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Research paper

Impact Four Years after Thinning on the Growth
and Stand Structure of Taiwania Plantation

in the Liukuei Experimental Forest
Dar-Hsiung Wang,"”  Shyh-Chian Tang,”  Chih-Ming Chiu"

[ Summary ]

This paper examines the impact of thinning 4 yr after it took place on the growth and stand
structure of Taiwania cryptomerioides plantations in Liukuei Experiment Forest in Southern Tai-
wan. Thinning to 3 residual levels in basal area were carried out in 1999, and three 0.09-ha plots
were set up in each treatment for stand monitoring purposes.

The results showed that partially due to the stand density, the enhancements in the increments
of basal area and volume by heavy thinning were less than those by medium thinning. However,
enhancement of the growth rate was in a reverse order. The contagion index, which measures the
spatial structure of a stand indicated that the regular pattern of individual trees in spatial locations
in plantations was shifted toward a random or clumped one through individual tree thinning. The
diameter differentiation index describing the spatial distribution of tree sizes indicated that the
range of the difference in size of neighboring trees in the plantation was reduced through the thin-
ning operation, with an increase in the proportions of trees having DBH differentiation of a small
level (0.83) and a decrease in the average level (0.17). Due to variations in growth probably caused
by competition among residual trees, 4 yr after thinning, the proportions of trees with a small dif-
ference level and average difference level were reduced (0.81) and increased (0.19), respectively.
Key words: plantation thinning, spatial distribution, structure index, stand growth.
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INTRODUCTION

On plantations, the effects of juve-
nile spacing do not last long because of the
competition of the roots and crowns of the
younger trees beginning at the onset of crown
closure. Crowded tress have to compete for
light, water, and nutrients, resulting in slower
growth or even death of some trees (Oliver
and Larson 1996). Moreover, some weak
trees also become vulnerable to insects and
disease. To avoid overcrowding and competi-
tion, trees are often thinned to increase the
growing space available to the remaining
trees. Enhancing growth on final crop trees
by removing other trees has long been recog-
nized and practiced in commercial thinning
(Abbott and Loneragan 1983).

The forest structure is of interest to many
disciplines and is regularly discussed in the
context of ecosystem management. Spies
(1998) pointed out that the forest structure
encompasses many meanings and can be
described in many ways. At the stand level,
measurements of tree size, age, foliage, bio-
mass, and spatial distribution in the overstory
and ground vegetation layers are commonly
viewed as components of stand structure.

The structure of tree crowns, for example, is
a characteristic of stand structure that influ-
ences the growth of both trees and understory
vegetation (Latham et al. 1998). Changes in
the structural attributes of stands also affect
stand functions such as photosynthesis and
respiration (Waring and Schlesinger 1985),
tree growth (O’Hara 1988), the suitability of
the stand for wildlife (Morrison et al. 1992),
and understory plant diversity (Latham et
al. 1998). Therefore, structural diversity has
become an important facet within forestry,
especially for countries (e.g., Central Europe)
with a rather low level of tree species diversi-
ty (Neumann and Stalinger 2001). Increasing
horizontal and vertical heterogeneity of the
stand structure often leads to a higher number
of species and contributes to higher stand sta-
bility (Latham et al. 1998). Thinning practices
can modify the stand structure and therefore
have an important potential role in determin-
ing stand diversity and ecological stability
(Pretzsch 1997, Spies 1998, Humphrey et al.
2000).

In ecology and forestry, finding the pat-
terns of distribution of forests is a prerequisite
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to understanding the function of forest eco-
systems. The quadrat method and distance
method are 2 widely used ways to measure
the dispersion patterns of populations. In the
former, quadrat sampling is used to collect
counts of the number of events in subsets
of the study region. The disadvantage of the
quadrat approach is that such data are strong-
ly influenced by the size of the quadrat used
for data collection. In the latter, distances
between events are calculated to provide a
variable for the measurement of spacing that
avoids the use of quadrats, and therefore,
eliminates the effect of quadrat size (Cressie
1991). Use of the distance to the nearest
neighbor in the detection of randomness in
spatial patterns has been advocated by many
studies for a long time (Upton and Fingleton
1989). The horizontal pattern of tree locations
is typically classified into regular, random,
and clustered patterns. Usually, this informa-
tion may provide valuable insights into the
overall structural condition of a stand and,
therefore, should be incorporated into the de-
scription of the forest structure.

