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Abstract: Woody species diversity and the spatial distribution of trees in a sub-
tropical evergreen broadleaf forest on a silicate substrate, Okinawa Island, were
investigated to determine the forest’s architectural stratification. The forest
stand consisted of four architectural layers. The values of Shannon’s index H’
and Pielou’s index 7' tended to increase from the top layer downward, except
for the bottom layer. The lower layers contained many species relative to their
smaller height ranges. High woody species diversity of the forest depended on
small trees. This trend of species diversity was different from that of forest on a
limestone substrate on Okinawa Island, where high woody species diversity de-
pended on large trees. Conservation of small trees in the lower layers, especially
the bottom layer, is indispensable to maintain diversity in Okinawan evergreen
broadleaf forests. Castanopsis sieboldii (Mak.) Hatusima had the highest impor-
tance value in all layers, indicating that it is typically a facultative shade species
as well as a climax species. The spatal distribution patterns of trees were found
to be random in the lower three layers, but in the top layer clumping seemed to
occur at three spatial scales. A high degree of overlapping in spatial distributions
of trees among the layers suggested that light cannot penetrate easily into the
lower layers. As a result, most species in the lower layers must be shade-tolerant.
Mean weight index decreased from the top toward the bottom layer, and tree
density increased from the top downward. This trend resembled the mean

weight-density trajectory of self-thinning plant populations.

THE EAST AND southeast coastal zone of the
Asian continent lacks the subtropical dry belt,
which elsewhere in the world separates tem-
perate forest areas from the humid tropics.
The subtropical zone, which includes a chain
of islands from Okinawa to Taiwan, is suffi-
ciently moist to allow the development of
subtropical forests. Thus forest climates with

I'This study was financed in part by a Grant-in-Aid
for Scientific Research (No. 16201009) from the Ministry
of Education, Culture, Sports, Science, and Technology,
and by the 21st Century Center of Excellence (COE)
Program of the University of the Ryukyus. Manuscript
accepted 21 September 2007.

2 Laboratory of Ecology and Systematics, Faculty of
Science, University of the Ryukyus, Okinawa 903-0213,
Japan.

3 Corresponding author: (e-mail: amyh@sci.u-ryukyu
.ac.jp).

Pacific Science (2008), vol. 62, no. 3:363-376
© 2008 by University of Hawai‘i Press
All rights reserved

sufficient rainfall exist in coastal areas of
the western Pacific from subarctic eastern Si-
beria to equatorial Southeast Asia, giving rise
to a sequence of five forest formations, in-
cluding subarctic evergreen conifer forests,
cool-temperate deciduous broadleaf forests,
warm-temperate lucidophyll forests, subtrop-
ical forests, and tropical rain forests (Kira
1991). Therefore, the subtropical forest in
the Okinawa Islands is precious from a phyto-
geographical standpoint.

In the northern part of Okinawa Island,
there exists the subtropical evergreen broad-
leaf forest, which is characterized by higher
woody species diversity than forests in main-
land Japan (Itd 1997). Measures of species
diversity play a central role in ecology and
conservation biology. The most commonly
employed measures of species diversity are
species richness (number of species) and
evenness (similarity in abundance among spe-
cies, sometimes known as equitability). High
evenness is conventionally equated with high
diversity (Pielou 1975, Magurran 1988). In
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addition, the spatial distribution of trees has
been a major source of interest for plant ecol-
ogists because of its potential role in explain-
ing the coexistence of tree species in species-
rich forests (Bunyavejchewin et al. 2003).

It is known that woody species diversity
increases sharply along a latitudinal thermal
gradient from higher ladtudes to the tropics
(Kira 1991, Ohsawa 1995) in accordance
with a greater degree of stand multilayering
toward warmer regions (Hozumi 1975, Ya-
makura 1987, Kimmins 2004). The canopy
multilayering structure (i.e., architectural
stratification) is an important factor in main-
taining higher woody species diversity (Rob-
erts and Gilliam 1995, Lindgren and Sullivan
2001, Feroz et al. 20064).

However, the effect of architectural strati-
fication on the woody species diversity of
subtropical evergreen broadleaf forests of
Okinawa Island has been little studied.
Therefore, the objectives of our study were
to quantify woody species diversity and spatial
distributions of trees on the basis of their ar-
chitectural stratification.

MATERIALS AND METHODS

Study Site and Sampling

The study was conducted in the Subtropical
Field Science Center at Yona, University of
the Ryukyus, located in the northern part of
Okinawa Island (26° 45’ N, 128° 10" E). The
bedrock is mainly silicate, and the soil pH is
4.35 (Alhamd et al. 2004, Alhamd and Hagi-
hara 2004, Feroz et al. 20064).

