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Variation in wood physical 
properties and effects of climate 
for different geographic sources 
of Chinese fir in subtropical area 
of China
Ren You1, Ninghua Zhu2*, Xiangwen Deng1,3,4*, Jing Wang2 & Fei Liu2

Chinese fir is one of the most important commercial timber species in China, with many geographic 
sources. However, little is known of the variation in wood physical properties among them. To explore 
the differences in wood physical properties and their influencing factors, five geographic sources of 
Chinese fir were selected. The variance inflation factor, stepwise regression, and principle component 
analysis were used to reduce multicollinearity and dimensions of the 19 wood physical properties 
(including density, shrinkage, and mechanical properties). The results showed that the wood density 
differed significantly among five geographic sources. The tangential shrinkage rate and radial 
shrinkage rate reached maximum values in black-heart Chinese fir (HNYX-T) but accompanied by the 
lowest value for difference dry shrinkage. The wood density and mechanical properties of HNYX-T 
was exceeded to that of others geographic sources. Fast-growth Chinese fir (FJYK-P) had the lowest 
value for all mechanical properties. The precipitation and temperature had significant correlations 
with the wood physical properties of this five geographic sources. The temperature in summer was 
mainly positive correlated with physical properties, while precipitation was negatively correlated with 
them. HNYX-T had the highest comprehensive score of PCA, followed by JXCS-R, emerged as higher-
quality geographic source, which is important for selecting and utilizing geographic sources in forest 
management.

Wood is the basic component of root and stem tissues of woody  plants1–3. The physical properties of wood govern 
many important links in the growth and development of woody plants, such as water transport and mechanical 
support, which are closely related to the individual morphological structure of trees, life history strategies, inter-
specific resource competition, community dynamics, and even terrestrial ecosystem  functioning4–6. The wood 
physical properties characteristics mainly include its density, dry shrinkage coefficient elasticity, and strength, 
to name a  few2, and they vary with tree species and life  forms7. For example, conifers usually have lower density, 
while hardwood trees have higher  density8. Wood’s physical properties are closely related to the intrinsic fac-
tors of the trees, like the growth process of trees, for example, fast growing trees with lower wood density, and 
they are significantly affected by extrinsic factors, such as climate  factors9. Furthermore, studying the physical 
properties of wood and identifying its influencing factors can help to better understand the structure and func-
tion of terrestrial ecosystems and thereby also improve our ability to assess and predict the response of forests 
to global climate  change10.

There are many researchers compared the density between different timbers, which showed that different 
wood species have different  density11,12. Wood density is a characteristic of high genetic heritability, which 
is a resource can be strongly influenced by genetics and the wood production potential that a site presents is 
largely represented by the affinity of its genetic  material13,14. There is a large body of research on wood density. 
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For example, Sadaaki compared the variation in density of young and mature wood of Chamaecypariso btusa, 
Cryptomeria japonica and Pinus densiflora15. Chen studied the wood density and fiber morphology of new clones 
of poplar tree named ‘Qinbaiyang’ and also analyzed the differences between four varieties of it and compared 
their respective physical properties  advantages16. Eitaro et al. discussed the relationship between the timing of 
late wood formation and the genetic variation of wood density in Larix kaempferi17. In addition, researchers have 
also reported on interspecific and intraspecific variation in drought susceptibility of Abies, whose relationships 
to wood density and growth traits were  summarized18. Finally, the timber department of the Wood Industry 
Research Institute of the Chinese Academy of Forestry conducted a study which compared the wood physical 
properties of main tree species in China including Chinese fir (Cunninghamia lanceolata (Lamb) Hook)19.

Those previous studies mainly focused on the density of wood and overlooked the possible influence for 
merchantable timber quality of other important wood properties. This precludes a comprehensive evaluation 
of wood properties, since many wood properties are known co-vary and interact with each other to regulate a 
tree’s hydraulic conductivity, mechanical support, storage of nutrients and water, and growth and  senescence20. 
In particular, kinds of shrinkage are basic physical properties, whose association with wood moisture fluctua-
tions constitutes an important piece of information for the wood-processing  industry21, as it can affect the use of 
individual species of wood, and even the properties of wood value-added wood  products22. The bending strength 
is the most important mechanical property studied and the compression strength parallel to the grain of wood 
and tensile strength parallel to the grain are also the important physical properties indexes, which usually serve 
as the basis for selecting better timber  components23. Therefore, in this context, it is arguably not enough to 
simply evaluate wood physical properties by wood density  alone24–26.

Chinese fir (Cunninghamia lanceolata (Lamb) Hook) is one of the most valuable and best-known subtropical 
timber species, currently occupying about 25% of the plantations in subtropical areas of  China27 and provides 
up to 30% of the harvested logs for China’s timber  industry28. And it is also the main economic tree species in 
northern  Vietnam29. This tree has high use-value in private houses due to its suite of characteristics, namely fast 
growth, high yield, beautiful wood texture, resistance to insects (like  termites30) and belong to corrosion-resistant 
material, as well as its adaptability to arid and barren  habitats31. Chinese fir is widely used in furniture, construc-
tion, shipbuilding and paper making and other fields, so it has a high economic  value32. Large-scale planting 
Chinese fir can increase the forest coverage rate to prevent soil and water flow loss phenomenon, protecting the 
ecological balance at the same time, to a certain extent, the local soil quality and air quality improved, and create 
a good environment that occupy the home to local  residents33. As the dominant fast-growing cultivated timber 
species in southern China, this conifer in different geographical regions shows some differences due to the long-
term influence of the local geographical environment and lineage  divergence34. The different geographic sources 
of Chinese fir can be distinguished by unique characteristics, such as variant of Chinese fir wood with red-heart 
wood can produce more attractive and high market value  wood35, with better physicomechanical  properties36. 
Therefore, it is of great significance to study geographical variation Chinese fir’s physical properties to develop 
its potential as material for decorative and furniture wood panels and to increase its added  value37. Concerning 
the breeding of Chinese fir trees, inevitably the trend to choose those varieties with excellent growth and wood 
physical properties  quality38. Here, 19 physical properties of Chinese fir were comprehensively analyzed, to (1) 
compare the variation in wood physical properties among five geographic sources, (2) explore their influencing 
factors, (3) evaluate the five geographic sources by using a comprehensive PCA (principal component analysis) 
score—all of which can figure prominently in selecting and utilizing the high-quality varieties of this tree.

