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Abstract:



To better understand the genetic control of resin yield, growth traits and morphologic traits for Pinus elliottii families, genetic relationships among these traits were examined in three 27-year-old progeny trials located in Jingdezhen, Jian and Ganzhou, Jiangxi Province, China. In total, 3695 trees from 112 families were assessed at the three sites. Significant site, family and family × site effects were found for resin yield, growth traits and morphologic traits. Resin yield and growth traits were found to be under moderate genetic control for the three sites combined, with family heritability and individual narrow-sense heritability ranging from 0.41 to 0.55 and 0.11 to 0.27, respectively. The coefficient of genotypic variation (CVG) of stem volume (SV) and crown surface area (CSA) were higher than those of other traits at each site. Genetic correlation estimates indicated that selection for growth traits might lead to a large increment in resin yield (RY), and most morphologic traits had moderate to strong correlations with growth traits at each individual site. One possible strategy in tree breeding would be to maximize resin production through selection for growth traits.
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1. Introduction


Pine resin is an important non-timber secondary forest product. It produces turpentine (monoterpenes and sesquiterpenes) and rosin (diterpenes). These compounds are widely used in pharmaceutical, cosmetics, food, chemical and other such industries [1,2,3]. China is the leading producer of resin in the world. During the 1990s, China annually exported a total of 200,000 tons of resin to more than 40 countries, accounting for about 50% of the resin traded in the world [4]. Of the pine resin resources, Pinus elliottii is one of the main resin tree species in China.



P. elliottii (slash pine), which originated from the Southeastern United States, is one of the most important coniferous timber species in the Pinus genus. Slash pine was introduced to China in the late 1940s and began to be planted in Southern China on a large scale in the late 1970s [5]. In addition to its wide use for the wood, pulp and paper industry, this species has also long been employed as a main source of resin. In recent years, the resin price has risen annually. For example, the resin purchased from forest farmers has an average price of 10 yuan (about 1.5 dollars) per kilogram in 2016. Nowadays, it is more profitable for farmers than harvesting trees for timber. However, due to its high commercial value, slash pine has been subjected to overexploitation during past decades.



The quantity of constitutive resin produced by pine species is influenced by genetic and environmental factors [6]. Much of the attention devoted for identifying the variables that have a bearing on resin production has concentrated on environmental attributes and cultural practices aimed to stimulate tree growth. A prominent focus of this research includes potential determinants that might alter resin production over the course of a growing season, including those that can cause carbon resources to be shifted to secondary metabolic processes involved in resin synthesis away from the dominant primary processes that contribute to tree growth. Allocation of photosynthates to primary and secondary metabolic processes is believed to result in a trade-off between growth and resin formation following plant growth differentiation principles formulated first by Loomis [7] and later modified to explain the relationship between growth and resin flow in pines by Lorio [8]. Previous studies have suggested that growth traits and morphologic traits can influence resin yield, with trees with a larger diameter and crown size yielding more resin than their smaller pine species counterparts [9,10]. Thus, accurately exploring the genetic correlation among resin yield, growth traits and morphologic traits is needed, as they have major implications for the development of selection and breeding strategies.



Similarly, a large effort has also been committed to determine how strongly genetic effects influence variation of resin yield in pine trees. Researches have demonstrated that resin yield is a highly heritable trait, and important genetic gains can be obtained from the selection of high resin yielders. For example, Roberds and Strom [11] estimated that the repeatabilities of gum yield in loblolly pine (Pinus teada L) (0.64–0.67), longleaf pine (Pinus palustris) (0.46–0.77) and slash pine (0.55) are quite high. Squillace and Bengston [12] found that narrow-sense heritability for gum resin yield in slash pine is around 0.55, indicating that this trait is under fairly strong genetic control. Experimental observations in maritime pine (Pinus pinaster Ait.) and masson pine (Pinus massoniana) likewise indicate that resin-yielding capability is under substantial genetic regulation in these species [13,14]. General methods for increasing resin yield including genetically improve associated trees and develop resin pine plantations. In China, the genetic improvement to increase resin yield was initiated in the mid-to-late 1980s, and these programs primarily focus on the selection of trees that yield high amounts of resin based on the phenotypic performance of unimproved plantations [14]. Research has demonstrated that large differences occur among half-sib families in resin yield, and some superior families and clones for further studies on genetic improvement have been selected [15,16]. However, the majority of seedlings used for afforestation have not been subject to genetic improvement, and pine plantations have made limited contributions to the increment of resin yields. Slash pine improvement programs to promote resin yield are still nascent, and more breeding practices needed to be made for this species.



In China, tree breeding programs for slash pine have mainly emphasized improvements in tree growth and wood properties [2,17]. Several studies have focused on the resin-yielding capacity. However, most of these studies on resin yield and growth traits have either been performed at a single site or are based on a small number of samples or families. Consequently, limited information is available on the ecological variation, reaction norms and phenotypic plasticity of the resin yield, growth traits and morphologic traits of P. elliottii families. Moreover, the sample size in these previous studies was insufficient. For tree improvement, quantitative parameter estimates require an examination of more genotypes at different locations than those used in previous studies.



To understand the quantitative genetics for resin yield, growth traits and morphologic traits of P. elliottii in China, we conducted a large study using 3695 trees from 112 open-pollinated families established at three sites in Jiangxi Province with the following study aims: (1) to describe the resin yield, growth traits and morphologic traits in the studied area; (2) to quantify genetic variation and inheritance for resin yield, growth traits and wood traits; (3) to explore the genotype × environment interactions for these traits; (4) to examine the genetic relationship among resin yield, growth traits and wood traits. These findings will be helpful to decide the appropriate breeding strategies for improvement programs of slash pine in China.




2. Materials and Methods


2.1. Materials


The present study comprised of 112 open-pollinated families of P. elliottii plus trees randomly selected from a seed orchard in Georgia (12 plus trees), Mississippi (60 plus trees) and Florida (50 plus trees) in United States. Plus trees were selected for high resin yield, high growth rate, and straight stem form. Open-pollinated families from these trees were included in three trials established in the spring of 1990 at three locations in Jiangxi Province, Jingdezhen, Jian and Ganzhou, and the characteristics of the three trials are presented in Figure 1 and Table 1. The annual temperature and rainfall data in Table 1 were collected from the local meteorological bureau. The trials used a randomized complete block design with plots containing four trees per row and five replications, with a total of 2240 trees per site. The seedlings were planted with 3.0 m × 4.0 m spacing. Specific silvicultural treatments were not performed prior to the experiments. In 2016, all trees were measured; the survival rate for Jindezhen, Jian and Ganzhou were 55.8%, 56.1% and 53.1%, respectively; the survival rate was not high for the three trials, which reflected the snow disaster in 2008. The total number of trees sampled for the three sites were 1249, 1257 and 1189, respectively.


Figure 1. Location of the progeny trails (blue dots) in Jiangxi Province and main growing regions (shaded area) of P. elliottii in China.
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Table 1. Location, climatic conditions and description of the three progeny trials.







	
Site

	
Latitude N (°)

	
Longitude W (°)

	
Mean Annual T (°C)

	
Rainfall mm/year

	
Survival (%)

	
Sample Trees






	
Jingdezhen

	
29.37

	
117.25

	
17.2

	
1805

	
55.8

	
1249




	
Jian

	
27.22

	
115.13

	
18.3

	
1487

	
56.1

	
1257




	
Ganzhou

	
25.38

	
114.93

	
20.2

	
1318

	
53.1

	
1189











2.2. Measurement of Resin Yield, Tree Growth and Evaluation of Morphologic Properties


Resin yield (RY) was measured using the bark streak wounding method for resin tapping [16]. After removing the outer bark at breast height using a sharp hatchet, a streak was incised in the bark-shaved face. The streak was 2 mm wide and 5 mm deep and had a side gutter angle of 45° and tapping load rate of less than 45% (Figure 2). Resin from each wound was funneled into open plastic bags attached to the base of the wounds. Rewounding was performed every 2 days throughout the experimental period in August, with 15 cuts performed on each tree. The sampled trees were measured for RY (in kilograms) at the end of August.


