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Abstract

Competitive asymmetry is one of the most important determinants of size structure in plant communities.
Many studies indicated that light competition is size-asymmetric in monospecific stands of herbaceous
plants, as taller individuals preempt light. However, competition is size-symmetric in multispecific stands
because shorter species adapted to shade. Then, a question arises on whether light competition is
asymmetric or symmetric if a shade-tolerant species occupies the stand, such as climax forests.
Moreover, it is also interesting how gap dynamics affect competitive asymmetry, given the fact that gap
formation can improve light availability in lower layers of the canopy. In cool temperate and natural
climax forest of northern Japan, dominated by a shade-tolerant tree, Fagus crenata, we investigated the
plant size, growth rate, and three-dimensional distribution of foliage and light availability. We found that
competitive asymmetry varied dynamically across the forest. In closed canopies, the relative growth rate
(RGR) was higher in taller trees, indicating size-asymmetric growth. Shorter trees partly compensated for
their light interception by having higher leaf area per aboveground mass (leaf area ratio; LAR) but did not
achieve comparative RGR to taller trees. Conversely, in gaps, the RGR of shorter trees was equivalent to
those of taller trees because of the improved light availability for smaller trees, indicating size-symmetric
growth. These results suggest that changes in competitive asymmetry driven by gap dynamics can
influence the spatiotemporal diversity of size structures in forests.

Introduction

Forests play an essential role in regulating the ecosystem functions on a global scale, and they are
indispensable for the mitigation of climate change (IPBES 2019; Astigarraga et al. 2020). Natural forests
consist of individual trees of different sizes and ages, and the size and age structures of a forest are
major drivers of the ecosystem functions such as carbon sequestration (Forrester and Bauhus 2016; Ruiz-
Benito et al. 2017; Kweon and Comeau 2019). For example, size inequality has been shown to increase
the forest's primary productivity (Torresan et al. 2020). Due to the recruitment, growth, and death of trees,
size structure changes temporally and locally even within the same forest. However, the ways through
which the behaviors of the size structures of a forest are determined remain unclear.

The relationship between the growth rate and the size of individual plants is one of the important
determinants of size structure in plant populations. If the growth rate is proportional to the size or the
relative growth rate (RGR; growth rate per size) is the same among individuals, then size inequality does
not change with time. If the growth rate is greater in larger individuals (to a more than proportional extent)
or if the RGR is greater in larger individuals, then size inequality increases with time (Weiner 1990;
Berntson and Wayne 2000), and the population will eventually consist of a smaller number of larger
individuals along with a larger number of smaller individuals.

The growth-size relationship has been discussed in relation to the competitive asymmetry for resource
acquisition (or the mode of competition) (Weiner and Thomas 1986; Hikosaka et al. 1999; Riiger et al.
2011; Guo et al. 2017). If the individuals compete for light, because the light comes directionally from
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above, taller plants can preempt the light energy and suppress the light interception of shorter ones, but
not vice versa (Weiner 1985; Weiner 1990; Nakashizuka and Kohyama 1995; Kikuzawa and Umeki 1996;
Falster and Westoby 2003; Onoda et al. 2014; Guo et al. 2017). Taller plants absorb light more than
proportionally to their size; i.e., size-asymmetric light interception. Conversely, the competition for below-
ground resources such as water or nutrients may be reflecting a relatively size-symmetric acquisition,
because these resources derive from all directions within the soil (Berntson and Wayne 2000; Hikosaka
and Hirose 2001).

The growth-size relationship is influenced not only by resource acquisition but also by the plants’
morphological and physiological characteristics allowing them to utilize the absorbed resources. Thus,
the RGR can be decomposed as follows:

RGR = LUE x ®mass Eq. 1
®dmass = Parea x LAREq. 2

where LUE is the light use efficiency defined as biomass production per unit light interception, dmass is
the light interception per unit of aboveground biomass, ®area is the light interception per unit of leaf area,
and LAR is the leaf area ratio that is defined as the total leaf area per unit of aboveground biomass
(Hirose and Werger 1995; Hikosaka et al. 1999). LUE may reflect physiological processes, including
photosynthesis and respiration. ®mass represents the light acquisition efficiency, if the aboveground
mass is regarded as the cost for acquiring light. ®area represents the light availability for the individual
plant. LAR represents morphological characteristics, including biomass allocation.

