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2 years beginning from 23 years (2009) to 31 years (2018) 
after establishment, timber volume (TV) and biomass C 
were estimated accordingly. We did not find any interac-
tive effect of age and density on any variables except for 
height. Both TV and biomass C increased with stand age 
or decreased in higher densities. The allometric height-
DBH relationship can be fitted by an exponential rising-
to-maximum model with higher maximum value over time. 
The decline of biomass C along density fit with the inverse 
first-order polynomial model which indicated that at least 
1300–1500 stems ha−1 may be needed to maximize TV and 
biomass C for a longer term over 20 years. Therefore, to con-
trol the density to a reasonable level, over 1300 stems ha−1 in 
a rotation over 20 years old will be practical for tree biomass 
C in Chinese fir plantations.
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Introduction

Global warming increases the frequency of extreme high-
temperature events which further increases atmospheric car-
bon (C) concentration (Zhou et al. 2016). Forests mitigate 
atmospheric carbon dioxide  (CO2) concentration by seques-
tering nearly half of the terrestrial C in forest vegetations 
(Beer et al. 2010; Pan et al. 2019). Forest biomass largely 
accounts for the mitigation of climate change through pool-
ing atmosphere  CO2, around 50% of tree biomass is derived 
from C (Tang et al. 2017). Forest management and stand 
characteristics are key factors determining the forest C stock 
(Schaedel et al. 2017). The promotion of C storage through 
stand management needs to be adapted to the specific forest 
type.

Abstract Chinese fir (Cunninghamia lanceolate [Lamb.] 
Hook.) is a fast-growing species which is not only impor-
tant as a timber-supplier, but also as an available sink for 
carbon (C) storage in biomass. Stand age and density are 
two critical factors that can determine tree C sequestration 
as interrelated drivers through natural self-thinning. C. lan-
ceolate were planted using 1-year-old bare-root seedlings 
at the initial density of 1800 stems ha−1 in a 15-ha montane 
area of Hunan Province, China in 1987. The plantation was 
thinned twice 10 and 20 years after planting to leave trees of 
437.5 ± 26.6, 675.0 ± 155.2 and 895.8 ± 60.1 stems ha−1 as 
low, medium, and high densities, respectively. Tree height 
and diameter at breast height (DBH) were measured every 
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Driven by a high demand for timber resources, China has 
the largest area of plantation reserves in the world (Wang 
et al. 2016). A proportion of 63% of plantations in China are 
concentrated in the southern subtropical regions (Wang et al. 
2017; Ming et al. 2019). Chinese fir (Cunninghamia lanceo-
late [Lamb.] Hook.) is the most important conifer species 
for timber production and has wide geographic distribution 
in southern China, Vietnam, and Laos (Zhang et al. 2016). 
The general objective to planting Chinese fir plantations is to 
meet the requirement of timber production and can be dated 
back 1000 years (Zhang et al. 2004). Large-scale establish-
ment of Chinese fir plantations exploded since the 1950s and 
peaked around the 1980s (Zhang et al. 2004). For the pur-
pose of climate change mitigation, the promotion of C sink 
in living storage has been the objective for planting and man-
agement of Chinese fir plantations since the 1980s (Zhang 
et al. 2004; Zhao et al. 2009; Yen and Lee 2011; Wang et al. 
2012; Liao et al. 2014; Xie et al. 2016; Cheng et al. 2017; 
Tang et al. 2017; Lei et al. 2019; Saeed et al. 2019).

Due to the attribute of fast growing speed of Chinese fir 
trees, their C sequestration has a strong variation in response 
to stand-ages from 15 to 54 years (Zhao et al. 2009; Yen 
and Lee 2011; Wang et al. 2012; Chen et al. 2013; Xie et al. 
2016). However, distinct results have been documented in 
the study of age-related response of C sequestration. For 
example, it was reported that total C store in biomass of 
Chinese fir increased to its peak at the age of 23 years in 
un-thinned stands (Zhao et al. 2009; Yen and Lee 2011). 
Data from a large geographical scale also illustrated con-
tinuously increasing C sequestration in an age as high as 
30 years (Wang et al. 2012; Chen et al. 2013). Long-term 
stand age up to 50 years has been found to have an effect on 
C allocation with more C allocated to roots in older stands 
(Xie et al. 2016). Current findings on age of Chinese fir 
stands are highly varied in location and management strat-
egy. The interaction between age and other factors, such as 
stand density, may have a stronger effect on C storage than 
any single driver.