Figure 2. Bark streak wounding method for resin tapping.
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Total height (HT) was measured in meters. Stem diameter at breast height (DBH) was measured in centimeter. The height (HGT) and DBH were used to calculate the stem volume (stem volume (SV), in m3) of the outer bark of individual trees:


[image: ]



(1)







Morphologic traits including height under live crown (HLC), crown width (CW) and crown length (CL). The CW and CL were used to calculate the crown surface area (CSA) of an individual tree according to Chen et al. [18] and Huang et al. [19]:


[image: ]



(2)








2.3. Statistical Models and Analysis


Univariate restricted maximum likelihood (REML) analyses were undertaken separately to obtain estimates of variance components for each trait using statistical software ASReml-R (v. 3.0, Queensland Department of Primary Industries and Fisheries, Brisbane, Australia) package in R [20,21]. The following linear mixed models (family models) were used for separate analyses (1) of individual site and for joint analyses (2) of the three sites together:
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(3)
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(4)




where y is the vector of observations, μ is the intercept, s, b, b(s) are the fixed site, block and block within site effects, f, fb, fs, fb(s), e refers to random family, family-site, family-block and family-block within site and residual effects, and X and Z are the known incidence matrices relating the observations in y to the fixed and random effects, respectively, assuming [image: ], [image: ], [image: ], [image: ], where [image: ], [image: ], [image: ], and [image: ] are family, family-site, family-block and family-block within site and residual error variances, respectively, I is an identity matrix.



The significance of the variance components for each trait was tested using the likelihood ratio test (LRT, [22]). Approximate standard errors for estimated variances were estimated using the Taylor series expansion method [23].



Open pollinated mating was assumed to have created true half-sibs and among which the genetic variation accounts for one quarter of the total additive genetic variance, thus additive genetic variance
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(5)




phenotypic variance
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(6)




and
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(7)




for individual site and joint analyses, respectively. Variation at genetic, phenotypic and residual level (CVG, CVP and CVE), individual narrow-sense heritability ([image: ]), and family mean heritability ([image: ]) were calculated, respectively, as follows [14]:
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(8)






[image: ]



(9)
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(10)
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(11)
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(12)
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(13)







Formula (10) and (11) were used in individual site and joint analyses, respectively. Terms ns, nb and nk are the number of sites, blocks within sites and the harmonic mean of the number of trees per family, respectively.



Genetic correlations (rg) were estimated using bivariate analyses for all possible combinations of traits and calculated as [14]:


[image: ]



(14)




where the [image: ] refers to the genotypic covariance between traits x and y, [image: ] denotes the genotypic variance component for trait x and [image: ] is the genotypic variance component for trait y.



To evaluate the extent of genotype × environment interaction (G × E) for each trait, between-site type-B genetic correlations obtained from bivariate models were used [24], and their approximate standard errors were estimated using the Taylor series expansion method [23]. The type-B genetic correlation was calculated as:


[image: ]



(15)




where [image: ] is the covariance between genotypic effects from bivariate models of the same traits in different sites and [image: ] and [image: ] are estimated genotypic variances for the same traits in trial 1 and trial 2, respectively.



To evaluate the expected response in resin yield at each site by using different selection criteria, and developed implications for tree improvement. The expected gain in trait y was predicted from the correlated response to individual selection in trait x using the following formula [25]:


[image: ]



(16)




where [image: ] is the selection intensity (according to the sample size in this study, the selection intensity is assumed to equal 1.76, which corresponds to the selection of ten parental trees out of 100); [image: ] and [image: ] are the square roots of individual tree heritability for direct-selection [image: ] trait and correlated [image: ] trait; [image: ] is the estimated genetic correlation between traits [image: ] and [image: ]; and [image: ] is the phenotypic standard deviation for trait y.





3. Results


3.1. Mean Values and Site Effects


The mean values, range of variation and standard error of the mean for all traits in each of the three progeny trials are presented in Table 2. The trees at the Jian site had the lowest RY. The highest RY was observed at the Ganzhou site, with a 6.9 difference was observed between the lowest and highest average RY (Table 2). At the Jingdezhen site, the HGT of P. elliottii was the highest but the DBH was the lowest; thus, the SV of P. elliottii was not high at this site. Nevertheless, at the Jingdezhen site, the CSA was the highest, which was supported by the highest CW and moderate CL at this site, whereas at the Jian site, the CSA was the lowest. The HLC of trees at the Jingdezhen site was 33.66% higher than that of the tress at the Ganzhou site. An analysis that combined all three trials showed significant site effects (p < 0.01) for RY, growth traits and morphologic traits (Table 3).



Table 2. Mean values, standard error of the mean (SE) and range of variation based on individual values of the resin yield, growth traits and morphologic traits of P. elliottii for the three progeny trials.







	
Trait (Site)

	
Jingdezhen

	
Jian

	
Ganzhou




	
Mean

	
SE

	
Range (Min–Max)

	
Mean

	
SE

	
Range (Min–Max)

	
Mean

	
SE

	
Range (Min–Max)






	
RY (kg)

	
1.17

	
0.006

	
0.3–2.2

	
1.16

	
0.011

	
0.3–2.8

	
1.24

	
0.009

	
0.3–3.25




	
HGT (m)

	
14.68

	
0.083

	
6.4–23.0

	
13.02

	
0.072

	
5.4–18.6

	
12.15

	
0.061

	
5.8–16.7




	
DBH (cm)

	
25.26

	
0.114

	
13.7–39.5

	
27.82

	
0.132

	
16.2–43.9

	
28.05

	
0.120

	
17.5–41.8




	
SV (m3)

	
0.418

	
0.005

	
0.06–1.37

	
0.441

	
0.005

	
0.09–1.12

	
0.412

	
0.004

	
0.11–0.96




	
HLC (m)

	
9.69

	
0.059

	
3.1–16.8

	
7.51

	
0.055

	
1.8–13.1

	
7.25

	
0.054

	
1.9–12.7




	
CW (m)

	
5.37

	
0.029

	
2.1–8.9

	
4.71

	
0.028

	
2.1–8.4

	
5.36

	
0.030

	
2.4–9.9




	
CL (m)

	
4.98

	
0.045

	
1.0–15.0

	
5.50

	
0.043

	
0.7–10.6

	
4.89

	
0.040

	
0.8–9.5




	
CSA (m2)

	
24.9

	
0.316

	
4.7–106.0

	
22.9

	
0.258

	
3.2–61.4

	
24.2

	
0.254

	
6.0–65.7








Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area (CSA).








Table 3. Estimates of variances ([image: ], [image: ], [image: ], [image: ]) for family, family-site, family-block within site interactions and residual variances, respectively, family mean and individual narrow sense heritability ([image: ], [image: ]) (with standard error in parenthesis), and coefficient of variation at genetic, phenotypic and residual level (CVG, CVP and CVE) for various traits from site combined analysis.







