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Abstract. Sirami EV, Marsono D, Sadono R, Imron MA. 2018. Ideal planting space for merbau (Intsia bijuga) forest plantations in
Papua based on distance-dependent competition. Biodiversitas 19: 2219-2231. Distance-based competition between merbau (Intsia
bijuga (Colebr.) Kuntze) and neighboring trees could be applied to determine the planting space between merbau trees and shade trees
in plantations. This research was conducted to identify the characteristics of merbau competition with neighboring trees and determine
the ideal spacing of merbau trees. The sampling design using was the systematic line technigue with hypothetical plot and sample tree as
the quadrant center. The competitors were determined using a virtual high approach and header contact. Distance-based competitions
were identified using the Hegyi index. Sixteen species had the highest competition index because of their dominance in the tree
structure, namely Pometia coriacea, Intsia bijuga, Pimelodendron amboinicum, Horsfieldia lnevigata, Palaguium amboinense, Pometia
pinnata, Garcinia sp., Spathiostemon javensis, Prunus costata, Sterculia macrophylla, Terminalia complanata, Lepiniopsis ternatensis,
Horsfieldia irya, Dysoxylum octandrum, Buchanania arborescens, and Ficus similis. Merbau responded to the high intensity of
competition by tilting its canopy in the opposite direction to the position of the competitors’ canopy, making an irregular canopy shape,

and growing the first branch at the lowest point on the stem. The ideal planting space for merbau trees in the plantations was 3-7 m.
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INTRODUCTION

Currently, merbau (Intsia bijuga (Colebr.) Kuntze)
population faces serious threats due to timber production
(Newman and Lawson 2005; Marler 2015) and its natural
habitat destruction in the lowland rainforest of New Guinea
(Vincent et al. 2015; Margono et al. 2014). A plantation
forest with native tree species is an alternative to prevent
these threats (Barua etal. 2014; Jacovelli 2014; Bremer and
Farley 2010). However, the cultivation of native trees
requires the availability of relevant ecological information,
one of which is the characteristic of merbau competition
with surrounding trees.

In the Papua forest, merbau trees naturally grow in
hight dense vegetation conditions due to the density of
plants. The density of plants in tropical forests makes
distances between trees get closer. It affects the survival of
the trees (Zhu et al. 2015; Fraver et al. 2014), because the
close distance between trees increases the effect of
competition (Maleki et al. 2015; Contreras et al. 2011;
Tome and Burkhart 1989). Competition affects the
diameter growth, height, width, and shape of tree canopy
(Kunstler et al. 2011; Potvin and Dutilleul 2009; Thorpe et
al. 2010). Therefore, competition is an essential factor
driving forest dynamics (Sanchez-Salguero et al. 2015;
Coomes and Allen 2007; Kunstler et al. 2011).

Several facts regarding competition between trees
which become important references in silviculture of
plantation forests, such as determining planting space, have
been explained in previous studies. Competition is one of

the plant structuring processes that led to the formation of a
variety of stand structures (Craine and Dybzinski 2013;
Amiri and Naghdi 2016). Differences of the nature of
individuals or species of the tree have a strong influence on
the competition (Bennett et al. 2016). If competition is
based onniche differentiation, then same-species
competition is stronger than different species competition
(MacArthur and Levins 1967). However, in natural forests,
same-species competition can  occur altogether with
different species competition. Therefore, each tree species
will provide different intensity and effect of competition
depending on the ability to compete with others. The ability
of competition is a function of growth space, activity, and
distribution of space and time of each plant to get resources
depending on the combination of plant characteristics
(Grime 1979). Furthermore, the intensity of competition
depends on the spatial relationship between plants and their
neighbors, the impact of the availability of resources on the
two competing trees, and the ability of the plant to
compensate for the effects of competition through
architectural and physiological plasticity (Grace 1995).
Spatial relationship between trees is one of the most
important factors in competition. Therefore, a distance-
based competition study is very important to be carried out
as a reference to formulate the ideal spacing of merbau tree
for its cultivation in  plantations. Distance-based
competition, when associated with morphological character
of the stand, produces certain distance with the certain
intensity of competition. The higher size of the trees and
the closer the space between trees, the more intense the
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competition (Tome and Burkhart 1989). Furthermore, the
distance with the highest intensity of comftition can be
used as a reference in the formulation of planting space
between merbau trees and shade trees, because merbau its
regeneration is semi-tolerant.

