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Abstract Many wood physical and mechanical traits are important functional
attributes for tree species, but variation in these traits among taxonomic categories
such as between gymnosperms and angiosperms is still poorly documented. Here,
the systematic differences in 12 traits and their allometric relationships between the
two tree categories and the potential effects of phylogeny are explored based on a
database for major gymnosperm and angiosperm tree species across China. The
results are summarized below: (1) means of wood traits were all significantly lower
in gymnosperms than in angiosperms. (2) Air-dried density (ADD) and tangential
shrinkage coefficient (TSC) are key traits that summarize the correlations among
wood traits for gymnosperms, while ADD and radial shrinkage coefficient (RSC)
represent those for angiosperms. The allometric slopes of other traits, except for
hardness of transverse section (HES), against ADD for gymnosperms were signif-
icantly steeper than or similar to the corresponding slopes for angiosperms. On the
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contrary, the slopes of other traits (except TSC) against RSC for gymnosperms were
shallower than or similar to their counterparts for angiosperms. Generally, wood
traits were positively related with each other, except that TSC was negatively
related to density-related (ADD, BD) and hardness-related traits (HES, HRS and
HTS) in gymnosperms. (3) Phylogeny had significant effects on some wood traits of
gymnosperms, but had no effects on traits of angiosperms. The present analyses
demonstrated a systematic difference in wood traits between two major plant cat-
egories, which suggests the evolutionary divergence (TSC, RSC) and convergence
(ADD) in key functional traits among woody plants.

Introduction

Wood physical and mechanical properties are not only related to the mechanical
support of stems and limbs (Niklas 1992), and the hydraulic function (low density
with high hydraulic conductivity) (Hacke et al. 2001; Preston et al. 2006), but also
affect the morphological structure of individual plants (Sterck et al. 2001; Poorter
et al. 2006). Some wood traits (e.g., density) are closely linked with the survival and
mortality rate, reproductive time (Swenson and Enquist 2007; Wright et al. 2003)
and life span (Sterck et al. 2001) of trees, as well as the growth rate (Sotelo et al.
2007b) of stem diameter and canopy (King et al. 2005). Wood traits are also
connected with resource competition among species (Baker et al. 2004), community
dynamics and ecosystem functions (Chave et al. 2006; Zhang et al. 2011).
Therefore, studying of wood physical and mechanical properties can benefit our
understanding of ecological processes from individual plants to ecosystem scales.

Current studies mainly focused on wood density (Swenson and Enquist 2007;
Chave et al. 2009; Zanne et al. 2010; Zheng and Martinez-Cabrera 2013). A number
of studies reported other traits, such as correlations between wood shrinkage and
tree growth (Sotelo et al. 2007b); bending strength (MOR) and bending modulus of
elasticity (MOE) of wood in a tropical rain forest (Van et al. 2006); crushing
strength, stem-growth traits and branch-wood traits of Calycophyllum spruceanum
(Sotelo et al. 2007a, 2003), wood color variables among trees and shrub species
(Sotelo et al. 2013). Nevertheless, few studies have ever addressed the variations in
wood traits and their interrelations between gymnosperms and angiosperms (Zhu
et al. 2015). Therefore, a comprehensive comparison of wood traits between
gymnosperms and angiosperms is of great importance.

Gymnosperm and angiosperm trees differ markedly not only in evolutionary
history and distribution, but also in wood structure. Gymnosperms are the original
seed plants, mainly distributed in areas with nutrient-poor soils (Aerts 1995). The
structure of gymnosperms wood is relatively simple, consisting of tracheid and rays,
with tracheids mainly responsible for the function of transport and mechanical
support. On the other hand, angiosperm wood is mostly composed of vessels, rays,
fibers and parenchyma cells. These differences are expected to cause quite different
wood physical and mechanical attributes between gymnosperms and angiosperms.
However, the differences, if any, in wood traits and their interrelations were seldom
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documented between these two plant categories, and it is also unclear whether these
traits are affected by phylogeny.

