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Abstract 

We previously reported the species-specific annual ring formation characteristics of three conifers (slash pine (Pinus 
elliottii), hinoki (Japanese cypress, Chamaecyparis obtusa) and sugi (Japanese cedar, Cryptomeria japonica)) grown in 
the same stand over 2 years. We found that the species-specific annual ring formation characteristics affected the 
inherent difference in wood density among these conifers (slash pine > hinoki > sugi). Plant hormones in cambial-
region tissues were believed to affect annual ring formation. However, seasonal variation of the amounts of plant 
hormones in cambial-region tissues had only been examined in a few tree species. In this study, as the first step to 
elucidating the role of plant hormones in annual ring formation in conifers, we report the seasonal variations of the 
auxin (indole acetic acid, IAA) and gibberellin A4 (GA4) levels in cambial-region tissues and their effects on annual ring 
formation in three conifers (slash pine, hinoki, and sugi) with inherently different wood densities.

Sugi (small wood density) had significantly higher levels of IAA and formed more tracheids in the early season than 
in the late season, although slash pine (large wood density) had higher levels of IAA and formed significantly more 
tracheids in the late season than in the early season. Hinoki (intermediate wood density) had constant IAA levels and 
formed a constant number of tracheids throughout the season. There were significant positive correlations between 
the levels of IAA in cambial-region tissues and the number of tracheids formed during late season in the two conifer 
species. A close relationship was observed between the seasonal ratio of the IAA levels (late/early season) and wood 
density. No consistent trend in the change in the level of IAA during the transition from earlywood to latewood 
formation was recognized among the three conifers. The IAA levels in slash pines were significantly higher than those 
in sugi and hinoki. The GA4 levels had no significant effect on number of tracheids formed in the three conifers. These 
results suggest that the species-specific seasonal variation patterns of the IAA levels might lead to the inherent differ-
ences in wood density among these three conifers through species-specific characteristics in the formation of annual 
rings.
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Introduction
Softwood is one of the most important renewable 
resources in the world. It is mainly used as a material in 
the structural components of wooden structures. There-
fore, it is important that the mechanical properties and 
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dimensional stability of softwoods be well understood. It 
has been reported that the wood density and the microfi-
bril angle (MFA) in the  S2 layer of the cell wall can explain 
the variation in the mechanical properties of commer-
cially important softwoods and hardwoods [1–4]. The 
wood density and MFA were also important parameters 
in determining the dimensional stability of sugi (Japanese 
cedar, Cryptomeria japonica) [5]. Tracheids in softwoods 
are formed through annual ring formation by cambium. 
The variation of annual ring formation in cambial-region 
tissues according to the season could affect the varia-
tions in wood density and MFA. Therefore, we reported 
the species-specific characteristics of annual ring forma-
tion in three conifer species, namely slash pine (Pinus 
elliottii; wood density in mature wood: 450–500 kg/m3), 
hinoki (Japanese cypress, Chamaecyparis obtusa; wood 
density in mature wood: 400  kg/m3) and sugi (Japanese 
cedar, C. japonica; wood density in mature wood: 350 kg/
m3) grown in the same stand. We focused on latewood 
formation, which affects wood density [6]. In the slash 
pine, which has a high wood density, cell division during 
latewood formation was more active than in hinoki, with 
intermediate wood density, or sugi, with a relatively low 
wood density [6]. It was assumed that the active latewood 
formation in the slash pine induced high wood density 
in spite of its large radial growth rate. However, the fac-
tors that induced these species-specific characteristics 
of annual ring formation in these three conifer species 
remain unclear.