Chinese fir belongs to the species with a self-thinning 
nature (Zhang et al. 2016). The first-rotation density declines 
as the age increases over a long term, up to 50 (Xie et al. 
2016) or 90 years (Selvaraj et al. 2017). Stand density is an 
influential factor that determines biomass C sequestration 
and consequently physiological activities in trees (Devi and 
Yadava 2015; Xie et al. 2016; Li et al. 2019; Pan et al. 2019). 
Older stands resulted in greater tree C storage and higher 
partition of biomass to the root (Xie et al. 2016). However, 
artificial thinning before trees have commercial value had no 
effect on C storage in Chinese fir at around 50 years, which 
may be an over-mature age without the function of seques-
tering C (Schaedel et al. 2017). Relatively fewer studies were 
concerned with the effect of stand density on tree C storage 
in Chinese fir during a shorter rotation period. Furthermore, 

no evidence illustrates any combination of effects between 
stand age and density on C storage in Chinese fir plantations.

Biomass is the most important determinant for C esti-
mation but collecting biomass data is extremely costly and 
time-consuming for large-scale estimation. Therefore, pre-
cise estimation of biomass using stand measures is critical to 
assess tree C storage. In this study, a medium-term rotation 
experiment was conducted for 30 years to detect the inter-
active effects of stand age and density on biomass C in live 
trees in a large area of Chinese fir plantations. Tree biomass 
C was estimated by a model based on data of height and 
diameter at breast diameter (DBH). Thereafter, the relation-
ship between growth variables and biomass C was assessed 
with varied stand densities at different ages. We hypoth-
esized that (1) growth and biomass C increased with age in 
lower density as a response to the interactive effects, (2) the 
relationship between height and DBH changed with stand 
age, and (3) tree biomass C increased with density. Results 
of this study can be useful for the management of Chinese fir 
plantations with the objectives of not only harvest of timber 
volume but also sequestration of C in trees as both param-
eters are related to above-ground growth (Zhang et al. 2013; 
Duan et al. 2016).

Materials and methods

Study site

This study was conducted in Diling (26°44′ N, 109°36′ E) at 
the Huitong Institute of Forestry Science, Xuefeng Mountain 
Natural Preserve, Hunan Province, China. Local conditions 
are characterized by a mid-subtropical monsoon climate 
with mild temperature and misty air. Since the 1980s, the 
study site had an annual daylight time of 1475 h, average 
daily temperature of 17.1 °C, relative humidity (RH) of 
81.4%, and yearly average rainfall of 1446 mm. The annu-
ally active accumulated temperature that is higher than 10 °C 
was 5475 °C. There were 288 frost-free days. The Chinese 
fir (the Cupressaceae family) plantation that was chosen for 
investigation was located to the north of the bank of Dapo 
Reservoir, where the elevation ranged from 260 m to 520 m 
with a slope of 15°–30°. Soils were characterized as Ultisols 
with red-yellow color with the presence of oxidized ferric 
iron oxides. The O–B soil layers had a depth of 60–80 cm, 
organic matter of 2.3%, and pH value of 6.1–6.8.

The whole Chinese fir plantation occupied an area of 
15 ha with the central location of 26°42′ N and 109°37′ E. 
The site was prepared by removing weeds, coppices, and 
shrubs in March of 1987. Thereafter, 1-year-old bare-root 
Chinese fir seedlings were planted in 40 cm × 40 cm × 35 cm 
(top diameter × height × bottom diameter) shoveled holes 
along the contour lines to an initial stand density of 
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1800 stems ha−1. Dead seedlings were replaced by 2-year-
old bare-root stocks in the fall of 1987. The total mortality of 
the first growing season was lower than 6% and all replanted 
new seedlings were checked for survival in the following 
summer. The whole site received maintenance twice a year 
through removing weeds and straightening seedlings for the 
first three seasons. The first annual maintenance was dur-
ing May and June and the second during September and 
October.