Based on a database of wood traits across major tree species in China, the
difference in 12 wood physical and mechanical properties between gymnosperms
and angiosperms, and the phylogenic effects on these traits were examined. In
addition, the allometric relationships (Niklas 1994) between wood traits of
gymnosperms versus angiosperms were explored. Specifically, the following
hypotheses were tested: (1) gymnosperms have lower values of wood physical
and mechanical traits than angiosperms. (2) Allometric relationships between wood
traits of gymnosperms are different from those of angiosperms. (3) Phylogeny may
have effects on wood traits of both gymnosperms and angiosperms. Thus, based on
the above hypotheses, the similarity and differences of the 12 wood traits between
gymnosperms and angiosperms across China were explored and it was attempted to
afford more information about the criteria to determine wood usage.

Materials and methods
Wood physical and mechanical properties

A comprehensive database of wood traits for major gymnosperm and angiosperm
tree species across China, collected from the studies, was established (Anatomy and
Properties of Chinese Woods, Wood Physical and Mechanical Properties of Main
Tree Species in China, Atlas of Gymnosperms Woods of China, Wood Properties of
Main Tree Species from Plantation in China; see Reference S1 for more details).
Description and definition of the 12 wood traits are as below.

BD, basic density: the oven-dry mass of a wood sample divided by its green
volume. ADD, air-dried density: the air-dry mass of a wood sample divided by its
air-dried volume. RSC/TSC/VSC, radial/tangential/volumetric shrinkage coeffi-
cient: the relative change of dimension with change of wood moisture content across
the radial/tangential/volumetric plane. MOR, bending strength: the stress in a
material just before it yields in a flexure test. MOE, bending modulus of elasticity:
an intensive property that is computed as the ratio of stress to strain in flexural
deformation, or the tendency for a material to bend. CSG, compression strength
parallel to grain: maximum stress sustained by a compression parallel-to-grain
specimen. RES, resilience: the capacity of wood to absorb energy when it is
deformed elastically and then upon unloading to have this energy recovered. HES/
HRS/HTS, hardness of transverse/radial/tangential section: resistance to indentation
using a modified Janka hardness test, measured by the load required to embed an
11.28-mm ball to one-half its diameter in transverse/radial/tangential plane (Green
et al. 1999). More detailed description of the mathematical formulas for the 12
wood physical and mechanical traits is shown as supporting information (Appendix
S1).

These traits can well characterize the main wood properties in density (ADD,
BD), dry shrinkage coefficient (RSC, TSC and VCS), resilience (MOE, RES),
strength and hardness (MOR, CSG, HES, HRS and HTYS).
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The gymnosperms in this study involve 98 species belonging to 27 genera and six
families: Cupressaceae, Taxaceae, Podocarpaceae, Cephalotaxaceae, Pinaceae
and Taxodiaceae. The woody angiosperms consist of 372 species belonging to 66
genera and 76 families (Fig. 1).

Data analysis

Shapiro—Wilk test was used for data normality (Shapiro and Wilk 1965). For both
gymnosperms and angiosperms, the 12 wood physical and mechanical traits did not
follow a normal distribution (Fig. 2). Consequently, MOE, RES, HRS and HTS
were log-transformed, and other traits were square-root transformed, to improve
normality before data analyses. Then, f test was used to compare the mean values of
the 12 individual wood traits between gymnosperms and angiosperms. Principal
component analysis (PCA) was conducted for the 12 wood traits, for gymnosperms
and angiosperms separately. Traits with the greatest contribution to the first two
PCA axes were identified as the key traits that summarized the correlations among
wood traits in this study. Then, it was examined how the allometric relationships
between other traits and these key traits differ among gymnosperms and
angiosperms (Warton et al. 2012). Allometric analyses were conducted with type-
II regressions (standard major axis regression). The type-II regression slopes were
compared with the standard F tests (Warton et al. 2006) between gymnosperms and
angiosperms.
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Fig. 1 Wood sampling sites for all the gymnosperm and angiosperm tree species in this study
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Fig. 2 Histograms showing the distribution of 12 wood physical and mechanical traits of gymnosperms
and angiosperms. BD basic density; ADD air-dried density; RSC radial shrinkage coefficient; 7SC
tangential shrinkage coefficient; VSC volumetric shrinkage coefficient; MOR bending strength; MOE
bending modulus of elasticity; CSG compression strength parallel to grain; RES resilience; HES hardness
of transverse section; HRS hardness of radial section; HTS hardness of tangential section

