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Abstract

:

Density plays an important role in tree growth and development. Exploring the growth of males and females in the early stage of gender differentiation and the distribution pattern in different densities are beneficial to assess the influence earlier caused by density of the productivity and reproductive potential of dioecious plantations. We observed the numbers, distribution pattern and phenotypic traits of the males and females of Fraxinus mandshurica Rupr. in four initial densities (D1: 1.5 × 3 m; D2: 2 × 2 m; D3: 1.5 × 1.5 m; D4: 1 × 1 m). The results showed that the number of males and females gradually decreased with the increase in stand density, and they were randomly distributed in each density. With the increase in density, the total volume of males and females increased first and then decreased, and the highest value appeared in the D2 (2 × 2 m) density. The phenotypic traits of males and females had no significant difference within the same density. With increasing density, the crown width and the diameter of males and females all gradually decreased. There was a larger leaf area, larger specific leaf weight, and less leaf index for males, but for females, there was a relatively stable leaf area, larger leaf biomass, and less living under branch height. In the current stage, the D2 (2 × 2 m) planting density has advantages in the number and quality of males and females. Our results emphasize that suitable stand density can promote the volume of timber accumulation and reproduction of males and females in plantations with dioecious trees.
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1. Introduction


Density has a pivotal impact on the growth of trees [1,2]. It regulates the quantity and quality of plantation and affects the horizontal structure and development space in forests [3,4]. Due to the development of trees, their demand for aboveground growth space gradually increases and leads to more competition intensity [5,6]. The phenotypic traits of forest trees are obviously influenced by stand density, and their developmental forms are the direct reflection of individual growth status. In order to complete the life history of trees, their phenotypic traits need to adaptively respond on density [7]. For example, the higher stand density can cause a decrease in diameter at breast height and crown width [8,9,10] and can further influence wood quality [10,11,12]. Thus, the phenotypic traits of trees are crucial for assessing the suitable density.



There are inherent phenotypic differences between males and females of dioecious trees [13]. Dioecy is an evolutionary strategy to avoid self-pollination and maintain genetic diversity [14]. There are significant differences in phenotype characteristics between males and females at different stages of development, including flowering, DBH (diameter at breast height), branching structure, growth rate, and leaf biomass, named gender dimorphism [15,16,17]. They account for 5~6% of flowering plants, and this is a higher rate among the trees [18]. Commercial and economic forests, which are mainly planted with dioecious trees, account for a large proportion of forests in China, comprising 17 families and 25 genera. The females of dioecious plants are often mainly used for reproduction of species, and are less used for timber than males; thus, suitable sex individuals are often cultivated according to afforestation needs. In addition, the spatial distribution pattern of males and females has an important effect on pollination [19].



Worldwide, dioecious trees are widely distributed, and many species are used in plantations, such as Fraxinus mandshurica Rupr., Ginkgo biloba, Pistacia vera, Castanea mollissima, Juglans regia, Populus, Salix, etc. The Fraxinus contains trees and shrubs that are monoecious or dioecious, many of which have fine textural properties. They can be used as wood, landscaping, and ornamental purposed. The radial growth [20], physiology [21], and reproduction [22] of female and male plants are various in response to the environment and competition. F. mandshurica is an extremely important commercial timber forest in Northeast China due to its excellent material quality. However, large areas of natural forest have been nearly depleted due to overharvesting over the last century. Therefore, cultivating large-diameter ash plantations has become the main task at this stage. In natural forests, there are more males in the range of large DBH (>40 cm) [23]. In addition, the sex ratio and distribution pattern of males and females are also widely concerned due to intraspecific or interspecific interactions. In secondary forests, F. mandshurica shows that the sex ratio does not deviate from 1:1, and the aggregated distribution is of a small scale [23,24]. Such an aggregation distribution of females and males is beneficial to seed continuation. However, the change of stand density changes the growth space of individual trees [25], which will further influence the process of sex differentiation. The plantation has standard spacing configurations, and different densities can lead to a difference in individual living space. Therefore, we assumed that stand density may be an important factor affecting the development and distribution patterns of males and females in dioecious trees. The initial development effects of stand density on the male and female individual can help us to realize which density is the most appropriate.



