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Abstract:



The self-thinning rule is regarded as one of the most important principles in plantation management. This rule, involving the assumption of a constant slope coefficient, has been universally applied when regulating stand density. In this study, we hypothesized that the slope coefficient can change significantly with changes in site quality. To test this hypothesis, we first grouped forest plots into 5 categories based on site index. Second, we produced the self-thinning line represented by the Reineke function for each of the 5 site categories, selecting fully stocked plots using reduced major axis regression. Third, the slope coefficients for the different categories were tested for significant differences. The results indicated that in general, the slope was significantly different with different site quality. In addition, we observed that the slope of the self-thinning line exhibited a steeper trend for sites of lower quality, which indicated increased self-thinning or reduced self-tolerance. Finally, we concluded that it is imperative to produce specific self-thinning lines for different site quality categories.
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1. Introduction


Although multiple-purpose forest management has received increasing attention and is today adopted by many countries throughout the world [1,2], plantations are still greatly prioritized in many countries as an important timber production and economic income source for local communities [3,4]. China has the world’s largest number of forest plantations with a plantation area and growing stock volume of 69.33 million ha and 2.48 billion m3, respectively, according to the results of the 8th Chinese national forest inventory [5]. However, these plantations are of extremely low quality in terms of a stand volume (around 52.76 m3/ha) and mean annual increment (4.23 m3/ha/year). The productivity of these plantations is less than one third of the value in Europe at the same latitude [5,6,7]. The vast area but poor quality of the plantations has highlighted the urgent need to develop optimum management regimes.



Stand density has a major potential impact on individual tree size and stand yield [8,9,10]. Castedo-Dorado et al. [11] defined stand density management as the process of controlling the level of growing stock through initial spacing or subsequent thinning to realize specific management objectives. The most important principle underlying stand density management is the self-thinning rule. The self-thinning rule describes a universal relationship between plant size and density of organisms [12] and has been regarded as one of the most important principles of plant population ecology [13,14]. The rule states that, in double logarithmic scales, the relationship between plant size and stand density is a straight line in overcrowded (fully stocked) stands [15,16,17,18].



This self-thinning line has been commonly expressed by the Reineke equation [19] and the −3/2 Rule of Self-thinning or Yoda equation [13,15]:
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where N (trees/ha) is the number of individuals per ha, QMD (cm) the quadratic mean tree diameter, MV (m3) mean tree volume, and α1 or α2 is the intercept constant.



Interestingly, these two equations were developed independently by the authors from different research areas at different times, i.e., Reineke was a forester, whereas Yoda was an ecologist. These two equations, however, are mathematically equivalent, though they differ in the variables for characterizing plant size [17,20].



Additionally, both Reineke [19] and Yoda et al. [15] argued that in logarithmic scales, the slopes of their equations are universally constant with values of −1.5 and −1.605, regardless of species, location, age, initial density, and site quality. It is noteworthy that the assumed constant value of −1.5 provided the Yoda equation with its common name “the −3/2 power rule.” The arguments of Yoda et al. [15] and Reineke [19] were further supported by subsequent studies conducted by White and Harper [21], Gorham [22], White [14], and Jack and Long [23]. However, the general validity of the constant slope was also questioned by many authors, who documented that the slope could be significantly different in terms of species, site qualities, and management history [24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. The validity of the constant slope in terms of different species has been extensively examined [34,35,36,37,40,41,42,43,44]. For instance, Puettmann et al. [30] documented that the slope of the Reineke equation was −1.64 for red alder stands and −1.52 for Douglas-fir stands. Solomon and Zhang [35] investigated the validity of the constant slope for softwoods in the northeastern US and found that the slope of the cedar–black spruce forest habitat trees differed significantly from the slopes of hemlock–red spruce and spruce–fir habitat trees.



Site quality refers to the combination of physical and biological factors characterizing a particular geographic location or site, and may involve a descriptive classification [45]. Since site quality directly represents potential stand productivity and plays a major role in sharpening forest structure, it should serve as an important reference for silvicultural diagnosis and prescription [46]. However, few forestry studies have examined the self-thinning rule in relation to site quality [12,24]. Instead, it is widely assumed that the slope of the self-thinning line is constant regardless of site quality. The self-thinning rules are commonly used to produce a stand density management diagram (SDMD) to regulate stand density for different objectives. If the slope of the self-thinning line varied according to site quality, the SDMD might yield biased estimation, which could cause us to fail in our management objectives. Therefore, it is imperative to examine whether the self-thinning rule is influenced by site quality.