To date, several studies determined these variables in herbaceous vegetations. In monospecific stands of
annual herbs, the ®mass and the RGR have been shown to be higher for larger individuals, thereby
suggesting that the light competition is size-asymmetric (Anten and Hirose 1998; Hikosaka et al. 1999,
2003; Matsumoto et al. 2008). Conversely, in herbaceous stands where multiple species coexist, the
®mass was not necessarily found to be higher in taller species than in shorter species, due to the fact
that a greater LAR observed in shorter species can offset their lower ®area (Hirose and Werger 1995;
Anten and Hirose 1999). In moorland stands, where deciduous and evergreen species coexist, the
evergreen species have been shown to bear a lower ®mass than the deciduous species during summer,
but when the ®mass was calculated at a leaf life span scale, it was found to be similar between the
evergreen and the deciduous species; that was because the evergreen species could absorb more light
during spring, where the leaves of the deciduous species are scarce (Kamiyama et al. 2010, 2014). These
results suggest that the light competition in multispecific herbaceous stands is not necessarily size-
asymmetric. In order for them to be able to coexist in a plant community, plants may need to demonstrate
an equivalent ®mass (Hirose and Werger 1995; Kamiyama et al. 2014). In other words, the species
inhabiting a shaded environment may require adaptive traits in order to achieve higher light interception
efficiency; otherwise, they would be eliminated from the community as observed in shorter individuals in
monospecific stands (Nagashima et al. 1995).
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A few studies also focused on trees in multispecies forests. In the early secondary succession of tropical
forests, the ®mass was found to be similar between taller and shorter species as well as between pioneer
and later successional species (Selaya et al. 2008; van Kuijk et al. 2008), thereby suggesting that the light
interception in multispecific forests is also size-symmetric. In a climax temperate forest, shorter species
demonstrated a lower ®mass, thereby suggesting that the light interception was size-asymmetric (Onoda
et al. 2014). However, shorter species were found to exhibit a higher LUE, which was able to offset their
lower dmass, and lead to a similar RGR between taller and shorter species (Onoda et al. 2014). These
results also suggest that the RGR is similar between taller and shorter species in multispecific forests,
and that the light interception among coexisting tree species is size-symmetric or asymmetric, but it can
be compensated by higher light use efficiency in shorter species.

Natural cool temperate forests are often dominated by a single tree species. Then, a question arises: is
light competition in a monospecific stand of a shade-tolerant tree species size-symmetric or asymmetric?
A size-asymmetric competition would be expected from the point of view that light interception is
generally size-asymmetric in monospecific stands of herbaceous species (Thomas and Weiner 1989;
Anten and Hirose 1998; Hikosaka et al. 1999). Conversely, if the forest is dominated by a shade-tolerant
species, a size-symmetric competition would be expected based on the fact that subordinate individuals
of the shade-tolerant species would be able to survive under shade conditions for a long time, probably
due to shade adaptation. However, as far as we know, no study so far focused on the competitive
asymmetry in natural monospecific stands of tree species, and no study examined its relation to light
acquisition and use.

Of course, other factors exist that may also influence the competitive asymmetry in natural forests. Gaps,
for instance, are frequently formed by the fall of tall trees or large branches (Yamamoto 2000). Around
these gaps, shorter trees in the low layer can intercept more light than those under a closed canopy (Dai
1996; Asner et al. 2004; Schliemann and Bockheim 2011). The expectation exists that the light
interception-size relationship, and the competitive asymmetry are different between gaps and other forest
areas. Another factor that one should consider is that natural forests consist of individuals with different
ages. Plant age often influences various functions, even when the plant size remains the same. For
example, older trees exhibit a higher leaf mass per area, higher water retentivity, lower photosynthetic
capacity, stomatal conductance, and greater allocation of biomass in order to support tissues such as
stems and branches (Ryan and Yoder 1997; Sillett et al. 2010; Azuma et al. 2019). Understandably, these
factors may also influence the plant’s competitive ability through alterations in its LUE and LAR.