In this study, the effect of density of an F. mandshurica pure plantation at the initial stage of gender development was analyzed. Our aims were: (i) to determine the response of the phenotypic traits between males and females along the change of density and (ii) to explore a suitable density at the initial stage of gender development.




2. Materials and Methods


2.1. Site and Experimental Design


The study site was subject to the Maoer Mountain experimental forest farm of Northeast Forestry University, Harbin, China (127°29′–127°33′ E, 45°19′–45°24′ N). The type of landform is low mountains and hills, and the soil consists of dark brown soil. The climate type is continental monsoon, with an average annual temperature of 2.75° and an average annual rainfall of 649 mm [26].



The research object is a pure plantation forest that was afforested, using 2-year-old F. mandshurica seedlings in a clear-cut secondary forest in 1998. Four initial stand densities (0.3 ha per density) were used in the plantation, with a slope of less than 15°, flat slopes, and similar site conditions. This forest stand has no silvicultural treatments (Table 1, Supplementary Figure S1). Each density was randomly selected to form three standard plots that were 30 m long and 20 m wide. The separation between plots was set at 15 m. During the breeding season of F. mandshurica in 2018, we used binoculars to observe the reproductive organs to determine the sex of the plants. The trees in the plots that had no sexual development were labeled as unknown sex.




2.2. Distribution Pattern of Females and Males


The center point of each plot was used as the origin of the coordinates, and the X-Y coordinate system was established to determine the location of each tree. The distribution patterns of females and males were analyzed in different sampling scales (6 × 6 m, 6 × 12 m, 12 × 12 m, and 12 × 24 m). The distribution pattern adopted the t test of deviation index (C) [27].


  C = V / m  



(1)







Equation (1): V is the variance of the population, and m is the mean of the population. When C = 1, the population was random; when C > 1, the population was a clustered distribution, and when C < 1, the population was uniformly distributed. To test the significance of the deviation from C from the distribution of F. mandshurica, a t test was required.


  t =     C − 1   /   2 /   n − 1      



(2)







Equation (2): “n” is the number of sample squares, and when t = t0.05 (Query T—test threshold distribution table, the same as below), the populations were in a uniform distribution. When t > t0.05, the populations were in a cluster distribution. When t < t0.05, the populations were in a Poisson distribution (random).




2.3. Phenotype Traits Measurements


An ultrasonic altimeter (Vertex IX, Sweden) was used to measure the TH and LUH. The TH and LUH were used to obtain the LCH and LCR, LCH = TH − LUH, LCR = LUH/TH. The DBH was selected at the position of the breast height (1.3 m above the ground) and was measured by an electronic digital Vernier caliper (QST-0–300 mm, China). The projection method combined with an infrared laser rangefinder (VCHON-H-40S) was used to measure the width of tree crown in the east–west and north–south directions, and these two parameters were averaged as CW. The numbers of live and dead branches for females and males were observed with binoculars on 1 June 2019. The LMD was measured with a vernier caliper, and ALT was measured with a protractor.



On 15 July 2019, five females and five males with DBH between 13–15 cm were selected in four-stand density. The functional leaves on the lateral branches in the middle of the southward crown were selected for each tree, with a total of thirty trees. After the leaves were selected, they were placed in sealed bags, loaded into a sampling box and taken back to the laboratory to determine the other leaf traits. The LVL and LHL was measured with a ruler, and the data were accurate to 0.1 cm. LI = LHL/LVL. To estimate LB, the leaves were washed with water, and filter paper was used to absorb the water attached to the surface. The leaves were dried to a constant weight in a 105 °C oven and measured with an AL type 1/10,000 electronic balance after cooling. The leaf area was determined from LI-300A measurements and was accurate to 0.01 cm2. SLW = LB/LA.



The per timber volume was calculated for each genus in the four densities according to the volume model of F. mandshurica, with the total volume resulting from adding the volume of both genera and the unknowns.