Results
Variation in wood density. The values of Chinese fir’s wood physical properties varied considerably 
among different geographic sources and Tukey-HSD testing showed that some of these differences were statisti-
cally significant (Fig. 1). The maximum value (HNYX-T) of wood all-dry density (WDD) was 62.70% higher 
than the minimum (FJYK-P). The WDD of each source was consistent with the classification and performance 
indexes of conifer trees in the timber strength grade for structural use, a standard in China’s forestry  industry39: 
FJYK-P was at level S10 (< 0.30 g/cm3) and HNYX-T was at level S36 (< 0.50 g/cm3).

The wood air-dried density (WAD) results matched the WDD, in that significant differences were found 
among all the geographic sources, with maximum value (HNYX-T) 60.85% higher than the minimum (FJYK-P) 
(Fig. 1a,b). The maximum value (HNYX-T) was 60.85% higher than the minimum value (FJYK-P). According to 
the classification regulations of wood quality in  China12, the WAD of fast-growing Chinese fir was at the lowest 
level (≤ 0.35 g/cm3). Likewise, according to the classification standard of physical properties indicators: FJYK-P 
was at level I (0.35 g/cm3), while the other four geographic sources were at level II (0.35–0.55 g/cm3). Through 
many experimental  studies19, the Chinese Academy of Forestry concluded the WAD of Chinese fir in various 
regions ranged from 0.32 to 0.42 g/cm3. But here we found the HNYX-T (0.54 g/cm3) and JXCS-R (0.49 g/cm3) 
values exceeded 0.45 g/cm3.

The wood basic density (WBD) of HNYX-T (0.46 g/cm3) and JXCS-R (0.42 g/cm3) were highest among the 
five geographic sources, being lowest for FJYK-P (0.29 g/cm3), though HNYX-P (0.37 g/cm3) was similar HNZJJ-
P (0.34 g/cm3) (Fig. 1c). The maximum value of HNYX-T was 63% higher than the FJYK-P (0.25 g/cm3). In terms 
of classification standards for physical mechanical  indexes40, FJYK-P belonged to level I (≤ 0.30 g/cm3), HNYX-T 
belonged to level III (0.46–0.60 g/cm3), and the rest of geographic sources belonged to level II (0.31–0.45 g/cm3).

Variation in shrinkage. Among the five geographic sources from four sampled sites, the most represented 
in shrinkage was that of black-heart Chinese fir. According to Table 1, the tangential shrinkage rate of air-dry 
(TSR.RD) of HNYX-T’s wood was 3.41% and it was lowest in FJYK-P (1.06%). Radial shrinkage rate of air-dry 
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(RSR.RD) of JXCS-R (1.20%) and HNYX-T (1.60%) was higher in JXCS-R (1.20%) and HNYX-T (1.60%) than 
in FJYK-P (0.08%).

The volume shrinkage rate of air-dry (VSR.RD) was ranked as follows: FJYK-P < HNZJJ-P < HNYX-P < JXCS-
R < HNYX-T. The rank ordering of DDS.RD (air-dry) differed slightly: HNZJJ-P < HNYX-T < JXCS-R < HNYX-
P < FJYK-P. Among the five sources, the maximum difference dry shrinkage of air-dry (DDS.RD) value (HNYX-
T) was 62.10% higher than the lowest (FJYK-P). According to China’s timber classification regulations: the 
drying shrinkage rate of FJYK-P was at the lowest level (≤ 2.5%), while the rest of the Chinese fir sources were at 
the moderate level (2.6–4.0%). VSR.RD of HNYX-T was intermediate level (4.6–5.5%), the rest were low-grade 
(≤ 4.5%).

Wood dry shrinkage was also an important indicator for evaluating its physical properties. The tangential 
shrinkage rate of all-dry (TSR.LD) of HNYX-P was the highest among the five geographic sources. The radial 
shrinkage rate of all-dry (RSR.LD) of HNYX-T was 67.70% higher than that of FJYK-P (2.10%). Among the five 
sources, the highest volume shrinkage rate of all-dry (VSR.LD) was obtained for HNYX-P, whereas the DDS.LD 
was the greatest in FJYK-P (2.85%), and was the lowest in JXCS-R (1.97%) (Table 2).

Variation in mechanical properties. As Table 3 shows, the modulus of rupture (MOR) of the five geo-
graphic sources was ranked as follows: JXCS-R > HNYX-T > HNYX-P > HNZJJ-P > FJYK-P. The flexural strength 
index was determined according to the China’s classification standard of physical properties indexes. Both 
HNYX-T (110.70 MPa) and JXCS-R (95.60 MPa) were categorized as level III (88.10–118.00 Mpa); all other fir 
sources were designated level II (54.10–88.10 Mpa).

The modulus of elasticity (MOE) of HNYX-P was highest among the five geographic sources. Their ranking 
for tensile strength parallel to grain (TSG) was HNYX-T > JXCS-R > HNYX-P > HNZJJ-P > FJYK-P, for which 
the maximum was 47.60% higher than the minimum value. According to the grading standard of mechanical 
properties, HNYX-T, JXCS-R, and HNYX-P qualified for level III (10.4–13.2 GPa), while the other two sources 
were at level II (7.5–10.3 GPa).

The compression strength parallel to the grain (CSG) had this ranking: HNYX-T > JXCS-R, HNYX-
P > HNZJJ-P > FJYK-P, for which the maximum 58.0% higher than the minimum value. According to the wood 

Figure 1.  There kinds of wood density in different Chinese fir geographic sources, (I) is the wood air-dry 
density (WAD g/cm3); (II) is the wood all-dried density (WDD g/cm3); (III) is the wood basic density (WAD g/
cm3). Different letters (a, b, c, d, e) mean significant difference at 0.05 level.

Table 1.  The statistical analysis of shrinkage (air-dry) of Chinese fir. Data are means ± SE. TSR.RD Tangential 
shrinkage rate of air-dry density, RSR.RD Radial shrinkage rate of air-dry density, DDS.RD Difference dry 
shrinkage of air-dry density, VSR.RD Volume shrinkage rate of air-dry density.

Sources TSR.RD RSR.RD DDS.RD VSR.RD

FJYK-P 1.06 ± 0.57 0.08 ± 0.36 8.74 ± 5.06 1.27 ± 0.95

HNYX-P 2.66 ± 0.80 0.98 ± 0.38 2.78 ± 0.74 3.76 ± 1.05

HNYX-T 3.41 ± 0.84 1.60 ± 0.52 2.30 ± 0.66 5.12 ± 1.28

HNZJJ-P 1.66 ± 0.61 0.55 ± 0.48 2.64 ± 0.92 2.29 ± 1.04

JXCS-R 2.68 ± 1.21 1.20 ± 0.37 2.47 ± 22.33 3.89 ± 1.09
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grading standards in the grain compression index, HNZJJ-P and FJYK-P were at level II (29.1–44.0 MPa) and 
the rest of geographic sources were at level III (44.1–59.0 MPa) (Table 3).