We, herein, investigated the plant size, age, growth rate, light interception, and spatial leaf distribution in a
natural forest dominated by a deciduous tree species, Fagus crenata. F. crenata is a representative late
successional species of the cool temperate forests of Japan, and it exhibits a high dominance especially
on the Japan sea side area (Hukusima et al. 1995). F. crenata is also known as a shade-tolerant species
(Cao and Ohkubo 1999). It exerts a longer survivorship under a closed canopy and can regenerate in
smaller gaps compared with other shade-intolerant tree species (Nakashizuka and Numata 1982;
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Nakashizuka 1985; Yamamoto 2000). F. crenata can be expected to demonstrate high performances even
under shaded conditions.

The current study aimed to address the following hypotheses: (i) the competition for light is size-
symmetric in a Fagus crenata stand even in a closed canopy, because the shorter individuals of this
species can adapt to shaded conditions (Hypothesis 1), (ii) the competition for light is size-asymmetric in
a closed canopy, but less asymmetric in a gap (Hypothesis 2; where Hypotheses 1 and 2 are exclusive to
each other), and (iii) the size dependence of RGR differs between young and older trees because of the
age effects on physiological and/or morphological traits (Hypothesis 3).

Materials And Methods

We studied a monospecific stand of the shade-tolerant tree Fagus crenata in the Hakkoda mountains of
the Aomori Prefecture, Japan (latitude: 40.634 N; longitude: 140.929 E, altitude: 776 m above sea level).
The annual mean temperature and annual precipitation recorded at the Sukayu station, in the middle of
the mountain range (altitude: 890 m above sea level), are 4°C-6°C and 1,300—2,300 mm, respectively
(Shimazaki et al. 2011; Japan Meteorological Agency: http://www.jma.go.jp/jma/indexe.html). A
permanent plot (50 x 50 m) was established in 2009 (the plot “800B” in Hikosaka et al. 2021). The
diameter at breast height (DBH) of all trees (DBH >4.7 cm) in this plot was measured annually. The
number of individuals was 229 for F. crenata and 252 for all species in 2019. The tree height was
measured with the use of a telescopic carbon pole (that can extend up to 15 m in length) in October 2019.
The aboveground biomass was estimated by an allometric equation developed by Nakashizuka (1984),
while the mean annual biomass production was calculated by data across the 2009-2019 annual
surveys in order to finally calculate RGR.

In order to estimate the total leaf area of trees, a portable LIDAR system was used. This system is an
electro-optical distance measuring instrument that can measure the vertical distance to any plant
surfaces for 1,000 times per second (Onoda et al. 2014). The vertical profile of the total amount of foliage
was measured by moving the LIDAR system horizontally at every 2.5 x 2.5 m grid in the plot (Onoda et al.
2014). The density of the foliage along the height was calculated by using the following equation
(MacArthur and Horn 1969):

D (h) = —[d{In¢ (h)}] /dh Eq.3

where D (h) is the density of the foliage at height (h meters), and ¢ (h) is the probability of no laser
interception from the LIDAR system up to h meters (the height of the LIDAR device was 1 m above the
ground). By integration of the D (h) for each height class, we were able to calculate the total amount of
foliage and the leaf area index (LAI; leaf area per ground area) of each grid:

h2 ¢(h1)
WD (h)dh = In { Z2 1 £q.4
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The total amount of foliage was calculated along with the height at 1-m intervals. The leaf area was
calculated for each voxel (2.5 m width x 2.5 m width x 1T m height). For each individual tree, the voxels
occupied by its crown were identified, and the whole-plant leaf area was calculated by summing up the
leaf area over these voxels. When more than two individuals occupied the same voxel, the leaf area was
distributed among the sharing individuals in a manner proportional to their DBH.