  Y = 0.000048 ×  D  2.01077   ×  H  0.870343    



(3)







Equation (3): “Y” is the per timber volume; D is the diameter at breast height for the tree; H is tree height.



There were three technical replicates and three experimental replicates for all of the indices.




2.4. Data Analysis


Microsoft Excel 2019 (Redmond, WA, USA) was used to organize the data. The SPSS 19.0 software (SPSS Inc., Armonk, NY, USA) was used to determine one-way analysis of variance (ANOVA), two-way ANOVA, multiple comparisons and the t test. The figures were drawn using Sigma Plot 13.0 (SYSTAT, San Jose, CA USA).





3. Results


3.1. Number and Distribution of Males and Females Trees


In the early stage of gender development, the total number of males was higher than of the females, and the number of males and females gradually decreased with the increase in stand density. In addition, because the stand was in the early stage of gender development, there was a certain number of unknown individuals in each density. Low stand densities (D1, D2) had more sexually mature individuals, and the number of males was higher than females, except for in D3 (Table 2).



With the increase in density, the individual volumes of females and males gradually decreased, and the female volume was higher than the male volume in D1. The volumes per plant of females and males in D1 density were 8.69 and 8.35 times that of D4 density, respectively (Figure 1A). The timber volume of unknown individuals was lower than those with sexual organs in the D1, D2 and D3 treatments, except for in D4. The stand total volume was the concentrated expression of productivity. With the increase in density, the total volume of females and males increased first and then decreased, and the highest value was in the D2 density. The number of unknown individuals increasing led to the total timber volume increasing (Figure 1A).



The C values of males in the D1, D2 and D3 densities at all sampling scales were less than 1. They were greater than 1 under each sampling scale in the high density (D4). The C value of females in the D4 density was less than 1, and in the other densities, it was greater than 0.7. The t test showed that all the t values were less than t0.05, and it was comprehensively judged that the male plants were randomly distributed among each density. The females at different densities and sampling scales by the t test showed that the distribution was the same as that of the male plants, and it was also randomly distributed. However, in the low density stands (D1, D2), with the scale increasing, the C value gradually increased and was greater than 1 for the females. At D2, the value of C decreased as the scale increased, indicating that the females had a trend from uniform distribution to aggregation distribution (Table 3).




3.2. DBH, TH and Crown Traits of Males and Females Trees


The range of TH of F. mandshruia in each density was 12–16 cm. There was no significant difference in TH between males and females in the same density, but they were significantly higher than unknown individuals in the D1 and D4 densities (Figure 2A). The range of DBH with different densities was between 10–18 cm, and it gradually decreased with the increase in density. There was no significant difference in DBH between males and females within the same density, but they were significantly higher than the unknown (Figure 2B). In two extreme densities (D1 and D4), the LUH of males was higher than that of the females, and there was a significant difference in the D4 density. However, the LUH did not show a regular change (Figure 2C).



The number of unknown individuals was mostly in the small diameter class (<11 cm) and gradually decreased with the increase in DBH. The individuals of larger diameter class (>17 cm) were mostly distributed in the low densities (D1 and D2) (Figure 3A). In the distribution range of DBH, with the increase in stand density, the number of males and females presented a normal distribution (reaching the peak at 11–17 cm). The male plants had more quantitative advantages in the middle diameter class, and most of them were in the low stand densities. Individuals with larger diameter class (>17 cm) were also distributed in low density (Figure 3B).



The LCH of females and males had no significant difference among different densities, but on the whole, they all showed a decreasing trend (the highest at D3 density) (Figure 4A). The LCR of males and females were between 0.44 and 0.59, and the growth trend was similar to that of LCH (Figure 4B). With the increase in density, the CW gradually decreased. There was no significant difference in CW between males and females in the same density, but the CW of males and females was significantly higher than that of the unknown in D1–D3 densities (Figure 5).