Taiwania (Taiwania cryptomerioides) is
the major plantation species in the Liukuei
Experimental Forest. An inventory showed
that, by the end of 1991, there were 1560 ha
of plantation accounting for 16.22% of the
total area of the experimental forest. Approxi-
mately 51.6% of the plantation area was cov-
ered by Taiwania, therefore, its silviculture
practice is of great importance (TFRI 1992).
The purpose of this study was to investigate
the influence of alternative thinning regimes
on the growth and stand structure of a Tai-
wania plantation 4 yr after a commercial thin-
ning in Liukuei Experimental Forest.

MATERIALS AND METHODS

This study was conducted in an even-
aged Taiwania plantation in Compartment
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#3 of Liukuei Experimental Forest, Taiwan
Forestry Research Institute, located in the
Southern Taiwan. The plantation with a 2*2
m spacing was established in 1972 with an
area of 78 ha at elevations ranging from 1500
to 1700 m. The mean annual precipitation is
3800 mm, which mostly falls from May to
September. The mean annual temperature is
17.5°C. In this plantation, a thinning from
below with 3 residual levels in basal area (i.e.,
40 m* ha", 50 m*ha', and control) was car-
ried out in 1999. The area for each treatment
was 3~5 ha. In each treatment, 3 square moni-
toring plots with an area of 0.09 ha each were
set up at random. Within the plot, each tree
was mapped, and stand characteristics associ-
ated with timber growth and stand structure
were measured immediately before and annu-
ally after the thinning in 2000~2003.

Since there is an increasing demand for
information on alpha diversity, particularly
on the spatial distribution of trees and their
attributes (Ferris and Humphrey 1999, Pom-
merening 2002), structural indices describ-
ing certain horizontal aspects of the stand
structure, such as mean values or a distribu-
tion pattern, therefore, have been developed
accordingly in the past (Upton and Fingleton
1989). From a mathematical point of view,
the majority of indices measuring forest struc-
ture can be categorized into 2 major groups:
distance-independent and distance-dependent
ones. In the former, no spatial information is
needed to calculate the indices. The Shannon
index is an example of a distance-independent
algorithm to describe species mingling (Ma-
gurran 1988). However, for the latter group,
the coordinates of tree locations are required.

In this study, indices measuring stand
structure horizontally associated with dis-
tance-dependent measurements were used to
evaluate the impact of thinning regimes on
the stand structure in a Taiwania plantation.
The indices used are briefly described below.
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Aggregation Index of Clark and Evans
(1954)

The aggregation index, a single value
describing aspects of variability of tree loca-
tions in forest stands, is defined as:
R=r,/E(); (1)
where r, is the average distance from a tree
to its nearest neighbors in a given stand and
E(r) is the mean nearest neighbor distances in
a stand with completely random tree locations
(i.e., a “Poisson forest”) of intensity lamda ()
= N/A. In the case of the first nearest neigh-
boring distance, E(r) = 1/2*(N/A)"?, where
N is the: number of trees and A is the area of
the forest stand.

The ratio, R, is used to measure the
degree to which the observed distribution
approaches or departs from random expecta-
tions. Generally, the R value is interpreted as
follows: for R > 1, the pattern has a tendency
to regularity, for R = 1, it is completely ran-
dom (Poisson process), and for R < 1, there is
a clustering in the pattern.

If the value of R indicates that a given

population is not randomly distributed, the
significance of the departure of r, from E(r)
can be tested by a normal curve with the fol-
lowing equation:
Z=(rs- E(1)) / ok ()
where Z is the standard variate of the normal
curve and o, is the standard error of the
mean distance to the nearest neighbor in an
random distribution of the same density as
that of the observed population. The value of
Ok for a population of density p for the first
nearest neighboring distance is 0.26136 / (N*
p)"” where N is the number of measurements
of distance made (Clark and Evans 1954).

Contagion Index

Instead of using the aggregation index,
Gadow et al. (1998) (cited by Pommerening
2002) developed a contagion variable, Wi, for

each tree to define the degree of regularity of
the spatial distribution of tree positions in a
forest. The conceptual basis behind the conta-
gion index is described briefly here.

