18
	59.41
	47.77
	11.39
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Table 3. The parameters of the Weibull function are predicted by the least squared estimator and the result of the Kolmogorov–Smirnov (K–S) test.
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Parameters

	
K–S Test




	
a

	
b

	
c

	
     n    D n     1

	
    C  1 − α  ∗     2

	
Result






	
1

	
21.81

	
13.39

	
1.70

	
0.514

	
0.846

	
pass




	
2

	
26.55

	
12.84

	
1.69

	
0.697

	
0.845

	
pass




	
3

	
21.00

	
13.32

	
1.79

	
0.743

	
0.838

	
pass




	
4

	
26.10

	
10.49

	
1.44

	
0.824

	
0.843

	
pass




	
Mean

	
23.87 ± 2.87

	
12.51 ± 1.37

	
1.66 ± 0.15

	
0.695 ± 0.131

	
0.843 ± 0.004

	








1 Dn is the maximum value of the absolute difference between the cumulative distribution of observation and the Weibull function, n is tree numbers of plots. 2    C  1 − α  ∗    is the critical value at α = 0.05 level.
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Table 4. Prediction of stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) for all plots based on the diameter distribution model.
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	Plot
	Diameter Class

(cm)
	Number of Trees

(trees ha−1)
	Tree Height 1

(m)
	V

(m3 ha−1)
	AGB

(Mg ha−1)
	AGCST

(Mg ha−1)





	1
	20 ≤ x< 25
	46.57
	22.70
	18.62
	7.19
	3.52



	
	25 ≤ x < 30
	150.17
	24.06
	94.99
	36.23
	17.83



	
	30 ≤ x < 35
	152.03
	25.25
	140.46
	53.21
	26.30



	
	35 ≤ x < 40
	107.50
	26.32
	137.20
	51.75
	25.67



	
	40 ≤ x < 45
	60.03
	27.29
	101.56
	38.19
	19.00



	
	45 ≤ x < 50
	27.74
	28.18
	60.24
	22.61
	11.28



	
	50 ≤ x < 55
	10.87
	29.01
	29.54
	11.07
	5.54



	
	55 ≤ x < 60
	3.67
	29.78
	12.22
	4.57
	2.29



	
	60 ≤ x < 65
	1.08
	30.51
	4.32
	1.62
	0.81



	2
	20 ≤ x < 25
	00.00
	00.00
	00.00
	00.00
	00.00



	
	25 ≤ x < 30
	51.53
	24.06
	32.60
	12.43
	6.12



	
	30 ≤ x < 35
	143.24
	25.25
	132.35
	50.14
	24.78



	
	35 ≤ x < 40
	135.68
	26.32
	173.17
	65.32
	32.40



	
	40 ≤ x < 45
	90.42
	27.29
	152.96
	57.53
	28.62



	
	45 ≤ x < 50
	47.57
	28.18
	103.32
	38.77
	19.35



	
	50 ≤ x < 55
	20.67
	29.01
	56.21
	21.06
	10.53



	
	55 ≤ x < 60
	7.60
	29.78
	25.35
	9.48
	4.75



	
	60 ≤ x < 65
	2.40
	30.51
	9.66
	3.61
	1.81



	3
	20 ≤ x< 25
	39.37
	22.70
	15.74
	6.07
	2.98



	
	25 ≤ x < 30
	101.26
	24.06
	64.05
	24.43
	12.03



	
	30 ≤ x < 35
	98.76
	25.25
	91.25
	34.57
	17.09



	
	35 ≤ x < 40
	66.25
	26.32
	84.56
	31.89
	15.82



	
	40 ≤ x < 45
	34.02
	27.29
	57.56
	21.65
	10.77



	
	45 ≤ x < 50
	13.97
	28.18
	30.33
	11.38
	5.68



	
	50 ≤ x < 55
	4.69
	29.01
	12.74
	4.77
	2.39



	
	55 ≤ x < 60
	1.31
	29.78
	4.35
	1.63
	0.82



	
	60 ≤ x < 65
	0.31
	30.51
	1.23
	0.46
	0.23



	4
	20 ≤ x < 25
	00.00
	00.00
	00.00
	00.00
	00.00



	
	25 ≤ x < 30
	89.73
	24.06
	56.76
	21.65
	10.66



	
	30 ≤ x < 35
	139.57
	25.25
	128.96
	48.85
	24.15



	
	35 ≤ x < 40
	97.14
	26.32
	123.98
	46.77
	23.20



	
	40 ≤ x < 45
	53.06
	27.29
	89.75
	33.75
	16.80



	
	45 ≤ x < 50
	24.71
	28.18
	53.68
	20.14
	10.05



	
	50 ≤ x < 55
	10.17
	29.01
	27.66
	10.36
	5.18



	
	55 ≤ x < 60
	3.78
	29.78
	12.58
	4.71
	2.36



	
	60 ≤ x < 65
	1.28
	30.51
	5.14
	1.92
	0.97







1 Tree height was predicted based on middle values of each DBH class by Equation (1).













[image: Table] 