3.3. Branch Traits of Males and Females Trees


With the increase in density, the ALT of females and males gradually decreased. The ALT of females was significantly higher in low densities (D1 and D2) than that of high densities (D3 and D4) (Figure 6A). The LMD of females showed “N” shapes in four densities. Conversely, the LMD of the males increased monotonously to the increase in stand density, and there was a significant difference between high stand density (D4) and low stand density (D1) (Figure 6B). The LDP of male stands was relatively stable, accounting for 80%, and the LDP of female stands gradually increased from the increase in stand density (Figure 6C).




3.4. Leaf Traits of Male and Female Trees


The LA and LB of the males and females gradually decreased with the increase in density, and the LA of high density (D4) was significantly smaller than that of low density (D1). The LVL of female plants gradually decreased, while the length of male plants first increased and then decreased. The LHL of female plants was relatively stable from D1–D3 and decreased significantly to D4, while the overall male plants exhibited a monotonous decreasing trend. The LI of female plants first decreased (D1–D3) and then increased (D3–D4), whereas that of the males gradually increased. The specific leaf weight of the female plants showed a monotonous tendency to decrease, and the males first decreased (D1–D2) and then increased (D2–D4) (Figure 7).




3.5. The Influence of Density and Gender on Phenotypic Traits Variation


The stand density had a significant influence on DBH, CW and all leaf characters (p < 0.01). There were significant differences between the males and females for LVL and SLW (p < 0.05). The interaction between density and gender had significant effects on LMD, LA and LVL and extremely significant effects on LI and SLW (Table 4).



The TH of males and females were positively correlated with LCH, LCH and LCR, while LUH was negatively correlated with LCH and LCR. There was a significant negative correlation between the LMD and ALT for females. LA was positively correlated with LVL, LHL and LB. LVL was positively correlated with LI and LB. There was a significant correlation between LI and SLW (p < 0.05). TH of the males was positively correlated with LCR, LHL and LMD (p < 0.05). LA was significantly negatively correlated with DBH and CR, and LI was significantly negatively correlated with LMD and LHL (p < 0.05). LB was positively correlated with SLW and LI (p < 0.01). However, there was a significant positive correlation between the LUH of females and LCR (p< 0.05). DBH was positively correlated with CW, LHL with LVL, and LB (p < 0.01) (Table 5).





4. Discussion


4.1. The Number and Distribution of Males and Females for Different Densities


Density could have a significant impact on the gender development of F. Mandshurica Rupr. (Table 4). The tress in the low stand density can complete vegetative growth and enter reproductive growth earlier. The gender of the plants is influenced by both heredity and the environment [28,29]. However, the increase in stand density will lead to an increase in competition intensity among individuals, including light, nutrition and water, thus influencing the growth and development of the plants [10,30,31]. In natural forests with suitable habitats, the ratio of females to males of F. mandshurica has not deviated from “1:1” [23]. In this study, only the sex ratio in D3 was approximately “1:1”, and the number of males was dominant in the other densities. In addition, there was a large number of unidentified individuals (Table 2), because the stand had recently entered the stage of gender development. For dioecious plants, the difference in life history between female plants and male plants leads to their different adaptabilities to the environment [32,33], while males had stronger adaptability to the environment [34]. Thus, males preferentially develop over females. The preferential development of males can lay a foundation for the successful pollination of females [35].



The distribution pattern of the population has a great significance to the survival, development, successful reproduction, and regeneration ability of dioecious plants and maintaining the genetic diversity [36]. The adaptability of females and males to the habitats was various, and the females needed to accumulate more resources for reproductive activities [37]. The reason was that the reproduction cost and niche of dioecious plants varied between the males and females, which led to unusual patterns [38]. Zhang’s research [32] showed that the male and female trees of F. mandshurica were cluster distributed in the natural secondary forest of Changbai Mountain. Our research shows that the males and females of F. mandshurica were randomly distributed in unlikely sampling scales and stand densities. The possible reason was that the age of the stand was 25 years in this study, which was in the early stage of gender differentiation; not all individuals in the forest had entered reproductive development.