	
Trait

	
p Value of Site Effect

	
[image: ] (SE)

	
[image: ] (SE)

	
[image: ] (SE)

	
[image: ] (SE)

	
h2f (SE)

	
h2i (SE)

	
CVG (%)

	
CVE (%)

	
CVP (%)






	
RY

	
<0.01 **

	
0.003 (0.001)

	
0.003 (0.001)

	
0.006 (0.002)

	
0.1 (0.003)

	
0.41 (0.09)

	
0.11 (0.04)

	
4.58

	
26.45

	
28.00




	
HGT

	
<0.001 ***

	
0.45 (0.12)

	
0.33 (0.11)

	
2.07 (0.16)

	
3.86 (0.12)

	
0.55 (0.07)

	
0.27 (0.06)

	
5.06

	
14.77

	
19.46




	
DBH

	
<0.001 ***

	
0.65 (0.21)

	
0.56 (0.23)

	
1.06 (0.37)

	
16.3 (0.49)

	
0.45 (0.09)

	
0.14 (0.04)

	
2.99

	
14.94

	
15.94




	
SV

	
<0.001 ***

	
0.001 (0.001)

	
0.002 (0.001)

	
0.005 (0.001)

	
0.03 (0.001)

	
0.42 (0.09)

	
0.16 (0.05)

	
7.45

	
39.43

	
44.71




	
HLC

	
<0.001 ***

	
0.26 (0.06)

	
0.04 (0.06)

	
1.34 (0.1)

	
2.31 (0.07)

	
0.59 (0.06)

	
0.26 (0.06)

	
6.23

	
18.62

	
24.35




	
CW

	
<0.001 ***

	
0.03 (0.01)

	
0.04 (0.01)

	
0.09 (0.02)

	
0.88 (0.03)

	
0.41 (0.09)

	
0.13 (0.04)

	
3.53

	
18.20

	
19.83




	
CL

	
<0.001 ***

	
0.05 (0.03)

	
0.04 (0.17)

	
0.34 (0.05)

	
1.73 (0.05)

	
0.26 (0.12)

	
0.08 (0.04)

	
4.31

	
25.63

	
29.45




	
CSA

	
<0.001 ***

	
2.91 (1.24)

	
6.26 (1.59)

	
13.5 (2.08)

	
73.07 (2.22)

	
0.35 (0.10)

	
0.12 (0.05)

	
7.10

	
35.60

	
40.75








Degrees of freedom are 2 for site, 12 for block. Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area (CSA). *** p < 0.001; ** 0.001 < p < 0.01, level of significance of effects.









3.2. Genetic Variation and Heritability


Significant differences among families in the RY, growth traits and morphologic traits were observed when analyzing the three sites together (Table 3). Growth traits showed higher estimated family heritability (h2f = 0.42–0.55) and estimated individual tree heritability (h2i = 0.14–0.27) than resin yield and most morphologic traits (Table 3).



The estimates of variances, heritability, coefficients of genotypic, residual, and phenotypic variations at each individual site are presented in Table 4. Significant differences were observed among the families for most of the traits examined at the three sites except for the DBH, HLC and CW at Jian and the RY at Ganzhou. In general, the coefficient of genetic variation (CVG) values for the SV and CSA were higher than those for other traits at each site (Table 4). The family and individual tree heritabilities for all traits at the Jindezhen site ranged from 0.46 to 0.65 and 0.41 to 0.73, respectively, which were high compared with those estimated at the other two sites.



Table 4. Estimates of variances ([image: ], [image: ], [image: ]) for family, family-block and residual variances, respectively, family mean and individual narrow sense heritability ([image: ], [image: ]) (with standard error in parenthesis), and coefficient of variation at genetic, phenotypic and residual level (CVG, CVP and CVE) for various traits at each site.







	
Site

	
[image: ] (SE)

	
[image: ] (SE)

	
[image: ] (SE)

	
h2f (SE)

	
h2i (SE)

	
CVG (%)

	
CVE (％)

	
CVP (%)






	
Jian

	

	

	

	

	

	

	

	




	
RY

	
0.009 (0.003)

	
0.003 (0.006)

	
0.157 (0.008)

	
0.35 (0.09)

	
0.21 (0.08)

	
8.16

	
34.16

	
35.37




	
HGT

	
0.38 (0.20)

	
3.17 (0.34)

	
3.25 (0.17)

	
0.28 (0.11)

	
0.22 (0.11)

	
4.71

	
13.84

	
20.01




	
DBH

	
0.49 (0.35) ns

	
0.05 (0.72)

	
21.54 (1.08)

	
0.20 (0.11)

	
0.10 (0.06)

	
2.51

	
16.68

	
16.89




	
SV

	
0.001 (0.001)

	
0.002 (0.001)

	
0.035 (0.002)

	
0.27 (0.10)

	
0.15 (0.07)

	
7.17

	
42.52

	
44.17




	
HLC

	
0.000 (0.000) ns

	
2.59 (0.21)

	
1.49 (0.08)

	
0.00 (0.00)

	
0.00 (0.00)

	
0.00

	
16.23

	
26.67




	
CW

	
0.014 (0.016) ns

	
0.06 (0.03)

	
0.86 (0.04)

	
0.13 (0.12)

	
0.06 (0.05)

	
2.52

	
19.65

	
20.52




	
CL

	
0.09 (0.05)

	
0.21 (0.09)

	
2.03 (0.11)

	
0.27 (0.10)

	
0.16 (0.08)

	
5.48

	
25.88

	
27.74




	
CSA

	
2.22 (1.46)

	
4.57 (2.93)

	
75.21 (3.84)

	
0.21 (0.11)

	
0.11 (0.07)

	
6.51

	
37.87

	
39.54




	
Ganzhou

	

	

	

	

	

	

	

	




	
RY

	
0.003 (0.002) ns

	
0.001 (0.004)

	
0.110 (0.006)

	
0.20 (0.11)

	
0.10 (0.06)

	
4.38

	
26.53

	
27.02




	
HGT

	
0.28 (0.12)

	
1.19 (0.20)

	
3.01 (0.16)

	
0.34 (0.10)

	
0.25 (0.10)

	
4.30

	
14.27

	
17.41




	
DBH

	
0.64 (0.30)

	
0.000 (0.000)

	
16.67 (0.72)

	
0.28 (0.09)

	
0.15 (0.06)

	
2.85

	
14.55

	
14.83




	
SV

	
0.001 (0.001)

	
0.001 (0.001)

	
0.023 (0.001)

	
0.33 (0.10)

	
0.20 (0.08)

	
7.67

	
36.99

	
38.34




	
HLC

	
0.28 (0.10)

	
0.84 (0.15)

	
2.39 (0.13)

	
0.41 (0.09)

	
0.32 (0.11)

	
7.35

	
21.30

	
25.83




	
CW

	
0.03 (0.02)

	
0.000 (0.000)

	
1.03 (0.04)

	
0.24 (0.11)

	
0.12 (0.06)

	
3.28

	
18.91

	
19.19




	
CL

	
0.06 (0.04)

	
0.30 (0.08)

	
1.59 (0.08)

	
0.22 (0.12)

	
0.13 (0.08)

	
5.04

	
25.71

	
28.45




	
CSA

	
4.11 (1.701)

	
4.16 ((2.70)

	
68.92 (3.56)

	
0.35 (0.10)

	
0.22 (0.08)

	
8.36

	
34.25

	
36.25




	
Jingdezhen

	

	

	

	

	

	

	

	




	
RY

	
0.005 (0.002)

	
0.016 (0.002)

	
0.031 (0.002)

	
0.46 (0.08)

	
0.41 (0.11)

	
6.31

	
14.92

	
19.37




	
HGT

	
1.59 (0.34)

	
1.85 (0.31)

	
5.30 (0.28)

	
0.64 (0.05)

