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Modeling and evaluating site and
provenance variation in height–
diameter relationships for Betula
alnoides Buch.–Ham. ex D. Don
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Tree height (H) and stem diameter at breast height (DBH) (H-D) relationship is

correlated with timber yield and quality as well as stability of forest and is crucial

in forest management and genetic breeding. It is influenced by not only

environmental factors such as site quality and climate factors but also genetic

control that is mostly neglected. A dataset of H and DBH of 25 provenances of

Betula alnoides Buch.–Ham. ex D. Don at four sites was used to model the H-D

relationship. The dummy variable nonliner mixed-effect equations were applied

to evaluate the effects of sites and provenances on variations of the H-D

relationship and to select superior provenances of B. alnoides. Weibull

equation was selected as the base model for the H-D relationship. The sites

affected asymptotes of the H-D curves, and the provenance effect on

asymptotes of the H-D curves varied across sites. Taking above-average DBH

and lower asymptote of the H-D curves as indicators, five excellent provenances

were screened out at each site with a rate of 20%. Their selection gains of

individual volume ranged from 1.99% to 29.81%, and their asymptote parameter

(kj) and H-D ratio were 7.17%–486.05% and 3.07–4.72% lower than the relevant

total means at four sites, respectively. Genetic selection based on the H-D

relationship could promote selection efficiency of excellent germplasms andwas

beneficial for the large-sized timber production of B. alnoides.

KEYWORDS

Betula alnoides, dummy variable model, genetic improvement, height-diameter
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1 Introduction

The relationship between tree height (H) and stem diameter at

breast height (DBH) (H-D) is related to wood volume and quality

(Price et al., 2007; Kroon et al., 2008; Richter, 2015), and it also

influences the tree vigor and mechanical stability (Robichaud and

Methven, 1991; Peltola et al., 2000; Valinger and Fridman, 2011).

The H-D relationship is of important applications in forest

measurement, volume or biomass estimation, and forest

management (Gould and Marshall, 2010; Ducey, 2012; Temesgen

et al., 2014; Yih et al., 2017). All sorts of the H-D equations have

been developed up to now, such as power (Stage, 1975), hyperbolic

(Scaranello et al., 2012), exponential (Wykoff et al., 1982),

monomolecular (Pearl and Reed, 1920), logistic (Huang and

Titus, 1992), and Weibull (Yang et al., 1978) models, which lay a

foundation for the understanding of the H-D relationship.

It is said that introduction of biotic and abiotic factors into H-D

basic equations can improve their prediction accuracy (Zhang et al.,

2019) and promote the cognition on driving forces for the variance

of the H-D relationship. Many studies have been documented on

modeling the H-D relationship, in which stand characteristics, site

quality, and geographical and climate factors are usually taken into

consideration (Wang et al., 2006; Feldpausch et al., 2011; Hulshof

et al., 2015; Trouvé et al., 2015; Vizcaı́ no-Palomar et al., 2016).

Homeier et al. (2010) found out that H of forest stands decreased

more than DBH with increasing altitude in the European forests. It

was indicated from the study of Boš eľ a et al. (2013) that good soil

nutrient and climatic conditions also sped up the growth of height

and DBH and thus influenced the H-D relationship of Norway

spruce [Picea abies (L.) Karst.]. Zhang et al. (2019) verified that

higher stand density always promoted growth of H more than that

of DBH and built more slender stem of Chinese fir [Cunninghamia

lanceolata (Lamb.) Hook.]. Although genetic influences on the H-D

relationship have been given less attention to, only a few studies

have been reported, in which the significant effects of genetic entry

on the H-D relationship are shown. Buford (1986) found out that

the asymptotes of the H-D curves were different among the

provenances of loblolly pine (Pinus taeda L.). The study of

Sabatia and Burkhart (2013) on loblolly pine demonstrated that

the asymptotes of the H-D curves increased with increasing levels of

genetic improvement. These studies all demonstrate the importance

of incorporating genetic factors into models about the H-

D relationship.

As to the accurate evaluation of the genetic effect on the H-D

relationship, there are still several challenges. First, the genetic effect

on the H-D relationship usually varies with tree species (Vizcaı́ no-
Palomar et al., 2016), although only a small number of studies have

been reported, and for a few coniferous species (Buford and

Burkhart, 1987; Weng et al., 2008; Egbäck et al., 2018). Second,

large-sized samples under well-designed experiments are also

essential to model and illustrate the genetic effect on the H-D

relationship. Third, the interaction between genotype and site

normally exists in the practice, and incorporating site effect into

the H-D model is thus also necessary.

Up to now, few case studies of germplasm selection have been

reported taking H-D relationship into consideration. In the
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previous studies, H and DBH are usually used as core and

independent traits for the selection of elite germplasm (Vergara

et al., 2004). This causes disproportional improvement for both

traits and further reduces the breeding efficiency (e.g., Carson et al.,

1999; Andersson et al., 2007; Sabatia and Burkhart, 2013).

Introducing the H-D relationship into the selection process may

avoid this disadvantage and promote selection efficiency of

excellent germplasms.

Betula alnoides Buch.–Ham. ex D. Don is a fast-growing

valuable tree species in the family Betulaceae and is indigenous to

the warm subtropical and tropical regions in Southeast Asia and

southern China (Zeng et al., 2003). The typical rotation age is 20

years for this species, and its wood is well known for its beautiful

texture, moderate density, and excellent manufacturing

characteristics and is extensively used for high-grade floor,

furniture, and overlaid veneer making (Wang et al., 2016). Its

bark is rich in secondary metabolites with anti-inflammatory and

lipid-lowering functions and is also an ideal ingredient for

traditional medicine (Sur et al., 2002; Raj et al., 2015). Strong

adaptability to different environments has resulted in the

distribution of the species across wide ranges of soil types,

altitudes, and climate conditions (Zeng et al., 1999). To meet the

increasing demand for its high-quality timber, B. alnoides has been

widely planted, and more than 220,000 ha of its plantations have

been established in Yunnan, Guangxi, Guangdong, and Fujian

Provinces of China up to now. To select excellent germplasms for

plantation forestry, many provenances and family trials have been

established to reveal the genetic variation of growth and stem

quality traits at multiple sites. Guo et al. (2008) and Yang et al.

(2012) used H and DBH to select excellent provenances for B.

alnoides at single site. Yin et al. (2019) conducted multi-site joint

selection on basis of H, DBH, individual volume, and stem quality.

