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Abstract

Aim of the study: Neighborhood-based stand spatial structure parameters can quantify and characterize forest spatial structure
effectively. How these neighborhood-based structure parameters are influenced by the selection of different numbers of nearest-
neighbor trees is unclear, and there is some disagreement in the literature regarding the appropriate number of nearest-neighbor
trees to sample around reference trees. Understanding how to efficiently characterize forest structure is critical for forest man-
agement.

Area of study: Multi-species uneven-aged forests of Northern China

Material and methods: We simulated stands with different spatial structural characteristics and systematically compared their
structure parameters when two to eight neighboring trees were selected.

Main results: Results showed that values of uniform angle index calculated in the same stand were different with different sizes
of structure unit. When tree species and sizes were completely randomly interspersed, different numbers of neighbors had little
influence on mingling and dominance indices. Changes of mingling or dominance indices caused by different numbers of neighbors
occurred when the tree species or size classes were not randomly interspersed and their changing characteristics can be detected
according to the spatial arrangement patterns of tree species and sizes.

Research highlights: The number of neighboring trees selected for analyzing stand spatial structure parameters should be fixed.
We proposed that the four-tree structure unit is the best compromise between sampling accuracy and costs for practical forest man-
agement.
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Introduction

Forest management emphasizes the importance of
structure and function, and focuses on achieving a
natural state (Petritan ef al., 2012). Stand structure
heterogeneity leads to increased species richness and
contributes to forest stability and integrity (Latham ez
al., 1998; Spies, 1998; Wang et al., 2006). Stand spatial
structure is focused on the description of relative tree
positions (Kint et al., 2003), and is generally consid-
ered to have three aspects: diversity of tree positions
(spatial distribution), species diversity, and variation

in the dimensions of trees (Gadow & Hui, 1999; Lei &
Tang, 2002; Graz, 2006).

Recent studies have addressed various stand spatial
structure parameters based on relationships between
nearest-neighbor tree groups: uniform angle index,
mingling, and dominance (Graz, 2008; Petritan et al.,
2012; Li et al., 2012; Gao et al., 2013, Zhang et al.,
2014; Szmyt, 2014; Bettinger & Tang, 2015). These
have been implemented to assess tree spatial distribu-
tion patterns, quantify the degree of interspersion of
tree species and reflect size dominance of trees, respec-
tively. Among forest structure parameters, these are
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efficient in characterizing spatial structure and are cost
efficient because researchers are not required to meas-
ure tree positions or distances between trees (Hui &
Gadow, 2003). Researchers can evaluate these three
structure parameters by comparing a reference tree with
its n neighbors, simplifying sampling and making it
possible to investigate forest structure and diversity
along with traditional forest surveys. This set of struc-
tural parameters can be described by a mean structural
index at the forest stand level or by a probability den-
sity distribution, and thus has a unique advantage in
guiding forest structure management and simulating
spatial structure.

Similar to the estimation of competition among in-
dividual trees, stand structure analysis requires the
selection of neighboring trees around a reference tree
before structure indices can be applied. Many methods
exist to define neighboring trees (Pommerening, 2008),
but they are typically used to analyze competition not
structure. Hui & Gadow (2003) elaborated that four
neighboring trees are easy to be detected in the vicin-
ity of a reference tree and it had high accuracy in esti-
mating the spatial distribution patterns of tree positions,
species mingling and the dominance of tree sizes;
therefore, they proposed that a reference tree and its
four nearest neighbors formed the optimal structure
unit and applied it in both spatial structure analysis and
guiding forest structure adjustment in selective harvest
events. However, it is unknown how the size of struc-
ture unit influences spatial structure analysis system-
atically. Furthermore, some other studies also have used
Voronoi tessellations, fixed radii, or other methods,
which were used in the estimation of tree competition
effect, to apply structure parameters (Zhao et al., 2010;
Liu, 2011; Hao et al., 2012; Li, 2012; Wu, 2012; Pas-
torella & Paletto, 2013). Unfortunately, conclusions
have often been contradictory, especially for studies
that have addressed the uniform angle index, possibly
because of erroneous conclusions of stand spatial pat-
terns (see below). Thus, it is unclear how one should
identify neighboring trees to apply spatial structure
indices and whether other potential selection methods
are useful or not. Selecting a large number of neighbor-
ing trees, n, can allow us to collect more information
but generally will also increase cost (Stamatellos &
Panourgias, 2005); thus, it is necessary to find a bal-
ance between accuracy and sampling cost.