Previous studies on pine trees have revealed that auxin 
(Indole acetic acid, IAA) is an important regulator of 
annual ring formation [7–12]. Another study on the plant 
hormones in conifers was conducted to precisely eluci-
date the variation in the wood properties of sugi. There 
was a positive correlation between IAA levels and the 
number of tracheids formed during the active season 
of cambium in sugi [13]. The effects of gibberellins on 
annual ring formation have also been reported, especially 
in broad-leaved trees. A quantitative study showed that 
gibberellin A1 and gibberellin A4 (GA4) were located in 
the zone of expansion in the xylem cells of aspen trees 
[14]. A study in which gibberellin A3 and inhibitors of the 
synthesis of gibberellin were applied found that gibberel-
lin plays an important role in the tension wood formation 
of Acacia mangium seedlings [15]. On the other hand, 
our previous study on sugi trees showed that there was 
no direct effect of GA4 on tracheid formation [13]. In 
angiosperm trees, gibberellins might play an important 
role in xylem cell differentiation, although their role in 
conifers might be unclear. However, there have been very 
few quantitative studies on the endogenous gibberellins 
in conifers. To understand the effects of annual ring for-
mation on wood density in conifers, more information is 

needed on the role of plant hormones in annual ring for-
mation in conifers that have different annual ring forma-
tion characteristics and inherently different wood density 
from sugi, such as slash pine and hinoki [6].

The slash pine is commercially important to planta-
tions in the southeastern United States because of its fast 
growth and the excellent utility of its wood [16]. Fewer 
studies on annual ring formation and wood properties 
have been done on the slash pine. The annual ring for-
mation in slash pine grown in the most southern areas 
took place from February to December, while latewood 
formation occurred from July to December [17]. The dor-
mant period of cambium was very short [17]. However, 
young slash pine families had relatively short periods 
of annual ring formation (from March to October), and 
active cell division in the cambium was observed in the 
early season [18]. Studies of a slash pine tree-breeding 
program revealed that the growth rate was affected by 
the interaction of genetic and environmental factors, and 
that fusiform rust infections and wind damage reduced 
the growth rate [19]. For improvement of juvenile wood 
properties, stiffness of trunk in slash pine clones was 
evaluated, and a correlation between tree height and 
trunk stiffness was found [20]. It was reported that low 
initial tree density reduced the strength of lumber and 
fertilization increased the wood volume 1.8- to 2.2-fold 
in slash pine [21, 22].

Hinoki is one of the important conifers grown on plan-
tations in Japan. Hinoki has been used for structural 
applications because of its superior mechanical proper-
ties and durability. Studies have been done on the annual 
ring formation and wood properties of hinoki. The xylem 
formation activity in hinoki was shown to be relatively 
constant throughout all of the seasons, although slash 
pine and sugi actively formed tracheids during late sea-
son and early season, respectively [6]. The growth traits 
affected the MFA, wood density, and mechanical prop-
erties of hinoki [23]. Previous studies have reported on 
the significant differences in the anatomical parameters 
of wood properties (wood density and MFA) [24] and in 
the termite resistance and color of heartwood [25] among 
hinoki half-sib families. However, as far as we know, 
there has been no precise study of the role of plant hor-
mones in annual ring formation, especially in late season, 
which affects the latewood percentage and wood density 
in these conifers.

In this study, as the first step to elucidating the role of 
plant hormones in annual ring formation in conifers, we 
reported the seasonal variation of the IAA and GA4 lev-
els in cambial-region tissues and its effects on the annual 
ring formation in three conifer species (slash pine, hinoki, 
and sugi) grown in the same stand. This is the first study 
that revealed the seasonal variation of plant hormones 
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in cambial-region tissues of these three conifer species 
grown in the same stand. This study helps to elucidate 
the species-specific characteristics of annual ring forma-
tion and the inherent differences in the wood density of 
conifers.