A sampling plot area of 750 m* (25 by 30
m) was established as a representative of the
subtropical evergreen broadleaf forest in the
northern part of Okinawa Island and divided
into 120 quadrats (2.5 by 2.5 m). The slope,
altitude, and direction of the plot were 24.5
degrees, 250 m above sea level, and northwest
west, respectively.

Climnate

Figure 1 is a Walter-type climatic diagram,
which shows seasonal changes in mean
monthly temperature and rainfall (1995-
2004, Meteorological Station in Nago City).
The mean monthly minimum temperature
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and the mean monthly maximum tempera-
ture are, respectively, 16.4 + 0.3 (SE) °C in
January and 28.8 + 0.2 (SE) °C in July. The
mean annual temperature is 22.8 + 0.3 (SE)
°C. The warmth index is 213.5 + 1.3 (SE)
°C month, which is within the range of 180
to 240°C month of the subtropical region de-
fined by Kira (1977). The mean monthly
rainfall is over 100 mm throughout the year
except for 94 + 17 mm in January. The mean
annual rainfall is 2,401 + 136 (SE) mm. Ty-
phoons frequently occur between July and
October, bringing high rainfall and strong
winds.

Field Measurement

All woody plants above 0.10 m were num-
bered and identified by species according to
the nomenclature by Hatusima (1990). The
measurements obtained for the area were tree
height (H), diameter at breast height (DBH),
and stem diameter at a height of 1/10 of tree
height (DO.IH)'

Avrchitectural Stratification

To identify the multilayering structure of the
forest stand, the M-w diagram (Hozumi 1975)
was used. Tree weight w was assumed to be
proportional to Dy,;H (because the w is
not the unit of mass, w is termed weight in-
dex), and it was arranged in descending order.
Average weight index M, from the maximum
weight index w, to the nth weight index was
calculated using the form of M, =" w;/n
(m=1,..., total number of trees). If the M-
w diagram was constructed by plotting the
values of M against the corresponding values
of w on logarithmic coordinates, then some
segments on the M-w diagram could be
formed. Each segment is related to the layer
with the specific characteristics of the beta-

e distribution functions designated by Ho-
zumi (1971, 1975). Hozumi (1975) pointed
out that the segments on the M-w diagram
can be written by either of the following
equations:

M =Aw+ B (1)
M= Cw' 2)
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Freure 1. Walter-type climatic diagram (average during 10 yr: 1995-2004) based on the data obtained from the
meteorological station located 35 km south of the study site.

where A, B, C, and b are coefficients. These
functions reflect some aspect of the manner
of packing trees into the three-dimensional
space of a forest stand. Hozumi (1975) found
that the number of layers distinguished by
the M-w diagram increases along a latitudinal
thermal gradient from one in the northern
conifer forest to four in the tropical rain
forest.

Species Diversity

Shannon’s index (MacArthur and MacArthur
1961) H' and Pielou’s (1969) index 7' were
used to measure woody species diversity or
equitability (evenness):

, J n; N

Hl
T =g (Hu=l0g,$) (4)
where 7; is the number of individuals of the
ith species, N is the total number of individu-
als, and S is the total number of species, and
the unit of H' is the bit, or the unit of en-
tropy (e.g., Goldman 2005).

Species Dominance

Dominance of a species was defined by the
importance value II'% of the species.
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W= ( T % 100 + o x 100
i=1 i i=1 4i

+ gﬁx1oo>/3 (5)

where 4; is the basal area at a height of H/10
of the ith species, f; is the number of quad-
rats in which the ith species appeared, and Q
is the total number of quadrats.

Spatial Distributions of Trees

The unit-size m; — m, method with succes-
sively changing quadrat size (Iwao 1972) was
used to analyze the spatial distribution pat-
terns of trees. Mean density 7, is defined as:

J{']ll n;
m, = —— = (6)
qu

where #; is the number of individuals in the
jth quadrat, and ¢, is the total number of
quadrats when the quadrat size is #. The ¢,-
values were 120, 60, 30, 15, 7, 4, and 2, re-
spectively, for the u-values of 1, 2, 4, 8, 16,
30, and 60. Mean crowding 2 is defined by
Lloyd (1967) as:

o (m — 1
= a2t )

j=1 "

For any quadrat size, trees are considered
to be randomly distributed when ») = m,,
aggregated when m > m,, and uniformly
distributed when ) <m,. To provide
knowledge on the distribution pattern of
clumps, Iwao (1972) proposed the p-index.