Planting space is a fundamental silvicultural factor in
plantations; because it affects the level of harvest, wood
rigidity and strength, and tree regeneration (Skovsgaard
and Vanclay 2008; Clark III et al. 2008: Sansevero et al.
2011). According to Turner (2004), semi-tolerant species
need medium shade to grow appropriately. Therefore,
concerning the growth of merbau, the ideal spacing needs
to be determined because it is closely related to the shadow
of neighboring trees which can inhibit optimum light or
cause light intensity to be too high for merbau in the dry
season.Prior to this study, there has been no research on
competition between merbau and neighboring tree species
in Papua lowland rainforest and also the ideal spacing for
@erbau trees domesticated in plantations. This study aimed
to identify the characteristics of the distance-dependent
competition of merbau with neighboring trees and
formulate the ideal spacing for merbau trees in plantations.

MATERIALS AND METHODS

Study area

This research was conducted at Gunung Meja Nature
Tourism Park of Manokwari (GMNTPM), West Papua, at
134 03'17"-134 ° 04'05" W and 0°51'29-0°52'59" S
(Fig.1), in 2016 for 9 months. GMNTPM is one of the
protected areas and plays a very important role for forest
ecology. Apart from being a natural habitat for merbau,
GMNTPM is a rough forest prototype for the Papua
region. Merbau habitat at GMNTPM has an area of + 264
ha of rough soil surface (Sadono et al. 2014), from 460.25
ha in the entire area. The temperature under the forest
canopy in the dry season is around 29-31 ° C, rainfall for
the last 13 years ranges from 1429 to 3419 mm, while the
sunshine ranges from 444 to 745 h (Statistics Agency of
Manokwari Regency 2016). The soil texture is sandy clay
soil with a soil surface depth of less than 50 cm. Forest
canopy ranges from 40 to 98%, with slopes of 2-40%, an
altitude of 70-170 m above sea level (Sadono etal. 2014).

Research procedure

The initial survey was conducted using merbau
distribution maps it GMNTPM. Data collection was
performed  using systematic  line  technique  with
hypothetical plot and sample trees as the quadrant
center. This technique is the modification of several
existing vegetation analysis techniques for the need of
distance-based competition research in Papua lowland
forests that have high tree density.

Observation lines were made only as a tracking guide.
It was systematic and the distance between lines was 20
m. When a merbau tree with a diameter of 10-19 cm was
fUlll', a quadrant observation plot was made by placing
one sample tree as the center of the quadrant. Competitors
were determined using the wirtual canopy and high
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intersection approaches (Burkhart and Tome 2012). Trees
that were designated as competitors were the closest
neighboring trees in each quadrant which canopies were
directly contacted the merbau canopy and higher than the
merbau tree; or the closest trees which canopies were in the
virtual height area of the merbau tree, even though the
canopies did not intersect with the merbau tree’s canopy,
because it will be the last tree that blocks the light (Fig. 2).

The parameters of subject trees and competitors
included species name, projection length of canopy
diameter twice with the opposite direction, DBH, total
height, clear bole height, canopy shape, and canopy
direction.

Data analysis

The intensity of the competition was determined using
the Hegyi's Competition Index (Contreras et al. 2011; Tome
and Burkhart 1989). This index based on the hypothesis
that the competitive effects of neighboring trees increase by
the increasing size and closeness (Tome and Burkhart
1989).

a
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K= Z (ﬁ * Disi,:.)

=l

The canopy area was determined using the canopy
closure approach (Mueller-Dombois and Ellenberg 1974).

Canopy cover (m?) = 0,25 x (D¢, + Dt, )

IK i = intensity of competition between subject tree
and competitors

DBH,, = Diameter at breast height of the subject tree
(cm)

DBH; = Diameter at breast height of competitors (cm)

Dis;, = Distance between the subject tree and its
competitors (m)

n = Number of competitors

Dt = Canopy diameter from the first measurement

Dt, = Canopy diameter from the second measurement
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Figure 2. Determination of the competitor trees. Vh: virtual
height, ah: actual height, Mt: merbau tree, Nt (a): neighbor tree a,
Nt (b): neighbor tree b. (neighboring tree b is chosen as a
competitor tree)
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Figure 1. Reseach site in Gunung Meja Nature Tourism Park of Manokwari (GMNTPM), West Papua Province, Indonesia

RESULTS AND DISCUSSION

Structure, the composition of neighboring tree species
and the intensity level of competition