The compression strength perpendicular to the grain of total tensile (CPG.TT) among geographic sources was 
ranked as follows: HNYX-T > JXCS-R > HNYX-P > HNZJJ-P > FJYK-P (Table 4). Its maximum value (HNYX-T) 
was 29.3% higher than the minimum (FJYK-P). The ranking for compression strength perpendicular to the grain 
of total radial (CPG.TR) was slightly different: HNYX-T > JXCS-R > HNYX-P > HNZJJ-P > FJYK-P, for which 
the maximum was 42.1% higher than the minimum value. Compression strength perpendicular to the grain 
of part radial (CPG.PR) had the same rank order as CPG.TT, with a maximum value (HNYX-T) 35.0% higher 
than the minimum (FJYK-P). Finally, compression strength perpendicular to the grain of part tensile (CPG.PT) 
was ranked as HNYX-T > JXCS-R > HNZJJ-P > HNYX-P > FJYK-P for the five geographic sources of Chinese fir.

Factors influencing wood physical properties. Climate factors effect on wood physical properties. The 
influence of precipitation on the three kinds of density was consistent. Pre in January, October, November, 
and December was positively related to wood density, while it was negatively correlated with density in others 
months, especially in May (r = − 0.39), June (r = − 0.59), and August (r = − 0.64). On a seasonal scale, Pre in sum-
mer was negatively correlated with density (r = − 0.77), but it was positively correlated with autumn (r = 0.22). 
MaxT was positively correlated with density during the whole year, except in May (r = − 0.34), and likewise with 
wood density but most strongly in summer (r = 0.75). MinT was positively correlated with density, especially in 
Jan (r > 0.7), though it was not significantly so in February and October (r < − 0.01). AveT was positively cor-
related with density except in January, February, and March, reaching statistical significance in June (r = 0.42), 
July (r = 0.55), and August (r = 0.64). AveT was positively correlated with density in all seasons except winter 
(r = − 0.12) (Fig. 2a).

Table 2.  The statistical analysis of shrinkage (all-dry ) of Chinese fir. Data are means ± SE. TSR.LD Tangential 
shrinkage rate of all-dry density, RSR.LD Radial shrinkage rate of all-dry density, DDS.LD Difference dry 
shrinkage of all-dry density, VSR.LD Volume shrinkage rate of all-dry density.

Sources TSR.LD RSR.LD DDS.LD VSR.LD

FJYK-P 5.80 ± 0.91 2.1 ± 0.58 2.85 ± 0.44 8.18 ± 1.32

HNYX-P 6.60 ± 1.29 2.79 ± 0.70 2.42 ± 0.38 9.61 ± 1.73

HNYX-T 5.82 ± 1.39 3.10 ± 0.96 1.98 ± 0.45 9.35 ± 2.02

HNZJJ-P 5.76 ± 1.03 2.61 ± 0.76 2.27 ± 0.41 8.64 ± 1.62

JXCS-R 4.95 ± 1.00 2.63 ± 0.47 1.97 ± 0.59 7.91 ± 1.07

Table 3.  The statistical analysis of wood mechanical properties of Chinese fir. Data are means ± SE. MOE 
modulus of elasticity (MPa), MOR modulus of rupture (MPa), TSG tensile strength parallel to grain (MPa), 
CSG compression strength parallel to the grain (MPa).

Sources MOE (MPa) MOR (MPa) TSG (MPa) CSG (MPa)

FJYK-P 8639.42 ± 1375.67 63.09 ± 11.48 55.64 ± 14.94 32.60 ± 6.63

HNYX-P 11,870.34 ± 1791.81 89.85 ± 13.96 94.06 ± 22.59 48.92 ± 4.31

HNYX-T 10,587.36 ± 1699.75 93.34 ± 25.86 127.64 ± 38.98 56.33 ± 4.93

HNZJJ-P 9945.92 ± 1373.69 71.45 ± 18.58 78.90 ± 22.36 41.01 ± 7.49

JXCS-R 10,901.91 ± 1151.05 96.66 ± 7.41 105.39 ± 15.68 50.52 ± 4.02

Table 4.  The statistical analysis of wood mechanical properties of Chinese fir. Data are means ± SE. CPG.
TT compression strength perpendicular to the grain (total tensile) (MPa), CPG.TR compression strength 
perpendicular to the grain (total radial) (MPa), CPG.PT compression strength perpendicular to the grain (part 
tensile) (MPa), CPG.PR compression strength perpendicular to the grain (part radial) (MPa).

Sources CPG.TT CPG.TR CPG.PT CPG.PR

FJYK-P 3.92 ± 1.29 3.29 ± 0.78 14.22 ± 2.56 14.00 ± 4.30

HNYX-P 7.33 ± 1.01 5.13 ± 1.42 24.03 ± 6.62 17.05 ± 4.59

HNYX-T 13.29 ± 1.35 8.15 ± 1.91 41.64 ± 6.23 28.11 ± 5.96

HNZJJ-P 5.63 ± 1.94 4.76 ± 2.11 18.52 ± 8.87 17.59 ± 10.02

JXCS-R 9.34 ± 0.80 7.22 ± 0.41 29.20 ± 2.91 25.52 ± 1.83



5

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4664  | https://doi.org/10.1038/s41598-021-83500-w

www.nature.com/scientificreports/

Pre was positively correlated with TSR.RD, RSR.RD, DDS.RD, and VSR.RD in October, November, and 
December. Pre was significant negatively correlated with TSR.RD, RSR.RD, VSR.RD in June, August, and summer 
(r > 0.45). Pre showed no significant correlation with TSR.LD, RSR.LD, DDS.LD, and DDS.RD, whose correlation 
coefficients were 0.1–0.3. But Pre was negatively correlated with VSR.LD most of the year (except July, October). 
AveT was negatively correlation with TSR.RD, RSR.RD, and VSR.RD in January, February, March, and winter; 
however, AveT showed no significant correlation with DDS.RD. AveT was negatively correlated with TSR.LD, 
RSR.LD, DDS.LD, and VSR.LD during the whole year. In general, MinT had a significant positive relationship 

Figure 2.  The correlation between climate and wood physical properties, and (a) is the wood density; (b) is the 
mechanical properties and (c) is the shrinkage. Pre is sum precipitation of every month. AveT is average daily 
mean temperature of each month. MinT is average daily min temperature of each month. MaxT is average daily 
max temperature of each month. Spr is the value of Mar, Apr, May. Sum is the value of Jun, Jul, Aug. Aut is the 
value of Sep, Oct, Nov. Win is the value of Dec, Jan, Feb.