P, = m, — M, (8)

"y — My—y

where for the smallest quadrat size (z = 1),
p, = m; /my. This index indicates the rato of
the increment of =z against =, while the
quadrat size increases from the (u— I)th
to the uth, and it takes a constant value as far
as the m’-on-m, regression remains linear.
When the values of p, are plotted against the
quadrat sizes, a peak suggests that the clump
area lies somewhere between the two corre-
sponding quadrat sizes.
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Overlapping in Spatial Distributions of Trees

On the basis of the concept of mean crowd-
ing proposed by Lloyd (1967), Iwao (1977)
derived the w-index for analyzing spatial as-
sociaton between species. The w-index was
applied to measure the degree of overlapping
in spatial distributions of trees among layers,
with successive changes of quadrat size .
The numbers of quadrats were 120, 60, 30,
15, and 7, respectively, for the #-values of 1,
2,4, 8, and 16.

VAT — /AT
V (my 4+ 1) (my + 1) — \Jmym

tor myymy, = mamy

WO(+) =

Oy =3[ =

for myymy, < mamny
©)
In equation (9), 72;,, mean crowding on layer
A by layer B, is defined as:

Q
D1 A

Q
j=1TAj

* —
Myg =

where Q is the total number of quadrats, and
ny; and ng; are the number of individuals be-
longing to the jth quadrat in layer A and layer
B, respectively. Similarly, #z;,, mean crowd-
ing on layer B by layer A, is defined as:

Q
Zj:l T2aj708

Q
j=1"8j

* —
Mgy =

The interlayer mean crowding indicates
the mean number of individuals of the other
layer per individual of the subject layer per
quadrat.

On the other hand, 75, mean crowding
within layer A, is defined as:

Q

. _ Zj:l nz\j(nz\j - 1)

my=—=——5———
=174

Similarly, 7z}, mean crowding within layer B,

is defined as:

. ngl ny(ny; — 1)

My = )
j—1 "B
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The intralayer mean crowding indicates
the mean number of the other individuals
per individual of the subject layer per
quadrat. ;Fhe symbol 2, (= 2]21 nx;/ Q) apd
my(=>_~, ny/ Q) stand for the mean density
per quadrat in layer A and layer B, respec-
tively. The value of w changes from the max-
imum of +1.0 for complete overlapping,
through 0.0 for independent occurrence, to
the minimum of —1.0 for complete exclusion.

RESULTS
Avrchitectural Stratification

The M-w diagram is illustrated in Figure 2.
In the current forest, there were four archi-
tectural layers, which were confirmed using
the first and the second derivatives on the
M-w diagram (Feroz et al. 20064). Weight in-
dices at boundaries between the layers were
estimated as 508, 3.18, and 0.00953 cm’ m.

Figure 3 shows the relationship between
tree height H and weight index w (cf. Kira
and Ogawa 1971), which was formulated as
follows:

LN B
H ™ 137w 21.0

The heights of the boundaries were deter-
mined as 8.0, 1.9, and 0.25 m by substituting
the weight indices at boundaries obtained
earlier for w in equation (10). Therefore, the
height range was 8.0 m < H < 16.5 m for the
top layer, 1.9 m < H < 8.0 m for the second
layer, 0.25 m < H <1.9 m for the third
layer, and 0.10 m < H < 0.25 m for the bot-
tom layer (Table 1). The height range showed
a geometric progression with an equal ratio
of 2: ie., approximately 2' (= 16.5/8.0), 22
(= 8.0/1.9), and 2° (= 1.9/0.25) in the top,
second, and third layers, respectively.

(10)

Woody Species Diversity in the Stratified Forest
Stand

The values of H' and 7' were, respectively,
2.75 bit and 0.66 for the top layer, 4.37 bit
and 0.81 for the second layer, 4.73 bit and
0.80 for the third layer, 4.33 bit and 0.73 for
the bottom layer, and 4.83 bit and 0.82 for
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the total stand (Table 1). These results indi-
cate that the values of the diversity indices
H’ and 7' tended to increase from the top
layer downward, except for the bottom layer.

In addition, the highest diversity was in the
third layer. This is because the highest species
richness (56 species) and evenness in the third
layer resulted in the highest H'-value. On the
other hand, the lowest diversity was in the top
layer. This is because the lowest species rich-
ness (18 species) and evenness resulted in the
lowest H'-value. The values of H' in the sec-
ond layer and in the bottom layer were nearly
the same, and 7 was higher in the second
layer than in the bottom layer. This is be-
cause an increase of species richness from
the second layer (42 species) to the bottom
layer (51 species) could compensate for a de-
crease of evenness 7' from the second layer to
the bottom layer.