Based on observation in 218 sampling units, 849 stands
of merbau competitors were identified, consisting of 80
species, 58 genera, and 34 families. All competitors are
native New Guinea species that had adapted to the rough
land in GMNTPM.There are 2-3 competitors with 2-3

species within a range of 7 to 35 m per sampling
unit. Competitors with diameter > 20 cm occupy strata A
and B with canopy area between 2-4 m? per tree, while
trees with a diameter of < 20 cm occupy strata C. Merbau
stands which become target trees have a diameter of 11-17
cm in general. The total height ranges from 9 tol5 m and
the canopy width varies between 1 and 3 m?’ per tree. In
addition, the number of merbau populations as the target
tree and competitor trees is 328 stands.
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From 80 species of competitors, only 16 species have
higher total Hegyis index scores, compared to the other 64
species (Table 1). The species with high intensity of
competition are dominant trees. There were two large
groups of trees dominated the forest structure when they
reached the adult phase in GNMTPM. Species such
as Spathiostemon  javensis, Mallotus spp.,  Lepiniopsis
ternatensis, Prunus costata, reached the adult phase in the
< 20 cm diameter class, therefore it was very dominant.
Species such as Pometia spp., Intsia spp., Pimelodendron
amboinicum, Palaquium amboinense, several species
of Myristicaceae, Burseraceae, and Meliaceae were very
dominant in the class of = 20 ¢m of diameter. However, in
the class of = 50 cm, generally, there were only a few
species  such  as Pometia  coriacea, Palaguium
amboinense, Intsia spp., sometimes also several stands
of Geijera sp. and Dysoxyplum spp. The long-standing tree
adaptation in GNMTPM might cause this dominance.

The tree domination shows the ability to adapt to the
rocky soil at GMNTPM and a better biological fitness
level. The biological fitness level is indicated by a
relatively good reproductive capacity such as the relatively
large number of fruits and seeds, the anatomical structure
and morphology of the seeds which strongly supports the
mechanical, physical and biological germination and
dispersion process. Competition is a form of coexistence
among trees that starts from spatial distribution (Callaway
1995). Ouwr findings show the dispersion process of
dominant trees influences the level of presence around the
merbau stand. Therefore, we assume that the spatial
distribution and adaptability are very decisive with what
species of merbau grows very close and competes with
each other. The effect of distance will increase the intensity
of competition if dominant tree species have faster growth
rates than merbau. As well as, Psme(ia'mriarea,
Pimelodendron amboinicum, Prunus costata, Horsfieldia
laevigata, Palaquium  amboinense, Pometia [ pinnata,
Spathiostemon  javensis,  Ficus  similis, Lepiniopsis
ternatensis, Horsfieldia irya, Dysoxylum octandrum, and
Buchanania arborescens. The process of dispersing of
these species is assisted by frugivorous animals of the bird
and mammals group at GMNTPM, and also have faster
growth rates than merbau.

The most competitive trees species (MCTS)

We termed the species with the highest intensity of
competition as the most competitive trees species (MCTS).
MCTS group with DBH < 30 ¢cm has canopy area of 1.753-
2.59 m? in average, mean of Hegyi index of 0.20-0.60 and
distance of 3.65-5.69 m. DBH group > 30 cm has canopy
area of 2.78-4.75 m? in average. the distance of 5.30-6.60
m and Hegyi index of 0.07-0.13. The canopy area is
directly proportional to DBH and distance, but it is
inversely proportional to Hegyi index (Table 2). Tt means
that the intensity of competition strongly influences the
canopy arca; the higher the intensity of competition is
inhibited the canopy growth. Therefore, the canopy is used
as the main reference in formulating the ideal spacing
because it is closely related to light competition and
growing space (Tremmel and Bazzaz 1993; Collins and
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Wein 2000; Pretzsch 2014).

The competition also shows different outcomes when
analyzed based on different species (Bennett et al. 2016),
and growth rates. The merbau trees used as target trees
were pre-mature trees (DBH 10-19 cm). The goal was to
obtain information on the effects of competition to predict
how merbau reach a mature stage if cultivated in
plantations. Therefore, we choose the most competitive tree
species as a source of competitor data to form the ideal
spacing.

Not only has the highest competition intensity, MCTS
is also the most dominant species among competitors based
on stand structure and dendrometric characteristics. The
MCTS has a relatively closer average distance to merbau.
The diameter sizes of the merbau and the competitor tree at
each sample point are relatively large. It has a relatively
wide canopy cover, a higher frequency of presence around
merbau, higher total height average and the higher number
of individuals than the other species. Therefore, MCTS
requires greater growth space, thus competition with
merbau stands is more intense in certain growth phases.

Table 3 shows the significant negative relationship of
Hegyi index, total height and canopy area of MCTS (p <
0.01). If there is a competition with high intensity, there is
a tendency to inhibit the growth rate of the height and
canopy area of both merbau and competitors.