Although some excellent provenances of B. alnoides are screened

out, neglection of the H-D relationship in these studies may result

in disproportional improvement for H and DBH and thus decrease

its breeding efficiency. On the basis of the provenance and family

selection trials of B. alnoides at Mengla, Pingxiang, Hua’an, and

Changning sites in southern China, the objectives of the present

study are (1) to simulate the H-D curves with considering the effects

of provenance and site using dummy variable approach and (2) to

select superior provenances taking the H-D relationship

into consideration.
2 Materials and methods

2.1 Materials

The provenance family trials of B. alnoides were established at

Mengla and Pingxiang in 2002, Hua’an in 2003, and Changning in

2007 (Figure 1), where 400, 386, 280, and 250 half-sib families were

involved, respectively, all from 25 provenances. Their seeds were

collected from the natural forests in Yunnan and Guangxi, China,

and their seedlings were raised separately at a nursery near each site.

Specimens of each family were made when sampling in the natural

forests, and species identification was done by Dr. Jie Zeng. Voucher
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specimens of 25 provenances were deposited at the Herbarium of

the Research Institute of Tropical Forestry, Chinese Academy of

Forestry, Guangzhou, China, and their information were shown in

Supplementary Table 1. The information of geographic locations

and climatic conditions at the four sites and geographic locations of

25 provenances could be seen detailedly in our previous study (Yin

et al., 2019). The seedlings were planted in randomized complete

block design with single individual plots and 12 to 19 blocks at a

spacing of 2 m × 3 m.
2.2 Measurement of tree growth traits

Tree growth was investigated at four sites in late 2017 to early

2018. The blocks with survival rates lower than 60% were discarded

at each site so as to keep consistency of survival rate among

provenances and sites and thus avoid the impact of mortality on

the H-D relationship. The current survival rate ranges from about

63.16% to 66.61% at four sites. All trees in well-reserved blocks were

measured for DBH to the nearest 0.1 cm using a diameter tape and

for H to the nearest 0.1 m using a Vertex IV Altimeter (Haglöf

Sweden AB, Västernorrland, Sverige). A total of 7,724 trees were

used for model analysis, including 3,403, 953, 1,438, and 1,930 trees

at the ages of 15, 15, 14, and 10 years in Mengla, Pingxiang, Hua’an,

and Changning sites, respectively. Variance analyses (ANOVA) and

Tukey’s multiple range tests were conducted to estimate the

differences in DBH and height among sites and provenances. The

scatter plots of H and DBH showed a curvilinear relationship at all

four sites (Figure 2).
2.3 Selection and extension of
statistical models

Ten commonly used H-D equations (Table 1), including two

linear and eight nonlinear ones, were used to model the H-D

relationships. For evaluating the model performances, the

goodness of fit for each model was then assessed with mean

absolute error (MAE), Akaike’s information criterion (AIC),

adjusted coefficient of determination (R2), largest log-likelihood
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(LL) and paired t-test (Liu et al., 2017). The equation with a high

goodness of fit was selected as the base model for further analysis.

Site and provenance variables usually affected the asymptotes

rather than the slopes of the H-D equations (Buford, 1986; Fu et al.,

2016; Zhang et al., 2019); they were thus introduced step by step

into the asymptote parameter of the base model in the present

study. Here, the extended models for Equations (1) and (8) in

Table 1 were taken as examples for linear and nonlinear equations,

respectively:

H = (j0 +o3
i=1xiSi +o24

i=1kjPj) + j1DBH + ϵ (11)

H = 1:3 + (j0 +o3
i=1xiSi +o24

i=1kjPj)(1 − e−j2DBH
j1
) + ϵ (12)

where H and DBH are the tree height and stem diameter at

breast height, respectively; j0, j1, and j2, are basic parameters; xi
and kj are dummy parameters; and ϵ is error term. Si denotes the

site dummy variable with i = 1, 2, and 3. Changning site is taken as a

reference, and Mengla, Pingxiang, and Hua’an are set as dummy

variables: S1 = 1 denotes Mengla site and 0 for the rest of sites; S2 = 1

denotes Pingxiang site and 0 for the rest of sites; S3 = 1 denotes

Hua’an site and 0 for the rest of sites; and the Changning site is

represented by S1 = S2 = S3 = 0. Pj denotes the provenance dummy

variable with j = 1, 2, 3,…, 24. Provenance Y is taken as a reference,

and other provenances are set as dummy variables: P1 = 1 denotes

provenance A and 0 for the rest of provenances; P2 =1 denotes

provenance B and 0 for the rest of provenances; and so on…. P24 = 1

denotes provenance X and 0 for the rest of provenances; and the

provenance Y is represented by P1 = P2 = ⋯ = P24 = 0. The

likelihood-ratio test (LRT) (Fang and Bailey, 2001) was used to

estimate whether the site or provenance variables influenced the

equation parameters significantly:

LRTi−j = 2(LLi − LLj) (13)

where LLi and LLj are largest log-likelihood of extended model i

and base model j. Compared with the critical values for chi-squared

distribution, if X2
i−j > X2

(ni−nj ,0:05)
, there exist significant differences
FIGURE 2

Scatter plot of tree height and stem diameter at breast height (DBH)
of Betula alnoides at four sites.
FIGURE 1

Locality of provenance family trials for Betula alnoides.
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between model i and model j at 0.05 level. The model parameters

then are influenced significantly by site or provenance variables,

where ni and nj are the degrees of freedom of extended model i and

base model j, respectively.

Block was then introduced into the dummy model as random

effects to analyze the H-D allometry. A method of Davisian and

Giltinan (1995) was used to account for the within-tree

heteroscedasticity and autocorrelation in the variance–covariance

matrix (Rijlm) of the error term (ϵijlm):

Rijlm = s 2G0:5
ijlmГijlmG

0:5
ijlm (14)

where Rijlm is a variance–covariance matrix of the error term

(ϵijlm) in the mth tree nested within lth block for the jth provenance

at the ith site; s 2 is a scaling factor for error dispersion, given by a

value of residual variance of the estimated model; and Rijlm and Гijlm
are nijlm × nijlm diagonal matrix explaining the variance of within-

tree heteroscedasticity and autocorrelation structure of errors.

Power variance fuction (Fu et al., 2016) was used to reduce

heterogeneity in variance:

var(ϵ) = s 2x2g + ϵ0 (15)

where x is fitted values as the selected predictor, g is the

parameter to be estimated, and ϵ0 is an error term. The all

parameters in the nonlinear mixed-effects (NLME) models were

estimated with restricted maximum likelihood implemented in R

software “nlme” package (Pinheiro et al., 2017).

On the basis of NLME models, the curves of the H-D

relationship at four sites and of 25 provenances at each site were

simulated to assess variation among sites and provenances.