	
0.72 (0.13)

	
8.60

	
15.69

	
20.14




	
DBH

	
2.41 (0.57)

	
3.98 (0.63)

	
9.88 (0.53)

	
0.57 (0.06)

	
0.59 (0.12)

	
6.14

	
12.44

	
15.96




	
SV

	
0.008 (0.002)

	
0.01 (0.002)

	
0.03 (0.001)

	
0.61 (0.05)

	
0.68 (0.13)

	
21.36

	
37.65

	
50.10




	
HLC

	
0.63 (0.14)

	
0.64 (0.15)

	
3.09 (0.16)

	
0.59 (0.06)

	
0.57 (0.12)

	
8.16

	
18.12

	
21.52




	
CW

	
0.16 (0.04)

	
0.25 (0.04)

	
0.72 (0.04)

	
0.56 (0.06)

	
0.55 (0.12)

	
7.38

	
15.77

	
19.77




	
CL

	
0.47 (0.10)

	
0.50 (0.09)

	
1.58 (0.08)

	
0.65 (0.05)

	
0.73 (0.13)

	
13.75

	
25.16

	
32.03




	
CSA

	
20.32 (4.65)

	
31.88 (4.86)

	
74.39 (3.96)

	
0.60 (0.06)

	
0.64 (0.13)

	
18.10

	
34.62

	
45.17








Degrees of freedom are 4 for block. Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area (CSA); ns no significance of effects.









3.3. Genotype × Environment Interaction


In the present study, the family × site interaction was significant for RY, growth traits and morphologic traits (Table 3). Inter-site genotypic correlations between HLC with pairs of Jindezhen-Jian and Ganzhou-Jian sites were not estimated because significant differences in HLC were not observed among the families at Jian (Table 5). Most of inter-site genotypic correlations between the same traits at Jingdezhen-Jian and Jingdezhen-Ganzhou sites were moderate or weak (Table 5). However, the type B genotypic correlations between Ganzhou and Jian for all traits were higher, indicating that these traits were stable across Ganzhou and Jian. Compared with the resin yield and morphologic properties, the growth traits generally showed higher inter-site genotypic correlations (0.18–0.68).



Table 5. Type B genetic correlations (with standard error in parenthesis) between sites for the resin yield, growth traits and morphologic traits of P. elliottii.







	
Traits Correlations

	
RY

	
HGT

	
DBH

	
SV

	
HLC

	
CW

	
CL

	
CSA






	
JDZ-JA

	
0.34 (0.14)

	
0.53 (0.18) **

	
0.18 (0.22)

	
0.30 (0.18)

	
0.00 (0.00)

	
0.17 (0.21)

	
0.19 (0.18)

	
0.22 (0.19)




	
JDZ-GZ

	
0.29 (0.20)

	
0.48 (0.16) *

	
0.29 (0.19)

	
0.35 (0.19) *

	
0.43 (0.17) *

	
0.16 (0.20)

	
0.13 (0.18)

	
0.15 (0.18)




	
GZ-JA

	
0.55 (0.18) **

	
0.68 (0.12) **

	
0.54 (0.15) **

	
0.40 (0.12) *

	
0.00 (0.00)

	
0.37 (0.15) *

	
0.22 (0.13)

	
0.23 (0.13)








Type B genetic correlations were used to measure the importance of G × E interactions for RY and measure the growth traits and morphologic traits of P. elliottii from the combined sites analysis. Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area (CSA). JDZ (Jingdezhen), GZ (Ganzhou) and JA (Jian). ** 0.001 < p < 0.01; * 0.01 < p < 0.05, level of significance of effects.









3.4. Genotypic Correlations between Traits, Genetic Gain, and Correlated Genetic Response


The estimated genetic correlations among the RY, growth traits and morphologic traits are presented in Table 6. Strong and positive genotypic correlations between RY and HGT, DBH and SV were observed across the three sites. This finding suggests that selection for growth traits might lead to a large increment in RY. Moderate to strong and positive correlations were observed between RY and the morphologic traits at specific localities except between HLC and RY at Ganzhou, which was negatively correlated. Most morphologic traits showed moderate to strong correlations with growth traits at each individual site.



Table 6. Estimated intertrait genetic correlations (with standard error in parenthesis) among resin yield, growth traits and morphologic traits across the three study sites.







	
Trait

	
HGT

	
DBH

	
SV

	
HLC

	
CW

	
CL

	
CSA






	
Jian

	

	

	

	

	

	

	




	
RY

	
0.68 (0.26) **

	
0.82 (0.18) ***

	
0.73 (0.17) ***

	
0.00 (0.00)

	
0.34 (0.4)

	
0.61 (0.22) **

	
0.56 (0.24) **




	
HGT

	

	
0.95 (0.14) ***

	
0.98 (0.11) ***

	
0.00 (0.00)

	
0.20 (0.61)

	
0.99 (0.17) ***

	
0.95 (0.33) ***




	
DBH

	

	

	
0.97 (0.07) ***

	
0.00 (0.00)

	
−0.11 (0.85)

	
0.97 (0.24) ***

	
0.60 (0.31) **




	
SV

	

	

	

	
0.00 (0.00)

	
−0.01 (0.60)

	
0.98 (0.15) ***

	
0.73 (0.23) ***




	
HLC

	

	

	

	

	
0.00 (0.00)

	
0.00 (0.00)

	
0.00 (0.00)




	
CW

	

	

	

	

	

	
0.67 (0.46) *

	
0.98 (0.18) ***




	
CL

	

	

	

	

	

	

	
0.90 (0.09) ***




	
Ganzhou

	

	

	

	

	

	

	




	
RY

	
0.58 (0.16) **

	
0.72 (0.17) ***

	
0.58 (0.20) **

	
−0.22 (0.27)

	
0.89 (0.20) ***

	
0.92 (0.19) ***

	
0.95 (0.13) ***




	
HGT

	

	
0.53 (0.19) **

	
0.85 (0.08) ***

	
0.88 (0.05) ***

	
−0.06 (0.27)

	
0.31 (0.18) *

	
0.12 (0.20)




	
DBH

	

	

	
0.89 (0.05) ***

	
0.10 (0.23)

	
0.66 (0.20) **

	
0.88 (0.16) ***

	
0.78 (0.12) ***




	
SV

	

	

	

	
0.52 (0.16) **

	
0.37 (0.25) *

	
0.72 (0.14) ***

	
0.54 (0.16) ***




	
HLC

	

	

	

	

	
−0.50 (0.25) *

	
−0.19 (0.19)

	
−0.36 (0.18) *




	
CW

	

	

	

	

	

	
0.91 (0.24) ***

	
0.98 (0.08) ***




	
CL

	

	

	

	

	

	

	
0.98 (0.05) ***




	
Jindezhen

	

	

	

	

	

	

	




	
RY

	
0.90 (0.04) ***

	
0.96 (0.02) ***

	
0.94 (0.03) ***

	
0.67 (0.09) ***

	
0.66 (0.08) ***

	
0.88 (0.04) ***

	
0.86 (0.04) ***




	
HGT

	

	
0.95 (0.02) ***

	
0.98 (0.01) ***

	
0.88 (0.03) ***

	
0.62 (0.08) ***

	
0.84 (0.04) ***

	
0.81 (0.05) ***




	
DBH

	

	

	
0.99 (0.01) ***

	
0.74 (0.07) ***

	
0.66 (0.08) ***

	
0.91 (0.03) ***

	
0.89 (0.03) ***




	
SV

	

	

	

	
0.79 (0.06) ***

	
0.63 (0.08) ***

	
0.91 (0.03) ***

	
0.87 (0.04) ***




	
HLC

	

	

	

	

	
0.45 (0.11) ***

	
0.48 (0.11) ***

	
0.49 (0.11) ***




	
CW

	

	

	

	

	

	
0.63 (0.08) ***

	
0.86 (0.04) ***




	
CL

	

	

	

	

	

	

	
0.94 (0.02) ***








Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area (CSA). *** p < 0.001; ** 0.001 < p < 0.01; * 0.01 < p < 0.05, level of significance of effects.