Vertical growth barriers and tree canopy area are
mechanical indicators that space is limited (Table 3). Large
trees need more space to grow and they are superior to
small plants in competition for light (Aarssen et al. 2014;
Grace 1990; Goldberg 1996). MCTS indeed inhibits the
absorption of light of merbau and the smaller surrounding
trees and controls larger growing space. The number of
MCTS stands is 77% of the total individual competitors of
merbau, this is an indication of biological fitness that is
beneficial to support its survival, including the ability to
compete.

The position of competitor trees

The position of the tree was not the main factor of
competition related to the light orientation, but it was
closely related to the space needed for each stand to
increase volume of the tree (Table 4). Competitors grew
more in southeast direction, while the highest number of
species was in the north position. Distance, DBH, canopy
area, and total height generally indicated the same number
for each position.

Competition for nutrition among trees strongly
influences the rate of growth. The use of volume crown as
a metrical measurement indicates that most strongly, the
competition is triggered by the tree layout that intensifies
the competition (Fraver et al. 2014). The tree planting
layout and the intensity of competition affect the growth
rate of the plants. Therefore, competition is seen as a
fundamental ecological process that plays a major role in
population dynamicity, plant survival, growth, and species
replacement or succession is a fundamental ecological
process that plays a major role in population dynamics,
survival, growth and species replacement or succession
(Peet and Christensen 1987; Maleki et al. 2015).
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According to this definition, competition is an
ecological process that leads to interactions between
individuals and has an effect on reducing the survival,
growth and reproduction potential of competing individuals
(Begon et al. 1986; Maleki et al. 2015). Competition is
caused by the limited supply of resources which can
support optimal growth of two or three trees (Brand and
Magnussen 1988; Holmes and Reed 1991; Gadow and Hui
1999; Pretzsch 2002; Rivas et al. 2005), leading to
interference reaction between individuals (Begon et al.
1986; Bazzaz 1990; Goldberg 1990: Teughels et al
1995). Resources that trigger competition are nutrients and
water, and light and space to flourish (Teughels et al. 1995;
Tschirhart 2001).

There is no significant relationship between the position
of the competitor and Hegyi index. The Hegyi index and
the total height, the canopy area shows a significant
negative correlation (p < 0.01) (Table 5).

The position of competitor plants is an important factor
in evaluating the characteristics of competition among
merbau trees in GMNTPM as it closely related to the need
of growth space on the soil surface. Within its relation to
the sunlight direction, the photosensitivity might also
reduce the effect of the plant position toward the
competitive intensity. Therefore, in this research, the
position of competitor plants was regarded as a
complementary factor of other factors which included the
distance and dendrometric factors which also influence the
level of competition among merbau trees as well as
competition between merbau trees and other plants. This
assumption is also closely related to the topography of
GMNTPM. Thus, generally, regardless of where
competitor plants grow, the amount of sunlight obtained by
merbau leaves would not be reduced. However, rocky soil
creates gaps in the canopy, resulting in lower canopy
coverage.

The number of stands, number of species, tree height,
diameters, and canopy cover of competitors were relatively
the same in all directions and in general, they were directly
proportional to the intensity of the competition (Table
4). The position of the competitors did not have a direct
functional relationship with the diversity and structure of
the competitor's structure. In this context, the main focus is
the forest structures. Hence, the effect of tree layout toward
competition intensity indicated whether GMNTPM is a
primary forest which has reached the homeostatic
condition. Fraver et al. (2014) reported that continuous
competition affected the process and structure of a forest.
They also found that plant positioning strongly influenced
the growth rate of Picea abies as it triggered tighter
competition. However, according to Berube-Deschenes et
al. (2017), within the context of distance-dependent
competition, tree positioning is a useful aspect that
characterizes the acquisition of potential resources and
integration of stand structural variation. However,
according to Berube-Deschenes et al. (2017) in distance-
dependent competition, the position of the tree is useful for
characterizing the acquisition of potential resources and
integrating the structural variation of stands.
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Competitor position was a function of structural
adaptation to the craggy soil condition and density of
stands in GMNTPM. The growing position of neighboring
trees was the beginning of competition, because it was
closely related to where and what species of competitors
growing alongside the merbau population.The correlation
shows the spatial arrangement by morphological adaptation
because if the competition intensity is high, the height
growth and canopy width of the competing trees tend to be
inhibited (Table 5). It is related to the fact that the position
of the competitors (Table 4) limits the growth space and
potential sunlight received by merbau (intraspecific
competition). The position of the competitors is not taken
into account in the Hegyi index, but with the quadrant
approach that we used in data collection, the position of the
competitors become quite important due to ecological
reasons.