Considering the visualization and simplicity for the H-D

relationship in line graphs as well as subsequent provenance

selection, the 25 provenances were clustered into several groups

through the system clustering method based on Euclidean distance

of asymptote parameter kj at each site. The H-D relationship of
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groups was then showed in a line graphs and used for comparison

and selection for provenances.
2.4 Excellent provenances selection

The H-D relationship was further involved in the selection of

excellent germplasm. Because the large-sized timber production is

the target of management for valuable tree species and lower

asymptote of the H-D relationship at a given DBH is important

for wood quality and tree stability, above-average DBH growth and

lower asymptote of the H-D curves were thus used as the indicators.

The provenances with above-average DBH were ranked by their

asymptote parameter in the H-D equations, and excellent

provenances with lower values of asymptote parameter were then

selected with a rate of 20% at each site, i.e., five provenances of the

total 25 were selected. The individual volumes were used to evaluate

the effect of selection and were calculated as volume = 0.45/4pDBH2

× H (Wang et al., 2013), and selection gains were calculated as

selection gain = (selected mean − total mean)/total mean × 100%.

All data analyses and modeling were performed using R

software, SPSS 13.0, and Microsoft Excel 2010.
3 Results

3.1 Site and provenance variations of DBH
and tree height

There were significant differences in DBH and H of B. alnoides

among the four sites at 0.05 level (Table 2). The DBH and height

performed better at Mengla and Hua’an than at the other two sites.

At each site, both traits differed significantly among provenances,

and well-performed provenances varied with sites, which
TABLE 1 Parameter estimates for the candidate models.

Models Reference Model parameters

Codes Expression a b c

(1) H = a + bDBH (Lei et al., 2009) 3.503 (0.076)* 0.692 (0.004)*

(2) H−1 = a + bDBH−1 (Vanclay, 1995) 0.021 (0.000)* 0.742 (0.004)*

(3) H = a + bDBH + cDBH2 (Henriksen, 1950) −0.135 (0.131)* 1.246(0.017)* −0.017 (0.001)*

(4) H = 1:3 + a(1 − e−bDBH )c (Richards, 1959) 25.357 (0.043)* 0.070 (0.003)* 1.459 (0.038)*

(5) H = 1:3 + aDBHb (Stage, 1975) 1.539 (0.027)* 0.786 (0.006)*

(6) H = 1:3 + e(a+
b

DBH+1) (Zhang et al., 2014) 3.448 (0.006)* −13.081 (0.105)*

(7) H = 1:3 +
aDBH

b + DBH
(Li et al., 1994) 61.280 (1.489)* 54.634 (1.818)*

(8) H = 1:3 + a(1 − e−bDBH
c

) (Yang et al., 1978) 23.871 (0.360)* 0.024 (0.001)* 1.311 (0.020)*

(9) H = a(1 − e−bDBH )c (Richards, 1959) 27.832 (0.510)* 0.059 (0.003)* 1.187 (0.030)*

(10) H = a(1 − e−bDBH
c

) (Yang et al., 1978) 26.737 (0.504)* 0.037 (0.001)* 1.144 (0.018)*
Values in brackets are standard error; H, tree height; DBH, stem diameter at breast height; and * indicates that the parameter was significantly different from zero at 0.05 level.
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TABLE 2 Mean values of stem diameter at breast height (DBH) and tree height of 25 Betula alnoides provenances at four sites.

Provenances

Mengla Pingxiang Hua’an Changning

N
DBH
(cm)

Height
(m)

N
DBH
(cm)

Height
(m)

N
DBH
(cm)

Height
(m)

N
DBH
(cm)

Height
(m)

A
114 22.91 (1.11)

a
20.61 (0.74)a 42 11.65 (0.81)f 11.93 (0.8)

bcde
67 19.56

(1.77)ab
16.34

(1.37)ab
108 7.59

(0.13)ab
8.46 (0.14)

abc

B
129 21.53 (0.92)

abcd
18.82 (0.58)

abcdef
36 12.85 (0.85)

cdef
12.05 (0.62)

bcde
43 19.16

(0.84)ab
16.12

(0.58)ab
78 8.72

(0.40)a
8.95 (0.36)

a

C
149 20.99 (0.45)

abcd
19.77 (0.31)

abcdef
35 12.33 (0.57)

def
11.73 (0.51)

cde
53 19.34

(0.68)ab
16.13

(0.41)ab
67 7.88

(0.23)ab
8.25 (0.21)

abc

D
111 21.63 (0.42)

abcd
20.25 (0.29)

ab
34 12.94 (0.71)

bcdef
12.57 (0.53)

abcde
65 18.92

(0.83)ab
16.16

(0.49)ab
84 7.61

(0.15)ab
8.28 (0.15)

abc

E
135 20.45 (0.42)

abcd
18.45 (0.29)

bcdef
44 16.89 (0.6)

abc
14.88 (0.64)

abc
71 20.94

(0.49)ab
16.29

(0.39)ab
102 7.79

(0.14)ab
8.24 (0.16)

abc

F
131 21.2 (0.49)

abcd
20.01 (0.32)

abcd
32 11.88 (0.73)

ef
11.24 (0.67)

e
54 20.71

(1.32)ab
15.96

(0.43)ab
59 7.74

(0.26)ab
8.08 (0.20)

abc

G
133 18.98 (0.44)

cd
18.52 (0.32)

bcdef
33 13.12 (0.96)

bcdef
13.18 (0.91)

abcde
61 23.46

(1.30)a
19.02
(0.88)a

– –

–

H
149 21.13 (0.39)

abcd
19.33 (0.27)

abcdef
36 13.81 (1.08)

abcdef
12.48 (0.77)

abcde
49 20.13

(0.69)ab
16.71

(0.37)ab
78 7.99

(0.26)ab
8.66 (0.29)

abc

I
133 21.77 (0.52)

ab
20.08 (0.34)

abc
39 14.05 (0.95)

abcdef
13.42 (0.83)

abcde
64 20.66

(0.86)ab
16.44

(0.52)ab
61 7.16

(0.44)b
8.17 (0.55)

abc

J
146 20.72 (0.42)

abcd
18.95 (0.29)

abcdef
43 12.17 (0.65)

ef
12.17 (0.61)

abcde
54 21.58

(0.55)ab
16.83

(0.39)ab
58 8.26

(0.26)ab
8.91 (0.22)

a

K
134 21.45 (0.38)

abcd
19.44 (0.26)

abcdef
41 15.12 (0.56)

abcdef
13.77 (0.50)

abcde
51 20.08

(0.59)ab
16.54

(0.45)ab
76 7.87

(0.50)ab
8.79 (0.51)

abc

L
148 21.7 (0.43)

abc
19.98 (0.28)

abcde
32 12.26 (0.65)

ef
11.33 (0.49)

de
55 17.94

(0.96)b
15.88
(0.69)b

92 7.84
(0.12)ab

8.39 (0.12)
abc

M
138 20.4 (0.43)