Predicted genetic gains, assuming observed individual tree heritability and genotypic correlations and correlated genetic response in resin yield, with different selection criteria used, are presented for individual sites in Table 7. The predicted gains in RY were comparable at Jian and Jindezhen (11.08% and 9.53%, respectively), whereas the Ganzhou site had a lower gain (4.18%). Selection for growth traits resulted in a higher gains in RY at Jindezhen (10.97–11.53%). Overall, predicted gains from growth traits selection in RY were higher than the selection for morphologic traits.



Table 7. Expected response (ΔG/[image: ] × 100, ΔG is the genetic gains, and [image: ] is the mean values) in resin yield at each site when different selection criteria used.







	
Selection Criterion (Site)

	
Response (%)




	
Jian

	
Ganzhou

	
Jindezhen






	
RY

	
11.08

	
4.13

	
9.53




	
HGT

	
7.71

	
3.79

	
11.36




	
DBH

	
6.27

	
3.64

	
10.97




	
SV

	
6.83

	
3.39

	
11.53




	
HLC

	
0.00

	
–1.63

	
7.53




	
CW

	
2.01

	
4.03

	
7.28




	
CL

	
5.90

	
4.33

	
11.19




	
CSA

	
4.49

	
5.82

	
10.24








Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area (CSA).










4. Discussion


4.1. Mean Values and Site Effects


According to the three progeny trials in the present study, the mean RY values of P. elliottii, varied from 1.16 kg/tree to 1.24 kg/tree month (38.6–41.3 g/tree day) and were somewhat higher than some other pine species [14,16,26]. However, the present RY values for P. elliottii families were slightly lower than those reported for 15-year-old families of P. massoniana because these values were higher than 45 g/tree day [27]. These differences might reflect species variation within Pinus, differences in environment, the influence of climate variables, and differences in the sampling age. Moreover, the effects of tapping methods on RY should not be disregarded.



The mean annual growth rate for the HGT and DBH in the present study was slower than that of the 10-year-old and 13-year-old open-pollinated progeny tests for P. elliottii [28,29], and this finding might reflect the rapid growth of P. elliottii in the young stage (before age 12–13); however, after age 13, the growth was drastically reduced, which led to the slower mean annual growth rate for 27-year-old families of P. elliottii in the present study than that of the young plantation of P. elliottii [30]. Additionally, previous studies have suggested that P. elliottii exhibited different growth effects in different climatic provinces [31], and the slower annual growth rate for HGT and DBH in the present study might partially reflect the influence of climate variables on growth.



Site effects reflect the reaction of trees to the combined effects of edaphic and as local and regional climatic conditions [32]. Moreover, the physiological age, genotype and culture method may also impact the trees. Significant site effects were observed for RY, growth traits and morphologic traits (Table 3). The results indicated that edaphic and regional climatic conditions have significant RY, growth traits and morphologic property effects. These significant site effects on RY, growth traits and morphologic traits have previously been described and reported [33,34,35]. Comparisons of the growth rates between sites showed that the SV at Jindezhen and Ganzhou was lower and presented 5–7.5% less growth than that at Jian. This tendency corresponds to expectations that site conditions are more favorable for P. elliottii in Jian than the two other sites. As in Jiangxi Province, the most suitable place for the growth of P. elliottii was in the Jitai Basin, which lies in central Jiangxi Province and presents a climate and growth environment similar to that of their original regions.



The highest resin yield was not observed for the most productive Jian site, as expected, but at the least productive Ganzhou site. This disparity could result from of a variety of causes, but differences in within-site environmental heterogeneity are a likely contributing factor. The ability of an individual to produce resin is modulated by the environmental conditions because the environmental conditions have various effects on the properties of the resin duct, where resin is synthesized and stored. Sites with high radiation (favoring photosynthesis processes), high summer temperatures (delaying radial resin canal sealing), and low rainfall (inducing resin canal formation) will be highly productive or determine high resin production [26]. During the tapping season, warm springs and summers with low humidity percentages could correspond to higher resin yield values. Follow this pattern, Jindezhen site should have the highest resin yield, as the highest annual temperature and the least rainfall were observed at this site.




4.2. Genetic Variation and Heritability


The family effects in the joint analysis for RY, growth traits and morphologic traits were significant (Table 3). Previous studies [27,36,37] have also reported a significant family/clonal effect on the RY and growth traits of Pinus tree species, as well as for morphologic properties [38]. The present study shows the important genetic variation in resin yield among P. elliottii families and the heritabilities for resin yield were moderately high. Resin flow is extremely variable, depending on genetics, climate and environmental factors such as soil fertility and disturbances [39,40]. Therefore, the ability of a tree to produce resin and resin ducts is likely related to the degree of constraints imposed by genetic and environmental factors.



Many studies have shown that growth traits are under substantial genetic control for coniferous species. The heritabilities for growth traits of the three sites combined were moderate to high (Table 3). In general, the estimates of heritability were higher for HGT (h2f = 0.55, h2i = 0.27) than for DBH (h2f = 0.45, h2i = 0.27), indicating that HGT has higher genetic control than DBH and more genetic gain in terms of tree volume can be expected from the selection for HGT than for DBH. The heritability estimates of P. elliottii for morphologic traits in the present study for the three sites combined were not high except for HLC. Similar studies on other trees have drawn the same conclusions and indicated that most variation in morphological traits is caused by environmental factors not genetic factors, thereby limiting the achievable gains from selection [36,41].



For most observed traits, family heritabilities were higher than individual heritabilities for the three sites combined or at each individual site. This result indicates that higher genetic gains can be achieved with family selection in P. elliottii populations. In fact, the results of previous studies on other pines also support this view [15,42]. The heritability values of the observed traits in the present study varied from site to site. Overall, the heritabilities at Jindezhen were higher than those at Jian and Ganzhou, and this finding may have been related to the experiment site topography at Jindezhen, which was flat ground and may have had a relatively low environmental influence on these traits.



The CVG, that is, the genetic variance standardized to the trait mean, is considered the most suitable parameter for comparisons of genetic variation and the ability to respond to natural or artificial selection [43]. In the present study, both the CVG and heritability exhibited the same pattern, with higher values at Jindezhen and relatively lower values at Jian or Ganzhou. The CVG values of the growth traits, which ranged from 2.99% to 7.45% in the present study, were of the same magnitude as the CVG values of the morphologic traits, which ranged from 3.53% to 7.10%. These results indicate an equivalent genetic potential for the improvement of growth traits as that for morphologic traits. In the present study, the CVG of SV was higher than the CVG of HGT or DBH. The finding may reflect the fact that volume is a function of both HGT and DBH. The CVG of HGT (5.06%) was higher than the CVG of DBH (2.99%), indicating that the scope for selection of HGT among families is larger than that for DBH.




4.3. Genotype by Environment Interaction


Because P. elliottii breeding programs are focused on developing families suitable for different environments, G × E interactions may have a significant impact on the precision of breeding values estimates because they can reduce genetic gain. With incongruence between test locations and deployment zones, the G × E, if improperly accounted for, could result in bias estimates and decreased genetic gain [32]. The significant family × site interaction variation observed for the RY, growth traits and morphologic traits (Table 3) indicated that the families exhibited differences in ecological variation and reaction norms under different growth conditions. Significant G × E interactions have previously been reported for growth traits and resin yield [38]; however, few morphologic trait results have been reported for Pinus tree species.



