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Abstract
The suppression of apical growth and radial trunk growth in trees under shade is a key factor in the competition mecha-
nism among individuals in natural and artificial forests. However, the timing of apical and radial growth suppression 
after shading and the physiological processes involved have not been evaluated precisely. Twenty-one Abies sachalin-
ensis seedlings of 5-years-old were shaded artificially under a relative light intensity of 5% for 70 days from August 1, 
and the histological changes of the terminal bud and terminally lateral bud of terminal leader and the cambial zone of 
the trunk base were analyzed periodically. In shade-grown trees, cell death of the leaf primordia in a terminal bud of 
terminal leader was observed in one of the three samples after 56 and 70 days of shading, whereas the leaf primordia in 
a terminal bud of terminal leader in all open-grown trees survived until the end of the experiment. In addition, the leaf 
primordia of the terminally lateral buds of terminal leader retained their cell nuclei until the end of the experiment. No 
histological changes were observed in the cambial cells after shading, but the shade-grown trees had less cambial activ-
ity than the open-grown trees through the experiment. Strong shading appeared to inhibit the formation and survival of 
cells in the terminal bud of terminal leader rather than the terminally lateral buds of terminal leader and the cambium. 
The suppression of the terminal bud growth and elongation of the surviving lateral buds would result in an umbrella-
shaped crown under shade.
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Introduction

Light is an indispensable resource for growth in plants, 
and a reduction of light intensity suppresses plant growth 
(Bormann 1965; Chazdon 1988). In trees, light restriction 
by shading causes the suppression of both apical growth 

and radial trunk growth (Beaudet and Messier 1998; Dong 
et al. 2015; Duchesneau et al. 2001; Schoonmaker et al. 
2010). Shading affects not only individual tree growth, but 
also inter- and intra-specific competition in natural forests 
(Franklin 2002) and the efficiency of wood production in 
plantations (Albaugh et al. 2014).

In shaded conditions, trees decrease the apical growth and 
radial trunk growth depending on the relative light intensity 
(Denne 1974; Klinka et al. 1992; Shirley 1943; Yasuda et al. 
2018). Under weak shading with a relative light intensity of 
15–20% or more, such as that experienced by understory 
trees in a deciduous forest from 16 weeks to one growth 
season, apical and radial growth are suppressed (Denne 
1974; Duchesneau et al. 2001; Klinka et al. 1992). When 
weak shading continues for several years under evergreen 
canopy trees, the apical and radial growth of shade-grown 
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trees decreases greatly, but the individual trees are able to 
survive (Shirley 1943; Tucker et al. 1987; Zhao et al. 2015).

In contrast, strong shading with a relative light intensity 
of 5–15% for several years causes not only the suppression 
of apical and radial growth (Klinka et al. 1992; Parent et al. 
2002), but also the death of individuals (Franklin et al. 
1987; Kawanabe and Shidei 1968; Pedersen 1998; Peet and 
Christensen 1987; Shirley 1943; Wright et al. 2000). The 
mortality rate of shaded trees increases with the decline of 
light intensity (Canham et al. 1994; Kawanabe and Shidei 
1968; Klinka et al. 1992; Shirley 1943; Wright et al. 2000). 
In extreme shading with a relative light intensity of 5% 
or less, the growth rates of trees further decrease and the 
shading leads to individual death in a shorter time (Canham 
et al. 1994; Shirley 1943; Wright et al. 2000).

As mentioned above, many studies have reported the 
suppression of apical and radial growth under shade at 
the individual tree level (Bormann 1965; Givnish 1988; 
Klinka et al. 1992; O’Connell and Kelty 1994; Parent et al. 
2002). The suppression of apical and radial growth form 
a monolayer umbrella-shaped crown (Horn 1971; Kohy-
ama 1980; O’Connell and Kelty 1994; Tucker et al. 1987), 
which enhances the light-supplementing efficiency under 
the shaded environment compared to a multilayer crown 
(Niinemets 2010) especially in late successional species 
such as the genera Abies and Picea (O’Connell and Kelty 
1994).