Materials and methods
Sample trees and samples used for analysis of plant 
hormones and annual ring formation
The 33-year-old sugi trees, 33-year-old hinoki trees, 
and 57-year-old slash pine trees shown in Table 1 were 
used as sample trees. These sample trees were grown in 
neighboring plots in the same stand. These plots were 
established in the experimental forest at the Univer-
sity of Miyazaki. The sugi and hinoki plots were used 
for lumber production, and the slash pine plot was used 
for exhibition. The same silvicultural practices (thin-
ning was performed, pruning was not, and the initial 
tree density was 2500–3000 trees/ha) were carried out 
in all the plots. Four trees with no visible defects were 
selected for each species. The plots used in this study 
were located in the western part of Miyazaki city. The 
average annual temperature and precipitation (2011–
2012) in Miyazaki city were 17.3  °C and 2891  mm, 
respectively. The altitude of the experimental forest at 
the University of Miyazaki ranged from 100 to 300 m. 
The diameter of the trees at breast height (DBH) and 
the tree height were measured with a tape measure and 
ultrasonic hypsometer (Vertex III, Haglof, Inc.), respec-
tively. To measure the levels of IAA and GA4 in cam-
bial-region tissues, samples (2 cm (T) × 3 cm (L) × 1 cm 
(R)) of cambial-region tissues sandwiched between the 
outer bark and the outermost xylem were obtained 

from the sample trees, as listed in Table 1. The samples 
were obtained from a point 1.2  m above the ground 
in each tree in May, July, September, and November 
in 2011 and in April in 2012 (3 species × 4 trees × 5 
sampling months, for a total of 60 samples). Immedi-
ately after collection, the samples were stored in a deep 
freezer (− 80 °C) before extraction was performed.

Analysis of plant hormones
IAA and GA4 in cambial-region tissues were identified 
and quantified by liquid chromatography/mass spec-
trometry (LC/MS) according to the method shown in a 
previous study [13]. Samples were extracted by metha-
nol with deuterium-labeled IAA (D2-IAA, 97% content; 
Sigma Co., Ltd) and deuterium-labeled GA4 (D2-GA4, 
90% content; Olchemim, Ltd) as internal standards. 
The extracts were purified using reverse-phase car-
tridges (Sep-pack cartridge, C18 500  mg, Waters) and 
then quantified by LC/MS (Ultimate 3000, Q-exactive, 
Thermo Fisher Scientific). The column was an Atlantis 
T3 (100 × 2.1 mm, 3 μm, Waters); as the mobile phase, 
methanol containing 0.1% (v/v) formic acid and dis-
tilled water containing 0.1% (v/v) formic acid was used, 
and the flow rate was 0.2  ml/min for both IAA and 
GA4. Detection and quantification were carried out 
using Q-exactive operated in the positive (IAA) and 
negative (GA4) ion, targeted-SIM (Selected Ion Moni-
toring) mode using calibration curves with D2-IAA 
and D2-GA4 as internal standards. As described in a 
previous study [26], the levels of IAA and GA4 in the 
cambial-region tissues are shown as amounts (ng) per 
cambium area (L × T  cm2) (ng/cm2).

Table 1 Sample trees

H tree height, DBH diameter at breast height, H/D ratio height-to-diameter ratio

The wood density was measured on the samples with 2–4 outer rings (including the current rings being formed in 2011)

Species No. Age H DBH H/D ratio Wood density
(m) (cm) (%) (kg/m3)

Sugi
(Cryptomeria japonica)

1 33 16.0 22.6 70.8 303

2 15.7 22.1 70.9 298

3 14.8 18.5 80.1 375

4 16.4 22.9 71.5 303

Hinoki
(Chamaecyparis obtusa)

1 33 12.1 15.6 77.5 429

2 12.6 13.7 92.0 433

3 11.6 13.4 86.7 394

4 11.5 12.1 95.0 406

Slash pine
(Pinus elliottii)

1 57 22.2 44.9 49.4 543

2 26.1 59.9 43.6 523

3 23.0 35.0 65.7 555

4 27.7 50.0 55.4 475
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Analysis of annual ring formation and measurement 
of wood density
To analyze annual ring formation, we prepared 
10-μm-thick cross-sections of the xylem samples to use 
in the analysis of plant hormones after methanol extrac-
tion. Lignified tracheids remained in the xylem samples 
after methanol extraction, although phloem tissues, cam-
bium, and unlignified tracheids were removed from the 
xylem samples by the extraction procedure. The number 
of formed lignified tracheids was obtained by averag-
ing 10 measurements made at different positions in the 
cross-section as observed using a light microscope. We 
examined the number of lignified tracheids formed in 
each test period as shown in Fig.  1. These test periods 
included five periods from the initiation of annual ring 
formation to May in 2011 (test period I), from May to 
July in 2011 (test period II), from July to September in 
2011 (test period III), from September to November in 

2011 (test period IV), and from the initiation of annual 
ring formation to April in 2012 (test period V). Accord-
ing to the method described in our previous study [6], we 
determined the month of transition from earlywood for-
mation to latewood formation.