The type B genetic correlation is a measure of the importance of environment interactions on genotype, and it provides a more precise estimate of G × E interactions [24]. Overall, the inter-site type B genetic correlations observed in the present study ranged from 0.13 to 0.68 (Table 5), suggesting a large amount of variation reflective of changes in rank among families across sites. The absence of significant positive type B genotypic correlations between genotypic values at the Jingdezhen-Jian and Jingdezhen-Ganzhou sites for most traits (Table 5) indicated a true G × E, and the differences between these sites might reflect the family × site interaction. However, the type B genotypic correlations between Ganzhou and Jian for all traits were higher than those at Jingdezhen-Jian and Jingdezhen-Ganzhou sites (Table 5), indicating that these traits were more stable across Ganzhou and Jian. The trails at Ganzhou and Jian are relatively close in distance so does the climatic condition, but no significant difference of mean annual temperature between these two trails and the one located at Jingdezhen was observed. However, the annual rainfall is around 1800 mm at Jingdezhen, which is higher than Ganzhou and Jian (~1400 mm) (Table 1). As far as we know, the optimum annual precipitation for slash pine is about 1400 mm at Jiangxi province. Therefore, we speculated that the rainfall was the most important factors driving G × E. But more environmental and climatic factors as soil type, soil fertility are required to investigate further to delimit the deployment regions.



The ranges of genetic type B correlation were low to moderate (0.29–0.55) for resin flow, indicating that the genetic performance measured in the present study was generally inconsistent across sites and the environmental conditions in the study locations were different. Similar results were observed among P. sylvestris and P. elliottii families planted at different sites [44,45]. Westbrook [46] performed an association analysis and observed that 81% of the SNPs (Single Nucleotide Polymorphism) significantly associated with resin flow in loblolly pine were specific to individual sites, implying that environmental context has a significant impact on the effects of the alleles underlying quantitative genetic variation in resin flow via complex molecular mechanisms. Generally, there are two approaches used to deal with G × E in tree improvement programs. The first one is to choose the best genotypes for each site-type based on well-characterized environments. As mentioned before, the lack of enough environmental information for the tested sites limited the utilize of independent selection. Alternatively, it was more suitable to identify and select those stable genotypes that perform well across all the environments. Tree HGT showed less G × E than resin flow and resin flow showed a strong positive correlation with tree HGT at Jingdezhen (Table 6), suggesting that selection based on tree HGT would increase the stability of the genetic entries around Jingdezhen without decreasing resin production.




4.4. Genotypic Correlations between Traits


Previous studies on P. elliottii have reported that RY and growth traits (DBH and HGT) present a strong positive correlation [15,28]. This finding indicates that genetic factors act concurrently to increase RY and growth. The explanations from previous studies on the relationship between RY and growth traits are often varied, and overall, the resource availability hypothesis (RAH) and growth-differentiation balance hypothesis (GDBH) are the main explanations for the relationship between RY and growth in pines. Pinus species have an extensive system of constitutive and induced defenses to resist attacks from bark beetles and associated fungi [47]. The primary defense is resin, which is synthesized and stored in an interconnected network of axial and radial resin ducts in the secondary phloem and xylem [48]. Both resin and resin ducts are costly to produce, and these costs could lead to trade-offs between growth and defense [49]. A tradeoff likely occurs between growth and defense based on the allocation of acquired resources because acquired resources are limiting; thus, the relationship between growth and defense is expected to be negative. In practice, however, studies on the relationship between growth and defense have reported mixed results, with certain studies finding a negative relationship [40,50] and other studies reporting a positive relationship [51,52]. These results highlight one of the difficulties of testing defense theories [53] because defenses could be either positively or negatively correlated with growth depending on the metric used. For example, Hood and Sala [54] reported that when only relative defense measures (i.e., duct density or relative duct area) were included, defense showed a negative correlation with growth, thus supporting the RAH. This finding predicts that constitutive defenses are favored in slower-growing species, which reflects the higher costs of replacing tissues. However, when absolute measures of defense (i.e., duct size, duct production and duct area) were included, defense showed a positive correlation with growth, which contradicts the RAH. Therefore, faster-growing trees have larger ducts and higher total duct areas, thereby leading to higher resin yield than slower-growing trees. Notably, slower-growing trees invest more in resin duct defenses per unit area of radial growth (i.e., duct density and relative duct area) and are likely to produce less resin than a larger tree with lower relative resin duct investment. The results of the present study support this pattern because the estimated genetic correlations between growth traits and resin yield were positive and strong.



In the present study, the estimated genetic correlations between most morphologic traits and RY were moderate to strong. Thus, a tree with a larger crown size typically produces more resin. This finding could be explained by the GDBH, which predicts that any resource limitation that reduces growth more than photosynthesis (e.g., water and nutrients) will increase the carbohydrates available for defense with little to no trade-off to growth. If the resource is limited, then the carbon demand for growth decreases but photosynthesis continues, presumably causing a shift of carbohydrate allocation from growth to defense (resin production and resin duct formation). Based on this logic, trees with larger crown sizes would produce more constitutive resin than slower-growing trees because trees with larger crown biomasses would have greater carbon surpluses later in the season to invest in resin and resin duct formation. Therefore, morphologic traits, particularly CW, CL and CSA, could be used as indirect assisted traits for selecting high-yielding trees.




4.5. Implications for Tree Improvement


The moderate heritability for resin yield and growth traits indicated that selective breeding according to the breeding merit ranks of parental trees (backward selection) would be effective. Forward selection was not recommended before the unknown paternal trees of the half-sibs were identified using pedigree reconstruction method. Unexpected G × E were observed for all the traits across the three trails suggesting determination of the environmental factors driving the important G × E was necessary to delimit deployment areas. The annual rainfall was probably the main factors but more climatic and soil factors should be investigated in future studies. Alternatively, the genotypes with stable performance over all the environments and higher breeding values were the proper candidates for further breeding and deployment programs.



On the whole, significant positive genetic correlations among resin yield, growth and morphologic traits indicate that selection for faster growth and larger crown size can increase resin yield. On the other hand, the inclusion of resin yield into tree breeding programs can lead to a partial enhancement of growth. Simultaneous improvement of resin yield, growth and morphologic traits of P. elliottii was concluded to be practical when strong positive correlations exist between these traits. Expected genetic gains and the correlated responses estimated in this study are based on genotypic correlations, genotypic variances, and individual tree heritability. The results obviously indicated that there would be important benefit in using the growth traits as selection traits together with resin yield if the objectives were to improve resin yield and growth increment.





5. Conclusions


We used 3695 samples from 112 families at three sites for a genetic study in resin yield, growth and morphologic properties of P. elliottii in Jiangxi Province, China to estimate the genetic parameters (heritability, type b genetic correlation, and among traits genetic correlation) and correlated response. These results are summarized as:



(1) Significant site, family and family × site effects were found for resin yield, growth and morphologic traits. The differences between the three sites might reflect the family × site interaction, and rainfall might be the main driver of the interaction.



(2) Heritabilities were moderate to high for resin yield and growth traits for the three sites combined, whereas with relatively lower heritabilities for morphologic traits.



(3) The genetic correlations of P. elliottii among resin yield, growth traits and morphologic traits were moderate to strong, these findings suggested that selection for growth and morphologic traits might lead to increment in resin yield, and genetic factors act concurrently to increase resin yield, growth and morphologic traits. Selection based on growth traits will have moderate to strong effects on resin yield.







