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Abstract: Understory trees occupy a spatially heterogeneous light environment owing to light inter-
ception by patchily distributed canopy leaves. We examined the spatial distribution of canopy leaves
and the spatial structure of the understory tree community (height < 5 m) and their relationships in
a beech forest in Nagano, Japan. We measured the canopy leaf area index (LAI) at 10 m intervals
(n = 81) in a permanent research plot (1 ha). We established a circular subplot centered on each
LAI measurement point, and determined the species composition and the aboveground net primary
production of wood (ANPPW) of the understory tree community by using tree size data from an open
database in the Monitoring Sites 1000 project. There was a significant negative correlation between
canopy LAI and the ANPPW of understory trees and a significant positive correlation between the
ANPPW of understory and understory tree density. The dominant species of understory trees differed
between subplots with high and low LAI values. Our results suggest that niche differentiation allows
trees in the understory community to make use of various light conditions, thereby enhancing the
primary productivity of the entire community.

Keywords: forest strata; leaf area index; net primary production; diversity; specific leaf area;
Monitoring Sites 1000

1. Introduction

Trees of various heights occupy different strata in forests. Understory trees receive
little light. However, in the gaps created by the death of a large tree, understory trees
receive large amounts of light, even in dense forests [1–5]. Canopy gaps are important for
the survival of understory trees, such as shrub species, which remain in the understory, and
growth into canopy of small individual canopy tree species. Previous studies have reported
that they also affect the establishment and primary production of the understory [6,7].

Canopy gaps provide additional light, an essential resource to understory leaves.
However, it is not necessarily true that a plant which receives increased light can reach its
maximum potential of photosynthesis. Light that is too strong can be harmful [8–10]. Trees
must adjust their functional traits, such as leaf area or leaf weight, which can affect light
use characteristics, as well as their light environment. Furthermore, and the values and
plasticity of these traits vary from species to species [11,12]. Different species of understory
trees co-exist in this heterogeneous light environment. For example, shade-tolerant trees
can grow under dense canopy and shade-intolerant trees can grow in gaps [13,14]. The
shade-tolerant species were often present prior to a canopy opening in a seedling bank,
whereas shade-intolerant species are more apt to have established gaps. As suggested
by previous studies, the mechanism underlying the high productivity of communities
with high diversity, niche differentiation, allows efficient use of resources, with different
species inhabiting different areas where resources are distributed heterogeneously [15,16].
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In this way, as the diversity of the understory tree community increases, so does its primary
production by enhancing light-use efficiency.

Within gaps, the light environment varies at the fine scale, such as between the center
and the edge of gaps [17,18]. Previous studies that conducted multi-point measurements of
canopy leaves showed that the amount of canopy leaves varies depending on the location,
even within gaps or under a closed canopy [19,20]. These fine changes in the forest light
environment cannot be captured by classification as either gaps or closed canopy. However,
fine-scale variation of the light environment has not been well studied, and although it is
clear that the understory light environment changes at a fine spatial scale, it is not yet clear
how understory trees respond to these changes and maintain primary productivity.

This study investigated the spatial structure of the forest canopy in a secondary
mature forest in order to clarify the spatial relationship between forest canopy structure
and primary production of the understory tree community (height < 5 m). The objectives
were to understand the spatial relationship between the quantity of canopy leaves and
(1) the aboveground primary production of the understory tree community and (2) the
structure of the understory tree community.

2. Materials and Methods
2.1. Study Area

We conducted our study in the Kayanodaira Beech Forest (N 36.838480, E 138.499200)
in Nagano Prefecture, Japan (Figure 1). The altitude is 1495 m, the mean annual temperature
is 4.9 ◦C, and the mean annual precipitation is 1677.5 mm (1981–2010) [19]. The site has
snow cover from early October to late May, with a maximum snow depth of about 4 m. It is
a cool-temperate deciduous broadleaf forest dominated by beech (Fagus crenata Blume), and
containing a few other tree species (e.g., Betula ermanii Cham., Aesculus turbinate Blume).
The understory consists of young trees of the canopy species as well as many species
of deciduous broadleaf shrubs (Table 1). The forest floor is covered by dwarf bamboo
(Sasa senanensis), which is 0.5 m to 2 m in height [20]. Some canopy trees are more than
300 years old, but this is a secondary forest that had been used for harvest of fuelwood.
The details of the study site are described in IDA (2013) [19].
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Figure 1. Map of (a) Japan and (b) the study site location.