Table 2. Mean of distance, canopy cover, and Hegyi index of the
most competitive trees species (MCTS)

DBH class Mean of Mean of Mean of
distance (m)  canopy cover (m?) Hegyi index
< 10em 5.69 2.59 0.60
10-19 em 3.65 1.73 0.43
20-29 em 5.10 2.26 0.20
30-39 ecm 5.30 2.78 0.13
40-49 em 6.33 3.40 0.08
>50cm 6.60 4.75 0.07

Table 3. Correlation between Hegyi index with total height and
canopy cover of the most competitive trees species (MCTS)

Hegyi  Total Canopy
index  height cover
Hegyi  Pearson correlation 1 - 193" -207"
index Significance (2-tailed) 000 000
655 654 655
Total Pearson correlation -.193™ 1 5967
height  Significance (2-tailed) .000 000
N 654 654 654
Canopy Pearson correlation =207 596" 1
cover Significance (2-tailed) .000 000
N 655 654 655

Note: ** Correlation is significant at the 0.01 level (2-tailed)

Table 4. Hegyi index, distance and stand structure, competitor
dendrometric factor according to growing position

Mean Mean

Mean Mean Mean of of
Position of = = of of total canopy
Hegyi stands species distance DBH | . .
index (m) (cm) height cover
(m) _ (m?)
East 0.17 106 30 542 3479 1596 273
North 0.20 110 42 5.04 3493 1595 270
Northeast 0.19 110 33 5.58  37.25 l16.65 281
Northwest 0.15 110 36 5.31 3849 16.85 3.01
South 0.25 96 36 5.54 3283 16.60 2.69
Southeast 0.16 120 36 5.23 3422 1638 297
Southwest 0.19 94 32 5.16 3297 lo44 272
West 0.15 103 33 540 3465 1545 275
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Table 5. Correlation of Hegyi index with tree position, total
height, canopy cover of competitors

Hegyi Position Total Canopy
index height  cover

Hegyi  Pearson 1 -025 =202 218"
index correlation

Significance (2- 471 .000 000

tailed)

N 849 849 848 849
Position Pearson -.025 1 -012 011

correlation

Significance (2- 471 721 739

tailed)

N 849 849 84% 849
Total Pearson -2027 012 1 5707
height  correlation

Significance (2- .000 721 000

tailed)

N 848 848 848 848
Canopy  Pearson S218™ 011 5707 1
cover correlation

Significance (2- .000 739 000

tailed)

N 849 849 848 849

Note: **. Correlation is significant at the 0.01 level (2-tailed).

Mueller-Ellenberg and Dombois (1974), Weiner at al.
(1990) explains that competition of two species of plants
with the same form of growth starts from the same way of
adaptation to environmental factors. In other words,
competition is mediated by growth factors. The spatial
pattern is the visualization of adaptation to certain
environmental factors. Therefore, the spatial pattern is
closely related to the multi-species coexistence aspect
(Nakagawa et al. 2015; Callaway 1995; Condit et al. 2000;
Stoll and Prati 2001; Murrell 2009) such as the competition
between trees that depends on spatial relationships between
plants and neighbors to get resources (Teughels et al.
1995),

The position of the competitors has a direct effect on
the dendrometric aspects of competitors and merbau trees
which ultimately has an impact on competition. When the
position of each competitor in each sampling unit does not
change due to the death of the stand, then over time, the
intensity of the competition will increase because space
becomes narrower due to the growing dimension of the
stands of each individual, both competitors and merbau
trees. According to Tschirhart (2001), Tremmel and Bazzaz
(1993), each plant community occupies a fixed space and
when each stand increases its biomass due to growth or
because it produces new plants, space will be filled. When
space is filled, each stand that increases its biomass will
have difficulty in absorbing energy because of the shadow
of other stands. This condition is a negative adverse effect
because the canopy of neighboring trees blocks potential
crergy.

The effect of competition on merbau
The intensity of competition produces two forms of
process behavior, namely the negative effects of individual
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neighbors and the response of trees to changes in resource
abundance (Teughels et al. 1995; Goldberg 1990; Tilman
1990; Bazzaz and McConnaughay 1992). The effect of
competition can be defined mechanically as the influence
of plants around the resource. The competition response
can be seen as a relationship between the number of
resources available to plants and some fitness components
such as growth, survival and reproductive output (Goldberg
1990).

In this study, merbau experienced the effects of
intraspesific and interspecific competition. Intraspecific
effects of competition occurred because it grew in groups
or cluster pattern. Cluster patterns of species are affected
by dispersal limitations at larger scales (Burslem et al.
2001; Ledo et al. 2014). The restriction of merbau
distribution was due to the relatively large and heavy seed
size, so it did not support broad spreading farther from the
stand of the mother tree, either with the help of wind or
water. At GMNTPM, merbau also did not have any
frugivores that could help to spread the seeds that
physiologically had been mature. These factors caused
merbau to grow in clusters under the stand of its mother
tree.