For the quantification of the whole-plant light interception, the 3D profiles of the photosynthetic photon
flux density (PPFD, 400-700 nm) were created with the sue of a PPFD sensor (LI-190SA, Li-Cor, USA) that
was attached to the 15-m telescopic carbon pole, according to the approach described by Onoda et al.
(2014). Vertical light profiles were measured from 1 to 15 m height, at 1-m intervals at the center of each
grid. For each height, the average PPFD over 5 sec was logged in a data logger (LI-1400, Li-Cor). The
PPFD was also determined outside the plot as the reference, and the relative PPFD was calculated for
each measurement point. The measurement was subsequently executed under an overcast sky in order to
avoid the confounding influence of direct sun light. When the 15-m height was not enough in order to
reach above the canopy, the relative PPFD at that point was calculated based on the assumption that it
increases linearly from the highest measuring point toward 100% at the top of the canopy.

Light absorption for each voxel AI; was calculated by using the relative PPFD and the leaf area in the
voxel (Monsi and Saeki 1953; Hikosaka et al. 1999) as follows:

Al = Ip; {1 — exp (—KF;)} Eq. 5

where I; is the relative PPFD on the upper surface of a given voxel ¢, F; is the leaf area per ground area
in a given voxel 7 as estimated by the LIDAR system, and K is the extinction coefficient of the study
forest. The latter can be calculated by rearranging the following equation:

It = exp (— K Fyota1) EQ. 6

where Iff is the average relative PPFD at the forest floor, and F},;,; is the total LAl of the study forest, as
estimated by the LIDAR system.

For each individual of each studied tree species, the whole-plant light interception was calculated by
summing up the light absorption over the voxels occupied by its leaves. When more than two individuals
were included in the same voxel, the leaf area was assumed to be shared between the individuals in a
manner proportional to their DBH. In order to calculate the absolute daily light interception, the light
absorption for each voxel was multiplied by the grid area (6.25 m?) and the daily average PPFD (56.6
mol-m~2-day™ "), which was in turn calculated from the typical insolation in Aomori (15.7 MJ-m~2-day™7;
average of the growth season, from June to October across 2011-2020 in Aomori, as measured by the
Japan Meteorological Agency) with the use of a conversion constant (4.57 mol-MJ~ " under natural light;
McCree 1972; Amthor 2010; Onoda et al. 2014).
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In the study forest, where the maximum height was 30 m, each gap was defined as a grid where the
relative PPFD at a 10-m height was more than 20%. Individuals whose leaves were included in the gap
grid were regarded to be growing in a “gap,” while the rest individuals were regarded to be growing in a
“closed canopy.” As the maximum height of the study forest was 30 m, a certain degree of time was
thought to have passed from the point of the gap formation (e.g., as a result of a treefall), and a number
of trees had already grown in the gaps, thereby suiting the aim of this study.

The tree age was determined from the increment cores sampled by increment borers in August of 2020.
Increment borers were inserted as deeply as possible to the center of the trunk and pulled out its core.
When the radius of tree stem at breast height was longer than the length of the increment borers, the tree
age was estimated from the average width of the annual ring that was sampled from trees with a
relatively thick trunk. In order to compare variables between the relatively young and the old trees, trees
were grouped into height classes (5-m each) and were regarded as young or old individuals if they were
younger or older than the average age identified for each height class.

In an attempt to test our hypotheses, multiple regression analysis was performed on the F. crenata
individuals. The RGR, LUE, ®mass, ®area, and LAR were used as dependent variables, while the tree
height, the presence of a gap (whether the individual was around the gap or not), and the tree age
(relatively young or old in each height class) were used as independent variables. All variables were
standardized in order to calculate the standard partial regression coefficient. Moreover, single regression
analysis was performed in order to visualize the trends of the relationships between dependent and
independent variables. Finally, the testing of multicollinearity between independent variables required the
calculation of the variance inflation factor (VIF) as follows:

VIF = -1 Eq.7

1—r2

where 7 is the correlation coefficient between independent variables. All analyses were performed with
RStudio (version 1.1.453).