A 1 ha research plot was established in the study area in 2005. The plot was registered
as one of the core sites for the Monitoring Sites 1000 Project [21]. As part of this project, all
living trees in the study area with a girth of breast height (GBH) of ≥15 cm are surveyed
annually, and their position, species, and GBH are recorded.
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Table 1. Vegetation structure of the study plot (species are listed in descending order of
relative dominance).

Species Name Trees (Trees/ha) Mean DBH 1

(cm)
Maximum DBH

(cm)
Basal Area 2

(m2/ha)
Relative

Dominance 3 (%)

Fagus crenata 217 29.95 101.25 27.03 82.17
Betula ermanii 5 48.19 76.55 1.17 3.57

Aesculus turbinata 17 22.50 50.17 0.95 2.89
Acer nipponicum 190 7.54 19.32 0.93 2.84

Hydrangea paniculata 135 6.98 12.32 0.54 1.63
Chengiopanax

sciadophylloides 22 15.31 38.61 0.52 1.57

Acer japonicum 75 8.20 18.56 0.44 1.35
Viburnum furcatum 85 6.18 8.85 0.26 0.79

Phellodendron amurense 10 14.09 26.07 0.19 0.59
Sorbus commixta 34 7.82 14.17 0.18 0.54

Cornus controversa 52 6.21 9.17 0.16 0.49
Padus grayana 21 7.72 10.98 0.10 0.31

Acer pictum 1 34.70 34.70 0.10 0.29
Acer rufinerve 11 8.94 11.84 0.07 0.22

Euonymus macropterus 18 6.74 8.50 0.07 0.20
Symplocos sawafutagi 22 5.76 7.16 0.06 0.18

Tilia japonica 7 9.62 16.23 0.06 0.17
Corylus sieboldiana 20 5.56 6.69 0.05 0.15

Toxicodendron
trichocarpum 5 5.70 6.40 0.01 0.04

Acer tschonoskii 2 7.42 8.09 0.01 0.03

Vegetation data were provided by the Ministry of the Environment Monitoring Sites 1000 Project (SIN01.zip,
downloaded from http://www.biodic.go.jp/moni1000/findings/data/index.html accessed on 19 June 2020).
1 Trunk diameter at breast height (1.3 m). 2 The sum of the area at breast height (basal area, BA) of each stem.
3 Species total BA as a percentage of site total BA.

2.2. Spatial Distribution of Canopy LAI

To examine the spatial distribution of canopy leaves, we used leaf area index (LAI),
as measured by Tanioka et al. (2020) [22]. LAI was measured by using a portable leaf
area index analyzer (MIJ-LAI/P; Environmental Measurement Japan, CO., LTD., Fukuoka,
Japan). LAI was measured across a grid of points at 10 m intervals, at a height of 5 m
(Figure 2), as described in Tanioka et al. (2020).
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2.3. Aboveground Net Primary Production of Wood

Forest inventory data in the study plot were obtained from the Monitoring Sites
1000 website (SIN02.zip, http://www.biodic.go.jp/moni1000/findings/data/index.html
accessed on 19 June 2020. For all living individual trees surveyed in 2013 and 2018, the
diameter of breast height (DBH) was calculated as the girth at breast height (GBH) ÷ π.
DBH was substituted into an allometric equation (Equation (1)) to calculate aboveground
woody biomass [23]:

W = 0.1853ρD2.491 (1)

where W is the dry weight (kg) of the aboveground biomass excluding productive organs,
ρ is the wood density of the stem that is unique to each species (kg/m3), and D is the DBH
(cm). Wood densities reported by Komiyama et al. (2011) [23] were used where available
(n = 6). To estimate the wood density of species not mentioned in Komiyama et al. (2011),
we constructed a regression equation that describes the relationship between the wood
density values reported by Komiyama et al. (2011) and the air-dried wood density (kg/m3)
values of those species reported by Kijima et al. (1986) [24]. Using this equation and values
for air-dried wood density from Kijima et al. (1986), we determined the wood density
values of the remaining species (n = 10). For trees not listed in Kijima et al. (1986), the
average specific gravity reported by Komiyama et al. (2011) was used as the wood density
of the tree (n = 5). The aboveground woody biomasses of individuals with several stems
were the sum of aboveground woody biomasses of all stems. The difference in aboveground
woody biomasses between 2013 and 2018 in all stems was divided by 5 to obtain the annual
growth rate in aboveground biomass for each tree:

I =
W2018 − W2013

5
(2)

where I is the annual growth rate in aboveground biomass of each individual tree per year,
and W2013 and W2018 are the aboveground woody biomasses in 2013 and 2018, respectively.
For the five individuals lacking GBH data for 2018 (0.414% of the total), the growth rate
per year was calculated for the four-year period from 2013 to 2017 using 2017 GBH data.
Similarly, for the five individuals lacking GBH data for 2013 (0.414% of the total), the
growth rate per year was calculated for the four-year period from 2014 to 2018 using 2014
GBH data. For stems that reached GBH of 15 cm after 2014, the GBH in that year was set at
15 cm and the mean annual increase was measured from the year when their GBH reached
15 cm in 2018 [25].

In this study, trees with a height of <5 m were counted as understory trees. To
determine the tree height from data in the DBH database, we created an allometric equation
describing the relationship between tree height and DBH. We measured the height of
171 trees including all species using poles (maximum height 15 m) in October 2020 and
compared height data with DBH data from the database. The DBH of a 5 m-tall tree was
9.25 cm (Figure 3). Therefore, trees with a DBH of ≤9.25 cm in 2018 were deemed to be
understory trees. For trees with several stems, the DBH of the largest stem was used to
classify trees as canopy or understory. The aboveground net primary production of wood
(ANPPW) in the understory was determined by summing the growth rates of all understory
trees. The ANPPW of all trees was also determined.

2.4. Data Analysis

To determine the appropriate size of subplots for gathering data about the relationship
between canopy structure and understory tree community structure, we measured the spatial
autocorrelation of canopy LAI. The semivariance of canopy LAI was calculated [26,27] as:

γ(h) =
1

2N(h)

N(h)

∑
i=1

[Z(xi)− Z(xi + h)] (3)

http://www.biodic.go.jp/moni1000/findings/data/index.html
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where γ is the semivariance of distance h, N(h) is the number of combinations of two
points at distance h, and Z(xi) is the canopy LAI at measurement point xi. We made a
semivariogram based on h and fitted the semivariogram model as follows:

γ = γ0 + b
[
1 − e(−3h/c)

]
(4)

where γ0 is the nugget, b is the sill, and c is the range. The range indicates the distance
at which spatial autocorrelation became negligible; we used it as the subplot size. The
semivariogram was obtained up to h = 70, where N(h) > 30 and < 1/2 maximum h. The
range of the forest canopy LAI was about 18.25 m (Figure 4). To eliminate autocorrelation,
subplots were defined as a circle with a radius of 10 m centered on each LAI measurement
point (Figure 5).
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The ANPPW and the number of trees (understory and total) within each subplot were
calculated. Pearson’s correlation coefficients (r) between canopy LAI and the ANPPW and
between the ANPPW and the number of trees in the subplot were calculated. To investigate
the relationship between community structure and canopy LAI, the relative dominance of
each species was calculated in each subplot and compared with canopy LAI. All analyses
were performed in R v. 3.6.0 software (R Core Team (2020)). The spatial autocorrelation of
forest canopy LAI was analyzed in the geoR v. 1.8-1.