4.2. Effect of Density on Growth Traits


Previous studies have shown that there is competition for limited soil resources at different growth stages. Under the premise of constant light intensity, individuals with higher tree height (TH) and bigger crowns can accumulate nutrients relatively quickly and enter reproductive growth (mature stage) earlier [39,40]. Our study found that the diameter at breast height (DBH), the lowest angle of living main branch with the trunk (ALT), and crown width (CW) of the males and females gradually decreased with the increase in density, indicating that the competition among individuals for above-ground resources became stronger. However, in high stand density, males showed higher TH advantage, while females showed larger CW and DBH. In order to cope with environmental changes, females and males will show a certain reproductive trade-off on the premise of ensuring nutritional growth, and this trade-off will compensate the reproductive cost to a certain extent [41,42].




4.3. Effect of Density on Branch and Leaf Traits


The ALT of females and males gradually decreased, while the lowest living main branch base diameter (LMD) of males gradually increased (Figure 3A,B). In most dioecious plants, males are superior to females in growth speed and vegetative reproduction, and males tend to have higher branch yield, a thicker trunk and better tillering ability [37]. However, the change of ALT will further affect the size of CW, which can greatly help to carry out photosynthesis more fully to store nutrients to ensure growth [43]. When the competition intensity decreases, the forests have more resources to meet reproductive development; thus, there will be a larger ALT.



The responses of the leaf traits to density in the males and females were different. With the increase in density, the leaf vertical axis length (LVL) and specific leaf weight (SLW) decreased in females. However, the leaf index (LI) increased due to the gradual decrease in leaf horizontal axis length (LHL) in males (Figure 5). This showed that the leaves functional traits were more sensitive to environmental changes (such as stand density) [44]. This is because dioecious plants have differences in leaf structure and function, which promote males and females to show the most appropriate growth strategies under different environmental conditions [13]. Appropriate density adjustment can promote the accumulation of nutrients, but serried stand density will inhibit growth. For example, we found that the leaf area (LA), leaf biomass (LB) and LHL of high density (D4) were significantly lower than the other three densities. Ogawa [45] also found that the unit leaf efficiency of high density was significantly lower than that of low density, except for the number of leaves.




4.4. Factors Affecting the Growth of Males and Females


For dioecious plants, the phenotypic differences between males and females are not significant when plants enter the mature stage, or only at the flowering stage is there a discrepancy [46]. However, when the growing space of trees has changed, it will lead to a change in tree competition intensity for light and nutrients and then affect the phenotypic development of males and females, such as DBH and CW [47]. By comparison, it was found that there were significant differences between the males and females in LHL and SLW, and density significantly influenced DBH and CW. However, the interaction between density and gender enhanced the influence on LMD, LA, LI and SLW (Table 4), while gender weakened the influence of density on LHL. When the density increased, the CW and DBH gradually decreased, but the LA and SLW of males increased and the LI became narrow. However, the females had a relatively stable leaf area, which not only reduced the living under branch height (LUH) but also increased the LB. This result also confirms that dioecious trees have different coping strategies to handle competition while satisfying their own growth and development [36].



Proper stand density helps trees to grow better [48,49]. Our results showed that, in the initial stage of reproductive growth of an F. mandshurica plantation, male or female individuals will have different responses with different plantation density. This phenomenon may be found in the other dioecious species. This study is important for the density management of dioecious tree species in plantations.





5. Conclusions


This study revealed the response to phenotypic traits and distribution patterns to density with regard to male and female individuals in a Fraxinus mandshurica Rupr. plantation at the early stage of gender development. There were more sexually mature individuals in the low density, but with an increase in density, the number of sexually mature individuals gradually decreased. The males and females are randomly distributed among each density. With the increase in density, the LUH, LCR and ALT of the females were always greater than that of males. In addition, compared with the males, the females had relatively small SLW and LMD and relatively large LHL and LA at low density, but the above indicators were opposite at high density. Compared with unknown, sexually mature individuals in each density had certain growth advantages, while individuals that had not entered reproductive growth could continue to accumulate nutrients for wood growth. Comprehensive analyses showed that the initial planting density of D2 (2 × 2 m) had certain advantages on the number of individuals in the reproductive development of F. mandshurica, and the volume of unknown in this density was higher than other densities. Thus, the results of this study provide ideas about the selection of reasonable initial density in the process of cultivating dioecious tree species plantations, and they provide an important basis for achieving the best economic and genetic benefits.
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Figure 1. Per plant and total timber volume of F. mandshurica at different densities. (A) The variation of timber volume for each female, male and unknown plants for the four densities. (B) The variation of total timber volume for each female, male and unknown plants for the four densities. 
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Figure 2. Differences in TH (tree height), DBH (diameter at breast height) and LUH (living under branch height) of F. mandshurica within each stand density. (A) Differences in the TH of female plants, male plants and undifferentiated individuals within different forest densities. (B) Differences in the DBH of female plants, male plants, and undifferentiated individuals within different forest densities. (C) The difference in LUH of female plants, male plants and undifferentiated individuals. The different lowercase letters in the figure indicate that at the level of α = 0.05, the difference between different individuals within the same density is significant (p < 0.05). The error bar represents the SE (standard error). 