By the sectioning of the samples before the samples 
were stored in a deep freezer, more precise information 
on cell divisions and cell differentiation could be obtained 
for the analysis for annual ring formation. And in com-
bination with analysis of radial distribution of plant hor-
mones in cambial-region tissues [12], more precise role 
of plant hormones in annual ring formation might be 
clarified. However, according to our previous study [13], 
we examined the relationships between total IAA levels 
in samples and number of lignified tracheids in this study. 
And the injuries induced by sampling in the stems might 
affect annual ring formation in the next sampling posi-
tion. Therefore, the five sampling positions around the 

Fig. 1 Cross-sections of sample trees and position of each sampling date. Arrowheads show the position of each sampling date in the annual ring. 
The number of tracheids formed was examined in each test period (I–V). Bars show a length of 200 μm. A sugi, B hinoki, C slash pine
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stems had a distance from each other for decrease of the 
effects of injuries. Large distance between the sampling 
positions might decrease the accuracy of evaluation for 
annual ring formation. Therefore, we evaluate the annual 
ring formation by the test period based on adjacent two 
sampling positions.

The xylem samples collected in April 2012 for the anal-
ysis of plant hormones were used for measurements of 
wood density. The xylem samples had 2–4 outer annual 
rings including the current ring formed in 2011. The 
wood density was calculated from the green volume and 
kiln dry weight.

Results and discussion
Seasonal variation of annual ring formation among three 
conifers
The typical species-specific annual ring formation pat-
terns can be observed in the cross-sections shown in 
Fig. 1. Slash pine No. 4 formed a larger number of trac-
heids after November (Fig. 1C), and had a shorter dor-
mant period of the cambium in comparison with sugi 
No. 4 (Fig. 1A) and hinoki No. 1 (Fig. 1B). As shown in 

Fig. 1, the initiation of latewood formation in all of the 
sample trees was observed in July. The numbers of lig-
nified tracheids formed in each test period in the three 
types of conifers are shown in Fig. 2. In this study, we 
did not examine the initiation and cessation of annual 
ring formation because we assumed, based on our pre-
vious study on sugi, that IAA did not relate to initiation 
and cessation, but rather to cell division during annual 
ring formation [13]. Each test period in Fig. 2 included 
about two months of annual ring formation except test 
periods I and V. Based on our preliminary research, 
the three conifer species in this stand initiated annual 
ring formation in March. Therefore, test period I would 
include about two months of annual ring formation, 
and test period V would include one month of the next 
annual ring formation. As shown in Fig.  1 and Fig.  2, 
species-specific characteristics of annual ring formation 
were recognized in the three conifers. Larger numbers 
of tracheids were formed in the early season (test peri-
ods I and V) in sugi than in the late season. Relatively 
constant numbers of tracheids were formed throughout 
three of the periods (test periods I–III) in hinoki trees. 
Active xylem formation was not recognized in the early 
season (test periods I and V) in hinoki. In slash pine, 
the number of tracheids formed was also constant 
throughout all of the periods. However, the number of 
tracheids formed in slash pine in the late season (test 
periods III and IV) was greater than in sugi and hinoki. 
However, slash pine No. 2 showed active tracheid for-
mation in the early season, with 34 tracheids formed in 
test periods I + V and 24 tracheids formed in test peri-
ods II–IV. Based on the slash pine results in our previ-
ous study [6], we assumed that slash pine No. 2 did not 
show a typical annual ring formation pattern for that 
species. Therefore, we excluded the data of slash pine 
No. 2 from all of the figures and from Table 2.