Based on the APG III system (Bremer et al. 2009), a phylogenetic tree for the
species was generated in this study. The tree topology was obtained with the online
Phylomatic [storedtree = Phylomatic tree R20120829 (plants)] (Webb and
Donoghue 2005). The branch lengths were estimated with the bladj function of
Phylocom (Wikstrom et al. 2001; Webb et al. 2008), based on the node ages
(Wikstrom et al. 2001). Then, the phylogenetic Euclidean distances (Greenacre and
Primicerio 2008) among gymnosperms (or angiosperms) species were calculated at
the family level. Euclidean distance is the physical distance in two- or three-
dimensional space to multidimensional space, often referred to as the “Pythagorean
distance” as well (Greenacre and Primicerio 2008). The equation:

dey=\/>n_y (x, — y.)*. Euclidean distance among species is based on the
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distance in phylogeny, which relies on a measure of “genetic distance” between the
sequences being classified. Then, a set of coordinates marking the positions of the
species will be generated based on node age within the phylogenetic trees. The
Euclidean distance, i.e., the evolutionary distances among species, can be obtained
with the above equation. For each wood trait, the Euclidean distances among
gymnosperms (or angiosperms) were also calculated. Mantel test (Mantel 1967) was
used to relate Euclidean distance matrix of species to Euclidean distance matrix of
wood traits. This analysis was conducted separately for gymnosperms and
angiosperms to examine whether they differed in the phylogenetic control of wood
traits.

All statistical analyses were performed using R package 3.0.2 software. PCA was
performed with FactoMineR package (Josse et al. 2008), while allometric analysis
was conducted with the smart package (Warton et al. 2012). The phylogenetic and
trait Euclidean distances between species pairs were calculated with ape package
(Paradis et al. 2004) and simba package, respectively.

Results
Statistics of wood traits for gymnosperms and angiosperms

Wood traits varied greatly but with different coefficients of variance (CV): HRS and
HTS had larger CV than the other traits (Table 1). Consistent with the current
hypothesis, means of all wood traits were lower (P < 0.05) in gymnosperms than
angiosperms (e.g., 411 vs. 552 kg m ™ for ADD, 0.15 vs. 0.18% for RSC, 0.29 vs.
0.30% for TSC; all P < 0.05) (Table 1; Fig. 2). Gymnosperms had smaller CV of
wood traits than angiosperms, except for RSC.

Key wood traits for gymnosperms and angiosperms

For gymnosperms, the PCA analysis on 12 wood traits showed that the first two axes
of PCA explained most (85.9%) of the variation (Table 2, Table S2, S3), which is
enough to reflect the majority of information on wood physical and mechanical
traits of gymnosperms. For the first axis of PCA, the traits of density (ADD, BD),
resilience (MOE, RES), strength and hardness (MOR, CSG, HES, HRS and HTS)
had high contributions, with ADD the most important (12%). For the second axis,
only RSC, TSC and VSC had high explanatory powers, and TSC was the most
important (33.5%). Thus, ADD and TSC, with the highest relative contribution to
the first and second axis, respectively, can serve as “key traits” to characterize the
two major axes of wood trait variations for gymnosperms.

PCA analysis on wood traits of angiosperms also showed that the first two PCA
axes together explained 88.4% of the variation. ADD was the most important
contributor (9.7%) to the first PCA axis. However, RSC was the most important
(30%) for the second axis, which is different from gymnosperms. Thus, ADD and
RSC can be regarded as the key wood traits for angiosperms tree species.
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Table 1 Statistics of wood physical and mechanical traits for gymnosperms and angiosperms