3. Results
3.1. Forest Inventory Data

Of the 949 trees in the study plot, 687 (72%) were classified as understory trees
(Table 2). Among understory trees only, Acer nipponicum was the most abundant, followed
by Hydrangea paniculata and Viburnum furcatum. Among all trees, F. crenata was most
abundant, followed by Acer nipponicum and H. paniculata. Beech was less dominant among
understory trees (66 trees/ha) than among all trees (217 trees/ha).

Table 2. Number of total and understory trees of each species and understory trees as a percentage of
total trees for each species.

Species Name Density, All Trees (Trees/ha) Density, Understory Trees
(Trees/ha)

Understory Trees as a
Percentage of Total (%)

Fagus crenata 217 66 30.42
Betula ermanii 5 1 20.00

Aesculus turbinata 17 4 23.53
Acer nipponicum 190 162 85.26

Hydrangea paniculata 135 127 94.07
Chengiopanax sciadophylloides 22 7 31.82

Acer japonicum 75 57 76.00
Viburnum furcatum 85 85 100.00

Phellodendron amurense 10 3 30.00
Sorbus commixta 34 28 82.35

Cornus controversa 52 52 100.00
Padus grayana 21 17 80.95

Acer pictum 1 0 0.00
Acer rufinerve 11 8 72.73

Euonymus macropterus 18 18 100.00
Symplocos sawafutagi 22 22 100.00

Tilia japonica 7 3 42.86
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Table 2. Cont.

Species Name Density, All Trees (Trees/ha) Density, Understory Trees
(Trees/ha)

Understory Trees as a
Percentage of Total (%)

Corylus sieboldiana 20 20 100.00
Toxicodendron trichocarpum 5 5 100.00

Acer tschonoskii 2 2 100.00
Total 949 687 72.392

3.2. Relationship between ANPPW and Canopy LAI

The ANPPW of all understory trees in the study plot was 0.19 Mg·ha−1·yr−1, which is
8% of the total ANPPW (including canopy trees) in the study plot. This varied from 0.0072
to 0.48 Mg·ha−1·yr−1 among each subplot. There was a weak negative correlation between
the ANPPW of understory trees in each subplot and canopy LAI (r = −0.39, p < 0.001,
Figure 6), indicating that the ANPPW of understory trees was larger in gaps than under
closed canopy. The ANPPW of understory trees in each subplot correlated with the tree
density of individual understory trees (r = 0.83, p < 0.001, Figure 7). This indicates that
ANPPW per individual tree is constant in all subplots.
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3.3. Relationship between Community Structure and Canopy LAI

The relationship between canopy LAI and the number of individuals in each sub-
plot differed among species (Figure 8). For example, species such as Acer nipponicum,
H. paniculata, and Cornus controversa were more abundant in subplots with lower canopy
LAI, whereas tree species such as Acer rufinerve, Chengiopanax sciadophylloides, and F. crenata
were more abundant in subplots with higher canopy LAI.
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4. Discussion
4.1. ANPPW of the Understory Tree Community

The ANPPW of understory trees and canopy LAI were negatively correlated, indicat-
ing that light interception by canopy trees has a negative effect on understory trees. The
biomass and ANPPW of canopy trees affected the ANPPW of understory vegetation in
data from a vegetation inventory database in Canada [28]. As the biomass of canopy trees
in tropical forests in South Africa increased, that of understory trees decreased [29]. The
ANPPW of canopy trees reduced the ANPPW of understory trees in temperate forests
in China [30]. These studies cited the interception of light by canopy trees as the cause
of their negative effect on understory trees. Here, we extended this line of inquiry by
investigating the relationship between canopy LAI and the ANPPW of understory trees on
a fine scale. The spatial scale of variation in canopy LAI is also expected to vary among
forests. Although previous studies did not consider the spatial distribution of trees, spatial
structure should be considered in order to clarify the relationship between canopy trees
and understory trees.