In the present study, we hypothesized that the slope of the self-thinning line is sensitive to site quality and significant differences would be observed with varying site quality. We employed 553 plots of China fir (Cunninghamia lanceolata (Lamb.) Hook) plantations in Fujian Province, Southern China, to test this hypothesis. Finally, we suggest stand density management for China fir plantations based on our final results.




2. Materials and Methods


2.1. Data Source


We used the data provided by the 8th Chinese National Forest Inventory (CNFI) in 2013 in Fujian Province (23°31′ N to 28°22′ N, 115°51′ E to 120°40′ E), Southern China (Figure 1). The inventory consists of a systematic sample of 5051 permanent square plots with a size of 1 Mu (Chinese unit of area, 0.067 ha) distributed on a square grid of 4 km × 6 km. According to Zhang et al. [17], a total of 553 plots of China fir (constituting more than 80% of total basal area) were determined as the pure stands, which were employed to investigate the validity of a constant slope for the self-thinning line (Figure 1). The descriptive statistics for these 553 plots are summarized in Table 1.


Figure 1. Geographical distribution of the inventory sample plots within pure China fir stands.
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Table 1. Descriptive statistics of stand and site variables for pure China fir plantations (n = 553) 1.







	
Variable

	
Mean

	
S.D.

	
Min.

	
Max.






	
Age (a)

	
19

	
10

	
4

	
46




	
Density (stems/ha)

	
1801

	
1047

	
104

	
6791




	
Quadratic mean diameter (cm)

	
12.1

	
3.8

	
5.7

	
25.0




	
Elevation (m)

	
483

	
222

	
43

	
1350




	
Soil depth (cm)

	
93.8

	
18.8

	
9.0

	
160.0




	
Humus depth (cm)

	
9.5

	
5.2

	
0

	
42.0




	
Litter depth (cm)

	
3.8

	
5.5

	
0

	
30.0




	
Slope (°)

	
25.9

	
7.1

	
3.0

	
46.0




	
Azimuth (°)

	
194.8

	
104.4

	
45.0

	
360.0




	
Site index (m)

	
22.8

	
5.2

	
8.3

	
42.2








1 S.D.: standard deviation, Min.: minimum, Max.: maximum.








In these pure China fir stands, the overstory species mainly include Cunninghamia lanceolata (Lamb.) Hook, Pinus massoniana Lamb., Quercus app., Schima superba Gardner et Champ., Cyclobalanopsis gracilis (Rehder et E. H. Wilson) W. C. Cheng et T. Hong, Liquidambar formosana Hance, Alniphyllum fortunei (Hemsl.) Makino, Phoebe bournei (Hemsl.) Yang, Schefflera brevipedicellata Harms and Cinnamomum bodinieri H. Lév., which account for 81.52%, 7.33%, 1.83%, 1.55%, 0.98%, 0.58%, 0.54%, 0.44%, 0.44% and 0.16% of total basal area, respectively. There is almost no understory trees in the young and middle aged China fir planation. In the old plantation, however, there might be understory trees which are naturally regenerated. The major tree species include Eurya nitida Korth., Schima superba Gardner et Champ., Adinandra millettii (Hook. et Arn.) Benth. et Hook. f. ex Hance, and Meliosma rigida Siebold et Zucc., which together account for 60.35%. The other 20 understory tree species totally represent 39.65% [47].



A system of successive cropping is the current management for commercial China fir plantations [48,49]. This system involves intermediate thinnings after canopy closure and the final clear-cutting in Fujian Province, the rotation age is 26 year and there are two or three intermediate thinnings [50,51]. However, non-commercial China fir planation or a planation grown at a site with a slope of more than 35° is under strict protection and no treatments are applied [52].




2.2. Site Quality Classification


There are two different approaches to forest site quality evaluation: phytocentric measures and geocentric measures [46]. Site index (SI), the average height of the dominant portion of the stand at an arbitrarily chosen age, is the most commonly used phytocentric measure of forest site quality, especially for pure plantations [20,46]. In this study, we used the polymorphic SI model (base age 20) developed by Duan and Zhang [53] for China fir in the same region to evaluate the site quality. The model is as follows:
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where SI (m) is the site index; H (m) is the dominant height; t (years) is the age at the corresponding SI and H.



As tree height is not measured in the CNFI, it was estimated using the equation proposed by Li and Meng [54] for China fir in the same region:
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where h is the tree height in m, and dbh is the breast height diameter in mm.