Thinning practice

The whole site was divided into three uniform sections, each 
had an area of 5 ha. Chinese fir trees in all divisions were 
thinned to different densities twice. The first thinning was 
done in 1996, 10 years after planting, cutting down 22% 
of all trees. The second happened in 2006 (20 years) cut-
ting down 30%–50% of resident stems. Small-sized trees 
with low competing ability were chosen and knocked down 
to leave strong trees with large stems at a uniform spacing 
according to a visual estimate.

Site investigation

A total of 12 stands were set in December of 2009, 23 years 
after plantation establishment; this is estimated to be the 
peak of C sink in Chinese fir plantations (Zhao et al. 2009; 
Yen and Lee 2011). The whole site was partitioned into three 
divisions with different densities, four stands were randomly 
set in each division with an area of 600 m2 (20 m × 30 m). 
Thus, each stand can be considered as a replicated unit to 
investigate Chinese fir trees (n = 4). Stands were thinned to 
three distinct densities of 437.5 ± 26.6 (low), 675.0 ± 155.2 
(medium), and 895.8 ± 60.1 (high) stems ha−1 (analysis of 
variance [ANOVA] model, F2,9 = 19.32, P = 0.0006). A 
total of 1928 trees were measured and involved in this study 
(Table S1). All Chinese fir trees in each stand were measured 
for height and DBH and these measurements were repeated 
in December every 3 years in 2012, 2015, and 2018 which 
was 26, 29, and 32 years after plantation establishment. The 
30 year mark was found to be the point at which continuous 

C sequestration in trees occurred without apparent decline 
for Chinese fir plantation (Wang et al. 2012; Chen et al. 
2013; Zhang et al. 2016).

A total of 12 random soil samples were taken across each 
stand. Soil samples were mixed to be the basic unit for soil 
determination in each stand. Chemical properties of soil 
samples were determined and compared for different stand 
densities (Table 1). In short, soil pH value was measured in 
1:2.5 (v/v) mixture in distilled water (Wei et al. 2017), soil 
organic matter by dichromate oxidation and titration with 
ferrous ammonium sulfate (Wang et al. 2016; Wei et al. 
2017), available nitrogen (N) by the sum of ammonium-
N and nitrate–N concentration (Wei et al. 2017), available 
phosphorus (P) by phosphomolybdic acid blue-color method 
(Wei et al. 2017), available potassium (K) by a flame pho-
tometer (Wang et al. 2016), total N by Kjeldahl method, and 
total P by the  HClO4-digested  Na2CO3 fusion method (Wang 
et al. 2017; Li et al. 2018).

Model estimation

The timber volume (TV in  m3) of Chinese fir stem was cal-
culated according to the formula (Duan et al. 2016):

where coefficients of D and H are DBH and tree height, 
respectively. Biomass (W in kg) of a specific organ or part 
(leaves, branch, stem, root, and whole-plant) was regressed 
by the allometric equation (Zhang et al. 2013):

where coefficients of a and b can be calculated by the regres-
sion model of (Zhang et al. 2013):

where in Eq. 2, the coefficient e is the error term that is nor-
mally distributed with mean zero and the variance of σ2. In 
Eq. 3, the coefficient α stands for the value of ln a. Accord-
ing to the empirical model from the Bayesian method, W for 

(1)TV = 5.8777042 × 10
−5

× D
1.9699831

× H
0.89646157

(2)W = a
(

D
2
× H

)b

(3)lnW = � + bln
(

D
2
× H

)

+ e

Table 1  Soil properties in Cunninghamia lanceolate plantations at different densities

Variables Organic matter 
(g kg−1)

Total N (g kg−1) Total P (g kg−1) Available N 
(mg kg−1)

Available P 
(mg kg−1)

Available K 
(mg kg−1)

pH value

Density
 Low 31.64 ± 15.41 2.09 ± 0.84 0.98 ± 0.33 117.75 ± 51.10 1.52 ± 0.55 57.67 ± 23.52 4.38 ± 0.40
 Medium 32.61 ± 16.50 2.01 ± 0.63 0.70 ± 0.16 93.80 ± 34.53 1.33 ± 0.30 56.69 ± 25.30 4.16 ± 0.30
 High 25.57 ± 5.82 1.86 ± 0.35 0.66 ± 0.18 89.02 ± 33.83 1.69 ± 0.93 51.82 ± 23.23 4.02 ± 0.06