Here, the ANPPW of understory trees accounted for about 8% of the total forest
ANPPW. The percentage is expected to be higher in a forest in which gaps occupy a
larger area. The average ANPPW of understory trees in a subplot was 0.19 Mg·ha−1·yr−1;
however, the maximum ANPPW of understory trees in a subplot was 0.48 Mg·ha−1·yr−1

in which the canopy LAI is 0.06. Although understory trees accounted for only 2.7% of the
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aboveground stand biomass, they contributed to 8% of the total ANPPW. Thus, the relative
growth rate of understory trees was higher than that of canopy trees. However, relative
growth rates calculated based on total biomass of understory trees tend to be higher than
those of canopy trees because understory trees have smaller dead biomass than canopy
trees. If relative biomass was calculated based on living biomass, the relative growth rate of
understory trees may not be much higher than that of canopy trees. Understory trees in gaps
will have fast turnover and high mortality due to competition between individuals [31].
Gaps may accumulate a large amount of woody litter, including the biomass of the fallen
trees that created them. However, the biomass of multi-stemmed species, which tend to
have thinner individual trunks, was underestimated because our study included trees with
GBH of >15 cm. Furthermore, dwarf bamboo (Sasa senanensis) is also distributed at high
density in this forest and has been noted to contribute to primary production [20]. Dwarf
bamboo and small-diameter trees and/or shrubs, which were not considered in this study,
can also affect understory vegetation structure and production. Future studies will need to
include these areas.

4.2. Relationship between Primary Production and Community Structure of the Understory
Tree Community

Understory tree density was positively correlated with ANPPW, indicating that un-
derstory tree density increases gaps and leads to higher ANPPW, which is consistent with
previous findings that understory tree density was higher in gaps created by the mortality
of large-diameter trees than under closed canopy [17,32]. The positive correlation observed
here indicates that the relative growth rate of understory trees is homogeneous regardless
of canopy cover, i.e., available light intensity for understory trees. This implies that light
use efficiency is relatively higher for understory trees in the gaps than in the closed canopy.
There are several possible explanations. First, species with different light use characteristics
may make use of different parts of the heterogeneous light environment (niche differenti-
ation). Our results show that the species composition of understory trees changed with
canopy LAI. Trees found under a closed canopy may have a high relative growth rate
because they have high shade tolerance. Second, gaps were dominated by shrub species
that were no longer growing; we found many shrub species and no beech in the gaps. The
efficiency of primary production of shrubs could not increase further because it had already
reached its maximum in gaps where light was abundant. Furthermore, shrubs tend to have
multiple stems and they grow by increasing the number of their stems or else replacing their
old stems for new ones. Therefore, it may be that their growth was hard to detect in their
stem width. Third, the growth of understory trees may be suppressed by high competition
among understory vegetation in gaps. Such competition should be higher in gaps than
under a closed canopy because tree density is higher in gaps. In addition, understory
vegetation, such as dwarf bamboo and lianas (Hydrangea petiolaris et al.), sometimes grew
densely in gaps at our study site.