6

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4664  | https://doi.org/10.1038/s41598-021-83500-w

www.nature.com/scientificreports/

to TSR.RD (r = 0.47), RSR.RD (r = 0.48), and VSR.RD (r = 0.52), except in October, and it was negatively cor-
related with DDS.RD. MinT was positively related to RSR.LD, VSR.LD, yet negative related to DDS.LD. MaxT 
was negatively correlated with TSR.RD, RSR.RD, VSR.RD in January, February, May, and December, and winter. 
MaxT showed no significant correlation with DDS.RD, RSR.LD, DDS.LD or VSR.LD (Fig. 2c).

Pre had significant negative correlations with all of the mechanical properties in May, June, August, and 
summer, as evince by Fig. 2b, which also showed positive correlations in October. As we can seen, the effects 
of Pre on wood density and mechanical properties have the same tendency. Pre in all other months was not 
significantly correlated with mechanical properties (r < 0.3). AveT in January, February, March, and winter was 
negatively correlated with mechanical properties, but was positively correlated with mechanical properties in 
June, July, and summer, when the correlation coefficient reached its maximum, in August (r = 0.67). MinT was 
significantly correlated with mechanical properties, which was strongest in January (r > 0.75), while it was showed 
no significant correlation in Feb and Oct (r < 0.2). On a seasonal scale, MinT in winter was showed no significant 
correlation with mechanical properties (r < 0.3). As for MaxT, which was positively correlation with mechanical 
properties in August, October, and summer, while it was negatively correlation with mechanical properties in 
May, which was a interesting result we got from Fig. 2b. MinT showed a significant correlation with CSG, whose 
coefficient was higher 0.75 in summer.

PCA analysis of physical properties. Although the physical properties of wood can be affected by all 19 variables 
(including WBD WDD WAD MOE MOR TSG CSG CPG.TT CPG.TR CPG.PT CPG.PR TSR.RD RSR.RD DDS.
RD VSR.RD TSR.LD RSR.LD DDS.LD and VSR.LD) considered, it was not necessary to include all these vari-
ables in our research. Variance inflation factor was used to judge whether collinearity exists among the variables. 
We calculated the VIF values of all 19 variables. Among them, WAD (83.63), WDD (6196.39), WBD (6015.66), 
TSR.RD (13.93), RSR.RD (11.36), VSR.RD (22.57), VSR.RD (22.57), TSR.LD (38.35), RSR.LD (44.30), DDS.LD 
(16.49), VSR.LD (123.78) had VIF values > 10. Those of WDD and WBD were > 1000. Through stepwise regres-
sion modeling, 14 variables without multicollinearity were retained (i.e., MOE, MOR, TSG, CSG, CPG.TT, CPG.
TR, CPG.PT, CPG.PR, DDS.RD, WDD, DDS.LD, TSR.RD, RSR.RD, VSR.LD).

PCA was applied to the above 14 selected physical variables. These results showed that the physical properties 
of wood loaded strongly on the first axis of the PCA, explaining 51.8% of variation in the 14 tested properties, 
while the second axis explained 11.0% of it. MOE, MOR, TSR.RD, RSR.RD, and VSR.LD loaded on the positive 
axis of PC1 and PC2. Both DDS.LD and DDS.RD loaded on the negative axis of PC1 and PC2, while TSG, CSG, 
CPG.TT, CPG.TR, CPG.PT, CPG.PR, and WDD loaded on the positive axis of PC1 and the negative axis of PC2 
(Fig. 3). For a comprehensive evaluation of Chinese fir’s wood physical properties, we calculated the comprehen-
sive scores of five geographic sources via the PCA. In this respect, significant differences were detected among 
the five geographic sources. Among them, the comprehensive score of HNYX-T was the highest whereas that 
of FJYK-P was the lowest (Fig. 4).

Discussion
Variation in physical properties. There were significant differences in wood density among the five geo-
graphic sources (P < 0.05). This was an expected result, and consistent with studies carried out elsewhere. For 
example, Luo et al. found that the wood density and mechanical properties of 32 Chinese fir clones differed sig-
nificantly among  them36, and wood density varies across globally among tropical tree  species41. Importantly, the 
WBD values between 0.29 and 0.54 g/cm3 in our study fell within the range (0.11–1.39 g/cm3) reported for 2456 

Figure 3.  Sequence diagram plot of PCA analysis showing the relationship among physical properties of wood.
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tropical forest tree  species42. However, the average WBD (0.37 g/cm3) in our study was lower than that (0.57 g/
cm3) found for trees from two neotropical rain forests and seven subtropical tree species in  China43. Compared 
with other species, Chinese fir is well known for its fast growth, which may explain its rather low  density7.

FJYK-P was the fastest growth geographic source in this study, perhaps because it has the lowest wood den-
sity, and shrinkage volumetric and radial values, and tangential and volumetric shrinkage coefficients. Wood 
geographic sources whose trees are of high-density harbor more dimensional variation, because they produce 
more wood per unit  volume44,45. The mean value of volumetric shrinkage for the wood of Bracatinga (Mimosa 
scabrella Benthan) was 7.65%46, which is more than the values we obtained for Chinese fir woods. The eucalyptus 
tree (Eucalyptus benthamii Matenet Cambage) had radial shrinkage, tangential shrinkage, and an anisotropy 
coefficient of 5.91%, 13.87%, and 2.3647, respectively, which were almost the same as those found for the fir of 
five geographic sources in our study.

Through mechanical experiments carried out on 16 Chinese fir samples, Cai et al. found that in addition 
to the transverse compressive strength, the flexural strength, flexural elastic modulus, impact toughness, shear 
strength, and splitting strength were all higher than the radial surface, which also confirmed the accuracy of 
our  conclusion48. The mean values of MOE, MOR, and CSG of fir from the five geographic sources in our study 
(Tables 3 and 4) were similar to those found in a previous study for L. sibirica that grows naturally in Mongolia, 
yet higher than those for L. kaempferi planted in  Japan49,50. But the mechanical properties of HNYX-T are greater 
than other softwood  species51.

The physical properties of wood determine its post-harvest applications. Among the five geographic sources, 
the comprehensive score was highest for black-heart Chinese fir, whose wood is generally used in the construc-
tion of ships, bridges, and as construction  material52. Red-heart Chinese fir had many advantages, such as its 
round, straight trunk and fine grain, and being tough and corrosion resistant, with a large proportion of red 
heart wood, all of which generally make it popular in buildings and the furniture  market8. Due to its growth rate 
and relatively low physical properties, fast-growing Chinese fir is generally marketable and widely in demand. 
We can see that the practical implications of Chinese fir’s utilization were consistent with our wood property 
measurements.