Figure 2. Differences in TH (tree height), DBH (diameter at breast height) and LUH (living under branch height) of F. mandshurica within each stand density. (A) Differences in the TH of female plants, male plants and undifferentiated individuals within different forest densities. (B) Differences in the DBH of female plants, male plants, and undifferentiated individuals within different forest densities. (C) The difference in LUH of female plants, male plants and undifferentiated individuals. The different lowercase letters in the figure indicate that at the level of α = 0.05, the difference between different individuals within the same density is significant (p < 0.05). The error bar represents the SE (standard error).



[image: Forests 13 00472 g002]







[image: Forests 13 00472 g003 550] 





Figure 3. Quantity distribution of DBH for F. mandshurica with different stand densities. (B) Enlarged view of the dotted part of (A), which excludes unknown trees. Males are red color and females are blue. Density D1 is represented by round shape, D2 by triangle, D3 by rhombus, and D4 by square. 
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Figure 4. The influence of stand density on LCH (living crown height) and LCR (living crown ratio). (A) Difference of LCH between males and females in different densities. (B) Difference of LCR between males and females in different densities. The error bar represents the standard error (SE). 
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Figure 5. The influence of stand density on the CW (crown width). Difference of CW between male, female and unknown in different densities. The different lowercase letters in the figure indicate that at the level of α = 0.05, the difference between different individuals within the same density is significant (p < 0.05). The error bar represents the standard error (SE). 
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Figure 6. The influence of stand density on branches traits. (A) The ALT (the lowest angle of living main branch with trunk) between males and females in different densities. (B) The LMD (the lowest living main branch base diameter) between males and females in different densities. (C) The proportion of live branches and dead branches of males and females in each stand density. The different lowercase letters in the figure indicate that at the level of α = 0.05, the differences between different individuals within the same density is significant (p < 0.05). The error bar represents the SE (standard error). 






Figure 6. The influence of stand density on branches traits. (A) The ALT (the lowest angle of living main branch with trunk) between males and females in different densities. (B) The LMD (the lowest living main branch base diameter) between males and females in different densities. (C) The proportion of live branches and dead branches of males and females in each stand density. The different lowercase letters in the figure indicate that at the level of α = 0.05, the differences between different individuals within the same density is significant (p < 0.05). The error bar represents the SE (standard error).



[image: Forests 13 00472 g006]







[image: Forests 13 00472 g007 550] 





Figure 7. Leaf phenotype traits of males and females on four densities. The different lowercase letters in the figure indicate that at the level of α = 0.05, the difference in leaf traits between different densities of the same sex is significant (p < 0.05). Abbreviation: LA (leaf area); LB (leaf biomass); LI (leaf index); LVL (leaf vertical axis length); LHL (leaf horizontal axis length); SLW (specific leaf weight). 
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Table 1. Basic status of four densities of a Fraxinus mandshurica plantation (2018).
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	Density Type
	Plant Space × Row Space
	Original Density