Wood traits ~ Units Taxonomic category  Sample size  Average* Range CV (%)
ADD kg m™? Gymnosperm 118 411* (417) 260-694 214
Angiosperm 366 552° (560) 200-966  24.9
BD kg m~> Gymnosperm 158 496" (501) 291-835 19.7
Angiosperm 467 653° (664) 240-1130 24.7
RSC o™ * Gymnosperm 156 0.15* (0.16)  0.07-0.45 273
Angiosperm 420 0.18° (0.17)  0.06-0.36 24.4
TSC o™ * Gymnosperm 157 0.29* (0.30)  0.13-0.52  19.1
Angiosperm 421 0.30° (0.31)  0.11-049  20.9
VSC o+ * Gymnosperm 127 046" (0.46)  0.25-0.62 162
Angiosperm 468 0.50° (0.51)  0.19-0.81  20.0
MOR Mpa Gymnosperm 158 78.2% (79.0) 42.7-145 21.6
Angiosperm 382 95.3° (97.0)  29.40-183 26.8
MOE GPa Gymnosperm 148 10.0* (10.5)  4.79-475 349
Angiosperm 322 11.2° (11.7) 3.1-53.4 365
CSG Mpa Gymnosperm 163 39.2% (39.7) 13.1-71.5 215
Angiosperm 415 47.7° (48.6) 16.0-87.3  26.7
RES Jm™? Gymnosperm 78 0.37% (0.39)  0.18-0.79  29.9
Angiosperm 201 0.67° (0.76)  0.16-1.94  50.7
HES Kgf cm™  Gymnosperm 152 350" (359) 107-937 35.0
Angiosperm 382 625° (658) 131-1650  44.5
HRS Kgf cm™  Gymnosperm 142 240" (260) 113-748 443
Angiosperm 322 457° (525) 88.0-1598 55.8
HTS Kgf cm™  Gymnosperm 138 251% (274) 106-788  43.0
Angiosperm 326 468" (539) 96.0-1554 522

*The average values were calculated using the transformed data (retransformed average values in original
units), with the arithmetic averages based on the original data in parentheses aside. Different letters
denote significant difference in the average values of the same trait between taxonomic categories
(P < 0.05). CV (%), the coefficient of variation, calculated from the original data. **or, x 107%% (%-
moisture) ~'; see formula (S3) in Formulae S1 for more details

BD basic density; ADD air-dried density; RSC radial shrinkage coefficient; 7SC tangential shrinkage
coefficient; VSC volumetric shrinkage coefficient; MOR bending strength; MOE bending modulus of
elasticity; CSG compression strength parallel to grain; RES resilience; HES hardness of transverse sec-
tion; HRS hardness of radial section; HTS hardness of tangential section

Allometric relationships of wood traits against ADD, TSC and RSC

Most wood physical and mechanical traits had positive effect on the key traits
(ADD, RSC and TSC) based on the allometric analysis, except for the traits
reflecting density (ADD and BD) and hardness (HES, HRS and HTS) against TSC
for gymnosperms (Fig. 3).

The allometry slopes of RSC, TSC, MOE against ADD for gymnosperms were
1.2-1.3 times greater than the corresponding slopes for angiosperms (P < 0.05).
The slope of HES against ADD for gymnosperms was 1.2 times smaller than that of

@ Springer



1412 Wood Sci Technol (2017) 51:1405-1419

Table 2 PCA analysis on the twelve wood traits for gymnosperm and angiosperm tree species

Wood trait Relative contribution (%)

Gymnosperm Angiosperm

First axis Second axis First axis Second axis
BD 11.88 0.39 9.47 1.36
ADD 11.91 0.15 9.68 0.44
RSC 7.28 12.76 6.24 30.03
TSC 0.49 33.51 7.35 13.04
VSC 3.04 26.96 8.05 25.40
MOR 10.86 0.02 9.17 1.66
MOE 8.02 6.71 8.33 222
CSG 8.95 0.54 8.46 3.68
RES 8.17 0.37 5.89 2.17
HES 8.77 8.11 8.90 6.96
HRS 10.53 4.48 9.22 6.67
HTS 10.10 5.99 9.25 6.38
Sum of the contribution (%) 63.84 22.11 82.54 5.90

Values in bold indicate that the corresponding traits have the highest contributor to the PCA axis

BD basic density; ADD air-dried density; RSC radial shrinkage coefficient; 7SC tangential shrinkage
coefficient; VSC volumetric shrinkage coefficient; MOR bending strength; MOE bending modulus of
elasticity; CSG compression strength parallel to grain; RES resilience; HES hardness of transverse sec-
tion; HRS hardness of radial section; HTS hardness of tangential section

angiosperms (P < 0.05). There was no significant difference in the allometric slopes
of the other six traits against ADD between gymnosperms and angiosperms
(P > 0.05; Fig. 3, Table S1).