Control factors for physical properties. Trees and the climate factors are interdependent and are con-
tinually interacting. The growth and development of trees cannot be distinguished from the influence from cli-
mate  conditions53,54. Our study showed that precipitation was significantly and negatively correlated with wood 
density in spring and summer (Fig. 2a). The possible reason for this finding is that abundant rainfall in summer 
causes trees to grow faster, resulting in a decreased density of formed wood, which is in line with a previous 
 study12. In considering temperature only, a suitably high temperature can promote the growth of trees, but when 
that temperature limit is exceeded, it will inhibit the growth of trees.

The present study also revealed a significant and positive correlation of temperature with Chinese fir’s 
mechanical properties (Fig. 2b). Similarly, according to Zhang et al.’s research, after eliminating the influence of 
evolutionary effects, the physical properties of wood was marked by a significant positive correlation with tem-
perature. A positive correlation between temperature and MOE was also reported for Populus deltoides Marsh50.

Figure 4.  Mean comprehensive score of PCA plot with 95% CI. Different letters (a, b, c, d, e) mean significant 
difference at 0.05 level.
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Conclusion
By sampling trees and considering environmental factors, here we compared the wood physical properties of five 
different fir-growing geographic sources and the climate effects on physical properties. Our results showed that a 
certain degree of independence exists among the 19 wood physical properties. After calculated the comprehensive 
scores of five geographic sources via PCA, the HNYX-T emerged as the geographic source of highest-quality 
timber quality, which is important when evaluating geographic sources to select and utilize for growing Chinese 
fir. The influence of temperature was mainly positive with respect to physical properties of Chinese fir trees while 
precipitation was negatively correlated with them. But there were many additional factors likely affecting Chinese 
fir’s physical properties, which could be promising for further research. Through the PCA of physical properties, 
the comprehensive score differed significantly among the five geographic sources, with HNYX-T having the 
highest score, followed by JXCS-R, HNYX-P, HNZJJ-P, and FJYK-P. The results provide a theoretical basis for 
future timber production and applications in forest management in subtropical China.

Materials and methods
Site description. Five geographic sources of Chinese fir samples in China were investigated: the fast growth 
Chinese fir samples were selected in Yangkou, Fujian Province (FJYK-P); the normal Chinese fir samples were 
selected in Zhangjiajie, Hunan Province (HNZJJ-P); the red-heart Chinese fir of samples were selected in Chen-
shan, Jiangxi province (JXCS-R); the black-heart Chinese fir (HNYX-T) and: normal Chinese fir (HNYX-P) 
samples were selected in the same county, which located in Yongshun, Hunan Province. All five sites are located 
in a subtropical region that has a moderate climate throughout the year and receives ample rainfall. During the 
year, high temperatures and much rainfall in these five areas are concentrated from June to September, while low 
temperatures and little rain begin in November and end in the following January (Table 5).

Sample collection. At spring, we selected 3–5 trees from each of five source areas in 2019. The average 
age of these trees was 50–52 years. To measure the 19 wood properties, we selected samples spanning from the 
breast height 1.3–3.3 m along bole. Following the Chinese government document GB/T 1929-200955 for the saw-
ing of test material samples for analyzing wood physical properties, 40 mm × 40 mm test strips were uniformly 
intercepted along the horizontal plane in the parts lying outside the pulp center (Fig. 5). There are 198 test strips 
as our samples (including 30 samples of FJYK-P, 20 samples of HNYX-T, 48 samples of HNYX-P, 45 samples of 
HNZJJ-P, and 55 samples of JXCS-R) according to Eq. (1).

(1)n =

V
2
t
2

P2

Table 5.  The geographical and climate conditions of sampling sites. Sn is the number of test material samples, 
Pro is the name of province, SA is the average age of stand, SD is the stand density, Long is longitude, Lat is 
latitude, Alt is altitude, MAT is mean daily average temperature, MAP is the mean annual precipitation.

Sources Sn Area County Pro SA (year) SD (N.hm-2) Long. (E) Lat. (N) Alt (m) MAT (°C)
MAP 
(mm)

FJYK-P 30 Yangkou forest farm Nanping Fujian 53 385 117°53′ 26°49′ 570 18.5 1880

HNYX-T 20 Xiaoxi town Yongshun Hunan 53 360 110°15′ 28°48′ 662 11.5 1350

HNYX-P 48 Xiaoxi town Yongshun Hunan 52 584 110°15′ 28°45′ 600 11.5 1350

HNZJJ-P 20 Wulingyuan district Zhangjiajie Hunan 52 776 110°26′ 29°18′ 866 16.6 1400

25 Cili district Zhangjiajie Hunan 52 615 110°53′ 29°14′ 550 16.7 1390

JXCS-R 55 Chenshan forest farm Anfu Jiangxi 51 429 114°24′ 27°30′ 710 17.7 1553

Figure 5.  The sketch map of sawing sample.



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4664  | https://doi.org/10.1038/s41598-021-83500-w

www.nature.com/scientificreports/

where n is the number of samples (N), V is the coefficient of variation, t is the reliability index, P is the 
accuracy index.

The modulus of rupture and modulus of elasticity of the collected specimens, as well as their compression 
strength parallel to the grain, density, compression strength, and dry shrinkage test specimen, compression 
strength perpendicular to the grain (total tensile and total radial) and to the grain specimens (part tensile and 
part radial), and tensile strength parallel to the grain specimens were intercepted of blank in each one (Fig. 6).

Experimental methods and data source. The values of wood basic density (WBD, g/cm3), wood all-
dry density (WDD, g/cm3), wood air-dried density (WAD, g/cm3), modulus of elasticity (MOE, MPa), modulus 
of rupture (MOR, MPa), tensile strength parallel to the grain (TSG, MPa), compression strength parallel to 
the grain (CSG, MPa), compression strength perpendicular to the grain (CPG, MPa), tangential shrinkage rate 
(TSR, MPa), radial shrinkage rate (RSR), difference dry shrinkage (DDS), and volume shrinkage rate (VSR), size 
of the specimens were strips with 40 mm × 40 mm, which selected in north–south direction and east–west direc-
tion specimens with dry-treated at 50 °C. All determined as described in government documents of China: GB/T 
1932-2009, GB/T 1933-2009, GB/T 1933-2009, GB/T 1939-2009, GB/T 1936.1-2009, GB/T 1936.2-200956–61. 
Measurements of the mechanical properties were carried out on the MWD-50 (micro-controlled wood uni-
versal tester, China). All the experiments were conducted in the wood research laboratory of the Central South 
University of Forestry and Technology (Changsha, Hunan, China).