In stem of Abies species, “terminal” represents the upper-
most portion of the central, vertical axis of the tree, and 
is not merely strong terminal shoots of the lateral branch 
system (Parke 1959). The branches expand their own branch 
system mainly by the terminal type of branching as in the 
case of the trunk (Kidombo and Dean 2018; Kohyama 1980; 
Schulte 2012; Watanabe et al. 2015). The elongation pattern 
of the terminal leader (current-year trunk) derived from the 
terminal bud and the lateral branches derived from lateral 
buds including terminally lateral buds determines the tree 
shape in the long term. When the growth of the terminal 
leader is suppressed by shading, the growth of the lateral 
branches is known to be prioritized in many tree species 
including the genus Abies (Klinka et al. 1992; Kohyama 
1980; Tucker et al. 1987). In Abies sachalinensis Mast., 
long-term suppression under canopy trees causes the cessa-
tion of apical growth of terminal leader for more than several 
years (Yasuda et al. 2018). These studies suggest the sup-
pression of apical growth depending on the light environ-
ment determines the plasticity of the tree shape. However, 
to our knowledge, no studies of the terminal bud and termi-
nally lateral bud of the terminal leader in a shaded environ-
ment have been made using anatomical and physiological 
approaches (Klinka et al. 1992). To fully understand the 
shoot development strategy under shade in tree individuals, 
a study of the physiological changes in the terminal bud 

and the terminally lateral bud of terminal leader would be 
required.

On the contrary, some anatomical and physiological 
changes in radial growth under shade have been studied. The 
tree ring width becomes narrower (Rathgeber et al. 2011; 
Wright et al. 2000), and the radial cell number of cambial 
zone in the trunk is reduced (Rathgeber et al. 2011) in shade-
grown trees. Yasuda et al. (2018) suggested the dysfunction 
of cambium progressed gradually from the trunk base to 
the top before individual death of A. sachalinensis under 
long-term shading.

Apical and radial growth in trees are considered to occur 
synchronously (Bormann 1965; Kienholz 1934; Schulte 
2012), but Yasuda et al. (2018) suggested that apical and 
radial growth were independently suppressed under shading. 
In this study, we aimed to clarify the histological changes 
in the terminal bud and the terminally lateral bud of termi-
nal leader and cambial activity in the trunk base, and their 
correspondence in A. sachalinensis under shading. Planted 
seedlings were shaded artificially in the middle of the growth 
period, and the time-dependent changes in the terminal bud 
and the terminally lateral bud of terminal leader and cambial 
activity in the trunk base were analyzed histologically.

Materials and methods

Study site and sample trees

Forty-two Abies sachalinensis Mast. seedlings of 5-years-old 
were planted on May 21, 2015 at the experimental nurs-
ery of Ashoro Research Forest, Kyushu University, Japan 
[43°17′N, 143°34′E, 120 m above sea level (a. s. l.)]. The 
average temperature, average solar radiation, total solar 
radiation, average rainfall, and total rainfall from May 21 
to October 10, 2015 were 14.1 °C, 0.18 kW m−2, 4.8 MW 
m−2, 0.02 mm and 449.5 mm, respectively, at the Ashoro 
Research Forest weather station (369 m a. s. l.), which was 
5.0 km from the experimental nursery.

Shading treatment

Twenty-one seedlings were shaded under a 5% relative light 
intensity, which caused wilting of the coniferous tree indi-
viduals (Canham 1988; Shirley 1943; Wright et al. 2000), for 
70 days from August 1, 2015 using a black polyvinyl acetate 
shading sheet (Kuremona #600, Teijin, Japan) to elucidate 
the effect of shading (Groninger et al. 1996; Walker and 
Vitousek 2011) from the middle of the growth period. The 
other 21 seedlings were grown under open conditions with 
a 100% relative light intensity until the end of the experi-
ment. The amount of photosynthetically active radiation 
(PAR) of 400–700 nm wavelength on the apical shoots of 
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the shade-grown and open-grown trees was measured with 
a PAR sensor (S-LIA-M003, Onset Computer Corporation, 
EU) to control the 5% relative light intensity on the shade-
grown samples.