Assume in a forest with a complete regu-
larity of the positions of the n nearest neigh-
bors around a reference tree, i, the expected
standard angle, a°, between two neighbors
would be equal to 360°/n. In a constellation
involving 4 neighbors, for example, a°® equals
90°. Contagion is defined as the proportion
of the actual angle, a, between 2 neighbors
which are smaller than the standard angle, o’
W=1/nXw; 3)
where w; = {1, the o angle between tree i and
neighbor tree j is smaller than a°; 0, other-
wise}.

The point pattern of tree positions in a
forest can be evaluated by the distribution
of W;. The average contagion (W) value
can be used to classify the point pattern into
the categories of ‘regular’, ‘random’, or
‘clumped’ (Gadow et al. 1998 cited by Pom-
merening 2002). The results of Albert’s study
(1999) showed that trees with a contagion
value greater than 0.6 can be considered as
clumped, those with values between 0 and 0.5
are regular, and those between 0.5 and 0.6 are
random (cited by Pommerening 2002). How-
ever, Albert (1999) also pointed out that these
distinctions might not be so sharp (cited by
Pommerening 2002).

Diameter Differentiation Index

The single tree diameter differentia-
tion variable, T}, gives the size difference of
neighboring trees on a continuous scale and
describes the spatial distribution of tree sizes
(Pommerening 2002). For a reference tree, i,
and its n = 3 nearest neighboring j (j = 1, n),
the diameter differentiation index T, is de-
fined as:
T; =1 - {min (DBH,;, DBH;) / max (DBH,,
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DBH))}: 4)
where DBH is the diameter at breast height
(cm).

The value of T;; increases with an in-
creasing average size difference between
neighboring trees. The diameter differentia-
tion index value (T;) can be classified into 4
levels of differentiation: a small level (0.0 =
T; <0.3), an average level (0.3 =T; <0.5), a
big level (0.5 =T; <0.7) and a very big level
(0.7 =T; = 1.0) (Pommerening 2002).

Based on the concepts mentioned above,
a computer program SPAPET coded in FOR-
TRAN was written by the senior author to
calculate these indices.

RESULTS AND DISCUSSION

While part of the plantation surveyed in
this study had received precommercial thin-
ning in 1991, the report by Wang et al. (2003)
showed that due to a decline in the stimulat-
ing effect on Taiwania growth, the stand dif-
ferences had become trivial 7 yr after the pre-
vious thinning. Generally, timber variations in
growth and stand structure among plots were
trivial at the time of implementing the com-
mercial thinning, therefore, the forest state
prior to thinning can be used as a baseline to
investigate the effect of thinning on factors
considered in this study.

Thinning operations are characterized
by thinning intensity and thinning method.
The latter is often expressed as low, high, or
through thinning, depending on whether or
not the removal is selective for size (Pienaar
1979). In general, if the thinning is not se-
lective for size, the percentage of thinning
in terms of the number of trees removed is
equivalent to the percentage of thinning in
terms of the basal area or volume removed
and vice versa. However, when thinning is
selective for size, the percentage of trees
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removed by the thinning does not equal the
percentage of the basal area or volume re-
moved. Field et al. (1978) demonstrated that
in such a case, one item’s percentage could be
estimated from the other. Usually in low thin-
ning, a larger percentage of trees are removed
than those of the basal area or volume. As
shown in Table 1, the figures are consistent
with those of a low-thinning operation.

The characteristics of the Taiwanina
plantation immediately before and after, and 4
yr following thinning are presented in Table 1.
Hamilton Jr. (1986) mentioned that the most
obvious influences of thinning on stands were
a reduction in the basal area and an increase
in the DBH increment. Both of these effects
result in a decrease in mortality rates. The
mortality rate of unthinned stands (13.3%)
during the 4 yr is higher than those of thinned
stands (3.2% with heavy thinning and 5.6%
with medium thinning) as shown in Table
1, confirming that mortality was reduced
through thinning practice. As the annual in-
crements in 2000~2003 were quite small in
both thinned and control plots (Table 2), due
to potential measurement errors, no annual
analysis was done in this study. However,
4-yr increments were used to assess the effect
of thinning on stand growth. A rather-rapid
increase in the 4-yr DBH increment occurred
in thinned stands, with heavy thinning ranked
first, followed by medium thinning in terms
of both increment and growth rate (Table 2).
Partially due to the density of residual trees
in 2003 for the control and that at 4 yr after
thinning for the thinned treatment (Table 1),
the enhancements in the increments in basal
area and volume by heavy thinning were less
than those by medium thinning. However,
the enhancement in their growth rate was in a
reverse order (Table 2). In terms of the DBH
distribution, the DBH was truncated and
skewed to the right with thinning operations,
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Table 1. Characteristics of a Taiwania plantation among alternative thinning regimes