Merbau seeds could fell far from the mother tree due to
mechanical factors of the mother tree and neighboring
trees. Seeds that escape from the pods bounce off the
branches or the branches of neighboring trees so that it fell
far from the stand of the mother tree. If this mechanism
occurred to the ripe fruit that hung at the end of the longest
branch, the initial stage of merbau invading more extensive
areas at GMNTPM. However, generally, the first process
occurred in a much smaller frequency than the process of
the merbau seeds falling and germinating and forming
regeneration groups under and around the mother tree.

The pattern of merbau grouping occurred since seed
germination phase, so regeneration density caused the
distance between individuals to be quite close. As a result,
space for growth was limited to the effect of same-species
competition. According to Del Rio et al. (2014), in general,
the more limited the growing space by neighbors, the
stronger the competition for resources for individual
growth. The results of research by Fraver et al. (2014)
showed that the position of Picea abies affected the
intensity of competition growth with the canopy as a
measure of assessment. The intensity of competition is
increasing and influences the level of growth if the tree
position tends to be a clustering pattern, while the effect of
competition is smaller if the pattern is not a cluster.

The competition due to tree density causes growing
space for one of the competing parties to decrease and there
is the light interception by neighboring trees (Tremmel and
Bazzaz 1993, 1995; Mori and Takeda 2003). The effects of
this pattern of competition are negative density-dependent
(NDD) because density reduces the number of stands due
to competition (Wright 2002; Piao et al. 2014).

At the population level, NDD produces a self-thinning
mechanism because resources are limited so that some
individuals are die in response to competition (Morris
2002, 2003; Chu et al. 2010; Harper 1977, Bazzaz 1996;
Lentz 1999). The reason for all same-species stands, every
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individual competes with similar behavior. Therefore,
space and resources are insufficient for all. It is related to
tree size and homogeneous genetic factors (Pretzsch
2014). Thus, several studies explain that the effect of
competition through conspecific behavior is more
significant on individual growth compared to the effects of
heterospecific neighbors (Comita et al. 2010; Johnson et al.
2012; Zhu et al. 2015). Zhu et al. (2015) explains that in
tropical forests, the NDD conspecific effects on local tree
species are more significant in the early stages of growth
and the effects are smaller in the adult stage. Larson et al.
(2015) found that in Abies amabilis young forests, the
mortality rate per year duec to density-dependent
competition is higher than the old forest, causing more
extensive distances between trees. This condition is called
competition turns into facilitation so that the surviving trees
can develop insufficient space and new variations are
formed in the stand structure. Clarified by Kunstler et al.
(2016) that the fast maximum growth of a species is
negatively correlated with stand density in all biomes, and
correlated positively with specific leaf areca in most
biomes.

Direct indication of NDD mechanism that produces
self-thinning was not found as the samples of merbau poles
involved in this research was the young ones which had
been able to survive in GMNTPM. However, the results of
research was done by Sirami (2014), Sadono et al. (2014)
in the same location confirmed the existence of the direct
indication of NDD mechanism that produces self-thinning.
They found out that merbau trees produced a massive
amount of seedlings under the parent trees. However,
neither saplings or poles were often not found. This
phenomenon normally occurs in merbau stands structure in
the low land forest of Papua (Forestry Service of Papua
Province 2008, 2010a, 2010b).

NDD with self-thinning mechanism because of the
competition were found in the development of the merbau
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population at GMNTPM. Signs that merbau will survive
into an adult tree, generally can be seen when it has
reached the sapling phase with a diameter of = 2 c¢m
(Sirami 2014; Sadono et al. 2014). In this diameter, merbau
has shown relatively wide spacing of germinations
compared to seedling phases which are directly clustered
under the mother trees. These facts confirm that the
interspecific competition in the merbau population at
GMNTPM is a strong indication of the need for ideal
spacing for merbau on cultivated land, an important factor
that can support its growth.

The interspecific competition was occurred between
merbau and 79 other tree species. They could adapt well on
rough soil and occupied strata A-C at GMNTPM (Table
1). Strata C was the densest canopy layer because it was
not only inhabited by tree species but also several species
of lianas (Sirami et al. 2016) and herbs from the family of
Arecaceae and Pandanaceae. Generally, trees in strata C
were smaller in diameter, so that they could grow at a
closer distance. While the trees in the strata A and B had a
relatively larger diameter, so the distance was wider. It was
recorded that more than 500 competitor stands occupied the
C strata, while the rests were large trees in strata A and B.