F value 0.28 0.12 1.94 0.5 0.28 0.06 1.41
P > F 0.76 0.89 0.2 0.62 0.76 0.94 0.29
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every organ or part in a Chinese fir tree can be estimated as 
follows (Zhang et al. 2013):

where Wleaves, Wbranch, Wstem, Wroot, and Wwhole are estimated 
biomass in leaves, branch, stem, root, and in the whole tree, 
respectively. According to the large-scale summary of bio-
mass C pools in Chinese fir plantations across subtropical 
China, the C stock in this study was estimated from biomass 
values using the conversion ratio of 0.5 (Wang et al. 2012). 
In total, according to the number of individual trees, a total 
of 1928 sets of estimated C were documented for analysis.

Statistics

All statistics were achieved by SPSS software (IBM, New 
Jersey, USA). Data were analyzed for normality and were 
transformed to cubic root when it was necessary to meet 
the requirement of data analysis using normally distributed 
data. Year and stand density are two independent variables 
while estimated values are dependent variables. The stand 
density was a fixed factor with different years as a repeatedly 
measured factor and stand arrangement as a random factor. 
The mixed model of analysis of variance (ANOVA) was 
used to detect density and its interaction with repeated meas-
ures across different stand ages on variables with the critical 
probability of 0.05 as significance. When significant effect 

(4)lnW
leaves

= −4.0269 + 0.6441ln
(

D
2
× H

)

(5)lnW
branch

= −4.7061 + 0.7101ln
(

D
2
× H

)

(6)lnW
stem

= −2.8305 + 0.8067ln
(

D
2
× H

)

(7)lnW
root

= −3.8680 + 0.7839ln
(

D
2
× H

)

(8)lnW
whole

= −1.9488 + 0.7493ln
(

D
2
× H

)

was detected, means were compared and arranged according 
to the Duncan test at 0.05 level.

Height and age were correlated to each other using data 
that varied in every age at different densities to detect the 
changing trend among stand age and density situations. 
Another regression was constructed between stand den-
sity and all measured and estimated variables at different 
ages to detect the changing trend across time of plantation 
establishment.

The maximum likelihood estimating model for multiple 
regressions was used by screening the goodness of fit for 
raw data with stand age and density as driving factors and 
measured or estimated variables as dependent variables. 
According to raw data distribution patterns, a Poisson model 
was employed to describe the multiple-factors regression 
with estimated values. Wald Chi square value (P < 0.05) was 
employed to determine the significance of estimated coef-
ficients for contribution by multiple independent variables.

Results

The interaction between stand age and density

Only stand age and density had an interactive effect on 
tree height (Table 2). Low-density tree height was high-
est throughout the four stand ages (Fig. 1). Tree height was 
lower in the stand with medium density than in the other two 
densities. In 2018, tree density in the low-density stand was 
higher by 7.5% than in the medium density stand and height 
was higher by 2.3% than in the high-density stand (Fig. 1).

Stand age had a significant sole-effect on DBH and TV, 
which both increased with time although the increment was 
not significantly different between the years of 2012 and 
2015 (Fig. 2a, c). DBH and TV was lower in the higher 
density group of stands (Fig. 2b, d).

Stand age had a significant sole-effect on biomass C 
which increased with time (Fig. 3a, c, e, g). Biomass C in 

Table 2  Analysis of variance 
(ANOVA) of age (A), density 
(D), and their interaction 
(A × D) on growth and carbon 
(C) storage variables in trees 
of Cunninghamia lanceolate 
plantations

M.S. mean square, DBH diameter at breast height, TV timber volume
***P value is lower than 0.0001

Variables ANOVA Model F value for effects

M.S. F value P > F A D A × D

Height 636.16 181.76 < 0.0001 625.03*** 46.87*** 5.08***
DBH 607.97 33.37 < 0.0001 38.46*** 122.43*** 1.15
TV 0.56 50.98 < 0.0001 113.67*** 104.28*** 1.86
Foliar C 1.59 51.39 < 0.0001 117.71*** 101.11*** 1.66
Branch C 1.87 51.72 < 0.0001 118.48*** 101.57*** 1.71
Stem C 15.62 52.19 < 0.0001 119.69*** 102.15*** 1.79
Root C 6.39 52.08 < 0.0001 119.41*** 102.00*** 1.78
Whole-plant C 16.82 51.91 < 0.0001 119.00*** 101.79*** 1.75
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2018 increased by 10−14% compared to that in 2009. While 
in comparison, biomass C stock was significantly lower in 
higher density stands (Fig. 3b, d, f, h).