The allometric analysis on TSC versus other traits showed that the slopes of most
traits against TSC for angiosperms were 1.2-1.6 times greater than those for
gymnosperms (P < 0.05; Fig. 3), except that the slopes for RSC, VSC and MOE
were not significantly different between gymnosperms and angiosperms.

The slopes of most traits (except TSC) against RSC for angiosperms were
1.2-2.0 times greater than the corresponding slopes for gymnosperms (P < 0.05;
Fig. 3, Table S1). All slopes were greater than 1.0, except that the slope of TSC
against RSC was not significantly different from 1.0 (P > 0.05), for both
gymnosperms and angiosperms.

Influence of phylogeny on wood mechanical and mechanical traits

There were significant positive correlations between the Euclidean distance matrix
of the traits (BD, TSC, VSC and CSG) and the phylogenetic Euclidean distance
matrix for gymnosperms (r > 0.1, P < 0.05; Table 3, Fig S1), suggesting that
between-species differences in these traits were significantly associated with
phylogenetic distance between species. However, no significant correlation between
trait distance and phylogenetic distance was found in angiosperms (Table 3).
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«Fig. 3 Allometric relationships between the three key traits (ADD, TSC and RSC) and the other wood

traits. The fitted lines show the standardized major axis regression results (P < 0.05). Equation above is
for gymnosperms. Below is for angiosperms. BD basic density; ADD air-dried density; RSC radial
shrinkage coefficient; 7SC tangential shrinkage coefficient; VSC volumetric shrinkage coefficient; MOR
bending strength; MOE bending modulus of elasticity; CSG compression strength parallel to grain; RES
resilience; HES hardness of transverse section; HRS hardness of radial section; HTS hardness of tangential
section

Discussion
Difference in wood traits between gymnosperm and angiosperm tree species

Comparison of 12 wood physical and mechanical traits between major gymnosperm
and angiosperm tree species showed that the values of all wood traits of
angiosperms were higher than those of gymnosperms. The high trait values might
suggest a generally better wood functioning or some competitive advantages for
angiosperms, which may contribute to the currently wider spread of angiosperm
versus gymnosperm trees over the Earth.

Functions (which can be indicated by traits) are consistent with structures. Wood
physical and mechanical traits are important functional attributes for tree species.
So, the difference in these wood traits may be explained by the different wood
anatomical features of gymnosperms versus angiosperms. Gymnosperm wood
consists of tracheids, rays and parenchyma. The relative proportions of the three
tissues are generally similar among gymnosperms (Cheng 1985). On the other hand,
angiosperm wood is structurally more complex, composed of vessels, fibers, rays
and parenchyma. The relative proportions of these wood tissues, however, are
markedly variable across angiosperm tree species. Consistently, the current results
showed that gymnosperm wood traits demonstrated smaller CVs than angiosperms
(Table 1). Previous studies also found that wood traits of angiosperms varied more
dramatically with climate than those of angiosperms (Cheng 1985; Carlquist 2001).
Tracheid and wood fiber cells are mainly responsible for mechanical support in
gymnosperms and angiosperms, respectively. However, the tracheid walls are
thinner than the fibers walls, which explained why gymnosperms had lower values
of strength-related (CSG and MOR) and hardness-related (HES, HRS and HTS)
traits than angiosperms (Table 1).

The difference in wood traits between gymnosperms and angiosperms is further
reflected in their “key traits.” Previous studies have determined the central role of
wood density in woody plant functioning (Swenson and Enquist 2007), as shown by
the current PCA analysis that ADD was the common “key traits” of the two
taxonomic categories. Furthermore, TSC was another key trait for gymnosperms,
while RSC was another major trait for angiosperms. For gymnosperms, cross-field
pitting (i.e., the pores between the ray parenchyma cells and the adjacent vertical
tracheids) usually occurs on radial walls, leading to much more pits on the tracheid
radial walls than on tangential walls (Cheng 1985). Therefore, radial shrinkage is
more limited than tangential shrinkage in wood of gymnosperms, which may be the
possible reason that TSC was the key trait of gymnosperms. No difference was
found in the number and size of pits between the radial and tangential vessel walls
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of angiosperm woods (Bao et al. 1984). However, the number, size and cell wall
thickness of vessels and fibers are much more variable radially than tangentially.
This structural feature of wood might partly explain why RSC was a key wood trait
besides ADD for angiosperms.