(Quantity/hm2)
	Current Density

(Quantity/ha)
	Survival Rate





	D1
	1.5 m × 3.0 m
	2200
	941 ± 71
	0.8



	D2
	2.0 m × 2.0 m
	2500
	1505 ± 101
	0.9



	D3
	1.5 m × 1.5 m
	4400
	1823 ± 103
	0.9



	D4
	1.0 m × 1.0 m
	10,000
	2308 ± 61
	0.9
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Table 2. The percentage of males and females in each density.
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	Density
	Males (%)
	Females (%)
	Unknown (%)





	D1
	19.71
	8.03
	72.26



	D2
	20.30
	9.77
	69.92



	D3
	7.92
	8.91
	83.16



	D4
	8.00
	4.00
	88.00
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Table 3. The type of distribution of Fraxinus mandshurica female and male trees in four stand densities.
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Density

	
Scale (m)

	
C

	
t

	
t0.05

	
Type




	
Male

	
Female

	
Male

	
Female

	
Male

	
Female

	
Male

	
Female






	
D1

	
6 m × 6 m

	
0.79

	
0.92

	
−0.84

	
−0.32

	
2.07

	
2.07

	
Random

	
Random




	
6 m × 12 m

	
0.80

	
1.09

	
−0.55

	
0.24

	
2.20

	
2.20

	
Random

	
Random




	
12 m × 12 m

	
0.79

	
1.10

	
−0.40

	
0.19

	
2.57

	
2.57

	
Random

	
Random




	
12 m × 24 m

	
0.93

	
1.51

	
−0.09

	
0.63

	
4.30

	
4.30

	
Random

	
Random




	
D2

	
6 m × 6 m

	
0.73

	
0.92

	
−0.91

	
−0.28

	
2.07

	
2.07

	
Random

	
Random




	
6 m × 12 m

	
0.53

	
0.75

	
−1.11

	
−0.60

	
2.20

	
2.20

	
Random

	
Random




	
12 m × 12 m

	
0.12

	
1.31

	
−1.40

	
0.50

	
2.57

	
2.57

	
Random

	
Random




	
12 m × 24 m

	
0.25

	
1.46

	
−0.75

	
0.46

	
4.30

	
4.30

	
Random

	
Random




	
D3

	
6 m × 6 m

	
0.62

	
0.74

	
−1.11

	
−0.76

	
2.07

	
2.07

	
Random

	
Random




	
6 m × 12 m

	
0.57

	
1.13

	
−0.86

	
0.25

	
2.20

	
2.20

	
Random

	
Random




	
12 m × 12 m

	
0.50

	
0.70

	
−0.79

	
−0.47

	
2.57

	
2.57

	
Random

	
Random




	
12 m × 24 m

	
0.50

	
1.00

	
−0.5

	
0

	
4.30

	
4.30

	
Random

	
Random




	
D4

	
6 m × 6 m

	
1.12

	
0.64

	
0.42

	
−1.22

	
2.07

	
2.07

	
Random

	
Random




	
6 m × 12 m

	
1.14

	
0.52

	
0.32

	
−1.14

	
2.20

	
2.20

	
Random

	
Random




	
12 m × 12 m

	
1.75

	
0.50

	
1.19

	
−0.79

	
2.57

	
2.57

	
Random

	
Random




	
12 m × 24 m

	
1.80

	
0.13

	
0.8

	
−0.88

	
4.30

	
4.30

	
Random

	
Random
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Table 4. The influence of density and gender on phenotype traits.
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Source

	
Df

	
P




	
DBH

	
TH

	
LUH

	
CW

	
LCH

	
LCR

	
ALT

	
LMD

	
LA

	
LB

	
LVL

	
LHL

	
LI

	
SLW






	
Density

	
3

	
0.00 **

	
0.81

	
0.12

	
0.00 **

	
0.20

	
0.13

	
0.08

	
0.99

	
0.00 **

	
0.00 **

	
0.00 **

	
0.00 **

	
0.00 **

	
0.00 **




	
Gender

	
1

	
0.32

	
0.79

	
0.31

	
0.61

	
0.30

	
0.24

	
0.17

	
0.81

	
0.10

	
0.98

	
0.03 *

	
0.31

	
0.75

	
0.04 *




	
D × G

	
3

	
0.70

	
0.42

	
0.42

	
0.65

	
0.94

	
0.69

	
0.84

	
0.04 *

	
0.04 *

	
0.08

	
0.03 *

	
0.08

	
0.00 **

	
0.00 **








* 0.01 < p < 0.05, ** p < 0.01.
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Table 5. Correlation of phenotypic traits of male and female trees in F. mandshurica.
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	TH
	DBH
	LUH
	LCH
	LCR
	CW
	LMD
	ALT
	LA
	LVL
	LHL
	LI
	LB