Results

The areas of the closed canopies and the gaps in the study plot were 2,125 m? and 375 m?, respectively.
In 2019, we identified 153 trees of F. crenata and 14 trees of other species growing in a closed canopy
and 76 trees of F. crenata and 9 trees of other species growing in a gap. The LAl varied considerably
among the plot grids (Fig. 1). LAl was found to be significantly higher in a closed canopy than in a gap (&
test; P<0.01). The light attenuation in a closed canopy was stronger than that in a gap (Fig. 2). The
average relative PPFD at the forest floor was 3%, while the total LAl of the study forest was estimated
from the LIDAR system to be 6.43. The latter was very close to 6.49, which was estimated based on the
litter trap collection (the product of the F. crenata LAl was 5.5 in 2011, and the ratio of the total basal area
to the F. crenata basal area was 1.18 in 2011; Hikosaka et al. 2021), thereby suggesting that the herein
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estimated LAl is valid. The extinction coefficient (K) of the study forest was calculated by using Eq. 6
and was found to be 0.55.

The RGR was significantly influenced by the height, the presence of a gap, and their interaction, whereas
it was not related to the tree age (Table 1). The RGR increased along with an increasing height in the
closed canopy, whereas it was independent of the height in the gap (Fig. 3a). In fact, the RGR of shorter
trees was higher in the gap than in the closed canopy (Fig. 3a). The LUE was not significantly influenced
by any of the independent variables alone (Table 1, Fig. 3b), but it was significantly influenced by the
interaction of height and age (Table 1); the LUE of shorter individuals was higher in older than in younger
trees, and the opposite was the case for the LUE of taller individuals (Fig. 4). The ®mass was significantly
influenced by the presence of a gap alone, as well as by the interaction of the gap presence and the tree
height, whereas it was not related to the tree height or the tree age alone (Table 1). With an increasing
height, the ®mass increased in the closed canopy and decreased in the gap (Fig. 3c).

Table 1

Standard partial regression coefficient and significance in the multiple
regression analysis of Fagus crenata individuals. Height (H) signifies
the tree height; gap (G) signifies whether an individual tree was in a gap
rather than in a closed canopy; age (A) signifies the tree age. The VIF of
all combinations between independent variables was less than 3. Other
abbreviations used: RGR, relative growth rate; LUE, light use efficiency;
®mass, light interception per unit of aboveground biomass; ®area, light
interception per unit of leaf area; LAR, leaf area ratio; VIF, variance
inflation factor. Significance: ***, P<0.001; **, P<0.01; *, P<0.05; +, P
<0.1. Data of other species are not included.

RGR LUE ®dmass ®darea LAR
Intercept -0.09 0.10 -0.03 -0.04 -0.12
Height 0.54 #**  -0.20 0.02 0.82 **x (.42 ***
Gap 0.48 ***  -0.00 0.42 ***x (.34 ***x (.20 ***
Age -0.38 0.25 -0.03 -0.08 -0.16
Hx G -0.32*  -0.21 -0.31* -0.18*  -0.34**
GxA 0.16 0.30 -0.06 0.25+ 0.02
AxH 0.03 -0.27* 0.07 0.10 0.19 +
HxGxA -0.06 -0.02 0.00 -0.16 *  -0.02

The darea was significantly influenced by the height, by the presence of a gap, by their interaction, as well
as by the interaction of all three independent variables, whereas it was not related to the tree age

(Table 1). The darea increased with the increasing height in both the closed canopy and the gap, while
the darea of short trees was higher in the gap than in the closed canopy (Fig. 3d). The LAR was
significantly influenced by the height, by the presence of a gap, and by their interaction, whereas it was
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not related with the tree age (Table 1). The LAR decreased along with the increasing height in both the
closed canopy and the gap, and it actually decreased more sharply in the gap than in the closed canopy
(Fig. 3e).