Age Density DBH Height BA Volume
Treatment h 2. 31 a1

(yr) (no.ofstemsha™)  (cm) (m) (m ha”) (m ha)
Heavy thinning 49%" 35%” 34%”
Immediately before thinning 27 116724007 25.32+1.23 14.61+0.34 61.37+15.69 383.4%95.2
Immediately after thinning 27 593423 29.13£0.31 15.57%+0.15 39.60+0.15 241.43+11.06
After 4 yr 31 574428 31.93£0.66 16.47+0.47 45.63+2.02 292.67+13.48
Medium thinning 249" 15%” 2%
Immediately before thinning 27 10224220  26.78+1.23 14.94%£0.31 61.06£4.05 3853£27.8
Immediately after thinning 27 778 £22 28.63£1.15 15471032 51.77£2.01 342.231+20.95
After 4 yr 31 734169 31.30£1.66 16.3%0.30 59.57%£3.73 401.931+29.45
Control
1999 27 1533+243  24.97+1.46 1451%£0.46 80.45+6.78 503.5%42.7
2003 31 1329+170  27.03+1.66 1527+£0.42 85.03+£3.88 547.57+£19.75

" The percentage of trees removed by thinning.
? The percentage of basal area removed by thinning.
® The percentage of volume removed by thinning.

* Mean = standard deviation. DBH, diameter at breast height; BA, basal area.

Table 2. Four-year increments among different regimes of thinning intensity

Treatment DBH Height Bas;ﬂ area Volume
(cm) (m) (m” ha) (m’ ha™)
Control 2.06 0.76 4.58 44.07
(8.25%)* (5.23%) (5.69%) (8.75%)
Medium 2.67 0.83 7.80 59.70
(9.33%) (5.36%) (15.06%) (17.44%)
Heavy 2.81 0.90 6.03 51.24
(9.61%) (5.78%) (15.23%) (21.22%)

* Figures in parenthesis are the growth rates.

DBH, diameter at breast height; BA, basal area.

and is getting closer to a bell-shaped curve
over the years (Fig. 1).

While probability distribution functions
(e.g., Weibull) are widely used to describe the
distribution of stem size (i.e., DBH), they do
not take into account the distribution in space,
and thus, largely ignore the spatial character
of forest structures (Zenner and Hibbs 2000).
Since the competition stress suffered by in-
dividual trees is largely related to the tree
size and distances between competitors, the

information on the spatial distribution of tree
sizes, therefore, is desirable (Biging and Dob-
bertin 1992).

Distances among individual trees used in
this study were obtained based on the coor-
dinates of trees. The first nearest neighboring
distance is the set of the distances between a
subject tree and its first nearest neighboring
tree for all subject trees. The nearest neighbor
concept can be expanded from the first near-
est neighboring tree to the second nearest
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neighboring tree, and so on.

regularity both before and after thinning as

The regularity test in equation 2 indicat- a whole. But the regularity of tree locations
ed that the plantation had a tendency toward in forest stands measured based on the first
Control
18 1999
16 e 2000
—-—--2001
B 147 - —- 2002
St 2003
£
210t
G
o gl
E
E O
=
Z 4l
2L
0 L ‘ ‘ S

1 2345 6 7 8 9 10111213141516 171819 2021 22 23 2425 26 27 28 29 30 31 32 33 34

Diameter class (cm)