Fig. 2 Annual ring formation in three conifers. Test periods I–V refer 
to the periods shown in Fig. 1. Data are means ± SD (n = 3 or 4)

Table 2 Characteristics of annual ring formation and plant hormones among three conifer species

E early season, L late season, p p-value of t test

The significant difference between E and L was examined by t test

The numbers of tracheids formed in E are the means for each species in test periods I and V

The numbers of tracheids formed in Lare the means fore ach species in test periods II–V

TheIAA and GA4 data in E are the means for each species in Mayandthe following April

The IAA and GA4 data in L are the means foreach species in July–November

Data in parentheses are standard deviations

Species n Number of tracheids formed IAA (ng/cm2) GA4 (ng/cm2)

E L p E L p E L p

Sugi 4 24(15) 14(9) 0.07 52.2(16.8) 31.3(7.8) 0.001 1.9(1.9) 0.8(0.4) 0.06

Hinoki 4 6(6) 10(8) 0.24 37.9(12.5) 36.5(13.1) 0.81 1.0(0.5) 1.8(2.4) 0.38

Slash pine 3 9(9) 20(9) 0.04 101.3(37.5) 126.4(55.8) 0.36 1.2(0.4) 1.6(1.2) 0.46
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As shown in Table  2, average number of tracheids 
formed during late season was significantly greater than 
the number formed during early season in slash pine (t 
test, p < 0.05), but the opposite tendency was observed in 
sugi (t test, not significant, p = 0.07). The average num-
bers of tracheids formed during early season and late sea-
son were almost the same in hinoki. These results, shown 
in Fig. 2 and Table 2, were consistent with our previous 
study [6]. As described in the “Introduction” section of 
the present study, the wood densities of mature wood in 
slash pine, hinoki, and sugi were 450 –500 kg/m3, 400 kg/
m3, and 350 kg/m3, respectively [6], and the wood density 
of the sample trees in this study (Table  1) was consist-
ent with the results of our previous study [6]. From these 
results, it was assumed that active tracheid formation in 
the late season induced greater wood density.

Seasonal variation in levels of plant hormones 
in cambial‑region tissues
The levels of IAA in cambial-region tissues in each 
season are shown in Fig.  3. As shown in Fig.  3, it was 
recognized that there were species-specific charac-
teristics in the seasonal variation of the IAA levels in 
the three conifers. The IAA levels in sugi were rela-
tively larger in May and in the following April than in 

the late season. The IAA levels in hinoki were relatively 
constant throughout the growing season, although 
there were relatively large variations among trees. The 
IAA levels in slash pine in the late season were rela-
tively larger than those in the early season. As shown 
in Table  2, the average IAA level during early season 
was significantly larger than that during late season in 
sugi (t-test, p < 0.01), although the opposite trend was 
observed in slash pine. The average IAA levels during 
early season and late season were almost the same in 
hinoki. It was also demonstrated that the IAA levels in 
slash pine were significantly greater than those in sugi 
and hinoki (multiple comparison test (Tukey HSD), 
p < 0.01, Fig.  3, Table  2). Therefore, we assumed that 
slash pine had genetically higher levels of IAA than sugi 
and hinoki, because, as these three conifers grew in the 
same stand, the environmental differences among the 
samples should have been small. The IAA levels in slash 
pine obtained in this study were as large as the IAA 
levels previously reported in Pinus densiflora (20 years 
old, September) [27] and Pinus sylvestris (20 years old, 
May to August [28]; 43 years old, July [12]). IAA levels 
in cambial-region tissues that are higher than those in 
sugi and hinoki might be common in pine trees. How-
ever, the GA4 levels in slash pine were not greater than 
those in sugi and hinoki (Fig.  4). As shown in Table  2 
and Fig. 4, the GA4 levels in cambial-region tissues did 
not show significant species-specific seasonal variation, 
although the average GA4 level during early season was 
relatively larger than that during late season in sugi 
(t-test, p = 0.06). From these results, it was recognized 
that there were species-specific seasonal variation pat-
terns in the IAA levels in these three conifer species 
with inherently different wood densities.