Species composition of understory trees changed with canopy LAI (Figure 8). Previous
studies have also shown that the species composition of understory trees differs between
gaps and under a closed forest canopy [33–35]. These studies compared vegetation structure
under the binary environmental factors of “gaps” and “closed canopy”. We could determine
each species’ preference for gaps or closed canopy by measuring fine-scale canopy LAI, a
quantitative environmental index, rather than two discrete categories. Canopy LAI in the
study area had a frequency distribution of one peak near the mean, not a binary frequency
distribution [22]. This indicates that the light environment changes continuously between
gaps and under the closed canopy, and that understory trees can differentiate the niches
created by this heterogeneous light environment. Individual species showed the expected
light environment distributions. For example, Acer nipponicum and H. paniculata, which
possess traits valuable for survival in gaps, were abundant under low-canopy LAI. Both
species could maintain a higher electron transport rate under high radiation than other
species (data not shown). Hydrangea paniculata is known to take different reproductive
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forms in gaps and under closed canopy [36]; in gaps it receives sufficient radiation to
flower and reproduce sexually. Cornus controversa, which preferred areas of low-canopy
LAI, is a shade-intolerant species [37,38]. On the other hand, our results for beech differ
from those of previous studies which showed that beech does not grow well in a low-light
environment, but grows where canopy trees have died [39,40]. One reason our results may
differ from those of previous studies is the plasticity of traits found in beech. At our study
site, almost all the beeches have multiple sloping stems, and leaf traits differed between
individual stems and branches according to the light environment. In beech forests near
the Sea of Japan, young trees tend to have multiple leaning stems that allow them to bear
heavy snow weight [41]. The plasticity of leaf traits due to the unique tree form in this
study area may allow beech to survive under low canopy LAI. Another possible reason is
the dominance of dwarf bamboo (Sasa senanensis) on the forest floor in our plots, especially
in gaps, which may result in fewer juvenile beech trees. Dwarf bamboo is a clonal plant,
and often dominates the forest floor in East Asia, especially in very snowy areas; once
every few decades, the entire genet blooms and then dies out. Under these circumstances,
it may not be easy for beech, which produces a large number of seeds every few years, to
become established in the gaps. Previous studies have reported a significant increase in the
survival of beech seedlings in gaps where bamboo dieback and good seed reproduction
occur simultaneously [42]. These two events would seldom overlap, and the gaps will be
dominated by shade-tolerant species until regeneration occurs by growing small trees of
canopy species, thus forming new canopies.

It is also possible that tree species with small numbers of individuals or multi-stemmed
trees may not represent the actual distribution characteristics of the species. For example,
Tilia japonica is a shade-tolerant species that has been shown [43,44] to occur in a wide
variety of light environments, from within gaps to under closed canopies. We found it
only in gaps, but we observed only three individuals, which may not be representative of
the full range of light habitats that it can occupy. Similarly, species with easily branched
trunks, such as Corylus sieboldiana and Toxicodendron trichocarpum, are prone to having
broken individual stems following heavy snow cover. Because we counted only individuals
with a DBH larger than the threshold, we underestimated the number of individuals of
these species in gaps. We used vegetation data that were already available, but in future
studies of the vegetation structure and distribution of understory communities, it would
be worthwhile to target trees with smaller DBH, or to incorporate tree shape diversity into
the DBH threshold.

Our study site is a secondary forest that had been used as a fuelwood forest. However,
it had developed a gap mosaic structure similar to many primary forests. A gap mosaic
structure allows the coexistence of tree species with different shade tolerances, and it
maintains high diversity. The similarity of the gap mosaic structure found within a natural
forest to that found within our site, despite being a secondary forest, was probably caused by
the low-use intensity. Selective cutting increases the diversity of understory trees [45], likely
because it creates an uneven-aged forest with environmental heterogeneity [46]. Thinning
for fuelwood might create a heterogeneous environment and allow the coexistence of early-
to late-successional species. Our study indicates that we can increase the diversity and the
ANPPW of secondary forests by managing the forests to create a gap mosaic structure. Our
study will be important for the future development of secondary forests into highly diverse
and functional forests.

4.3. Summary

The ANPPW of understory trees was negatively correlated with canopy LAI, indicating
that the high availability of light in gaps leads to higher ANPPW by understory trees.
Underlying this relationship between ANPPW of understory trees and canopy LAI, we
found higher tree density and different species composition in gaps versus under the
canopy. We infer that the species composition of the understory community changes along
the canopy LAI gradient according to species-specific shade tolerance. The results of this
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study suggest that understory trees make efficient use of light through niche differentiation
across the spatially heterogeneous light environment of the forest floor, resulting in higher
ANPPW of the entire understory layer. 2013.
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