Temperature and precipitation data, which included average daily max temperature of each month (MaxT, 
°C), average daily min temperature of each month (MinT, °C), average daily mean temperature of each month 
(AveT, °C), and summed precipitation per month (Pre, mm) from 1969 to 2019 in four sample sites were obtained 
from Google Earth and the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/ shishi/
climate.jsp). This data was classified on a seasonal basis, into spring (Mar, Apr, May), summer (Jun, Jul, Aug), 
autumn (Sep, Oct, Nov), and winter (Dec, Jan, Feb) for a given year.

Data analysis. One-way analysis of variance (ANOVA) and the Tukey-HSD test were used to analyze dif-
ferences of each wood physical property among the five geographic sources, at the confidence level of 0.95. 
Pearson correlations were used to analyze the relationship between climatic factors and the physical properties 
of Chinese fir. To resolve multicollinearity in the dataset, which consisted of 19 wood property variables, the 
variance inflation factor (VIF) was  used62. Stepwise linear regression was used to filter the 19 wood property 
variables, and find out which variables contribute the most to the wood composite index (PCA composite score 
value) without multicollinearity. PCA was used as a method of dimension reduction transformation. All these 
statistical analyses were performed in R software v3.6.263.

Data availability
Data could be shared directly through email to corresponding author email of Prof. Dr. Xiangwen Deng 
(dengxw@csuft.edu.cn).

Received: 21 October 2020; Accepted: 25 January 2021

References
 1. Hickey, M. & King, C. The Cambridge Illustrated Glossary of Botanical Terms (Cambridge University Press, London, 2000).
 2. Chen, J. Q. Wood Science (China Forestry Publish House, Beijing, 1985).
 3. Wu, R. Microstructural study of sanded and polished wood by replication. Wood Sci. Technol. 32, 247. https ://doi.org/10.1007/

BF007 02893  (1998).
 4. Roderick, M. L. & Berry, S. L. Linking wood density with tree growth and environment: a theoretical analysis based on the motion 

of water. New Phytol. 149, 473–485. https ://doi.org/10.2307/31862 03 (2001).
 5. Hnas, T. S. & David, S. H. Character convergence, diversity, and disturbance in tropical rain forest in Guyana. Ecology 82, 3197–

3212. https ://doi.org/10.2307/26798 44 (2001).
 6. Larjavaara, M. & Muller-Landau, H. C. Rethinking the value of high wood density. Funct. Ecol. 24, 701–705. https ://doi.org/10.1

111/j.1365-2435.2010.01698  (2010).
 7. Li, Y. F. et al. Chemical characteristics of heartwood and sapwood of red heart Chinese Fir (Cunninghamia lanceolata). For. Prod. 

J. 69, 103–109. https ://doi.org/10.13073 /FPJ-D-18-00042  (2019).
 8. Wen, H. F. et al. Cunninghamia lanceolata variant with red-heart wood: a mini-review. Dendrobiology 79, 156–167. https ://doi.

org/10.12657 /denbi o.079.014 (2018).

Figure 6.  The cross-section photo of samples.

http://cdc.cma.gov.cn/
https://doi.org/10.1007/BF00702893
https://doi.org/10.1007/BF00702893
https://doi.org/10.2307/3186203
https://doi.org/10.2307/2679844
https://doi.org/10.1111/j.1365-2435.2010.01698
https://doi.org/10.1111/j.1365-2435.2010.01698
https://doi.org/10.13073/FPJ-D-18-00042
https://doi.org/10.12657/denbio.079.014
https://doi.org/10.12657/denbio.079.014


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4664  | https://doi.org/10.1038/s41598-021-83500-w

www.nature.com/scientificreports/

 9. Quesada, C. A. & Phillips, O. L. Basin-wide variations in Amazon forest structure and function are mediated by both soils and 
climate. Biogeosciences 9, 2203–2246. https ://doi.org/10.5194/bg-9-2203-2012 (2012).

 10. Huang, Y. Q. et al. Monthly radial growth model of Chinese Fir (Cunninghamia lanceolata (Lamb.) Hook.), and the relationships 
between radial increment and climate factors. Forests 10, 757. https ://doi.org/10.3390/f1009 0757 (2019).

 11. Hüseyin, P., Mehmet, B. & Abdullah, S. Density and some mechanical properties of densified and heat post-treated Uludağ fir, 
linden and black poplar woods. Eur. J. Wood Wood Prod. https ://doi.org/10.1007/s0010 7-017-1182-y (2018).

 12. JulioCamarero, J. & Emilia, G. Wood density of silver fir reflects drought and cold stress across climatic and biogeographic gradients. 
Dendrochronologia https ://doi.org/10.1016/j.dendr o.2017.07.005 (2017).

 13. Gallo, R. et al. Growth and wood quality traits in the genetic selection of potential Eucalyptus dunnii Maiden clones for pulp 
production. Ind. Crops Prod. 123, 434–441. https ://doi.org/10.1016/j.indcr op.2018.07.016 (2018).

 14. Sofia Maria, G. R. et al. Influence of climatic variations on production, biomass and density of wood in eucalyptus clones of dif-
ferent species. For. Ecol. Manag. https ://doi.org/10.1016/j.forec o.2020.11829 0 (2020).

 15. Sadaaki, O. Studies on mechanical properties of juvenile wood, especially of Sugi-wood and Hinoki-wood. Bull. Kyushu Univ. For. 
45(1), 1–80 (1972).

 16. Chen, L. Y., Shi, X. J. & Fan, J. F. Study on properties and fiber morphology of Qinbaiyang series varieties woods. J. Northwest For. 
Univ. https ://doi.org/10.3969/j.issn.1001-7461.2017.01.41 (2017).

 17. Yuka, M. & Keisuke, K. Effects of density and anatomical feature on mechanical properties of various wood species in lateral ten-
sion. J. Wood Sci. 64, 509–514. https ://doi.org/10.1007/s1008 6-018-1730-z (2018).

 18. George, J. P. et al. Inter-and intra-specific variation in drought sensitivity in Abies spec and its relation to wood density and growth 
traits. Agric. For. Meteorol. 214–215, 430–443. https ://doi.org/10.1016/j.agrfo rmet.2015.08.268 (2015).

 19. Research Institute of Wood Industry. Wood Physical Properties of Main Tree Species in China (Chinese Academy of Forestry, Beijing, 
1984).

 20. David, A. K., Stuart, J. D., Sylvester, T. & Nur Supaedi, M. N. The role of wood density and stem support costs in the growth and 
mortality of tropical trees. J. Ecol. 94, 670–680. https ://doi.org/10.1111/j.1365-2745.2006.01112 .x (2006).