Discussion

Our results demonstrate that the competitive asymmetry differs between a closed canopy and a gap,
which is consistent with Hypothesis 2 rather than Hypothesis 1. In a closed canopy, both the ®mass and
the RGR increased along with an increasing F. crenata tree height as larger individuals were able to
acquire light and increase their own biomass in a more than proportional to their own size manner,
thereby indicating that the competition for light was size-asymmetric. In contrast, the ®mass decreased
with an increasing tree height in a gap, and the RGR of shorter trees was equivalent to that of taller trees,
thereby indicating that — in this case — the competition for light was size-symmetric. This difference in
competitive asymmetry was caused mainly by the difference in light attenuation, which was stronger in a
closed canopy than in a gap (Fig. 2). The ®area, which represents the light interception per unit of leaf
area, decreased sharply with depth in the closed canopy. Although the LAR of short trees was higher than
that of tall trees, it did not compensate for the decrease in ®area, thereby leading to a lower ®mass in
shorter trees. In contrast, light attenuation was not strong in gaps (Fig. 2). The decrease in the ®area of
shorter trees was relatively small and sufficiently compensated for by the recorded increase in LAR, which
led to an increase in the dmass of shorter trees.

The lower RGR and ®mass values of shorter F. crenata individuals observed in a closed canopy are
inconsistent with the expectation from earlier studies for multiple species stands, in which the shade-
tolerant species successfully compensate for the lower light availability (darea) through a higher LAR
(Hirose and Werger 1995) or a higher LUE (Onoda et al. 2014). This could be partly explained by the
differences in the maximal height; although F. crenata is known as a shade-tolerant species (Nakashizuka
and Numata 1982; Nakashizuka 1985; Yamamoto 2000), small F. crenata individuals require a biomass
investment in stems in order to achieve a high stature in future, thereby leading to a decrease in the LAR
and the LUE due to a higher stem respiration, compared to short understory species.

LAR is known to be higher in shorter shaded plants (Nakashizuka 1988; Hirose and Werger 1995; Anten
and Hirose 1998; van Kuijk et al. 2008; Pooter et al. 2008; Onoda et al. 2014). LAR can be decomposed as
a product of the specific leaf area (SLA, leaf area per leaf mass) and the leaf mass fraction (LMF; leaf
mass per aboveground). By analyzing individuals with different heights in monospecific stands with a
different stand height of an annual herb, Anten and Hirose (1998) showed that the SLA is negatively
correlated with light availability rather than with the plant height, whereas the LMF is negatively
correlated with the plant height rather than with light availability. Thus, we could expect that the LAR of
shorter individuals is higher in a closed canopy than in a gap. However, our results revealed that the LAR
of shorter F. crenata individuals was lower in a closed canopy than in a gap. Although we did not analyze
the SLA and the LMF of F. crenata individuals in our site, previous studies showed that the SLA is greater
in shady than in sunny environments for the Fagus species (Kimura et al. 1998; Oguchi et al. 2005;
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Yasumura et al 2005; Bachofen et al. 2020), thereby implying that the SLA might be higher in a closed
canopy in our site, not being able to explain why the LAR is higher in a gap. Conversely, a lower LMF in
shaded individuals has often been observed in some tropical tree species (Sterk 1997; Poorter 2001; ter
Steege et al. 1994). This trend may be explained by some level of self-shading within the individual. As
tree species tend to exhibit a large number of leaves around its main stem, mutual shading among these
leaves does occur to an extent. Further increment of the leaf number may not contribute to an increase in
the whole-plant photosynthesis, because such leaves may receive a light intensity that is lower than the
light compensation point, especially under closed canopy conditions. This may not be the case for
understory species, as they can avoid self-shading by their horizontal (rather than vertical) development
of their branch architecture.

In our study, the LUE was not significantly influenced by variables except for the interactions of age and
height (Table 1). Hikosaka et al. (1999, 2003) calculated the LUE as the daily whole-plant photosynthesis
per daily absorbed PPFD of individuals in monospecific stands of an annual herbaceous species. They
showed that the LUE was similar among large and middle individuals but very low in shorter individuals.
The lower LUE of the shorter individuals was ascribed to a low light availability, in which their carbon
assimilation was close to zero or negative. Such individuals would be eliminated in the course of a
canopy development. In the studied forest, probably because individuals with a low LUE might have
already been eliminated, we observed similar LUE values among the studied individuals.