The relationship between height and DBH

Tree height increased with DBH in stands with different 
densities across all stand ages (Fig. 4). This trend of increase 
can be described by an exponential-rise-to maximum model 
where the coefficients varied in response to the variation of 
stand ages and densities (Table 3). As stand years passed, 
coefficient a declined in 2015 then increased in 2018 in low 
and high densities, but the coefficient continuously increased 
throughout the 4 years (Table 3). Generally, coefficient b 
increased from 2009 to 2015 in both low- and high-density 
stands. While in comparison, coefficient b remains stable in 
medium density stands during the study period (Table 3). 
However, the highest value of tree height continued to 
increase with DBH throughout the four stand ages.

Fig. 1  Dynamic of Chinese fir (Cunninghamia lanceolate) tree 
height over stand age in different densities. Dots stand for means 
across four stands. Data are analyzed by repeated measures on the 
same stands by a mixed-model ANOVA. Different letters stand for 
significant difference across ages and densities according to the Dun-
can test at 0.05 level

Fig. 2  Diameter at breast height (DBH) and timber volume (TV) in 
Chinese fir (Cunninghamia lanceolate) trees across stand ages (left) 
and in different densities (right). Bars stand for means across four 

stands. Different letters stand for significant difference across ages 
and densities according to the Duncan test at 0.05 level
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Fig. 3  Estimated carbon (C) storage in Chinese fir (Cunninghamia 
lanceolate) trees across stand ages (left) and in different densities 
(right). Bars stand for means across four stands. Different letters stand 

for significant difference across ages and densities according to the 
Duncan test at 0.05 level
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The change across stand densities

The relationship between measured or estimated variables 
and stand density can be fitted by the inverse first-order 

polynomial model (Fig. 5). Therein, coefficients a and b 
theoretically stand for the critical stand density to which an 
infinitesimal value of dependent variables can be regressed. 
For the regression of density with height, coefficient a 
increased from 2009 to 2012 then declined in 2018, while 
the regression of DBH showed an opposite relationship with 
density (Table 4). Coefficient a increased with time for bio-
mass C estimation in all organs (Table 4). However, coef-
ficient b showed a general increasing trend with time for the 
regression of density with all dependent variables.

The maximum likelihood regression

Both tree height and DBH can be well described by the 
maximum likelihood regression using a Poisson model with 
goodness of fit assessed by the Pearson Chi square value to 
be 0.1935 and 0.1687, respectively (Tables 5 and 6). How-
ever, combined factors of stand age and density had rare 
contribution to either tree height or DBH. Stand age from 
2009 to 2015 showed negative contribution to tree height 
with no contribution in 2018 (Table 5). Only low stand den-
sity had significantly positive contribution to tree height, but 
either medium or high densities had no contribution to tree 
height. Stand age also had significantly negative contribu-
tion to DBH in 2009, 2012, and 2015 with no effect in 2018 
(Table 6). The low and medium stand densities had positive 
contributions to DBH while high density had no effect.

Discussion

Although our data about biomass C estimates were cal-
culated using the cubic-root transformed value to meet 
the standard of ANOVA, raw data can be compara-
ble to those in mature Chinese fir plantations at an age 
around 25 − 30 years old. Biomass C was estimated to be 
169.09–219.40 kg per whole-tree individual, which fell in 
the range between 92.22 and 267.73 kg per tree that was esti-
mated by Zhang et al. (2013). The estimated biomass den-
sity was 4.00–6.64, 3.87–6.30, 65.26–102.92, 18.48–29.36, 
and 89.69–143.98 t ha−1 for leaves, branch, stem, root, and 
whole-tree, respectively. The estimated amount of biomass 
density was also given by Fang et al. (2019) to be 7.5, 16.3, 
152, 23, and 234 t ha−1 for these organs, respectively. There-
fore, our estimated value at the stand-level was generally 
lower than in Fang et al. (2019) except for in root. Thus, the 
model used in this study can result in estimated values at an 
acceptable precision.