 21. Ondřej, S., Aleš, Z., Vlastimil, B., Lukáš, B. & Martin, L. Shrinkage of Scots pine wood as an effect of different tree growth rates, a 
comparison of regeneration methods. J. For. Sci. 64, 271–278. https ://doi.org/10.17221 /23/2018-JFS (2018).

 22. Zeidler, A. Shrinkage of Turkish hazel (Corylus colurna L.) wood and its within-stem variation. Zprávy Lesnického Výzkumu 58, 
10–16 (2013).

 23. Li, J. Wood Science (High Education Press, Beijing, 2002).
 24. Zanne, A. E. et al. Angiosperm wood structure: global patterns in vessel anatomy and their relation to wood density and potential 

conductivity. Am. J. Bot. 97, 207–215. https ://doi.org/10.3732/ajb.09001 78 (2010).
 25. Jerome, C., David, C., Steven, J., Simon, L. L. & Amy, E. Z. Towards a worldwide wood economics spectrum. Ecol. Lett. 12, 351–366. 

https ://doi.org/10.1111/j.1461-0248.2009.01285 .x (2009).
 26. Lourens, P. et al. The importance of wood traits and hydraulic conductance for the performance and life history strategies of 42 

rainforest tree species. New. Phytol. 185, 481–492. https ://doi.org/10.1111/j.1469-8137.2009.03092 .x (2010).
 27. Duan, H. J. et al. Variation in the growth traits and wood properties of Chinese Fir from six provinces of southern China. Forests 

https ://doi.org/10.3390/f7090 192 (2016).
 28. Li, M. et al. Genetic diversity and relationships of ancient Chinese fir (Cunninghamia lanceolata) genotypes revealed by sequence-

related amplified polymorphism markers. Genet. Resour. Crop Evol. 64, 1087–1099. https ://doi.org/10.1007/s1072 2-016-0428-6 
(2017).

 29. Nguyen, B. T. et al. Chlorophyll fluorescence characteristics of Vietnam between different Chinese fir provenances. J. Sichuan Agric. 
Univ. 34(1), 34–3847. https ://doi.org/10.16036 /j.issn.1000-2650.2016.01.007 (2016).

 30. Wu, H. L. et al. Tree growth rate and soil nutrient status determine the shift in nutrient-use strategy of Chinese fir plantations 
along a chronosequence. For. Ecol. Manag. https ://doi.org/10.1016/j.forec o.2020.11789 6 (2020).

 31. Xia, Q. et al. Increase of soil nitrogen availability and recycling with stand age of Chinese-fir plantations. For. Ecol. Manag. https 
://doi.org/10.1016/j.forec o.2020.11864 3 (2021).

 32. Huang, D. S. Analysis of afforestation technology of Chinese fir and its economic benefits. South China Agric. 10, 21. https ://doi.
org/10.19415 /j.cnki.1673-890x.2016.21.080 (2016).

 33. Zhong, P. H. Study on afforestation technology and investment benefit of Chinese fir. Jilin Agric. 08, 181–182 (2012).
 34. Fang, J. Y., Chen, A. P., Peng, C. H., Zhao, S. Q. & Ci, L. Changes in forest biomass carbon storage in China between 1949 and 1998. 

Science 292, 2320–2322. https ://doi.org/10.1126/scien ce.10586 29 (2001).
 35. Yang, X. F. & Zeng, Z. G. Exploring the industrialization development of good Cunninghamia lanceolata ‘Chenshan red-fir’. China 

For. Sci. Technol. 17, 57–58 (2003).
 36. Luo, L. C. & Xu, L. F. Research on the physico-mechanical properties of C. lanceolata that grew in Yunnan Province (In Chinese). 

Yunnan For. Sci. Technol. 2, 1–14. https ://doi.org/10.16473 /j.cnki.xblyk x1972 .1985.02.001 (1985).
 37. State Forestry Administration of China. The statistics of the eighth continuous survey of national forest resource. http://data.fores 

try.gov.cn/lysjk /index Jump.do?url=view/moudl e/dataQ uery/dataQ uery (2014).
 38. He, F. J. & Ma, L. F. Comparative studies on wood properties for different superior trees of Chinese fir. J. Zhejiang For. Coll. 12, 

24–30 (1995).
 39. The State Forestry Administration of the People’s Republic of China. LY/T 2383–2014. Strength Classes for Structural Timber 

(Standards Press of China, Beijing, 2014).
 40. Li, J. Wood Science (Research of Materials Science, Beijing, 2009).
 41. Lewis, S., Zanne, A.E., Lopez-Gonzalez, G., Coomes, D.A., Ilic, J., Jansen, S., Miller, R. B., Swenson, N.G., Wiemann, M.C., Chave, 

J. Global wood density database (2009).
 42. Chave, J. et al. Regional and phylogenetic variation of wood density across 2456 neotropical tree species. Ecol. Appl. 16, 2356–2367. 

https ://doi.org/10.1890/1051-0761(2006)016[2356:RAPVO W]2.0.CO;2 (2006).
 43. Hietz, P., Valencia, R. & Wright, J. S. Strong radial variation in wood density follows a uniform pattern in two neotropical rain 

forests. Funct. Ecol. 27(3), 684–692. https ://doi.org/10.1111/1365-2435.12085  (2013).
 44. Schulgasser, K. & Witztum, A. How the relationship between density and shrinkage of wood depends on its microstructure. Wood 

Sci. Technol. https ://doi.org/10.1007/s0022 6-015-0699-7 (2014).
 45. André, L. C., Tiago, H. A., Diego, H. A., Júlio, C. S. & Tulio, H. P. Francisco Antonio Rocco Lahr Shrinkage for some wood species 

estimated by density. Int. J. Mater. Eng. 6(2), 23–27. https ://doi.org/10.5923/j.ijme.20160 602.01 (2016).
 46. Vital, B. R. & Trugilho, P. F. Variação dimensional e uso da madeira de Eucalyptus. Inf. Agropecuário. 18(186), 57–61 (1997).
 47. Tsoumis, G. Science and Technology of Wood: Structure, Properties and Utilization (Van NastrndReinold, New York, 1991).
 48. Cai, Z. M. Difference between wood mechanical properties of the radial and tangential sections of Chinese fir. Scientia Silvae 

Sinicae 3, 254–259 (1993).
 49. Bruna, V. M., Márcio, P. R., Alexsandro, B. C., Ricardo, J. K. & Marcos, F. N. Avaliação das principais propriedades físicas e 

mecânicas da madeira de Eucalyptus benthamii Maiden et Cambage. J. Neurol. Ences. 21, 535–542. https ://doi.org/10.1016/0022-
510X(90)90155 -G (2014).