Wood traits are the main criteria to determine wood usage (Bowyer et al. 2007).
Density is currently considered as an important criterion in determining wood
strength, elasticity and hardness. The current results supplied useful references for
wood applications. In addition to density, the key traits (TSC for gymnosperms and
RSC for angiosperms) can also be used as the primary indicators to judge the
qualities and usages of the two categories of wood, respectively.

Allometries of wood traits against ADD, TSC and RSC

Although the “key traits” of gymnosperms (ADD and TSC) and angiosperms (ADD
and RSC) were generally positively correlated with most other wood traits, TCS of
gymnosperms was negatively but nonsignificantly correlated with density traits
(ADD and BD) and hardness traits (HES, HRS and HTS) based on the allometric
analysis, contrary to the corresponding relations in angiosperms (Fig. 3). The
different allometries of TSC versus density and hardness traits between gym-
nosperms and angiosperms may also reflect the difference in wood structures of the
two taxonomic groups. Vessels usually have higher shrinkage than tracheids; the
shrinkage of angiosperm wood is mainly controlled by its vessels in both radial and
tangential directions. Similarly, the radial shrinkage of gymnosperm wood is
controlled by its tracheids. However, tangential tracheid walls are thicker in the ray-
contact areas, which is a general characteristic of coniferous wood, called
“raythickness” (Ladell 1967; Keith 2007). The thicker tangential tracheid walls
(raythickness), together with the concomitant smaller lumina, in the tangential
versus radial direction may possibly result in relatively low shrinkage of tracheids
tangentially versus radially, thus leading to nonsignificant allometric relationships
(P > 0.05; Fig. 3) of TSC against density traits (ADD and BD) and hardness traits
(HES, HRS and HTS) of gymnosperm wood. However, the underlying mechanisms
need to be further explored.

Influence of phylogeny on wood physical and mechanical traits

Correlation analysis between the Euclidean distance matrixes (Table 3) suggested
that wood traits of gymnosperms were significantly affected by phylogeny, but traits
of angiosperms did not show phylogenic effects. Phylogeny may interact with the
environment in shaping the spatial patterns of wood traits (Zhang et al. 2011).
Gymnosperms are ancient seed plants with many epibiotic species (Mutke and
Barthlott 2005), which suggests that their phylogenetic tree covers long time span
(e.g., the longest Euclidean distance between gymnosperm species is 603, much
longer than that (390) between angiosperms in this study). These plants mostly grow
in relative similar habitats, for example, with poor soils, dry and cool climate (Aerts
1995). Thus, phylogeny might impose relatively stronger influences on the wood
traits of gymnosperms than the habitat environments did. In contrast, angiosperms
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appeared later on the Earth but have successfully spread to diverse habitats.
Consequently, phylogeny may play a less important role than the habitats in shaping
the wood traits of angiosperms. Unfortunately, there are no habitat data for these
plants to test this hypothesis at the present time. The fact that phylogeny affects only
wood traits of gymnosperms may suggest the differential evolutionary controls on
plant functional traits of the two categories (gymnosperms vs. angiosperms).

Conclusion

Comparison of wood traits between gymnosperms and angiosperms revealed
markedly patterns of evolutionary divergence and convergence in key functional
traits of woody plants. Means of wood traits were all significantly lower in
gymnosperms than in angiosperms. Air-dried density (ADD) and tangential
shrinkage coefficient (TSC) are key traits that summarize the correlations among
wood traits (or represent the major axis of wood traits syndrome) for gymnosperms,
while ADD and radial shrinkage coefficient (RSC) are key traits for angiosperm.
Generally, wood traits for both plant categories were positively related to each
other, except that TSC was negatively but nonsignificantly related to density- and
hardness-related traits in gymnosperms. The allometry slopes of most traits against
ADD for gymnosperms were steeper than those for angiosperms, while the slopes of
most traits against RSC were shallower for gymnosperms than those for
angiosperms. Phylogeny may have significant effects on some wood traits of
gymnosperms, but did not show influences on any wood trait of angiosperms.
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