Acknowledgments


This study was mainly supported by the Science and Technology Research Foundation of Education Department of Jiangxi Province. (No. GJJ150386) and Forestry Science and Technology Innovation Program of Forestry Department of Jiangxi Province (No. 201401). The authors would like to thank engineer Kai He from Baiyun Mountain state owned forest farm in Jiangxi province for his assistance with resin yield measurement. The authors would also like to thank Professor Xiaomei Sun from Chinese Academy of Forestry for her editing.




Author Contributions


M.L. and L.D. conducted the study and wrote the manuscript. L.Z. carried out the critical reading and grammatical correction of manuscript and was mainly responsible for who gained the fund providing the study need. M.Y., S.S., Y.Z., L.F., Z.X., L.L. and C.L. participated in discussions and helped to draft the manuscript. All authors read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Lei, L.; Pan, X.Q.; Zhang, L.; Ai, Q.; Li, B.; Yi, M.; Xu, Z.G. Genetic variation and comprehensive selection of turpentine composition in High-yielding Slash Pine (Pinus elliottii). For. Res. 2015, 28, 804–809. [Google Scholar]

	2. 
Luo, X.Q.; Jiang, X.M.; Yin, Y.F.; Liu, Z.X. Genetic variation and comprehensive assessment in wood properties of 15 fmilies of Pinus elliottii. For. Res. 2003, 16, 694–699. [Google Scholar]

	3. 
Rodrigues-Corrêa, K.C.S.; Lima, J.C.; Fett, A.G. Resins from pine: Production and industrial uses. In Natural Products, 1st ed.; Springer: Berlin/Heidelberg, Germany, 2013. [Google Scholar]

	4. 
Liu, Y. Production, consumption and prediction of China’s resin. Chem. Ind. For. Prod. 2001, 35, 31–33. [Google Scholar]

	5. 
Wen, X.; Kuang, Y.; Shi, M.; Li, H. Biology of Hylobitelus xiaoi (Coleoptera: Curculionidae), a new pest of slash pine, Pinus elliottii. J. Econ. Entomol. 2004, 97, 1958–1964. [Google Scholar] [CrossRef] [PubMed]

	6. 
Lombardero, M.J.; Ayres, M.P.; Lorio, P.L.; Ruel, J.J. Environmental effects on constitutive and inducible resin defences of Pinus taeda. Ecol. Lett. 2003, 3, 329–339. [Google Scholar] [CrossRef]

	7. 
Loomis, W.E. Growth-differentiation balance vs. carbohydratenitrogen ratio. Proc. Am. Soc. Hort. Sci. 1932, 29, 240–245. [Google Scholar]

	8. 
Lorio, P.L. Growth-differentiation balance: A basis for understanding southern pine beetle–tree interactions. For. Ecol. Manag. 1986, 14, 259–273. [Google Scholar] [CrossRef]

	9. 
Coppen, J.J.; Hone, G.A. Gum Naval Stores: Turpentine and Rosin from Pine Resin; Non-Wood Forest Products 2; Natural Resources Institute, FAO: Rome, Italy, 1995. [Google Scholar]

	10. 
Rodrigues-Corrêa, K.C.S.; Azenedo, P.C.N.; Sobreiro, L.E.; Pelissari, P. Resin yield of Pinus elliottii plantations in a subtropical climate: Effect of tree diameter, wound shape and concentration of active adjuvants in resin stimulating paste. Ind. Crops Prod. 2008, 27, 322–327. [Google Scholar] [CrossRef]

	11. 
Roberds, J.H.; Strom, B.L. Repeatability estimates for resin yield measurements in three species of the southern pines. For. Ecol. Manag. 2006, 14, 259–273. [Google Scholar]

	12. 
Squillace, A.E.; Bengston, G.W. Inheritance of gum yield and other characteristics of slash pine. In Proceedings of the Sixth Southern Conference on Forest Tree Improvement, Gainesville, FL, USA, 7–8 June 1961; School of Forestry, University of Florida: Gainesville, FL, USA, 1961; pp. 85–96. [Google Scholar]

	13. 
Tadesse, W.; Nanos, N.; Aunon, F.J.; Alia, R.; Gil, L. Evaluation of high resin yielders of Pinus pinaster AIT. For. Genet. 2001, 8, 271–278. [Google Scholar]

	14. 
Liu, Q.H.; Zhou, Z.C.; Fan, H.H.; Liu, Y.R. Genetic variation and correlation among resin yield, growth, and morphologic traits of Pinus massoniana. Silv. Genet. 2013, 62, 38–44. [Google Scholar] [CrossRef]

	15. 
Li, Y.J.; Jiang, J.M.; Luan, Q.F. Determination and genetic analysis of resin productivity resin density and turpentine content in half-sib families of slash pine. J. Beijing For. Univ. 2012, 34, 48–51. [Google Scholar]

	16. 
Zhuang, W.Y.; Zhang, Y.Y.; Zou, Y.X. Selection for high-resin yield of slash pine and analysis of factors concerned. Acta. Agric. Univ. Jiangxiensis 2007, 29, 55–60. [Google Scholar]

	17. 
Xu, Y.M.; Bao, C.H.; Zhou, Z.X.; Wen, X.F.; Jiang, D.H.; Wang, G.M. Variation analyses of tree growth and wood properties among Slash Pine provenances and comprehensive selection of superior provenance. J. Northeast For. Univ. 2001, 29, 18–21. [Google Scholar]

	18. 
Chen, D.S.; Sun, X.M.; Zhang, S.G. Evaluation on growth and stem form characteristics of species and hybrids of Larix spp. For. Res. 2016, 29, 10–16. [Google Scholar]

	19. 
Huang, F.L.; Jiao, Y.J.; Liang, J.; Fan, J.F. Correlation and genetic difference of crown traits of Poplar clones. J. Northwest For. Univ. 2010, 25, 61–65. [Google Scholar]

	20. 
Butler, D.G.; Cullis, B.R.; Gilmour, A.R.; Gogel, B.J. ASReml-R Reference Manual; Department of Primary Industries and Fisheries: Brisbane, Australia, 2009.

	21. 
R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2014. [Google Scholar]

	22. 
Self, S.G.; Liang, K.Y. Asymptotic properties of maximum likelihood estimators and likelihood ratio tests under nonstandard conditions. J. Am. Stat. Assoc. 1987, 82, 605–610. [Google Scholar] [CrossRef]

	23. 
Gilmour, A.R.; Gogel, B.J.; Cullis, B.R.; Thompson, R.; Butler, D.; Cherry, M.; Collins, D.; Dutkowski, G.; Harding, S.A.; Haskard, K. ASReml User Guide Release 3.0. VSN; International Ltd.: Hemel Hempstead, UK, 2009. [Google Scholar]

	24. 
Burdon, R.D. Genetic correlation as a concept for studying genotype-environment interaction in forest tree breeding. Silv. Genet. 1977, 26, 168–175. [Google Scholar]

	25. 
Falconer, D.S. Introduction to Quantitative Genetics, 3rd ed.; Longman: London, UK, 1981. [Google Scholar]

	26. 
Rodríguez-García, A.; Martin, J.A.; López, R.; Mutke, S.; Pinillos, F.; Gil, L. Influence of climate variables on resin yield and secretory structures in tapped Pinus pinaster Ait. in central Spain. Agric. For. Meteorol. 2015, 202, 83–93. [Google Scholar] [CrossRef]