The stand dominant height was computed as the mean height of the 100 thickest trees per hectare [55]. The SI was calculated respectively for the 553 plots and the descriptive statistics for the SI are also listed in Table 1. In this study, based on the SI, we grouped the plots into 5 categories with an equal number of plots (Table 2) because if the categories were produced with an equal SI interval, fewer trees would be placed in the highest or lowest categories, which could make it difficult to produce the corresponding self-thinning lines.



Table 2. Comparison of the slope coefficients of the maximum size-density line between the 5 different site quality categories (based on site index) and the relevant fitting statistics.







	
Site Quality Categories (SI Interval)

	
No. of Plots (Selected) 1

	
Slope (β)

	
Standard Error

	
Confidence Interval 2

	
RMSE

	
R2






	
1 (8.32, 18.51)

	
110 (10)

	
−4.298

	
0.600

	
(−5.898, −3.132)

	
0.154

	
0.844




	
2 (18.53, 21.30)

	
110 (9)

	
−3.417

	
0.320

	
(−4.257, −2.743)

	
0.109

	
0.938




	
3 (21.35, 23.48)

	
111 (11)

	
−2.865

	
0.279

	
(−3.564, −2.304)

	
0.157

	
0.915




	
4 (23.49, 26.24)

	
111 (6)

	
−1.590

	
0.090

	
(−1.860, −1.360)

	
0.041

	
0.987




	
5 (26.27, 42.16)

	
111 (10)

	
−1.694

	
0.171

	
(−2.132, −1.346)

	
0.125

	
0.919








1 The number of data plots (the number of plots selected as the most fully-stocked plots); 2 The lower and upper limits of the 95% confidence interval of the slope estimated by RMA.









2.3. Selection of Full Stocked Plots and Regression Methods


Many approaches have been proposed to select fully stocked plots for producing the self-thinning line. The visual method has been extensively used [40,56,57], which purposefully selects data points that lie close to an arbitrarily visualized upper boundary. However, this method has been questioned because of its arbitrariness and subjectivity [57,58]. In this context, many alternative objective methods [16,35,58,59] have been suggested to determine the full stocked plots. Amongst these methods, the relative density (RD) approach proposed by Solomon and Zhang [35] has been commonly used. Solomon and Zhang [35] and Zhang et al. [17] summarized the following steps for identifying the fully stocked plots, which were also applied in the present study. First, the theoretical value of the slope coefficient of the self-thinning line was assumed. Second, the intercept coefficient was calculated using the plots with the largest combination of plant size and stand density. Third, the determined self-thinning equation was employed to calculate the maximum stand density for each plot. Finally, the plots with RD > 0.7 were selected as the most fully stocked plots for developing the final self-thinning line.



Additionally, the other important issue for generating a self-thinning line is the choice of regression method. Because our primary interest was to investigate the functional relationship between two variables, i.e., ln(QMD) and ln(N), instead of least-square regression, we employed reduced major axis regression (RMA), which has been documented to perform better when the primary interest is the values of the equation parameters themselves [60]. Solomon and Zhang [35] used this regression method to produce the self-thinning line for three mixed softwood forest types (hemlock–red spruce, spruce–fir, and cedar–black spruce) in the northeastern US. The model fitting process can be described as follows: suppose a linear regression model: [image: ], where αOLS and βOLS ([image: ]) are the two coefficients estimated by OLS regression, and in the Reineke equation y and x are ln (N) and ln (QMD), respectively. The Pearson correlation coefficient between y and x is [image: ]. For RMA regression, the slope coefficient is [image: ], and the intercept coefficient is [image: ] [35]. The R2RMA is [image: ], and errors are calculated as [image: ] and [image: ] [61]. Confidence intervals are calculated from these by standard methods [62]. For more detailed description of RMA regression, please refer to Bohonak [61].




2.4. Significance Test of Slope Difference and Model Evaluation


Following Solomon and Zhang [35], if a slope coefficient of any forest site falls outside the lower and upper limits of the corresponding confidence interval of another forest site, we concluded that the difference in slope between the two forest sites was statistically significant. Conversely, if the confidence intervals for a slope coefficient of one forest site included the corresponding coefficients of the other forest site, no significant difference of slope coefficients between the two sites could be determined. For model evaluation, we calculated the coefficient of determination (R2) and the root mean square error (RMSE).



All statistical analysis was conducted using R software [63], and the lmodel2 package was used to perform RMA [64].