The tree age is suggested to have a small direct effect on the competition for light. It alone did not
significantly influence any of the studied dependent variables (Table 1). However, the interaction of age
and size was significant; when larger individuals were compared, older trees demonstrated a lower LUE
than younger trees (Table 1, Fig. 4). This result suggests that the negative effect on LUE is stronger in
large and old individuals, which is partly consistent with our Hypothesis 3. This is the first report
demonstrating that the plant age influences light competition when plants of the same size are
compared.

Our results suggest that the competitive asymmetry changes in a dynamic manner in F. crenata forests.
In a closed canopy, the competition for light is size-asymmetric. Size inequality is enlarged with time, and
small individuals are eliminated. However, when a large individual falls due to age or disturbances, the
occurring gap formation improves the light availability for individuals under or near the gap, and the light
competition becomes size-symmetric until the gap closure (Fig. 5). Such dynamics of competitive
asymmetry may also occur in multispecific forests.

During the early succession of secondary tropical forests, the ®mass was found to be similar among
individuals (symmetric light interception) (Selaya et al. 2008; van Kuijk et al. 2008), whereas in a climax
temperate forest, the ®mass was found to be lower in shorter species (asymmetric light interception)
(Onoda et al. 2014). The symmetric light interception that occurred in the former was probably due to the
fact that the early secondary succession is similar to the gap closure process. However, competitive
asymmetry differs among forests depending on the developmental stages of the latter, and it can even
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differ spatiotemporally within the same forest depending on the gap formation, thereby causing a
diversity of size structure.

Conclusions

Our study demonstrated that the competitive asymmetry changes dynamically in a forest dominated by F.
crenata. In a closed canopy, the competition is size-asymmetric even though the stand is dominated by a
shade-tolerant tree. The RGR is higher in larger individuals as smaller individuals cannot sufficiently
compensate for the lower light availability through their morphological (LAR) and physiological (LUE)
characteristics. Conversely, the light availability of smaller individuals in a gap is improved, and the
competition for light is size-symmetric. Such dynamic changes in competitive asymmetry can strongly
influence the size structure of individuals and can cause a spatiotemporal diversity of size structures in
forests.
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Figure 1

Horizontal distribution of leaf area per ground area (LAI) and of the gap in the study site (50 x 50 m) that
was highly dominated by a shade-tolerant tree, Fagus crenata. Green intensity represents the LAI of each
grid, while the areas surrounded by orange frames represent a gap.
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Figure 2

Relationships between height and relative photosynthetic photon flux density (PPFD) in the study site.
Solid and dotted lines represent the light attenuation pattern in a closed canopy and in a gap,
respectively. Bars denote SE (n = 340 for closed canopy; n = 60 for gap).
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Figure 3

(a) Relative growth rate (RGR), (b) light use efficiency (LUE), (c) light interception per unit of aboveground
biomass (dmass), (d) light interception per unit of leaf area (darea), and (e) leaf area ratio (LAR) of
individuals in a closed canopy and in a gap, as a function of the tree height in the study site. Circles and
triangles represent individuals of the Fagus crenata and of other species, respectively. Blue and orange
symbols represent individuals in a closed canopy and in a gap, respectively. Solid and dotted lines
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represent the linear regression of F. crenata individuals in a closed canopy and in a gap, respectively. Data
of other species were not included in the regression analysis.
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Figure 4

Light use efficiency (LUE) in relatively old and young individuals in the study site versus tree height. Circle
and triangle symbols denote Fagus crenata and other species, respectively. Red and green symbols
denote individual value of relatively old and young individuals in each size class, respectively. Solid and
dotted lines represent the linear regression of relatively old and young F. crenataindividuals, respectively.
Data of other species were not included in the regression analysis.
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Figure 5

Dynamics of the size inequality of forests due to changes in light availability.
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