	27. 
Zeng, L.H.; Zhang, Q.; He, B.X.; Lian, H.M.; Cai, Y.L.; Wang, Y.S.; Luo, M. Age Trends in genetic parameters for growth and resin-yielding capacity in Masson Pine. Silv. Genet. 2013, 62, 7–17. [Google Scholar] [CrossRef]

	28. 
Zhang, J.Z.; Shen, F.Q.; Jiang, J.M.; Luan, Q.F. Heritability estimates for real resin capacity and growth traits in high-gum-yielding slash pine. J. Zhejiang A F Univ. 2010, 27, 367–373. [Google Scholar]

	29. 
Li, Y. The Research on Growth Traits and Resin Yield Rules of Pinus Elliottii Families. Master’s Thesis, Central South University of Forestry and Technology, Changsha, China, 2016. [Google Scholar]

	30. 
Chen, W.Y.; Zhang, X.G.; Chen, Z. Growth analysis for plantation of Pinus elliottii. J. Sichuan For. Sci. Technol. 1997, 4, 43–47. [Google Scholar]

	31. 
Zheng, Y.G.; Xu, Y.B. Study on demarcation of the main regions for introduction of slash pine based on climatic factors in China. J. South China Agric. Univ. 1996, 17, 41–46. [Google Scholar]

	32. 
Pliura, A.; Zhang, S.Y.; MacKay, J.; Bousquet, J. Genotypic variation in wood density and growth traits of poplar hybrids at four clonal trails. For. Ecol. Manag. 2007, 238, 92–106. [Google Scholar] [CrossRef]

	33. 
Wang, J.H.; Gu, W.C.; Li, B.; Guo, W.Y. Study on selection of Alnus Cremastogyne provenance/family analysis of growth adaption and genetic stability. Sci. Silv. Sin. 2000, 36, 59–66. [Google Scholar]

	34. 
Wu, S.J.; Xu, J.M.; Li, G.Y.; Risto, V. Genotypic variation in wood properties and growth traits of Eucalyptus hybrid clones in southern china. New For. 2011, 42, 35–50. [Google Scholar] [CrossRef]

	35. 
Xin, N.N.; Zhang, R.; Fan, H.H.; Chen, K. Family variation and selection of growth and quality characteristics of 5-Year-Old Schima superba seedlings. For. Res. 2014, 27, 316–322. [Google Scholar]

	36. 
Jin, G.Q.; Qin, G.F.; Liu, W.H.; Chu, D.Y. Genetic analysis of growth traits on tester strain progeny of Pinus massoniana. Sci. Silv. Sin. 2008, 44, 71–79. [Google Scholar]

	37. 
Raymond, C.A. Genotype by environment interactions for Pinus radiate in New South Wales, Australia. Tree Genet. Gemomes 2011, 7, 819–833. [Google Scholar] [CrossRef]

	38. 
Baltunis, B.S.; Brawner, J.T. Clonal stability in Pinus radiata across New Zealand and Australia. I. Growth and form traits. New For. 2010, 40, 305–322. [Google Scholar] [CrossRef]

	39. 
Hood, S.; Sala, A.; Heyerdahl, E.K.; Boutin, M. Low-severity fire increases tree defense against bark beetle attacks. Ecology 2015, 96, 1846–1855. [Google Scholar] [CrossRef] [PubMed]

	40. 
Moreira, X.; Zas, R.; Solla, A.; Sampedro, L. Differentiation of persistent anatomical defensive structures is costly and determined by nutrient availability and genetic growth-defence constraints. Tree Physiol. 2015, 35, 112–123. [Google Scholar] [CrossRef] [PubMed]

	41. 
Isik, K.; Isik, F. Genetic variation in Pinus brutia Ten. in Turkey: II. Branching and Crown Traits. Silv. Genet. 1999, 48, 293–302. [Google Scholar]

	42. 
Weng, Y.H.; Ford, R.; Tong, Z.K.; Krasowski, M. Genetic Parameters for Bole Straightness and Branch Angle in Jack Pine Estimated Using Linear and Generalized Linear Mixed Models. For. Sci. 2016, 1, 1–8. [Google Scholar] [CrossRef]

	43. 
Houle, D. Comparing evolvability and variability of quantitative traits. Genetics 1992, 130, 195–204. [Google Scholar] [PubMed]

	44. 
Bridgen, M.R. Genetic variation of Scotch pine resin physiology. Diss. Abstr. Int. B 1980, 40, 75–78. [Google Scholar]

	45. 
Romanelli, R.C.; Sebbenn, A.M. Genetic parameters and selection gains for resin production in Pinus elliottii var. elliottii, in south of Sao Paulo state. Rev. Inst. Florest. 2004, 16, 11–23. [Google Scholar]

	46. 
Westbrook, J.W.; Resende, M.F.R.; Munoz, P.; Walker, A.R.; Wegrzyn, J.L. Association genetics of resin flow in loblolly pine: Discovering genes and predicting phenotype for improved resistance to bark beetles and bioenergy potential. New Phytol. 2013, 199, 89–100. [Google Scholar] [CrossRef] [PubMed]

	47. 
Franceschi, V.R.; Krokene, P.; Christiansen, E.; Krekling, T. Anatomical and chemical defenses of conifer bark against bark beetles and other pests. New Phytol. 2005, 167, 353–376. [Google Scholar] [CrossRef] [PubMed]

	48. 
Bannan, M.W. Vertical resin ducts in the secondary wood of the Abietineae. New Phytol. 1936, 35, 11–46. [Google Scholar] [CrossRef]

	49. 
Strauss, S.Y.; Rudgers, J.A.; Lau, J.A.; Irwin, R.E. Direct and ecological costs of resistance to herbivory. Trends Ecol. Evol. 2002, 17, 278–285. [Google Scholar] [CrossRef]

	50. 
Kempel, A.; Schädler, M.; Chrobock, T.; Fischer, M.; Kleunen, M. Tradeoffs associated with constitutive and induced plant resistance against herbivory. Proc. Natl. Acad. Sci. USA 2011, 108, 5685–5689. [Google Scholar] [CrossRef] [PubMed]

	51. 
Ferrenberg, S.; Kane, J.M.; Mitton, J.B. Resin duct characteristics asso-ciated with tree resistance to bark beetles across lodgepole and limber pines. Oecologia 2014, 174, 1283–1292. [Google Scholar] [CrossRef] [PubMed]

	52. 
Rodríguez-García, A.; López, R.; Martín, J.A.; Pinillos, F.; Gil, L. Resin yield in Pinus pinaster is related to tree dendrometry, stand density and tapping-induced systemic changes in xylem anatomy. For. Ecol. Manag. 2014, 313, 47–54. [Google Scholar] [CrossRef]

	53. 
Stamp, N. Out of the quagmire of plant defense hypotheses. Q. Rev. Biol. 2003, 78, 23–55. [Google Scholar] [CrossRef] [PubMed]

	54. 
Hood, S.; Sala, A. Ponderosa pine resin defenses and growth: Metrics matter. Tree Physiol. 2015, 35, 1223–1235. [Google Scholar] [CrossRef] [PubMed]

























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png





nav.xhtml


  forests-08-00409


  
    		
      forests-08-00409
    


  




  





media/file5.png





media/file0.png





media/file2.png
40°0.0’

20°0.0’

80°0.0’

100°0.0’

120°0.0'

Baille®

2y
'\{ ;_=
V&
</ .-.
s r;_;q." \
80°0.0’ 100°0.0’ 120°0.%’
75 150 225 km

Jiangxi Province

w

i
O
!

PE






media/file3.jpg





media/file1.jpg
28

2000

TR o

Jiangxi Province