 50. Tumenjargal, B. et al. Effects of radial growth rate on wood and lumber properties of 67-year-old Japanese larch (Larix kaempferi) 
trees planted in Tochigi, Japan. Wood Fiber. Sci. 51, 264–275 (2019).

https://doi.org/10.5194/bg-9-2203-2012
https://doi.org/10.3390/f10090757
https://doi.org/10.1007/s00107-017-1182-y
https://doi.org/10.1016/j.dendro.2017.07.005
https://doi.org/10.1016/j.indcrop.2018.07.016
https://doi.org/10.1016/j.foreco.2020.118290
https://doi.org/10.3969/j.issn.1001-7461.2017.01.41
https://doi.org/10.1007/s10086-018-1730-z
https://doi.org/10.1016/j.agrformet.2015.08.268
https://doi.org/10.1111/j.1365-2745.2006.01112.x
https://doi.org/10.17221/23/2018-JFS
https://doi.org/10.3732/ajb.0900178
https://doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1111/j.1469-8137.2009.03092.x
https://doi.org/10.3390/f7090192
https://doi.org/10.1007/s10722-016-0428-6
https://doi.org/10.16036/j.issn.1000-2650.2016.01.007
https://doi.org/10.1016/j.foreco.2020.117896
https://doi.org/10.1016/j.foreco.2020.118643
https://doi.org/10.1016/j.foreco.2020.118643
https://doi.org/10.19415/j.cnki.1673-890x.2016.21.080
https://doi.org/10.19415/j.cnki.1673-890x.2016.21.080
https://doi.org/10.1126/science.1058629
https://doi.org/10.16473/j.cnki.xblykx1972.1985.02.001
http://data.forestry.gov.cn/lysjk/indexJump.do?url=view/moudle/dataQuery/dataQuery
http://data.forestry.gov.cn/lysjk/indexJump.do?url=view/moudle/dataQuery/dataQuery
https://doi.org/10.1890/1051-0761(2006)016[2356:RAPVOW]2.0.CO;2
https://doi.org/10.1111/1365-2435.12085
https://doi.org/10.1007/s00226-015-0699-7
https://doi.org/10.5923/j.ijme.20160602.01
https://doi.org/10.1016/0022-510X(90)90155-G
https://doi.org/10.1016/0022-510X(90)90155-G


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4664  | https://doi.org/10.1038/s41598-021-83500-w

www.nature.com/scientificreports/

 51. Zhang, H. W., Hu, B. & Shao, Z. P. Stress–strain relationship with compression of poplar. J. Anhui Agric. Univ. 37, 665–668 (2010).
 52. Zhang, X. et al. Wood tracheid morphology and main physical–mechanical properties of dark-brown heart Chinese fir from 

Hunan. J. Southwest For. Univ. https ://doi.org/10.11929 /j.swfu.20200 4018 (2020).
 53. Briffa, K. et al. Reduced sensitivity of recent tree-growth to temperature at high northern latitudes. Nature 391, 678–682. https ://

doi.org/10.1038/35596  (1998).
 54. Beets, P., Gilchrist, K. & Jeffreys, M. Wood density of radiata pine: effect of nitrogen supply. For. Ecol, Manag. 145, 173–180. https 

://doi.org/10.1016/S0378 -1127(00)00405 -9 (2001).
 55. The State Forestry Administration of the People’s Republic of China. GB/T 1929–2009. Method of Sample Logs Sawing and Test 

Specimens Selection for Physical and Mechanical Tests of Wood (Standards Press of China, Beijing, 2009).
 56. The State Forestry Administration of the People’s Republic of China. GB/T 1932–2009. Method for Determination of the Shrinkage 

of Wood (Standards Press of China, Beijing, 2009).
 57. The State Forestry Administration of the People’s Republic of China. GB/T 1933–2009. Method for Determination of the Density of 

Wood (Standards Press of China, Beijing, 2009).
 58. The State Forestry Administration of the People’s Republic of China. GB/T 1939–2009 Method of Testing in Compression Perpen-

dicular to Grain of Wood (Standards Press of China, Beijing, 2009).
 59. The State Forestry Administration of the People’s Republic of China. GB/T 1938–2009. Method of Testing in Tensile Strength Parallel 

to Grain (Standards Press of China, Beijing, 2009).
 60. The State Forestry Administration of the People’s Republic of China. GB/T 1936. 2–2009. Method for Determination of the Modulus 

of Elasticity in Static Bending of Wood (Standards Press of China, Beijing, 2009).
 61. The State Forestry Administration of the People’s Republic of China. GB/T 1936 1–2009 Method of Testing in Bending Strength of 

Wood (Standards Press of China, Beijing, 2009).
 62. Alin, A. Multicollinearity. Wiley Interdiscipl. Rev. Comput Stat. 2, 370–374 (2010).
 63. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. 

URL https ://www.R-proje ct.org/ (2019).

Acknowledgements
The authors should thank the Chenshan Forest farm of Anfu County, Jiangxi province and Yangkou forest farm 
of Nanping county, Fujian province for their supporting the fieldwork and thank for Hao Fu, Xiaowei Yang for 
their assistance in measuring the wood properties. This work was funded by The National Key Research and 
Development Program of China (2016YFD0600303).

Author contributions
R.Y. contributed to the data analysis, software use, and writing the manuscript. N.Z. contributed to the experi-
ments, data resources, and methodology. X.D. contributed to the experiments, data analysis, software use, and 
the conceptualization of the manuscript. J.W. and F.L. contributed to the experiments. All authors read and 
approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-83500 -w.

Correspondence and requests for materials should be addressed to N.Z. or X.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.11929/j.swfu.202004018
https://doi.org/10.1038/35596
https://doi.org/10.1038/35596
https://doi.org/10.1016/S0378-1127(00)00405-9
https://doi.org/10.1016/S0378-1127(00)00405-9
https://www.R-project.org/
https://doi.org/10.1038/s41598-021-83500-w
https://doi.org/10.1038/s41598-021-83500-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Variation in wood physical properties and effects of climate for different geographic sources of Chinese fir in subtropical area of China
	Results
	Variation in wood density. 
	Variation in shrinkage. 
	Variation in mechanical properties. 
	Factors influencing wood physical properties. 
	Climate factors effect on wood physical properties. 
	PCA analysis of physical properties. 


	Discussion
	Variation in physical properties. 
	Control factors for physical properties. 

	Conclusion
	Materials and methods
	Site description. 
	Sample collection. 
	Experimental methods and data source. 
	Data analysis. 

	References
	Acknowledgements