Apical growth and radial growth measurement

On July 31, the height and trunk base diameter at 1 cm above 
ground level of all sampled trees were measured before the 
onset of shading on August 1. The mean height at the onset 
of shading was 325 mm ± 8 mm SE in the open-grown trees 
and 337 mm ± 8 mm SE in the shade-grown trees. The mean 
basal diameter was 8.9 ± 0.3 mm SE in the open-grown trees 
and 9.6 ± 0.4 mm SE in the shade-grown trees. After that, 
tree height and trunk base diameter were measured every 
2 weeks until October 10. The number of measured open-
grown and shade-grown trees decreased from 21 to 18, 15, 
12, and 9 with the progression of experiment, because three 
individuals were sampled from both open-grown and shade-
grown conditions for histological analysis of the trunk at 
each measurement time. In this study, the difference between 
the tree height at each sampling day and the height at the 
onset of shading was defined as apical growth, and the dif-
ference between the trunk basal diameter at each sampling 
day and the diameter at the onset of shading was defined as 
radial growth, respectively.

Anatomical analysis of apical growth and radial 
growth

Three seedlings each of the open-grown and shade-grown 
trees were sampled at 14-day intervals as mentioned in the 
previous section. The terminal leader and basal disks of the 
trunk with a 5-cm length were obtained from each individual 
and immediately fixed with Karnovsky fixative, which was 
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M 
phosphate buffer adjusted to pH 7.0 (Kuo 2014). In total, 
the anatomical analysis was performed on 30 terminal lead-
ers and 30 trunk basal disks.

The terminal bud and the terminally lateral bud of ter-
minal leader, and the trunk basal disks with the cambium 
were excised from the fixed samples with a razor blade and 
embedded in PEG 1500 (Barbosa et al. 2010). Sample sec-
tions were prepared with a sliding microtome with 10 µm 
thickness and stained with 1% acetic acid carmine solution 
to visualize the cell nuclei (Nakaba et al. 2013, 2015). In 
addition, trunk base sections were stained with 0.5% tolui-
dine blue solution (Abdul Khalil et al. 2010; Junghans et al. 
2004) for cell structure and cytoplasm analysis. All sections 
were dehydrated with ethanol series from 10 to 100% aque-
ous solution (Barbosa et al. 2010) and embedded by Biolite 
(Yoshida et al. 1983).

The trunk base sections were observed using a polar-
ized light microscope, and the radial width of cambial 
zone including expanding xylem and phloem cells with 
less birefringent cell walls (Fig. 1b, double arrowhead) 
was measured for quantitative evaluation of cell divisional 
activity (Antonova and Stasova 1993; Schweingruber 
2007; Thibeault-Martel et al. 2008). Two sections were 
obtained from each sample and three radial rows were 
measured in each section to determine the radial width in 
each sample (Rossi et al. 2006).

Statistical analysis

Comparison of the apical growth, radial growth and the 
width of the cambial zone including expanding xylem and 
phloem cells in open-grown and shade-grown trees after 
the onset of shading was performed using a Mann–Whit-
ney U test.

Fig. 1   Image of radial width of cambial zone including expanding 
xylem and phloem of Abies sachalinensis. a Light microscope image; 
Xy: secondary xylem, Ph: secondary phloem, C: cambial zone. b 
Polarized light microscope image. Double-headed arrow indicates 
the measurement range of the radial width of cambial zone including 
expanding xylem and phloem. Bar 30 µm
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Results

Apical growth and radial growth

At each sampling time from 14 days after the start of 
shading to the end of the experiment, the apical growth 
(Fig. 2a) and radial growth (Fig. 2b) of the shade-grown 
trees were lower than those of the open-grown trees, 
though the difference is not significant in apical growth 
statistically (Mann–Whitney U test, P = 0.05). The radial 
growth was significantly different between shade-grown 
and open-grown trees after 28 days (n = 36) and 42 days 
(n = 30) of shading (Fig.  2b, Mann–Whitney U test, 
P < 0.05).

Changes in the tissue structure of the terminal 
bud and terminally lateral bud of terminal leader 
under shading

After staining with acetic acid carmine solution, red-
stained cell nuclei in the leaf primordia of the terminal bud 
were observed in the open-grown and shade-grown trees 
at 14, 28 and 42 days after the start of shading (Fig. 3a–f). 
Red staining of cell nuclei in the leaf primordia of the ter-
minal bud was also observed in the open-grown trees until 
the end of experiment (Fig. 3g, i). However, the nuclei in 
the leaf primordia of the terminal bud were not observed 
in one sample of the shade-grown trees both at 56 days 
and at 70 days of shading (Fig. 3h, j). The other two sam-
ples of the shade-grown trees at 56 and 70 days of shad-
ing had cell nuclei in the leaf primordia of the terminal 
bud. In the leaf primordia of the terminally lateral buds, 
red-stained cell nuclei were observed in both the open-
grown and shade-grown trees throughout the experiment 
(see Fig. 4a–d).