abcd
19.52 (0.29)

abcdef
49 13.32 (0.85)

bcdef
12.93 (0.76)

abcde
41 21.01

(0.71)ab
16.85

(0.47)ab
104 7.68

(0.15)ab
8.27 (0.15)

abc

N
151 20.67 (0.43)

abcd
18.64 (0.31)

abcdef
32 12.12 (0.69)

ef
11.88 (0.74)

bcde
64 20.90

(1.43)ab
15.68
(0.82)b

82 7.90
(0.17)ab

8.38 (0.16)
abc

O
114 20.34 (0.51)

abcd
18.01 (0.42)

ef
39 16.59 (0.83)

abcd
13.75 (0.49)

abcde
46 20.42

(0.61)ab
17.05

(0.53)ab
98 7.74

(0.15)ab
8.04 (0.14)

abc

P
130 20.79 (0.37)

abcd
18.74 (0.27)

abcdef
51 17.06 (0.59)

abc
14.62 (0.44)

abcde
59 22.80

(0.78)a
18.24

(0.50)ab
61 7.91

(0.27)ab
8.15 (0.23)

abc

Q
128 19.85 (0.86)

bcd
18.39 (0.49)

bcdef
30 15.26 (0.79)

abcdef
13.39 (0.52)

abcde
64 23.26

(0.78)a
17.14

(0.48)ab
76 7.92

(0.49)ab
8.84 (0.55)

ab

R
155 19.89 (0.35)

bcd
18.53 (0.26)

bcdef
48 17.99 (0.67)a 14.62 (0.45)

abcde
76 22.38

(0.47)ab
16.97 (0.3)

ab
68 7.79

(0.17)ab
8.29 (0.15)

abc

S
136 19.88 (0.83)

bcd
18.04 (0.73)

def
29 16.02 (1)

abcde
13.96 (0.69)

abcde
73 19.60

(1.02)ab
15.15
(0.54)b

76 7.41
(0.30)ab

8.09 (0.42)
abc

T
120 20.33 (0.64)

abcd
18.27 (0.45)

bcdef
24 15.92 (0.78)

abcdef
14.47 (0.61)

abcde
52 20.68

(0.77)ab
15.90
(0.48)b

76 8.17
(0.31)ab

8.48 (0.30)
abc

U
151 18.88 (0.34)

d
18 (0.29)f 39 17.01 (0.47)

abc
14.24 (0.41)

abcde
61 22.31

(0.64)ab
17.02

(0.46)ab
80 7.34

(0.17)ab
7.92 (0.19)

bc

V
140 19.58 (0.34)

bcd
18.18 (0.27)

cdef
47 17.22 (0.51)

ab
15.58 (0.44)

a
51 21.05

(0.75)ab
15.16
(0.51)b

84 8.23
(0.24)ab

8.53 (0.19)
abc

W
140 20.79 (0.42)

abcd
18.53 (0.3)

bcdef
39 16.72 (0.58)

abc
14.79 (0.55)

abcd
64 22.24

(0.40)ab
16.28

(0.26)ab
63 8.00

(0.23)ab
8.18 (0.17)

abc

(Continued)
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demonstrated obvious interaction between sites and provenances.

Provenance A, G, and B performed the best in both growth traits at

Mengla, Hua’an, and Changning, respectively; and provenance V

and R performed the best in H and DBH at Pingxiang, respectively.
3.2 Nonlinear mixed-effect H-D model

All parameters estimated in each H-D candidate function were

of significant difference from zero at 0.05 level (Table 1). The paired

t-test showed that there was no significant difference between

observed values and predicted values of each model except model

(10). The MAE and AIC of the Weibull model [Equation (8)] were

the lowest, and its coefficient of determination (R2) was the greatest

among all equations (Table 3). Weibull model also satisfied the

biological assumption that H is 1.3 m (breast height) when DBH

equals to zero for the H-D relationship (Bi et al., 2012), it was thus

selected as the base model.

Site and provenance variable was introduced as dummy

variables step by step into the asymptote parameter of the base
Frontiers in Plant Science 06
model [Equation (8)], and the random parameters of block were

then added to the asymptote and slope of DBH to develop site-level

NLME model [Equation (16)] as follows:

Hilm = 1:3 + (j0 +o3
i=1xiSi + m0l)(1 − e−j2DBH

(j1+m1l ) ) + ϵilm (16)

Considering the interaction between sites and provenances,

provenance dummy variables were introduced into the base

model [Equation (8)] at each site, the provenance-level NLME

model was then shown as follows:

Hjlm = 1:3 + (j0 +o24
i=1kjPj + m0l)(1 − e−j2DBH

(j1+m1l ) ) + ϵjlm (17)

where m0l and m1l are the random effects on asymptote and slope

caused by the lth block, and m0l ~N(0, s2
0block), m1l~N(0, s 2

1block).

The simulation results and the model performance of the

extended models are shown in Tables 4, 5, respectively. The

performance of site-level NLME model [Equation (16)] and

provenance-level NLME model [Equation (17)] were significantly

improved with a smaller MAE and AIC values and a larger R2 and LL

values than the base model [Equation (8)]. The LRT test results also
TABLE 2 Continued

Provenances

Mengla Pingxiang Hua’an Changning

N
DBH
(cm)

Height
(m)

N
DBH
(cm)

Height
(m)

N
DBH
(cm)

Height
(m)

N
DBH
(cm)

Height
(m)

X
159 19.28 (0.33)

bcd
18.39 (0.28)

bcdef
46 15.85 (0.54)

abcdef
14.14 (0.46)

abcde
45 20.40

(0.47)ab
15.81
(0.29)b

101 7.30
(0.10)ab

7.90 (0.10)
c

Y
129 20.64 (0.38)

abcd
18.97 (0.27)

abcdef
33 17.2 (0.61)ab 15.36 (0.48)

ab
55 21.23

(0.41)ab
16.44

(0.26)ab
98 7.61

(0.14)ab
7.94 (0.13)

bc

Means 136
20.58 (0.09)

B
19.00 (0.06)

A
38

15.57 (0.15)
C

13.89 (0.12)
C

58
21.12
(0.14)A

16.46
(0.09)B

80 7.74
(0.04)D

8.26 (0.04)
D

fro
Values in brackets are standard error; N, number of trees per provenance; A, Mengla; B, Yuanyang; C, Mojiang; D, Jinghong; E, Xichou; F, Zhenyuan; G, Tengchong; H, Jinggu; I, Ruili; J,
Fengqing; K, Pingbian; L, Jiangcheng; M, Shuangjiang; N, Lancang; O, Lingyun; P, Longzhou; Q, Donglan; R, Tianlin; S, Debao; T, Tiane; U, Pingguo; V, Baise; W, Tianyang; X, Jingxi; Y, Napo; –,
missing value. Means with standard error in parenthesis were of significant difference at 0.05 level according to Tukey’s multiple comparison tests if followed by wholly different capital and small
letters in the same row and column, separately.
TABLE 3 Paired t-test of predicted and observed values and goodness-of-fit statistics for the candidate models.