Fig. 3 Seasonal variation of IAA levels in three conifers. A Sugi and 
hinoki; B slash pine. Data are means ± SD (n = 3 or 4)

Fig. 4 Seasonal variation of GA4 amounts in three conifers. Data are 
means ± SD (n = 3 or 4)
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The role of plant hormones in annual ring formation 
and their effect on the inherent difference in wood density 
among three conifers
To elucidate the role of plant hormones in late season, 
the relationships between IAA levels and the number 
of tracheids formed during late season are shown in 
Fig.  5. Annual ring formation in November in sugi and 
hinoki was close to cambium dormancy, although that 
in slash pine was still active (Fig. 1). Therefore, we used 
the data from July and September for sugi and hinoki, 
and the data from July, September, and November for 
slash pine in Fig.  5. There were significant positive cor-
relations between the IAA levels and the number of 
tracheids formed in hinoki (r = 0.89, p < 0.01) and slash 
pine (r = 0.70, p < 0.05) during late season, although no 
significant positive relation in sugi (r = 0.35), suggesting 
that IAA played a role in cell division during late season 
in two conifers. In our previous study, although IAA had 
significant positive effects on cell divisions, closer corre-
lations were recognized in early season than in late sea-
son [13]. As shown in Fig. 5, sugi and hinoki might need 
less IAA than slash pine to produce the same number of 
lignified tracheids. The sensitivity of cambium on IAA 
levels might differ among species.

In early season, there were positive relations between 
IAA levels and the number of tracheids formed in sugi 
and hinoki, although no positive relations were observed 
in early season in slash pine in the following April (Fig. 6, 
r = 0.66, 0.52 and − 0.003, respectively). Although there 
was no significant correlation in Fig. 6, sugi had a larger 
correlation coefficient between IAA levels and the num-
ber of tracheids formed in the following April than 
hinoki and slash pine. As shown in Fig. 6, sugi and hinoki 
might need less IAA than slash pine to produce the same 

number of lignified tracheids. Even in early season, the 
sensitivity of cambium on IAA levels might differ among 
species. As previously noted, we did not examine the 
initiation of annual ring formation. Therefore, the num-
ber of days in the test periods that included early season 
(periods I and V) might have been different among the 
sample trees, and these possible differences in the test 
period could have affected the significance of the corre-
lations between IAA levels and the number of tracheids 
formed during early season. More precise studies on 
early season are needed.

There was no significant correlation between GA4 lev-
els and number of tracheids formed during late season 
among the three conifer species (data not shown). In 
this study, the transition from earlywood to latewood in 
the three conifers occurred in July (Fig. 1). However, no 
consistent trend in the change in IAA levels in the three 
conifers was recognized. Previous studies have focused 
on the relationship between IAA levels in cambial-region 
tissues and the transition from earlywood to latewood. 
The application of IAA to a young red pine (Pinus resin-
osa) producing latewood tracheids induced the formation 
of earlywood [9].The transition from earlywood to late-
wood occurred concurrently with the decrease in IAA 
levels in cambial-region tissues in P. densiflora [11]. The 
decrease in IAA levels might induce the transition from 
earlywood to latewood. However, studies with conflict-
ing results have also been reported. The IAA amounts did 
not change with latewood initiation in P. sylvestris [29]. 
A previous study on sugi revealed that IAA had a posi-
tive correlation with the number of tracheids formed and 
no relation with the cross-sectional dimensions of the 
tracheids [13]. In the present study, it was demonstrated 
that there were significant positive correlations between 
IAA levels in cambial-region tissues and the number of 

Fig. 5 Relationships between IAA levels and tracheid formation in 
three conifers during late season. Sugi and hinoki data were from 
July and September, and slash pine data were from July, September, 
and November. For example, the plotted data for July include the IAA 
levels in July and the number of tracheids formed in test period II. 
**p < 0.01, *p < 0.05

Fig. 6 Relationships between IAA levels and tracheid formation in 
three conifers during early season. Sugi and hinoki data were from 
samples collected the following April. The plotted data represent the 
IAA levels in the following April and the number of tracheids formed 
in test period V
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tracheids formed during late season in hinoki and slash 
pine (Fig. 5). In contrast, no consistent trend in the sea-
sonal variations of IAA levels among the three conifer 
species was recognized in the transition from earlywood 
to latewood formation (Fig. 1 and Fig. 3). The role of IAA 
in sugi reported in our previous study [13] was also rec-
ognized in hinoki and slash pine. In the present study, 
it was demonstrated that IAA levels were related to cell 
division, but not to the transition from earlywood to late-
wood in three conifer species.