Medium thinning

18 1999 before
16 + < ——=-1999 after
R IeNG e 2000
= —-—--2001
s 12+
g —--=-2002
= 107 — 2003
G
(=} 8 |
2 6
Nel L
g
z 47
2L
0 ey SSPCEE )
1 23 45 6 7 8 9101112 1314151617 1819 2021 22 23 24252627 28 29 30 31 32 33 34
Diameter class (cm)
Heavy thinning
18 ¢ 1999 before
16 + ——=—=—=1999 after
24t
£
w) L
g 12
v 10+
L
S 8t
5]
S 6+
£
z 47
2L
0 J

1

23 456 7 8 910111213 14151617 18 19 20 21 22 23 24 2526 27 28 29 30 31 32 33 34

Diameter class (cm)

Fig. 1. The Weibull diameter distribution for alternative thinning regimes from 1999 before
and after thinning to 2003.
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nearest neighboring distance decreased after
the thinning operation (Table 3). Moreover,
the regularity of tree locations was also af-
fected by alternative nearest neighboring dis-
tances used. The trend of weakening the regu-
larity of tree location (i.e., the value dropped
from the first to the third nearest neighboring
distance) through an increase of neighboring
distance both before and after thinning is in-
dicated in Table 4. The consistency of evalu-
ating the regularity between the aggregation
index (R) and the average contagion index
(W) through thinning practice is demonstrated
in Fig. 2.

The pattern of the plant population dis-
tribution is not only a fundamental charac-
teristic, but also a feature extremely difficult
to describe in precise and meaningful terms.
Any improvement in the quantitative analysis
of the distribution, therefore, is desirable and

Table 3. Changes in the aggregation index
before and immediately after the thinning
practice based on the first neighboring

distance for alternative thinning intensities

Before After
Treatment . .

thinning thinning
Medium thinning 1.267** 1.224%**
Heavy thinning 1.273%* 1.199%*

** Significant difference at o = 0.01 in regular-
ity testing based on equation (2).

Table 4. Aggregation index before and
immediately after thinning practice for a
particular plot with heavy thinning based
on the first, second, and third nearest
neighboring distances

Before After

thinning  thinning
First nearest neighbor 1.273 1.199
Second nearest neighbor ~ 1.082 1.141
Third nearest neighbor 1.049 1.126

Distance

would surely facilitate the interpretation of
dispersion patterns (Clark and Evans 1954).
The aggregation index was proposed by Clark
and Evans over half a century, but because of
the simplicity in calculation and the readiness
in interpretation, it is still widely used today
to measure the spatial pattern of stands (Ze-
nner and Hibbs 2000).

Figure 3 displays the change in the con-
tagion index distribution based on the first
nearest neighbor tree caused by thinning prac-
tice. Before thinning, 72% of trees showed a
regular distribution (0.0~0.25), 18% showed
a random distribution (0.25~0.5), and 10%
showed a clumped distribution (0.75~1.0).
However, the proportion of trees at the regu-
lar level was dramatically reduced (28%),
accompanied by a substantial increase in the
proportion of trees in a random (44%) or
clumped distribution (28%) after the thinning
operation. In other words, the regular pattern
of individual trees in spatial locations com-
monly occurring in plantations was shifted
toward a random or clumped pattern by the
thinning practice.

Figure 4 displays the change in the
DBH differentiation index distribution by the
thinning practice based on the first nearest
neighboring tree comparison. Before thin-
ning, owing to the greater variation in tree
size probably caused by competition, it cov-
ered a broad range of DBH differences in size
from a small to a big difference level. Among
them, regarding DBH difference with respect
to the first nearest neighboring tree, 32% of
trees were ranked as having a average dif-
ference level and 2% of trees were ranked as
having a big difference level. In control area,
some trees were even ranked as having a very
big difference level (Table 5). In thinning
operations, the removal of less-competitive
trees can narrow down the DBH difference
in residual trees, thereby, it increased the
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proportion of trees which had a small DBH
difference (0.83) and decreased the propor-
tion of trees on average difference level (0.17).
Four years later, because of variations in
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growth rates among residual trees, the differ-
ence in DBH again became larger, resulting
in a small decline in the small level (0.81)
and an expansion of the average level (0.19)

Medium thinning
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Fig. 2. Tree location patterns in the tree maps revealed by the aggregation index (R) and

average contagion index (W) for alternative thinning regimes. Horizontal axis and vertical

axis represents the X and Y coordinates of the tree locations in meters, respectively.
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Fig. 3. Distribution of the contagion index before and immediately after thinning for a
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Fig. 4. Distribution of the diameter at breast height (DBH) differentiation index based on
the first nearest neighboring distance for a particular plot in the heavy thinning practice.
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Table 5. Proportion of the diameter at breast height (DBH) differentiation level based on
the first, second, and third nearest neighboring distances for a given control plot in 1999

and 2003
DBH . 1999 . . 2003 .