Models
Paired differences Goodness of fit

Mean SE t-value Significance level MAE AIC R2

(1) 0.036 0.056 0.651 0.515 1.935 11,529.926 0.808

(2) −0.001 0.00035 −1.848 0.065 1.851 11,041.354 0.833

(3) −0.057 0.052 −1.094 0.274 1.791 10,536.668 0.836

(4) −0.023 0.052 −0.445 0.657 1.789 10,545.103 0.836

(5) 0.066 0.054 1.225 0.221 1.881 11,121.999 0.820

(6) −0.018 0.053 −0.344 0.731 1.857 10,760.911 0.830

(7) 0.098 0.053 1.866 0.062 1.831 10,805.137 0.829

(8) 0.000 0.052 −0.008 0.994 1.784 10,528.054 0.837

(9) −0.020 0.052 −0.389 0.697 1.798 10,580.029 0.835

(10) 0.107 0.052 2.065 0.039* 1.797 10,571.010 0.836
SE, standard error; MAE, mean absolute error; AIC, Akaike’s information criterion; R2, coefficient of determination; and * indicates that the differece between predicted and observed values was
significant at 0.05 level. The predictive value of response variables H−1 was converted to H of model (2), and, then, the goodness-of-fit parameters were calculated.
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TABLE 4 Parameter estimates of the nonlinear mixed-effects model at site-level [Equation (16)] and provenance-level [Equation (17)] for Betula alnoids.

Parameter
estimates

Parameter
definition

Site
model

[Equation
(16)]

Provenance
model at
Mengla

[Equation (17)]

Provenance
model at
Pingxiang

[Equation (17)]

Provenance
model at
Hua’an

[Equation
(17)]

Provenance
model at
Changning

[Equation (17)]

Fixed-
effects

parameters
x1 Mengla

4.388 (0.278)
***

x2 Pingxiang 0.493 (0.228)*

x3 Hua’an −0.002 (0.238)

k1 A 1.041 (0.515)* 2.374 (1.548) 0.753 (1.679) 0.853 (0.222)***

k2 B −0.577 (0.501) −0.212 (1.040) 1.009 (0.841) 0.312 (0.420)

k3 C 0.910 (0.317)** −0.047 (0.953) 0.786 (0.695) 0.262 (0.264)

k4 D 1.087 (0.303)** 0.530 (1.090) 1.178 (0.958) 0.465 (0.223)*

k5 E −0.607 (0.329) −0.750 (0.809) −0.286 (0.569) 0.062 (0.228)

k6 F 1.040 (0.327)** −1.335 (1.142) −0.568 (1.156) −0.061 (0.347)

k7 G 0.722 (0.341)* 1.268 (1.422) 2.632 (1.377) −

k8 H 0.167 (0.302) −0.426 (1.023) 1.284 (0.725) 0.460 (0.320)

k9 I 1.128 (0.313)*** 0.373 (1.162) 0.318 (0.800) 0.735 (0.555)

k10 J −0.068 (0.320) 1.749 (1.170) 0.059 (0.662) 0.654 (0.279)*

k11 K 0.136 (0.295) −0.332 (0.795) 0.611 (0.699) 0.865 (0.573)

k12 L 0.616 (0.314)* −1.072 (0.980) 1.600 (0.985) 0.329 (0.216)

k13 M 1.008 (0.315)** 1.175 (1.193) 0.612 (0.747) 0.363 (0.222)

k14 N −0.058 (0.304) 0.381 (1.144) −0.905 (0.920) 0.312 (0.225)

k15 O −1.068 (0.383)** −1.998 (0.932)* 1.413 (0.749) −0.018 (0.225)

k16 P −0.303 (0.296) −1.026 (0.706) 1.721 (0.677)* −0.004 (0.275)

k17 Q −0.615 (0.596) −1.880 (1.078) −0.546 (0.889) 0.911 (0.466)*

k18 R −0.181 (0.309) −2.043 (0.782)** 0.089 (0.471) 0.317 (0.224)

k19 S −0.587 (0.537) −0.795 (1.083) −0.976 (0.812) 0.475 (0.460)

k20 T −0.753 (0.432) 0.318 (1.011) −0.467 (0.668) 0.299 (0.323)

k21 U −0.023 (0.317) −2.152 (0.730)** 0.007 (0.627) 0.342 (0.253)

k22 V −0.371 (0.304) 0.514 (0.691) −2.210 (0.752)** 0.171 (0.246)

k23 W −0.682 (0.324)* −0.459 (0.749) −0.953 (0.476)* −0.111 (0.265)

k24 X 0.226 (0.307) −0.329 (0.734) −0.404 (0.486) 0.187 (0.207)

j0 Asymptote
23.760 (0.542)

***
22.404 (0.375)*** 29.345 (3.866)*** 25.506 (3.157)*** 11.636 (0.805)***

j1 Slope
1.101 (0.020)

***
1.556 (0.050)*** 1.158 (0.068)*** 0.971 (0.097)*** 1.411 (0.087)***

j2 Rate
0.037 (0.001)

***
0.015 (0.002)*** 0.024 (0.002)*** 0.048 (0.006)*** 0.051 (0.004)***

Variance
components

s0block 0.000 0.609 1.494 0.741 0.000

s1block 0.010 0.017 0.000 0.000 0.000

(Continued)
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demonstrated that asymptote parameters of the models were

influenced significantly by site variables and provenance variables

at four sites (P< 0.05). The residual scatter diagram of Equation (8)

inferred obvious increase trend of predicted H with increasing DBH.

Because the heteroscedasticity was effectively accounted by the power

variance function [Equation (15)], this trend disappeared with NLME

models [Equations (16) and (17) at four sites] (Figure 3).