The factors that cause the variation in the intensity of
competition between merbau and competitors are the
average distance and diameter as the theoretical basis of the
Hegyi Index. However, there are also other factors such as
frequency of presence, total height, canopy cover, and the
number of stands that indirectly affect the intensity of
competitors but they are not covered in Hegyi's index.

A significant positive relationships are shown between
Hegyi index with the frequency of presence, number of
stands, total height and canopy area (p < 0.01) (Table 6). If
there is an increase in the number of individuals, the total
height, canopy area and frequency of a competitor, the
intensity of competition with merbau will increase.

Table 6. Correlation between Hegyi index, frequency, number of stands, total height, canopy cover of competitors

Hegyiindex  Frequency Number of stands  Total height Canopy cover
Hegyi index Pearson correlation 1 942 970" 931 932"
Significance (2-tailed) 000 .000 000 000
N 80 80 80 80 80
Frequency Pearson correlation 942 1 970" 979" 972"
Significance (2-tailed) .000 .000 000 .000
80 80 80 80 80
Number of stands  Pearson correlation 970" 970" 1 966" 963"
Significance (2-tailed) 000 000 000 000
80 80 80 80 80
Total height Pearson correlation 931" 979" 966" 1 995"
Significance (2-tailed) .000 000 000 000
N 80 80 80 30 30
Canopy cover Pearson correlation 932" 9727 963" 995 1
Significance (2-tailed) .000 000 000 000
N 80 80 80 80 80

Note: **. Correlation is significant at the 0.01 level (2-tailed).
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The size of the diameter and height of the competitors
indicate the growing space of above-ground that is
controlled by a tree. The canopy area when connected with
the height of the tree is a description of the increasing
space in the forest canopy which is controlled by a tree.

Competitors monopolized two levels of above-ground
space. It reflected the intensity of the merbau competition
with neighboring trees. Temporarily, the dendrometric
elements were a function of tree architecture that was
always dynamic. Increasing the height and size of the
crown is the effort of the competitors to reach spaces with
dimensions above the ground surface that provides
optimum sunlight. Ford (2014) explains that competition is
closely related to the dynamics of tree architecture because
when there is a change in plant architecture, it changes the
surrounding environment. Therefore, it turns the available
resources for the plant and its neighbors. The dendrometric
factor is closely related to the adaptation of tree parts to
support the ability to compete with neighboring trees. The
expansion of tree architecture aims to position their leaves
between their neighbors and sources of light by growing
taller, earlier, faster, or all three (Craine and Dybzinski
2013;  Aschehoug et al.2016). Therefore, key
characteristics of the light competition include phenology,
height, and relative growth rates (Aschehoug et al
2016). These characteristics indicate that light competition
is an asymmetrical competition because larger plants get
disproportionately larger portions of light.

The growth dynamics of every eclement of tree
architecture such as height, DBH, and canopy cover have
long been considered as dendrometric factors that
determine  the intensity of competition between
trees. Several previous studies have proven that DBH is an
important factor that influences the intensity of competition
between trees both interspecific and intraspecific
competition (Gonzalez de Andres et al. 2018; Zhou 2017,
Da Cunha et al. 2016).

The competitors that grow closer to merbau increase the
intensity of competition because the total growth space
needed is higher. The effect of the number of trees on the
intensity of the competition will be even greater, if it is
followed by a fairly close distance and large diameter and
growing position around merbau. Previous researchers
have explained the density effect that the relationship of
plant density changes available resources, thus creating
competition (Bonan 1991; Chu et al. 2009; Chu et al
2010).

In tropical forests with high tree species diversity such
as GMNTPM, there are two mechanisms of competition at
once namely conspecific and heterospecific. During field
observations, most of the competitors grew in groups per
species, but only the closest stands located near merbau
were recorded for analysis. Furthermore, there was a
mixture of heterospecific distribution patterns. Not just
being a competitor for merbau, some of the species of
competitors also experience competition in their population
and with other species other than merbau. This condition is
an indication that the density of stands and spatial patterns
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are important factors that determine the high intensity of
competition with merbau trees.

Competition with merbau can be considered as the
effect of competition between competitors with non-
merbau species. For competitors which have a faster
growth rate than merbau may choose to be more dominant
in achieving light resources on the side of merbau than on
the side of same-species trees or with other species that
have relatively same growth speed. This condition is an
indicator of the effects of heterospecific and conspecific
mechanisms that occur together.

The frequency of the presence of a species around
merbau can increase the intensity of the competition in
species level. However, it also should meet other
conditions such as large diameter and more than one
individual. The frequency associated with the heredity
factor explains that each species carries different genetic
identities that affect how the species grows and develops in
the dense forest communities. Bennett et al. (2016)
demonstrate that each species has a different effect on its
competition with other species. This condition is one of the
ecological processes that show how heredity works. In this
study, competitor species with the highest competition
intensity also had a high frequency of presence (Table 1)
and were relatively dominant. Domination is another
indication of the ability to compete because the species can
grow on stand structures that are higher than other species.
Those competitor species belong to the group of most
competitive tree species.