3. Results


The selected fully stocked plots are indicated by the black points in Figure 2, with which the self-thinning lines were produced for these 5 forest site categories using RMA (Figure 2). The estimated slope coefficients and their corresponding 95% confidence intervals are provided in Table 2. The fitting statistics, i.e., RMSERMA and R2, demonstrated a promising precision of the produced self-thinning lines. For instance, R2 ranged from 0.844 to 0.987.


Figure 2. The maximum size-density line in the 5 different site quality categories (Site quality 1 < Site quality 2 < Site quality 3 < Site quality 4 < Site quality 5) classified based on site index.
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Based on the estimated slope coefficients and their corresponding intervals, we conclude that the slope coefficients can be significantly different amongst forest sites of different site quality represented by SI (Table 2, Figure 3). For instance, there were differences based on site quality as follows: site quality 1 was significantly different from site quality categories 3, 4 and 5. Site quality 2 significantly differed from site quality categories 4 and 5. Site 3 significantly differed from site quality categories 1, 4 and 5. Site quality 4 significantly differed from site quality categories 1, 2 and 3. Site quality 5 significantly differed from site quality categories 1, 2 and 3 (Figure 3). In addition, the absolute value of the slope generally exhibited an increasing trend with the decease of site quality.


Figure 3. Significance test for slope difference of the maximum size-density line in the 5 different site quality categories classified based on site index.
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4. Discussion


In the present study, we observed that the slope coefficient of the self-thinning line (Reineke function) varied significantly across different site quality categories and the slope coefficient could also differ from the empirical value of −1.605. The hypothesis proposed in the introduction section was found to be true and we therefore conclude that it is imperative to produce self-thinning lines specifically for different site quality categories.



A number of studies have previously examined the validity of a constant slope in relation to site quality. Most of these have argued that the regional difference in site quality could influence the slope of the self-thinning line, whereas the local differences might not. For instance, Comeau et al. [65] found a statistically significant difference in slope of the self-thinning lines between Great Britain and Western Canada for both Sitka spruce and Douglas fir. Cameron [66] documented that the slope of the self-thinning line for Douglas fir in British Columbia differed from those obtained by Drew and Flewelling [8] using data from the US. In contrast, different opinions were reported at the local level. For example, Comeau et al. [65] investigated the local difference in slope of the self-thinning line within Great Britain and Western Canada and found the local difference in site quality did not influence the slope of the self-thinning line. Bégin et al. [67] also reported a similar result for different ecological regions in Eastern Canada; they found a constant slope of the self-thinning line across their study area.



Pretzsch [34] attributed the significant regional difference in slope of the self-thinning line to the substantial differences in environments between different regions. Many authors have already documented that environmental conditions such as water availability [68,69], soil fertility [33,70,71], and abiotic stress [72] can significantly influence this relationship. For example, Chu et al. [72] reported that abiotic stress caused the slope of the self-thinning line to become steeper, but this effect was reduced by positive interactions among individuals.



The reason that no difference is observed at the local level might be because the local difference in environmental conditions is not sufficiently large to influence the relationship. However, our study interestingly indicated significantly different slopes across different site qualities (based on site index) in Fujian Province, Southern China, which suggested the local provincial difference might influence the relationship. A similar study was conducted by Zhang et al. [12], who fitted the self-thinning line based on 169 plots of ponderosa pine measured once across California, US. They found curvilinear trends in maximum stand density index with changing site index, which indicated that the slope of self-thinning line varies with site index. Weiskittel et al. [73] also reported that self-thinning is sensitive to site index at similar provincial levels, i.e., western Oregon, Washington, and Vancouver Island, and British Columbia. It is noteworthy that these studies employed site index as a measure of site quality. Site index is a comprehensive indicator of site quality, which can represent the underlying combined complex effects of environmental factors such as soil fertility and water availability. For instance, Chen et al. [74] explored the relationship between site index and environmental factors, i.e., climate surrogates (latitude, longitude, and elevation), biogeoclimatic zone, slope–aspect, actual soil moisture regime, and soil nutrient regime, and found that approximately 82% of the observed site index variation was explained by these environmental factors. Ercanli et al. [75] and Corona et al. [76] also reported that the site index could accurately represent the combined effects of ecological variables or environmental factors. In addition, many authors reported the relationships between site index and forest structural attributes [77], forest productivity [78], forest growth [79] and tree mortality [80,81], which could directly or indirectly influence the self-thinning line. Therefore, we concluded that the unique features of site index might account for the sensitivity of the slopes and intercept coefficients of the self-thinning line to the local differences.