3.3 Site and provenance variations of
the H-D relationship

All the basic estimated parameters (j0, j1, and j2) of the models

were significantly different from zero (P< 0.001), and the parameters

x1 and x2 were also significant (P< 0.001 and P< 0.05) rather than x3
(Table 4), indicating that the trees at Mengla and Pingxiang sites

were significantly taller than those at Hua’an and Changning sites for

a given DBH. The H-D curves at four sites by Equation (16) are

shown in Figure 4. The simulation results of provenance-level NLME

model [Equation (17)] indicated that the influences of provenance

variables on asymptote of the models differed among four sites, and

difference of asymptote parameters (kj) among provenances was

more significant at Mengla than other three sites. To demonstrate the

variance of the H-D relationships clearly, the provenances were

clustered into three to five groups based on asymptote parameters

(kj) of Equation (17) at each site (Supplementary Figure 1; Table 6).
Frontiers in Plant Science 08
The simulation plots of the H-D curves for these groups were shown

in Figure 5. The H increased rapidly with increasing DBH at

Changning site, whereas it gradually increased slowly at the other

sites, and it tended to be stable at Mengla site. The differences of

asymptote among provenances increased with increasing DBH and

were not obvious at Changning site.
3.4 Excellent provenances selection

The results of elite provenances selection showed that provenances

B, W, P, J, and N performed well at Mengla; R, P, U, E, andW did well

at Pingxiang; Q, R, U, W, and G did well at Hua’an; and B, V, T, W,

and P did well at Changning (Table 6). Their asymptotes parameters

values (kj) and H-D ratio decreased from 7.17% to 486.05% and from

3.07% to 4.72% at four sites, respectively, and the selection gains of H,

DBH, and individual volume ranged from −1.38% to 5.18%, from

1.46% to 9.87%, and from 1.99% to 29.81%, respectively.

4 Discussion

4.1 Model simulation

The application of sigmoidal nonlinear models with inflexion

points and asymptotes in simulation height–diameter (H-D)
TABLE 4 Continued

Parameter
estimates

Parameter
definition

Site
model

[Equation
(16)]

Provenance
model at
Mengla

[Equation (17)]

Provenance
model at
Pingxiang

[Equation (17)]

Provenance
model at
Hua’an

[Equation
(17)]

Provenance
model at
Changning

[Equation (17)]

s 0.186 3.128 0.308 0.362 0.159

g 0.885 −0.106 0.670 0.681 0.857
A-Y, the number of provenances; A, Mengla; B, Yuanyang; C, Mojiang; D, Jinghong; E, Xichou; F, Zhenyuan; G, Tengchong; H, Jinggu; I, Ruili; J, Fengqing; K, Pingbian; L, Jiangcheng; M,
Shuangjiang; N, Lancang; O, Lingyun; P, Longzhou; Q, Donglan; R, Tianlin; S, Debao; T, Tiane; U, Pingguo; V, Baise; W, Tianyang; X, Jingxi; Y, Napo; −, missing data; *, **, and *** indicates that
the difference was significant at 0.05, 0.01, and 0.001 levels, respectively.
TABLE 5 Comparison of goodness-of-fit statistics for base model [Equation (8)] and nonlinear mixed-effects (NLME) model [Equations (16) and (17)] at
site-level and provenance-level.

Models Level MAE R2 AIC LL LRT

Base model [Equation (8)] Site model 1.784 0.837 10528.054 −5261.027

Provenance model at Mengla 1.859 0.608 5,860.973 −2,927.487

Provenance model at Pingxiang 1.559 0.713 1,338.962 −666.481

Provenance model at Hua’an 1.996 0.440 2,679.407 −1,336.704

Provenance model at Changning 0.802 0.639 −5.195 5.598

NLME model [Equation (16)] Site model 1.596 0.852 9,247.579 −4,620.790 LRT 8–16 = 2404.19*

NLME model [Equation (17)] Provenance model at Mengla 1.796 0.633 5,629.552 −2,811.776 LRT 8–17 = 231.422*

Provenance model at Pingxiang 1.417 0.770 1,127.027 −560.513 LRT 8–17 = 211.935*

Provenance model at Hua’an 1.918 0.481 2,565.721 −1279.860 LRT 8–17 = 113.686*

Provenance model at Changning 0.787 0.648 −59.411 32.705 LRT 8–17 = 54.216*
MAE, mean absolute error; R2, coefficient of determination; AIC, Akaike’s information criterion; LL, largest log-likelihood; LRT, likelihood-ratio test; * indicates that the difference was significant
at 0.05 level.
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relationship has a long history in tropical and subtropical zones,

and many nonlinear models have been developed (Scaranello et al.,

2012). The study of Scaranello et al. (2012) indicated that Weibull

and Chapman–Richards nonlinear models could improve the fitting

accuracy of the H-D relationship in biomass estimates for tropical

Atlantic forests in southeastern Brazil. Linear models are also

suitable tools once a linearizing relationship can be established

through data transformation and reasonable biological significance

can be interpreted (Curtis, 1967; Watt and Kirschbaum, 2011). One

typical example was that Buford (1986) used transformed linear

models to fit the H-D relationship of loblolly pine and found out
Frontiers in Plant Science 09
that the R2 values were consistently larger than 0.88, which

provided an appropriate and accurate simulation of height–

diameter curves. In the present study, Weibull nonlinear model

[Equation (8)] showed the best goodness of fit (R2 = 0.837) among

10 candidate models when fitted with the dataset of H and DBH and

was selected as a base H-D model for B. alnoides.

Whether based on linear or nonlinear models, the way to

further improve the goodness of fit is to introduce and explain

more effect variables (Zhang et al., 2019). The mixed model and

dummy variable model approaches are frequently used to construct

the H-D relationship equations for tree species. Mixed-effects
FIGURE 3

Residuals plots of base model [Equation (8)], site-level [Equation (16)] and provenance-level mixed-effects model [Equation (17)] against fitted values
of tree height.
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models can isolate fixed and random variations and are applied to

incorporate complex nested stochastic structure in the H-D curves.

For instance, Zhang et al. (2019) introduced climate, site, plot

variables, etc., into the NLME model to reveal the influence factors

on the H-D relationship of Chinese fir. Dummy variable models are

also of adequate methodology, especially for the quantification of

categorical variables. For an example, Buford (1986) introduced

locations into the linear model as dummy variables and revealed

clearly the variation of asymptotes in H-D curves among locations.