Merbau's response to competition

The canopy architecture and canopy slope of merbau is
different from the competitor species. Merbau tends to
adapt irregular canopy shapes than oval, round, triangular
and domed (Table 7). The irregular canopy shapes were
formed when merbau’s canopy had direct contact with the
competitor’s canopy. Round, oval, triangular or domes
shapes occurred when the merbau’s canopy was in the gap
between competitors’ canopies. Merbau also tended to tilt
the canopfin a different direction from that of competitors
and grew first branch at the lowest point on the trunk
compared to the competitors.

This behavior is contrary to the growth behavior
of Pometia spp., Dysoxylum spp., and Dracontomelon sp.
in the pole phase, these three species do not grow branches
at the lowest point on the stem until they reach a relatively
open space between the other tree canopies. This strategy is
aimed to minimize the horizontal barrier because at the
lowest position merbau tree branches can grow in less
dense spaces. On the rough soil conditions in GMNTPM,
soil cover and herbaceous plants are rarely to be found, so
there is enough space near the soil surface. This condition
allows merbau leaves on the lowest branches to be free
from the barrier to absorb sunlight because the size of the
merbau leaves i1s smaller than that of the competitors in
general.
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Table 7. Canopy shape, canopy slope, and height of merbau tree
branches

Item Percentage
Canopy shape
Irregular 82%
Oval 11%
Round 5%
Triangular 2%
Canopy slope direction
Very different 60.55%
Different 31.19%
Quite different 5.50%
Less different 0.92%
Same 0.46%
Lowest branch height
The tallest 6.05%
High 4.63%
Quite high 1.78%
Low 16.37%
The lowest 48.04%

Merbau responded to the high intensity of competition
through several growing behaviors (Table 7). This form of
response is part of the ability to compete as well as a
merbau strategy to absorb light among the competing tree
canopies at GMNTPM. Light is a limited resource under
the tree canopy in tropical forests (Chazdon and Fetcher
1984; Chazdon and Pearcy 1991; Guzman and Cordero
2016), thus, light availability affects some plant characters
and contributes to the coexistence of plants in different
habitats (Hubbell et al. 1999; Adler et al. 2013). A
character affected by light is the canopy architecture, such
as shape and width. Therefore, when the light is limited,
competition between large trees and small trees under the
canopy often shows partial size asymmetry (Schwinning
and Weiner 1998; Looney et al. 2016).

What merbau did as a response to competition, has been
investigated by ecologists. They argue that the adaptive
needs of tree architecture are related to the efficiency of
capturing light, such as the position of branches which are
right above the ground affect the pattern of leaf appearance
(Wickens and Horn 1972; Sakai 1986:; Kohyama 1987:
Takenaka 1994). Therefore, the success in competition is
also determined by the placement of leaves on the canopy
because it is very important to capture light (Black 1958,
1960; Tremmel and Bazzaz 1995). It compensates the
effects of competition through architectural and
physiological plasticity (Grace 1995) by positioning the
leaves among its neighbors and light sources (Craine and
Dybzinski 2013; Aschehoug et al. 2016).

However, light competition can be quite complicated to
understand because shade avoidance syndrome (SAS) can
occur in areas with abundant light (Pierik et al
2013; Aschehoug et al. 2016). In this research, three
samplings of merbau aborted the leaves even though they
grew under the competitors' canopy. Whether this is
another form of SAS or not, it needs to be investigated
further because merbau is a semi-tolerant species.
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Ideal planting space

The width of the canopy of adult merbau trees can
reach > 600 m? (Sadono et al. 2014; Sirami 2014). Merbau
also tends to adapt its canopy slopes with different
directions, has irregular canopy shapes and the lowest clear
bole height among competitors. In silviculture, the growth
behavior is closely related to the effect of the canopy on the
diameter size and the total height of trees that can be
harvested. Thus, by setting the ideal planting space and
considering the width of the canopy of each species in
nature, it will reduce the intensity of competition in the
merbau plantations.

Based on merbau growing behavior and DBH grouping
of the most competitive trees species, we concluded that
ideal planting space between merbau and shade trees is 3-7
m. If the purpose of planting is for the use of wood with a
DBH of 10-30 ¢m, the planting space ranges from 3 to 5 m.
While, if the object is for the use of wood with a DBH of >
30 c¢m or for 30-40 years of rotation, the planting space is
between 5-7 m.
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