We found an interactive effect between stand age and den-
sity on height in trees of Chinese fir plantations, which partly 
agrees with our first hypothesis that growth and biomass C 
increased with age in lower densities as a response to the 
interactive effects. Surprisingly, despite a lower tree height 

Fig. 4  Correlation between diameter at breast height (DBH) and 
height fit by exponential rise-to-maximum model for Chinese fir 
(Cunninghamia lanceolate) trees. Dots stands for raw data about 
height and DBH for every tree in stands in all years
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in the medium density stands during the early stage, the 
height was then higher than that in the high density stands 
after 9-year growth. For the relationship between height and 
DBH, the maximum value of tree height kept increasing 
only in the medium density with a stable increasing ratio 
of the exponential function. Hence, in the medium stand 
density, tree height increased at a stable pace with DBH due 
to the unchanged coefficient b in the regression model. Our 
results for tallest tree stem in low density disagree to those in 
investigations on Chinese fir plantations in Fujian, Jiangxi, 
Guangxi, and Sichuan Provinces, China (Zhang et al. 2019). 
This is because the initial planting density and management 
practice were different in our study than in former studies. 
We planted 1800 seedlings  ha−1 before thinning but previ-
ous studies usually planted 2000 seedlings  ha−1 at the start 
without thinning. We chose the shorter trees to be subjected 
to thinning, therefore the low-density stand received more 
thinning leaving large trees with taller stems.

It was surprising to find that DBH and TV were not 
responsive to the interaction between stand age and den-
sity. This was indicated by methods of not only ANOVA but 
also Poisson regression model. We thinned twice expecting 
to concur with evidence that doing so can cause positive 
response of biomass C through promoting diameter increase 
(Schaedel et al. 2017). We surmise that our thinning strategy 
to reserve large ones without focus on density control was 
mainly responsible for the null response to the interaction, 
but previous thinning had been made to control the den-
sity. As our data estimated, to the most extent two models 
together determine the same effect. Because our biomass C 

was estimated based on data of height and DBH, tree bio-
mass C was also found to be null to the interaction between 
age and density. Although it was speculated that an age of 
23 years may be the peak of increase of biomass C in Chi-
nese fir trees (Zhao et al. 2009; Yen and Lee 2011), our 
study further illustrated that this increase can be extended 
up to 30 years. The conventional management of Chinese 
fir plantations with the aim of maximizing commercial har-
vest can provide continuous C sequestration in trees without 
apparent decline (Wang et al. 2012; Chen et al. 2013; Zhang 
et al. 2016). However, using the thinning management in 
this study can promote biomass C in large volume trees and 
contribute to the DBH increment.

Our results on the relationship between height and DBH 
support our second hypothesis that the relationship between 
height and DBH changed with stand age. The rise-to-max-
imum exponential model has also been used several times 
to describe the allometric relationship between height and 
DBH in Chinese fir trees (Li et al. 2015). In this model, 
parameters a and b stand for the maximum value and the 
rate of rise to this limit, respectively. With the increase of 
DBH, the maximum value of tree height declined from 2009 
to 2012 then increased in 2015 to 2018 in both low and high 
densities according to the coefficient change. A lower maxi-
mum value together with higher increasing ratio suggest a 
faster increase of height to the maximum in a small range 
of DBH. In both low and high densities, the regression in 
2012 reached the maximum value faster than that in 2009. 
In contrast, from 2015 to 2018 the increase of tree height 
across DBH slowed down due to higher maximum value but 

Table 3  The regression of 
diameter at breast height 
(DBH) with height in trees 
of Cunninghamia lanceolate 
plantations across different ages 
at different densities according 
to the exponential rise to 
maximum model