Changes in the tissue structure of the cambial 
zone and the neighboring secondary xylem 
and secondary phloem under shading

The cells in the cambial zone and adjacent secondary 
xylem and phloem at the trunk base of the open-grown 
and shade-grown trees were alive (Fig. 5a–j), and red-
stained nuclei were observed in the xylem and phloem 
ray parenchyma adjacent to the cambial zone in the open-
grown and shade-grown trees throughout the experiment 
(after 14–70 days, Fig. 5k–t). The radial width of cambial 
zone including expanding xylem and phloem cells were 
smaller in the shade-grown trees than in the open-grown 
trees on each sampling day after shading (Fig. 6), and the 

width was significantly different between the open-grown 
trees and the shade-grown trees throughout the experiment 
(Mann–Whitney U-test, P < 0.05).

Fig. 2   Apical growth and radial growth in the open-grown and 
the shade-grown trees of Abies sachalinensis after shading. a Api-
cal growth. Y-axis represents the difference between the tree height 
measured on each sampling day and the tree height at the start of the 
shading; b Radial growth. Y-axis represents the difference between 
the trunk basal diameter measured on each sampling day and the 
trunk basal diameter at the start of the shading treatment. Values are 
mean ± SE. The asterisk indicates a significant difference in 95% con-
fidence interval by Mann–Whitney U test. White circles represent the 
open-grown trees and black circles represent the shade-grown trees
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Discussion

Shading suppresses radial growth

The current-year radial growth of the shade-grown trees 
were lower than those of the open-grown trees after the start 
of shading (Fig. 2b). Previous studies reported the quick 
suppression of apical and radial growth after shading (Dong 

et al. 2015; Kawanabe and Shidei 1968). Shade-grown trees 
have a decreased photosynthetic rate in their crown leaves 
(Dong et al. 2015) and a decreased amount of newly primary 
and secondary xylem cells from the shoot apical meristem 
and cambium (Denne 1974). The reduction in cell division 
activity in cambial cells resulting from the limiting of the 
photosynthate supply would cause the suppression of radial 
growth during the growth season after shading.

Fig. 3   Terminal bud of terminal 
leader in Abies sachalinensis at 
(a, b) 14 days, (c, d) 28 days, 
(e, f) 42 days, (g, h) 56 days and  
(i, j) 70 days after shading. (a, 
c, e, g, i) Open-grown trees. (b, 
d, f, h, j) Shade-grown trees. 
The sections were stained with 
acetic acid carmine solution. 
Bar 100 µm. SAM shoot apical 
meristem, LP leaf primordium, 
L leaf, WL wilted leaf
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Shading causes the death and dormancy 
of the terminal bud of terminal leader

At 56 and 70 days after the start of shading, the cell nuclei 
of the leaf primordia of the terminal bud disappeared in the 
one of three shade-grown trees (Fig. 3h, j). By contrast, all 
open-grown trees had living leaf primordia in their terminal 
bud through the experiment (Fig. 3a, c, e, g, i). Histological 
changes in the terminal bud and the terminally lateral bud 
of terminal leader due to shading have not been investigated 
thoroughly in previous studies (Duchesneau et al. 2001; 
Klinka et al. 1992; Wright et al. 2000). This study revealed 
that the terminal bud of terminal leader possibly dies when 
the apical growth is suppressed under shade. Insufficient 
light conditions reduce the supply of photosynthetic prod-
ucts from the leaves of the terminal bud and from the leaves 
in other parts of the crown. When the total amount of these 
photosynthetic products is below the threshold for cell main-
tenance in the terminal bud of terminal leader, the cells in 
the terminal bud would die. On the other hand, two of three 
shade-grown trees at 56 and 70 days after the start of shad-
ing maintained nuclei in the leaf primordia of the terminal 
bud. Yasuda et al. (2018) showed the heterogeneity of apical 
growth suppression over several years in shaded A. sachalin-
ensis individuals with same age. In addition, Gray and Spies 
(1996) suggested the individual difference of mortality in 
Abies amabilis seedlings growing under shade condition. 
Shortage of photosynthetic products would cause dormancy 
of the bud instead of cell death in A. sachalinensis when the 
storage of photosynthetic products was not depleted.