. .. First Second Third First Second Third
differentiation level* . . . . . .

distance distance distance distance distance distance

Small 0.62 0.61 0.54 0.59 0.53 0.52
Average 0.20 0.31 0.33 0.21 0.40 0.30
Big 0.15 0.07 0.11 0.18 0.07 0.18
Very big 0.03 0.01 0.02 0.02 0 0

*Small level, 0.0 = T;; <0.3; average level, 0.3 =T; <0.5; big level, 0.5 =T, < 0.7; very big level, 0.7

=T, =1.0; T,

ij>

the diameter differentiation index described in equation (4).

Table 6. Proportion of the diameter at breast height (DBH) differentiation level based on
the first, second, and third nearest neighboring distances for a given heavily thinned plot in

1999 and 2003

DBH 1999 Before thinning 1999 After thinning 2003
differentiation  First Second Third First Second Third First Second Third
level* distance distance distance distance distance distance distance distance distance
Small 0.66 0.71 0.66 0.81 0.87 0.81 0.80 0.89
Average 0.32 0.23 0.26 0.19 0.09 0.19 0.20 0.07
Big 0.02 0.06 0.08 0 0.04 0 0 0.04
Very big 0 0 0 0 0 0 0 0

*Small level, 0.0 = T;; <0.3; average level, 0.3 =T <0.5; big level, 0.5 =T, < 0.7; very big level, 0.7

=T, =1.0; T,

ij>

(Fig. 4). This pattern of DBH differentiation
also held true for comparisons based on the
second, and the third nearest neighboring tree
as well (Table 6).

The diameter differentiation index is
based on pairs of reference trees with first,
second or third nearest neighboring trees.
Consequently, the size difference of neigh-
boring trees can be described based on the
first, second and third nearest neighbors, re-
spectively. This study showed that the effect
of measuring distance on diameter differen-
tiation seemed to be correlated with the stand
density. In a dense stand (e.g., the control),
due to the closer spacing among trees, the
increase in distance among neighboring trees

the diameter differentiation index described in equation (4).

intensified the differentiation among tree
sizes. If we combine the average, big, and
very big levels into one category called the
non-small level, a decrease in the proportion
of trees at the small level and an increase of
trees at the non-small level are noted when
the distance used is increased from the first to
the second and to the third nearest neighbor-
ing trees in both 1999 and 2003 (Table 5).
However, there was a lack of consistency ob-
served in the lower-density stand such as the
thinned plots (Table 6).

The choice of appropriate sampling
schemes is a relevant issue when conducting
forest inventories. The relative efficiency of a
given sampling method depends on the spatial
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distribution of the elements in the population
surveyed. In a study of the relative efficiency
of 3 sampling methods (systematic, strati-
fied, and simple random sampling), Payandeh
(1970) pointed out that systematic sampling
is equally as precise as the other 2 sampling
methods when applied to a randomly dis-
tributed population. However, for uniformly
spaced populations, systematic sampling is
the least precise among the 3 sampling meth-
ods. As a result, understanding the spatial pat-
tern of elements of a survey is a prerequisite
for the selection of the appropriate sampling
method. The spatial stand structure index
discussed in this paper should provide a good
way to assess the spatial distribution patterns
of elements being investigated.

CONCLUSIONS

Through thinning practice, a forest is
considered to be “improved” because the re-
maining trees can grow healthier, and are less
susceptible to disease and other disturbances.

The distance method provides a good
way to detect the randomness in spatial pat-
terns of stand structure. This paper provides
a useful approach for assessing the spatial
structure of a Taiwania plantation in Taiwan.
However, the same approach can be applied
to studies of natural forest as well. The col-
lected data only show the effect in a short
term, and data of monitoring for more years
are required to investigate the long-term ef-
fects of thinning on the topics examined in
this study.
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