Species Dominance

Table 2 lists importance values (I)7) of 10
woody species in order of species rank in the
750 m? sampling plot, together with the four
layers. A total of 26 families, 43 genera, 60
species, and 4,684 individuals was recorded.
The most species-rich family was Rubiaceae,
which had 12 species. Symplocos, Lasiantbus,
and Ilex were the species-rich genera, each
of which had five species. Of the 60 species,
only three species (5%) consisted of a single
individual. Castanopsis sieboldii (Mak.) Hatu-
sima appeared in all layers with the highest
importance value, especially with a tremen-
dously high value of 44% in the top layer.
This species had the largest population size,
with a large number of trees, saplings, and
seedlings (data not shown). These phenom-
ena indicate that C. sieboldii is the dominant
and climax species in the forest. Schima wal-
lichii (DC.) Korth. was the second dominant
species in terms of importance value (9.30%)
in the total stand. The high importance value
(22.8%) of S. wallichii in the top layer and the
very low importance value (ranging from 0.62
to 1.69%) in the lower three layers indicate
the heliophilic nature of the species. Some
of the high-rank species, such as Myrsine se-
guinii Lév., Avdisia quinquegona Bl., Smilax
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TABLE 1

Diversity Indices for Layer and Tree Size of a Subtropical Evergreen Broadleaf Forest

Layer/Tree Size Height Range (m) No. of Trees No. of Species H' (bit) 7

Top 8.04 < H < 16.52 139 18 2.75 0.66
Second 1.89 < H < 8.04 953 42 4.37 0.81
Third 025 <H <1.89 2,226 56 4.73 0.80
Bottom 0.10<H <0.25 1,366 51 433 0.73
All trees 0.10 < H <16.52 4,684 60 4.83 0.82
Large trees DBH > 4.5 cm 231 32 3.80 0.77

china var. biflora (Sieb.) Mak., Antidesma japon-
icurm Sieb. et Zucc., and Syzygium buxifolium
Hook. & Arn., never appeared in the top
layer, indicating that they are shade-tolerant
species.

Spatial Distributions of Trees

The spatial distribution patterns of trees
for each layer are shown in Figure 4 based
on the unit-size 7} — m, relationship and the
p-index against quadrat size #. The spatial
distribution of the basic component for all
layers except the top layer was found to be a
single individual, and the distribution of the
basic component was completely random,
because the m' —m, reladon line almost
mimicked the Poisson line. In the top layer,
however, the spatial distribution of trees

showed a special trend (i.e., there seemed to
exist a triple-clump structure). The p-index
showed three peaks at quadrat sizes 1, 4, and
30, and clumps of small, intermediate, and
large scales tended to be distributed irregu-
larly. The clump sizes were estimated as 6.25
m?, 12.5-25 m?, and 100-187.5 m?. The
small clump size was a little larger than mean
area occupied by individuals of the top layer
(5.4 m?).

Overlapping in Spatial Distributions of Trees
among the Layers

The degree of overlapping @ with successive
changes of quadrat size in spatial distributions
of trees among the layers combined from the
top layer downward is shown in Figure 5.
The spatial distributions of trees were over-

TABLE 2
Ten Dominant Species in Order of Species Rank Determined by Importance Value (II) in the Total Stand

W%
Species Top 2nd 3rd.  Bottom Total
Rank Species Family Layer Layer Layer Layer  Stand
1 Castanopsis sieboldii (Mak.) Hatusima Fagaceae 44.16 12.83 2592 2054  21.30
2 Schima wallichii (DC.) Korth. Theaceae 22.82 1.69 0.62 1.69 9.30
3 Elneocarpus japonicus Sieb. & Zucc. Elaeocarpaceae 11.03 7.46 1.73 2.78 4.61
4 Myrsine seguinii Lév. Myrsinaceae 0.0 4.14 5.46 7.01 3.92
5 Ardisia quinquegona Bl. Myrsinaceae 0.0 4.97 6.88 3.72 3.74
6 Smilax china var. biflora (Sieb.) Mak. Liliaceae 0.0 0.0 4.07 8.11 3.64
7 Antidesma japonicum Sieb. & Zucc. Euphorbiaceae 0.0 6.96 6.23 0.91 3.59
8 Cinnamomum doederleinii Engl. Lauraceae 5.87 0.41 2.0 6.20 3.27
9 Daphniphyllum teijsmannii Zoll. ex Kurz ~ Daphniphyllaceae ~ 2.43 532 1.11 5.11 3.21
10 Syzygium buccifolium Hook. & Arn. Myrtaceae 0.0 8.59 2.47 0.62 3.04
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o ——— <> (Top+2nd) & 3rd layers
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1 2 4 8
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Ficure 5. Degree of overlapping w in spatial distributions of trees among the layers with successive changes of quad-

rat sizes u.