S.E. standard error

Parameters Results in different years

Age 2009 2012 2015 2018

Parameters a b a b a b a b

Low density
Coefficients 27.25 0.03 24.65 0.05 26.2 0.05 28.87 0.04
S.E. 3.62 0 1.28 0 1.4 0 0.69 0
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.6339 0.7031 0.7148 0.9168
Medium density
Coefficients 26.38 0.04 27.97 0.04 27.75 0.04 29.28 0.04
S.E. 2 0 2.23 0.01 1.76 0 0.81 0
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.7791 0.7431 0.75 0.9274
High density
Coefficients 25.49 0.04 24.55 0.05 25.94 0.05 26.78 0.05
S.E. 1.3 0 0.74 0 0.7 0 0.43 0
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.784 0.8265 0.8503 0.9586
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Fig. 5  Regression between stand density and growth and carbon (C) variables fit by polynomial inverse-first-order model for Chinese fir (Cun-
ninghamia lanceolate) trees. Dots stands for raw data about height and DBH for every tree in stands in all years



1498 X. Zhang et al.

1 3

increasing rate declined at low density. At the same time, 
the increasing rate between height and DBH in the medium 
density always remained constant throughout the four ages. 
These results concur with those from a recent study where 
changes of height-DBH relationship were found among dif-
ferent competitions that were derived from stand density 

(Zhang et al. 2020). However, the height-DBH relationship 
among different densities needs to be tested in more regions 
to further confirm the response of regression coefficients 
to the variation of densities. This was because Chinese fir 
plantations are distributed in many regions that have been 
documented in the above-mentioned studies.

Table 4  The regression of 
density with growth and carbon 
(C) storage variables in trees 
of Cunninghamia lanceolate 
plantations according to the 
inverse first-order polynomial 
model

S.E. standard error

Variables Results in different years

Age 2009 2012 2015 2018

Parameters a b a b a b a b

Height
Coefficients 659.52 15.45 1184.62 15.97 1164.95 17.03 1434.09 19.32
S.E. 185.43 0.29 174.16 0.27 176.89 0.28 143.4 0.23
P value 0.0004 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3602 0.2965 0.2879 0.4153
Diameter at breast height
Coefficients 3337.49 20.56 3303.98 21.37 3253.36 21.75 4511.94 21.66
S.E. 349.63 0.55 371.62 0.58 376.82 0.59 438.61 0.69
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3994 0.376 0.3666 0.425
Timber volume
Coefficients 1310.49 0.25 1520.95 0.28 1560.97 0.31 2550.9 0.33
S.E. 14.85 0.02 17.23 0.03 18.45 0.03 24.79 0.04
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3748 0.3756 0.362 0.4263
Foliar C
Coefficients 1382.59 5.07 1576.59 5.43 1595.97 5.81 2379.62 6.18
S.E. 162.12 0.26 177.84 0.28 185.95 0.29 229.28 0.36
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3627 0.3751 0.3648 0.4281
Branch C
Coefficients 1434.57 4.57 1644.63 4.94 1673.22 5.32 2540.93 5.66
S.E. 167.11 0.26 185.47 0.29 194.96 0.31 244.67 0.38
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3648 0.3752 0.3647 0.4283
Stem C
Coefficients 7313.17 20.08 8441.11 21.87 8630.91 23.79 13,379.13 25.31
S.E. 846.53 1.33 952.06 1.5 1006.7 1.58 1288.76 2.03
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3668 0.3751 0.3644 0.4282
Root C
Coefficients 7313.17 20.08 8441.11 21.87 8630.91 23.8 13,379.13 25.31
S.E. 846.53 1.33 952.06 1.5 1006.7 1.58 1288.76 2.03
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3668 0.3751 0.3644 0.4282
Whole-plant C
Coefficients 34,438.48 101.32 39,629.4 109.89 40,423.07 119.02 62,055.16 126.7
S.E. 3998.38 6.29 4469.06 7.03 4712.56 7.41 5976.5 9.4
P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
R value 0.3659 0.3752 0.3646 0.4283
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With the increase of stand age, the infinitesimal val-
ues for tree height, DBH, and TV all increased (Table 4). 
However, the critical stand density for tree height and DBH 
declined from 2009 to 2015 with an increase in 2018, while 
TV continued to increase throughout all stand ages. With 
the increase of stand age, both infinitesimal and critical 
stand density increased for estimated biomass C in all tree 
organs (Table 4). Some studies have shown that Chinese fir 
tree carbon storage increased with the number of stems in 
stands (Zhao et al. 2009; Tang et al. 2016). However, the 
variation of stand densities in these studies originated from 
the age-related development of natural thinning. Therefore, 
the increase of tree biomass C in Chinese fir plantations 
resulted from the accumulation across age but not the effect 
from density. Chinese fir tree biomass C can accumulate to 
increase in biomass with time (Xie et al. 2016), but thinning 
was not found to have any effect on biomass C in Chinese 
fir trees in a long rotation of 50 years (Schaedel et al. 2017). 
In contrast, our results showed that tree biomass C declined 
with the increase of stand density which resulted from the 
decreases of height and DBH in high density stands. As the 
lower limit of estimated C increased with stand age, there 
is no obvious trend of maximum lower limit in our time 
range. Therefore, our study term could be prolonged if the 