In this study, we demonstrated that there were species-
specific seasonal variation patterns in IAA levels among 
three conifer species with inherently different wood den-
sities, and that IAA played a role in cell division during 
late season. Our previous study revealed that the species-
specific characteristics in annual ring formation affected 
the inherent differences in wood density among the three 
conifers [6]. Based on these results, we hypothesized that 
the species-specific seasonal variation patterns in IAA 
levels might affect these inherent differences in wood 
density. If our hypothesis is true, the seasonal ratio of the 
IAA levels (late/early season) might affect the inherent 
differences in wood density among the three conifers. As 
shown in Fig.  7, there was a close relationship between 
the seasonal ratio of IAA levels (late/early season) and 
the wood density among the three conifer species. There-
fore, it was assumed that high levels of IAA in the late 
season induced active latewood formation, and then 
increased the wood density (Fig. 7) and mechanical prop-
erties of the wood through the development of thick cell 
walls, a narrow radial diameter of the cell lumen, and a 
small MFA in the latewood. It was very interesting that 
species-specific seasonal variation patterns in IAA levels 
might affect the species-specific seasonal annual ring for-
mation patterns, and consequently the wood density and 

mechanical properties. However, the seasonal ratio of 
IAA levels could not explain the variation of wood den-
sity within the same species, especially in hinoki in Fig. 7. 
In this study, we used sample trees grown in the same 
stand with an initial tree density of 2500–3000 trees/
ha. However, different results might be obtained from 
sample trees grown in a stand with a lower tree density. 
Hinoki trees with greater radial growth had lower wood 
density and lower mechanical properties [23], suggest-
ing that hinoki trees grown at a lower tree density might 
show different annual ring formation and seasonal varia-
tion patterns in IAA levels. Lower tree density will help 
reduce the cost of reforestation for sugi and hinoki trees. 
More precise studies with larger number of samples on 
each conifers are needed.

As previously described, MFA, in addition to density, 
is a very important anatomical parameter for determin-
ing the mechanical properties of wood. The MFA in sugi 
varied seasonally in each annual ring, with large MFAs in 
the earlywood and small MFAs in the latewood, although 
the MFA of hinoki showed relatively constant seasonal 
variation within each annual ring [30]. The MFA of late-
wood in the mature wood of slash pine (average value: 
18.4 degrees [6]) was relatively larger than those in sugi 
cultivars (average value: 13.3 degrees [31]) and hinoki 
(average value: 10.4 degrees [23]). Based on these studies, 
there were species-specific characteristics of MFA vari-
ation. To elucidate the mechanism of variation of wood 
properties, precise studies of the relationships between 
the levels of plant hormones in cambial-region tissues 
and the inter- and intra-tree variation of MFA in conifer-
ous plantation tree species are needed in the future.

Conclusions
In this study, it was demonstrated that there were spe-
cies-specific seasonal variation patterns of IAA levels, 
and the IAA levels affected the number of tracheids 
formed in late season, and the seasonal ratio of IAA lev-
els (late/early season) affected the inherent differences in 
wood density among the three conifer species. The GA4 
levels had no significant effect on number of tracheids 
formed in the three conifers. These possible effects of the 
seasonal variation of IAA levels on annual ring formation 
were assumed to be very important for the production 
of logs for structural use, although more precise stud-
ies are needed to evaluate the effects of plant hormones 
on wood properties. In a future study, we will elucidate 
the effects of plant hormones on the intra- and inter-tree 
variation of MFA in conifers.
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