	DBH
	0.22 (0.26)
	
	
	
	
	
	
	
	
	
	
	
	



	LUH
	−0.06 (0.03)
	0.03 (0.29)
	
	
	
	
	
	
	
	
	
	
	



	LCH
	0.64 ** (0.518 **)
	0.11 (−0.10)
	−0.80 ** (−0.88 **)
	
	
	
	
	
	
	
	
	
	



	LCR
	0.44 * (0.25)
	0.03 (−0.22)
	−0.92 ** (−0.96 **)
	0.97 ** (0.96 **)
	
	
	
	
	
	
	
	
	



	CW
	0.03 (0.21)
	0.34 (0.55 **)
	0.16 (0.45 *)
	−0.10 (−0.27)
	−0.14 (−0.37)
	
	
	
	
	
	
	
	



	LMD
	0.27 (0.09)
	0.04 (0.33)
	0.02 (−0.17)
	0.15 (0.19)
	0.11 (0.18)
	−0.08 (−0.09)
	
	
	
	
	
	
	



	ALT
	0.20 (−0.16)
	−0.20 (−0.29)
	0.03 (−0.23)
	0.08 (0.11)
	0.03 (0.18)
	−0.43 * (−0.06)
	−0.40 (−0.66 **)
	
	
	
	
	
	



	LA
	0.17 (0.27)
	−0.1575
	0.12 (0.22)
	0.02 (−0.40)
	−0.01 (−0.13)
	−0.0126
	0.06 (0.23)
	0.35 (−0.11)
	
	
	
	
	



	LVL
	0.03 (0.18)
	−0.33 (0.18)
	−0.12 (0.10)
	0.11 (0.01)
	0.13 (−0.50)
	−0.30 (−0.12)
	−0.21 (0.30)
	0.34 (−0.19)
	0.84 ** (0.84 **)
	
	
	
	



	LHL
	0.20 (0.30)
	−0.36 (0.36)
	0.18 (0.12)
	−0.02 (0.06)
	−0.06 (−0.02)
	−0.30 (0.10)
	0.39 * (0.20)
	0.10 (−0.01)
	0.68 ** (0.84 **)
	0.26 (0.55 **)
	
	
	



	LI
	−0.10 (−0.04)
	−0.06 (−0.09)
	−0.23 (0.04)
	0.12 (−0.06)
	0.16 (−0.07)
	−0.07 (−0.23)
	−0.072
	0.27 (−0.20)
	0.35 (0.25)
	0.78 ** (0.68 **)
	0.096
	
	



	LB
	0.18 (0.29)
	−0.18 (0.29)
	−0.01 (0.21)
	0.11 (−0.12)
	0.08 (−0.12)
	−0.45 (−0.01)
	−0.07 (0.30)
	0.41 * (−0.19)
	0.75 ** (0.96 **)
	0.79 ** (0.90 **)
	0.31 (0.75 **)
	0.55 ** (0.38)
	



	SLW
	0.14 (0.04)
	0.22 (0.04)
	−0.13 (−0.04)
	0.19 (0.05)
	0.16 (0.04)
	−0.16 (−0.27)
	−0.15 (0.28)
	0.28 (−0.27)
	0.02 (−0.01)
	0.25 (0.26)
	−0.28 (−0.16)
	0.44 * (0.41 *)
	0.67 ** (0.27)







Note: The correlation coefficients among the traits of females are shown in parentheses; the correlation coefficients among the traits of males are shown out of parentheses. * Indicates a significant correlation at the 0.05 level; ** indicates a significant correlation at the 0.01 level.
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