Table 5. The stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) predicted by the diameter distribution model for the Konishii fir plantation.
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	Items
	Number of Plots
	Minimum
	Maximum
	Mean
	Standard Deviation





	V (m3 ha−1)
	4
	362.15
	689.66
	538.43
	140.52



	AGB (Mg ha−1)
	4
	136.99
	259.85
	203.25
	52.79



	AGCST (Mg ha−1)
	4
	67.86
	129.13
	100.85
	26.30
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Table 6. The stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) predicted by the allometric model for the Konishii fir plantation.
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	Items
	Number of Plots
	Minimum
	Maximum
	Mean
	Standard Deviation





	V (m3 ha−1)
	4
	390.44
	712.12
	555.90
	145.42



	AGB (Mg ha−1)
	4
	148.48
	263.16
	209.10
	51.25



	AGCST (Mg ha−1)
	4
	73.64
	130.78
	103.78
	25.51
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Table 7. The stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) predicted by the DDM (diameter distribution model) and AM (allometric model) and using the paired sample t-test to compare each item by two models for the Konishii fir plantation, where   D ¯   is the distance between each item predicted by DDM and AM (using DDM–AM).






Table 7. The stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) predicted by the DDM (diameter distribution model) and AM (allometric model) and using the paired sample t-test to compare each item by two models for the Konishii fir plantation, where   D ¯   is the distance between each item predicted by DDM and AM (using DDM–AM).





	Items
	   Mean   of    D ¯    
	   SD   of    D ¯    
	t-Value
	p-Value





	V (m3 ha−1)
	−17.47
	23.48
	−1.488
	0.233



	AGB (Mg ha−1)
	−5.84
	6.28
	−1.860
	0.160



	AGCST (Mg ha−1)
	−2.93
	3.17
	−1.853
	0.161
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Table 8. Stand volume (V), aboveground biomass accumulation (AGB), and aboveground carbon storage (AGCST) for the Konishii fir or Chinese fir plantations collected from publication papers at various regions compared to our study.
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	Site
	Conifers
	V (m3 ha−1)
	AGB (Mg ha−1)
	AGCST

(Mg ha−1)
	Mean AGCST

(Mg ha−1 year−1)
	References





	Central Taiwan
	Konishii fir
	538.43
	203.25
	100.85
	1.90
	This study



	Whole Taiwan
	China fir
	234.8
	-
	44.6
	1.79
	Yen et al. [10]



	Central Taiwan
	China fir
	-
	-
	99.5
	3.35
	Yen and Lee. [43]



	Whole China
	
	845.5
	
	117.91
	
	Pan et al. [49]



	Whole China
	
	
	
	28.9
	3.49
	Yao et al. [50]



	South China
	China fir
	
	55.2
	29.6
	
	Wang et al. [51]



	South China
	China fir
	
	184.1 1
	
	
	Chen et al. [52]



	South China
	China fir
	
	123.47
	59.84
	2.85
	Zhao et al. [53]



	Southeastern China
	China fir
	
	419.78
	209.89
	
	Saeed et al. [54]



	Southeastern China
	China fir
	
	
	95.81
	3.23
	Wei et al. [55]



	Southwest China
	
	
	
	51.45
	8.58
	Wang et al. [56]



	Eastern China
	China fir
	
	73.58 1
	20.90
	2.63 2
	Jiang et al. [57]



	Eastern China
	
	
	
	52.66
	3.29
	Zhang et al. [58]



	Eastern China
	
	522.8
	194.76
	
	
	Cheng et al. [59]



	Eastern China
	
	200.1
	78.0
	36.0
	2.12
	Tang et al. [60]



	Eastern China
	
	
	213.68
	112.44
	2.25
	Xie et al. [61]



	Central China
	China fir
	
	108.10
	
	
	Tang et al. [62]



	South Japan
	China fir
	495
	
	
	
	Kondo et al. [63]



	Central Japan
	China fir
	354
	
	
	
	Kondo et al. [63]







1 total tree (including needle, twigs, branches, stem, bark and roots). 2 total stand (including Shrub-storey, Herb-storey, and Forest floor).
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