For the variation analysis of multi-layer complex variables, both

dummy variables and mixed-effects models are all powerful modeling

tools. There is a little difference between the two kinds of models

when the number of samples in each category is large (Wang et al.,

2008; Fu et al., 2012). In the present study, the dataset contained 953–

3,403 individuals at four site with average of 38–136 individuals per

provenance at each site (Table 2), and both dummy variables model

and mixed-effects model were thus applied comprehensively. Sites

and provenances were introduced into the base model as dummy

variables, and block was introduced as random effect to develop the

nonlinear mixed-effects models. Significant variations of the H-D

relationship were then observed among sites and provenances at each

site, and the clear visualization of variation for the H-D relationship

among provenances would provide a great convenience for the

following selection breeding for B. alnoides.
4.2 Site effect

A better performance of height growth and higher asymptote of

the H-D curves was observed, and the H was infinitely close to the

growth limit at Mengla, indicating that better soil nutrients and water

conditions might be conducive to realise the genetic potential of H in

the present study. A study on Norway spruce indicated that abundant

soil water and nutrients were beneficial to height growth and thus had

a high asymptote of the H-D curves (Boš eľ a et al., 2014). In the study
Frontiers in Plant Science 10
of Trouvé et al. (2015) on Quercus petraea Liebl. and the study of

Kempes et al. (2011) on the forests in the continental United States, H

growth usually decreased and more resources were assigned into

radial growth with increasing water stress, which could also result in a

low asymptote of the H-D curves. Zhang et al. (2019) reported that

the H of Chinese fir plantations decreased with increasing annual

heat moisture index in the subtropical zone. These also verify that

sufficient water and nutrients can promote H growth and affect the

H-D curves. The study of Homeier et al. (2010) on Ecuadorian

montane rain forest and the study of Boš eľ a et al. (2014) on Norway

spruce in the Western Carpathians demonstrated that H tended to

decrease with increasing altitude, and DBH gradually played a more

important role than H in the H-D relationship. In the present study,

the H-D relationship did not show a clear trend with such a large

range variation of altitude (275–1250 m) at four sites. This might be

closely dependent on the complex geomorphic features in southern

China. Buford (1986) found that the asymptotes of the H-D curves

for loblolly pine were different across six sites based on a dummy

variable model. The site variables used in the present study are also a

general one, and specific variables of site conditions should be

included to improve the model accuracy and reveal influencing

factors in further studies.
4.3 Provenance effect

The variation of the H-D relationship among provenances was

not consistent at four sites, demonstrating that there were

interactions between provenances and sites. This genotype by

environment interaction of other growth and quality traits was

also observed in our previous study (Yin et al., 2019). The

differences among provenances were modeled separately for each

site to deal with this interaction in the present study. The specific

expression of genetic effect was that different asymptotes and

similar slopes of the H-D curves were seen among provenances at

each sites. This was following the study of Buford (1986) on loblolly

pine at the age of 15 years, in which six of the nine sites showed a

provenance effect on the asymptotes of the H-D curves, whereas the

study of Egbäck et al. (2015) on loblolly pine at the age of 6 years

indicated that there were no significant differences among one seed

orchard mix and six families for both the asymptote and slope

parameters from the Korf function. This inconsistency of genetic

variance may be due to the facts that the differences are larger at

provenance level than those at family level, and more genetic

differences of the H-D relationship are expressed at the age of 15

years than those at the age of 6 years. In the present study, the

variance of asymptotes of the H-D relationship among provenances

was relatively smaller in Changning site at the age of 10 years

compared with that in other sites at the age of 14–15.
4.4 Superior provenance selection

High selective gain is the core purpose of the selective breeding

process. In the present study, five excellent provenances were

selected on the basis of the lower asymptotes [kj in Equation (17)]
FIGURE 4

Simulation plots of height–diameter curves for Betula alnoides
based on site-level nonlinear mixed-effects model [Equation (16)]. H,
tree height; DBH, stem diameter at breast height.
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of the H-D curves and DBH above mean values at each site. The

selection gains of DBH, height, and individual volume ranged from

1.46% to 9.87%, from −1.38% to 5.18%, and from 1.99% to 29.81%,

respectively, for four sites in the present study, whereas they were

7.31%, 4.57%, and 14.84% based on growth and quality traits in our

previous study (Yin et al., 2019). Although DBH, height, and

individual volume varied among the sites, the maximum selection
Frontiers in Plant Science 11
gains of them in the present study were all higher than those in the

previous study. The selection gains of DBH, height, and individual

volume at Mengla were lower than those at the other three sites.

This could be attributed to the trade-off between lower asymptote

and biger DBH of provenances at Mengla site, in which the fertile

soil and suitable climate formed biger DBH and also higher tree

hight and asymptote of provenances.
TABLE 6 Growth performances and selected gains (values in brackets are standard error) of the excellent Betula alnoides provenances seleted by
asymptote parameter (kj) and stem diameter at breast height (DBH) at four sites.

Sites Groups Provenances
Height
(m)

DBH
(cm)

H-D
ratio

Volume
(m3)

Asymptote parameter
kj

Mengla I I, D, A, F, M, C, G, L 19.84 (0.62) 21.20 (1.15) 0.97 (0.02) 0.363 (0.05) 0.944 (0.183)

II X, H, K, Y, U, N, J, R 18.78 (0.49) 20.33 (0.90) 0.95 (0.02) 0.312 (0.035) 0.025 (0.138)

III P, V, B, S, E, Q, W, T, O 18.38 (0.29) 20.39 (0.60) 0.92 (0.02) 0.305 (0.025) −0.618 (0.22)

Total mean 19.00 (0.78) 20.60 (0.95) 0.95 (0.03) 0.324 (0.045) 0.087 (0.681)

Selected
mean

B, W, P, J, N 18.74 (0.16) 20.90 (0.36) 0.92 (0.01) 0.331 (0.014) −0.338 (0.286)

Gains (%) −1.38 1.46 −3.07 1.99 −486.05

Pingxiang I A, J, G, M 12.55 (0.60) 12.58 (0.75) 1.01 (0.02) 0.083 (0.016) 1.642 (0.549)

II D, V, N, I, T 13.60 (1.48) 14.44 (2.10) 0.96 (0.03) 0.124 (0.050) 0.423 (0.093)

III Y, C, B, X, K, H, W 13.47 (1.43) 14.83 (1.91) 0.93 (0.03) 0.133 (0.043) −0.258 (0.179)

IV E, S, P, L, F 13.20 (1.81) 14.84 (2.54) 0.91 (0.04) 0.130 (0.056) −0.995 (0.236)

V Q, O, R, U 13.98 (0.53) 16.73 (1.12) 0.86 (0.03) 0.160 (0.030) −2.018 (0.112)

Total mean 13.90 (1.30) 15.60 (2.10) 0.91 (0.05) 0.147 (0.046) −0.247 (1.177)

Selected
mean

R, P, U, E, W 14.62 (0.27) 17.14 (0.50) 0.87 (0.02) 0.181 (0.011) −1.286 (0.768)

Gains (%) 5.18 9.87 −4.72 22.77 −420.67

Hua’an I G, P, L, O, H, D, B 17.03 (1.19) 20.41 (2.04) 0.86 (0.03) 0.284 (0.076) 1.548 (0.536)

II C, A, M, K 16.46 (0.30) 20.00 (0.75) 0.84 (0.02) 0.258 (0.022) 0.690 (0.092)

III I, R, J, U, Y 17.18 (1.07) 22.01 (1.09) 0.80 (0.02) 0.329 (0.047) 0.609 (1.138)