Shading accelerates dormancy of cell division 
in cambial zone

The shading treatment did not cause cell death in the cam-
bial zone and the adjacent ray parenchyma cells until the 
end of the experiment (Fig. 5l, n, p, r, t). A. sachalinensis 
growing under long-term shading for decades showed partial 
death of cambial cells in the trunk (Yasuda et al. 2018). In 
contrast, the sample trees were shaded only in the later part 
of the growth season in this experiment, although the light 
intensity of 5% in our study was enough to cause wilting in 
previous studies (Canham 1988; Shirley 1943; Wright et al. 
2000). The duration and timing of the shading might have 
been insufficient to cause cell death in the cambium.

The width of expanding cell region including phloem, 
cambial zone and xylem had smaller in the shade-grown 
trees than in the open-grown trees in all sampling time after 
shading (Fig. 6). The radial growth period is known to be 
shortened considerably in suppressed trees (Duchesneau 
et al. 2001; Kozlowski and Peterson 1962; Petritan et al. 
2009). The shading in this experiment would suppress 
the cambial activity and accelerate early dormancy of cell 

Fig. 4   Terminally lateral buds 
of terminal leader of Abies 
sachalinensis at a, b 14 days 
and c, d 70 days of shading. a, c 
Open-grown trees. b, d Shade-
grown trees. The sections were 
stained with acetic acid carmine 
solution. Bar 100 µm. LP leaf 
primordium, L leaf

Fig. 5   Cambial zone including adjacent xylem and phloem of Abies 
sachalinensis at a, b 14 days, c, d 28 days, e, f 42 days, g, h 56 days 
and  i, j 70 days after shading. a, c, e, g, i Open-grown trees. b, d, f, 
h, j Shade-grown trees. The sections were stained with (a–j) toluidine 
blue solution and (k–t) acetic acid carmine solution. Bar 50 µm. The 
white arrowhead indicates a cell nucleus in a ray parenchyma cell. Xy 
secondary xylem, Ph secondary phloem, C cambial zone

▸
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division under the limited photosynthate supply from shaded 
crown leaves.

The terminally lateral buds can act as a backup 
for apical growth in shaded conditions

Shading led to the death of the terminal bud of terminal 
leader in two sample trees (Fig. 3). However, the cell nuclei 
of all terminally lateral bud in the terminal leader survived 
after the shading (Fig. 4b, d). Although the width of the cam-
bial zone and the expanding xylem and phloem cells were 
smaller in the shade grown trees than in the open-grown 
trees (Fig. 6), the cells of ray parenchyma and cambial zone 
survived until the end of the shading in the shade-grown 
trees as in the open-grown trees (Fig. 5k–t). Coniferous trees 
such as fir, spruce, and pine form an umbrella-like crown in 
shaded environments (Duchesneau et al. 2001; Greis and 
Kellomaki 1981; King 1997; Kohyama 1980; O’Connell and 
Kelty 1994; Tucker et al. 1987). The results of this study 
explain the process of umbrella-like crown formation his-
tologically. When the apical growth of the terminal leader 
stops for several years because of the death or the dormancy 
of the terminal bud over 1 year (Yasuda et al. 2018), the 
lateral buds including terminally lateral buds keep their 
activities and elongate lateral shoots. Accordingly, the tree’s 
crown would change from a conical shape to an umbrella 
shape. In contrast, if light conditions improve after the death 
of the terminal bud of the terminal leader, terminally lat-
eral buds adjacent to the dead terminal bud would elongate 

vertically (Häsler et al. 2008) and form a conical-shaped 
crown again. The difference of shade tolerance between the 
meristems of terminal bud and terminally lateral bud would 
regulate the crown shape in the long-term. To elucidate these 
plasticity of tree form accurately, long-term detail analyses 
under shading would be needed in future.
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