Additionally, Figure 2 and Table 2 indicate that the lower the site quality, the steeper the slope of the self-thinning line (Reineke function). This indicates that the stand exhibited less self-thinning or more self-tolerance in areas with a higher site quality. A similar trend was also detected by Zeide [24], Zeide [27], DeBell et al. [82], Morris and Myerscough [70], Morris [83], Morris [84], Zhang et al. [12] and Zhang et al. [85], though they employed either a different equation (Yoda equation) or used a reverse coordinate axis. For instance, Zeide [24] employed Reineke equation and the same coordinate axis as the present study; DeBell et al. [82], Zhang et al. [12] and Zhang et al. [85] used Reineke equation but a reverse coordinate axis; Zeide [27], Morris and Myerscough [70], Morris [83], and Morris [84] employed Yoda equation instead of Reineke equation. Zhang et al. [12] reported that at a higher productive site, whether from higher soil fertility, favorable climate, or favorable silvicultural treatments, a stand could grow trees with greater diameters (or biomass) for a given stand density without self-thinning mortality due to the reduced self-thinning or greater self-tolerance.



Self-thinning is considered to be the ultimate expression of competition in dense stands of plants [15,33,86] and therefore the variation of self-thinning lines across site qualities can be accounted for by the net effect of aboveground and belowground competition [84]. The aboveground and belowground competition or the interaction between them can be inferred from evidence such as changes in the allocation to and the dimensions in space of the resource-acquiring organs of individual plants [70,84,87]. The mechanism underlying the variation of self-thinning lines across site qualities can be explained by the optimal partitioning theory [88]. In this theory, plants are able to allocate more biomass to the organ that can access the most limiting resource during growth. Plants determine their size-dependent root/shoot allocation strategy according to environmental conditions in order to maximize their efficiency of capturing the most limiting resource [88,89,90]. If light is the limiting factor, the plants should allocate more biomass to aboveground parts as they grow larger to maximize the uptake of light resources. Therefore, the aboveground biomass would increase at a faster rate than the belowground biomass as plants grow larger, leading to a reduced aboveground self-thinning relative to the belowground equivalent. This argument was supported by Zhang et al. [90]. In contrast, if nutrients are the limiting factor or self-thinning occurs in a harsh environment, plants should allocate more biomass to belowground parts as they grow larger to maximize the uptake of water and nutrient resources, which could lead to a greater aboveground self-thinning relative to the belowground equivalent. This argument was supported by Deng et al. [91] and was also consistent with our finding that with a decrease of site quality, the stand exhibited an increasing self-thinning trend.



The self-thinning line has been widely used to inform forest management. Forest site capacity is one of most important factors that can support plantation management decision making. Bi [92] defined site carrying capacity for even-aged plant populations as the point on the self-thinning line that corresponds to the minimum possible stand density that can maintain full site occupancy. There is a direct link between site carrying capacity and the self-thinning line for even-aged plant populations [92]. Additionally, the self-thinning line (Reineke equation) has been extensively employed to produce stand density diagram to guide plantation density management for various tree species throughout the world, e.g., Tectona grandis Linn. f. [93], Pinus pinaster Aiton [94], Pinus palustris Mill. [95], and Picea abies (Linn.) Karst. [96]. However, all of these studies assumed a constant slope of the self-thinning line with value of −1.605 (Reineke equation), which was shown to vary with site quality in the present study. As a result, we conclude that production of specific self-thinning lines for different site qualities is imperative for sound stand density management.



In the present study, because tree heights are not measured in the CNFI, we had to employ the local diameter–height equation to estimate tree height [54]. Although the equation was developed with large number of sample trees for the same region, using predicted rather than measured heights to derive SI might result in some errors. For instance, incorrect correlations between independent variables in the self-thinning line could be introduced. Furthermore, it may be problematic to assume that site index values that were calculated from allometric equations based on tree diameter, rather than direct measurements of tree height would be completely independent of the other independent variables in the regression models. In order to address these concerns, we performed Pearson correlation analysis and the results showed that there are neither correlation between SI and N (rN·SI = −0.031, n = 553, p = 0.461) nor correlation between SI and QMD (rQMD·SI = −0.017, n = 553, p = 0.701). However, we still strongly recommended that tree heights should be measured in future studies for site quality evaluation. In addition to site quality and species, the self-thinning line has been reported to be sensitive to other stand and site factors, e.g., stand origin [73], stand purity [73] and initial stand density [97]. Therefore, further studies investigating the combined effects of these stand and site factors on the self-thinning line are strongly encouraged.
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