IV E, X, T, Q, F, N, W, S, V 15.93 (0.61) 21.09 (1.07) 0.78 (0.03) 0.283 (0.032) −0.813 (0.581)

Total mean 16.50 (0.85) 21.10 (1.38) 0.80 (0.04) 0.293 (0.047) 0.270 (1.068)

Selected
mean

Q, R, U, W, J 16.85 (0.34) 22.35 (0.60) 0.77 (0.02) 0.327 (0.020) −0.269 (0.463)

Gains (%) 2.11 5.95 −3.99 11.64 −199.46

Changning I Q, K, A, I, J 8.64 (0.31) 7.76 (0.41) 1.13 (0.02) 0.021 (0.003) 0.804 (0.106)

II S, D, H 8.34 (0.29) 7.67 (0.29) 1.10 (0.00) 0.019 (0.002) 0.467 (0.008)

III
M, U, L, R, N, B, T, C, X,

V
8.34 (0.30) 7.89 (0.42) 1.07 (0.02) 0.021 (0.003) 0.289 (0.064)

IV E, Y, P, O, F, W 8.10 (0.11) 7.80 (0.14) 1.06 (0.01) 0.019 (0.001) −0.022 (0.059)

Total mean 8.30 (0.31) 7.70 (0.34) 1.11 (0.03) 0.018 (0.003) 0.341 (0.297)

Selected
mean

B, V, T, W, P 8.60 (0.31) 8.21 (0.31) 1.07 (0.03) 0.023 (0.002) 0.316 (0.374)

Gains (%) 3.59 6.58 −3.81 29.81 −7.17
A, Mengla; B, Yuanyang; C, Mojiang; D, Jinghong; E, Xichou; F, Zhenyuan; G, Tengchong; H, Jinggu; I, Ruili; J, Fengqing; K, Pingbian; L, Jiangcheng; M, Shuangjiang; N, Lancang; O, Lingyun; P,
Longzhou; Q, Donglan; R, Tianlin; S, Debao; T, Tiane; U, Pingguo; V, Baise; W, Tianyang; X, Jingxi; and Y, Napo; H-D ratio, tree height to DBH ratio. Excellent provenances are selected at four
site based on Model (17).
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Although there is a statistical correlation between DBH and H,

the disproportional selection of DBH and H will still occur in the

selection process. For example, Yin et al. (2019), using biplot

analysis for main genotypic effects and G × E interaction to select

the superior provenances of B. alnoides, found that the selection

gains of DBH (7.31%) were much higher than that of H (4.57%),

whereas Wang et al. (2017) observed that the superior clones’

selection gain of H (14.84%) was much higher than that of DBH

(3.95%) during selecting superior clones of B. alnoides based on

simple index method. When selecting through volume alone in the

present study, the selection gain of DBH (6.0%–10.8%) was higher

than that of H (5.3%–8.1%) (Supplementary Table 2). These

inferred that excellent germplasms with high selection gains in

the H-D relationship could not be obtained through

disproportional selection of DBH and H.

The selection results of DBH and H can affect the H-D ratio,

which is related to the stem quality and stand stability (Coutts, 1986;

Sharma et al., 2016; Zhang et al., 2020). Schmidt and Kändler (2009)

once found that the individuals of the higher site index had the lower

H-D ratios for Norway spruce; and for a given site index, the lower the

H-D ratios, the higher the stem quality. Tree pulling experiments

conducted by Peltola et al. (2000) also showed that individuals of

birch species (Betula spp.) with the lower H-D ratios had the bigger

resistive bending moment for stem breakage. Therefore, excellent

germplasms with lower H-D ratios have more production value in
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plantation management. Moreover, H-D ratio is a factor which

should be taken into account during selecting excellent germplasms.

Because of the disproportional selection of DBH and H, the excellent

germplasms usually had a higher H-D ratio than the unselected

germplasm in previous studies. Andersson et al. (2007) and Kroon

et al. (2008) all observed that the selection for improved growth, based

on H, resulted in trees with a higher H-D ratio. Similarly, Sabatia and

Burkhart (2013) also found that the average H of the improved

loblolly pine clones increased, whereas the average DBH did not,

because the H-D relationship was not considered. Therefore, they also

pointed out the high necessity of introducing the H-D relationship

into the selection methods system of superior germplasm.

In the present study, the H-D ratios of the superior germplasms

reduced from 3.07% to 4.72% at four sites based on selection by

asymptote parameter (kj) and DBH. While after calculating the

selection gains of the H-D ratios in the excellent germplasms of our

previous study (Yin et al.2019), we found they were −1.7%, −0.8%,

2.5%, and −0.5% in Mengla, Pingxiang, Hua’an, and Changning,

respectively (not published). When using volume for selection alone

in the present study (Supplementary Table 2), the modified direction

of the H-D ratios was also unstable, which increased at Mengla site

with the percentages of 0.84% but reduced from 0.39% to 3.00% at

other three sites due to improvement prior to DBH. Their asymptote

parameter (kj) was all increased significantly from 37.73% to

1023.22% at four sites. The inconsistency between H-D ratio and
FIGURE 5

Simulation plots of height–diameter curves for Betula alnoides at four sites based on provenance-level mixed-effects model [Equation (17)]. I–V,
provenance groups, see Table 6; H, tree height.
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asymptote parameter (kj) was attributable to the fact that the H-D

ratio is not constant over time and may include scaling effects (Kroon

et al., 2008). These also proved the superiority of asymptote parameter

(kj) in selecting superior germplasms by the H-D relationship. As a

whole, selecting excellent provenances with the lower asymptote

parameter (kj) of the H-D curves and above-average DBH was a

logical and valid genetic improvement strategy. In addition, further

studies should be carried out on linking stem form factor with the H-

D relationship to predict volume gains more accurately.
5 Conclusions

The H-D relationship was modeled for 25 provenances of B.

alnoides at four sites at the ages of 10–15 years in the present study.

On our opinion, it is the fist report on genetic improvement with the

H-D relationship involved for hardwood species. Among 10

candidate models, Weibull model was selected as the base model

for the H-D relationship because of its best goodness of fit. The

further dummy variable NLME models showed that there exist

significant site, provenance, and provenance-site effects for the H-

D relationship. The asymptotes of the H-D curves were affected by

site, and the provenance effect on the H-D relationship varied across

sites. Five superior provenances were selected on the basis of

asymptote of the H-D curves and DBH at each site, which can be

applied in large-sized timber production of B. alnoides. Their

selection gains of individual volume ranged from 1.99% to 29.81%,

and those of asymptote parameter (kj) and H-D ratio decreased from

7.17% to 486.05% and from 3.07% to 4.72% at four sites, respectively.
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