sequestration of C in biomass was set as the main goal of 
Chinese fir management. In addition, the density control in 
our study of fewer than 1000 stems ha−1 was too low for 
biomass C because the critical density indicated by regres-
sion was generally higher than 1300 stems ha−1 for initial 
planting density in previous studies (Tang et al. 2016; Zhang 
et al. 2019). Future studies are needed to detect the potential 
maximum of biomass C with the increase of stand density.

Conclusion

We planted Chinese fir seedlings to construct a 15-ha plan-
tation which was then thinned twice to have three divi-
sions with different stand densities of low, medium, and 
high levels. The C storage responded in low and medium 
densities through longer rotation due to the depression on 
height and DBH was alleviated over a longer time. We 
did not find any significant interaction between stand age 
and density on measured and estimated variables except 
for height which disagrees with our hypothesis. However, 
thinning can promote C storage in Chinese fir plantations 
through growth improvement. Height and DBH were only 
maintained in a constant allometric relationship at the 

Table 5  Maximum likelihood estimate on Poisson regression of age and density on height in trees of Cunninghamia lanceolate plantations

S.E. standard error

Parameters DF Estimate S. E. Wald 95% confidence 
limits

Wald Chi Square P > Chi Square

Lower Upper

Intercept Age Density 1 3.0422 0.0149 3.013 3.0714 41,691.7 < 0.0001
Age 2009 1 − 0.2336 0.0224 − 0.2775 − 0.1897 108.63 < 0.0001
Age 2012 1 − 0.1683 0.022 − 0.2114 − 0.1251 58.43 < 0.0001
Age 2015 1 − 0.1101 0.0217 − 0.1526 − 0.0676 25.8 < 0.0001
Age 2018 0 0 0 0 0
Density Low 1 0.0726 0.0254 0.0229 0.1224 8.18 0.0042
Density Medium 1 0.0229 0.0226 − 0.0214 0.0671 1.03 0.3108
Density High 0 0 0 0 0
Age × density 2009 Low 1 − 0.0615 0.0386 − 0.1372 0.0143 2.53 0.1116
Age × density 2009 Medium 1 − 0.0574 0.0343 − 0.1246 0.0098 2.8 0.0943
Age × density 2009 High 0 0 0 0 0
Age × density 2012 Low 1 − 0.0241 0.0377 − 0.098 0.0497 0.41 0.5224
Age × density 2012 Medium 1 − 0.0501 0.0336 − 0.116 0.0158 2.22 0.1362
Age × density 2012 High 0 0 0 0 0
Age × density 2015 Low 1 − 0.0331 0.0372 − 0.1059 0.0397 0.79 0.3732
Age × density 2015 Medium 1 − 0.0487 0.0331 − 0.1135 0.0162 2.16 0.1415
Age × density 2015 High 0 0 0 0 0
Age × density 2018 Low 0 0 0 0 0
Age × density 2018 Medium 0 0 0 0 0
Age × density 2018 High 0 0 0 0 0
Scale 0 1 0 1 1
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density of about 670 stems ha−1. For management impli-
cations, a near-mature Chinese fir plantation at a density 
of 1500 stems ha−1 and 20 years old is suitable for timber 
harvest but a rotation as long as 30 years is needed to pro-
mote biomass C in mature stands over 30,000 stems ha−1. 
This was indicated by the model and needs to be confirmed 
by future trials. Future work is suggested to develop new 
models for biomass C estimation at the community scale 
in more stands across regions.
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