lapped between the top and the second layers,
between the top and second layers and the
third layer, and also between the top, second
and third layers and the bottom layer. These
results may indicate that light cannot pene-
trate easily into the lower three layers. As a
result, species in the lower layers must be
shade-tolerant.

Mean Weight Index and Density among the
Layers

As shown in Figure 6, mean weight index
w; of the ith layer decreased from the top
(i=1) toward the bottom layer (i =4),
whereas the opposite trend was observed for

the tree density p; of the /th layer. This trend
was well expressed in the form (Feroz et al.

20064,):
__ _ P;

w;, = K ; * 1 _
(1-7)

where the values of coefficients K, o, and p,
were estimated as 2.23 x 10® cm? m ha™?,
1.49, and 24,575 ha™!, respectively. The o-
value was close to 3/2.

(11)

DISCUSSION

Because the lower layers contained many spe-
cies relative to their smaller height ranges
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Ficure 6. Relationship between mean weight index @;
and tree density p, among the layers. The curve is given
by equation (11), where R? = 0.98.

(Table 1), obviously those layers support the
high species richness of the forest. For exam-
ple, 85% of the total species with 30% of the
total individuals were packed within a thin
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bottom layer 15 cm in height. The values of
H'’ and 7' and the number of species of trees
having H > 0.10 m were quite high com-
pared with those of H’ and 7 and the
number of species of large trees having
DBH > 4.5 cm. This is also mainly caused
by a large number of species among small
trees, though higher 7-value has a small
influence on the high value of H’ for trees
with H > 0.10 m. Therefore, small trees in
the lower layers, especially in the bottom
layer, play an important role in maintaining
the high woody species diversity of the cur-
rent forest. The increasing trend of H’ with
successively decreasing height of layers from
the top toward the bottom layer in the cur-
rent forest was different from that in a nearby
forest on a limestone substrate, where H’
decreased with decreasing height of layers
(Feroz et al. 20065), as shown in Figure 7.

Nevertheless, clear-cutting and complete
removal of undergrowth of forests in the
northern part of Okinawa Island have been
proceeding (Azuma et al. 1997, It6 1997, Itd
and Aoki 1999, It6 et al. 2000). These opera-
tdons not only decrease the woody species
diversity of the forest but also affect popula-
tions of ground animals, because small trees
in the lower layers provide a natural habitat
for animals living on the forest floor. In this
respect, conservation of small trees in the
lower layers, especially the bottom layer, is
indispensable to maintain Okinawan ever-
green broadleaf forests.

The facultative shade species (light-
tolerant under high light conditions and
shade-tolerant under low light conditions)
can grow from the bottom to the top layer.
Castanopsis sieboldii was typically a facultative
shade species as well as a climax species be-
cause it appeared in all layers with the highest
importance value (Table 2). Elaeocarpus japon-
icus Sieb. & Zucc., Cinnamomum doederleinii
Engl., and Daphniphyllum teijsmannii Zoll. ex
Kurz were also facultative shade species.
Schima wallichii was typically a sun species
(or pioneer species) because it appeared in
the top layer with a tremendously high im-
portance value, but it had a very low impor-
tance value in the lower three layers. On the
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Ficure 7. Trends of H' along the layers combined from the top downward in the current forest and the forest grown

on a limestone substrate (Feroz et al. 20065).

other hand, Smilax china var. biflora (Sieb.)
Mak. was typically a shade species because it
had a high importance value in the lower
two layers, and it never appeared in the upper
two layers.

The relationship of mean weight index to
tree density in each layer is analogous to the
mean plant weight-density trajectory of self-
thinning even-aged plant populations (Hagi-
hara 2000), which start growing from initial
plant densities lower than the initial plant
density of the population obeying the -3/2
power law of self-thinning (Yoda et al. 1963).
The relationship described by equation (11)
may be more general for subtropical forests
than the quasi-1/2 power law of tree height
proposed by Yamakura (1988), because all

trees were considered in the present forest,
whereas the quasi-1/2 power law was estab-
lished only for large trees.
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