In this study, we selected two to eight neighboring
trees to analyze how spatial structure indices are influ-
enced by different sizes of tree structure unit in differ-
ent spatial arrangement patterns. The aims of this study
were to: (1) explore whether the selection of varying
numbers of neighboring trees makes a difference on
the analysis of structure indices and specify this influ-
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ence at different situations; (2) propose the optimal
structure unit size that compromises between accuracy
and sampling cost.

Material and methods

Spatial structure parameters based on
relationships between nearest-neighbor tree
groups

Uniform angle index (W)

Hui & Gadow (2002) described the spatial distribu-
tion patterns of a population of trees based on the an-
gles of the vectors joining a reference tree to its n
nearest neighbors. One can count only the number of
observed angles between two neighboring vectors,
which are smaller than the standard angle (¢,), and then
divide by the total number of angles, as follows:

n

1 I, o,<a
W,:—Zz,j,wherezij:{ 7770 and 0<W, <1

n‘s 0, otherwise

When the value of W, approaches zero, neighboring
trees tend to be distributed more regularly around the
reference tree. Conversely, when W, approaches one,
the distribution pattern tends to be clumped. In past
studies, the standard angle, describing a situation where
all n neighboring trees are distributed regularly around
360°

the reference tree, has been considered to be ¢, =

However, Hui & Gadow (2002) proposed that this

situation is rare in nature and not all angles would
0

larger than o, = in an n-tree structure unit. There-

fore, the standard angle should be smaller than this

value. In this study, we propose that the standard angle
0

360 . . .
should be o, = PYSE consistent with Hui ez al. (2007)
n

and Pommerening & Stoyan (2006).

The range of /W under a condition of complete spatial
randomness (CSR) is the principle for the assessment of
distribution patterns of trees in a forest. The value of W
under CSR is larger than that seen with regular patterns,
and smaller than that seen with aggregated patterns. Con-
sequently, one can easily assess spatial patterns when the
thresholds of W under CSR and I of investigated stands
are known. Similar to the method that Hui & Gadow
(2003) used to identify the range of W, we generated
1000 stands with random distribution patterns and calcu-
lated the average value (W) and standard deviation (o)
of Weg; thus, the thresholds of Weg, is W,.g,+3.
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Species mingling

Mingling (M,) is used to express the segregation of
species in multi-species forests and is defined as the
proportion of n nearest neighbors that are of different
species than the reference tree (Gadow et al., 2012). It
is defined as follows:

M, = lzn:v,j,
j=1

n“

0, neighbor j belongs to the same
species as reference tree i and
1, otherwise

where v; =
0<M <1

To determine the mingling variable for a whole
stand, we summed all M; values and divided by the
number of trees. The bigger the M,, the more tree spe-
cies are intermingled.

Diameter dominance

Dominance (U) was defined as the proportion of the n
nearest neighbors that were smaller than the reference tree:

1 <
Ui Zzgkij,

0, if neighbor j is smaller
than reference tree i and
1, otherwise

0<U <1

with k, =

Large values of U, indicate that a given reference
tree is suppressed by large trees; for trees in the largest
diameter size class we obtained values of U; approach-
ing or equal to zero. Generally, U,, is used to reflect
the dominance of a particular species and U, denotes
the dominance of a specific diameter size class.

Edge effects

The treatment of edge trees, those close to plot bound-
aries, can affect the estimation of indices that include
neighbor effects because it is possible that the true nearest
neighbors are just outside the study area (Pommerening
& Stoyan, 2006). Therefore, we used a buffer zone as an
edge-correction method in this study. Trees located in the
buffer area were considered neighboring, but not refer-
ence, trees. The width of the buffer zone (e.g., d =5 m)
should be neither too small nor too large to avoid wasting
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tree data, and a larger buffer zone width is required as the
number of neighboring trees (two to eight) increases. We
used (n + 1 m) to determine the buffer zone width.

Generating stands with different types of
spatial structures

The simulated stands patterns and characteristics were
based on the existing forest types in multi-species une-
ven-aged forests of Northern China. Most of the nature
or semi-nature forests in this region were protected by
the state with seldom commercial harvests. This region
has a typical monsoon climate with dry, windy springs
and warm, wet summers. Compared to temperate forests
in other parts of the world, the tree vegetation in this
region shows high species diversity and complex spatial
structure. The average tree density in these nature forests
is approximately 1,000 trees per hectare.

Different spatial patterns of tree locations

To test the ability of the uniform angle index to as-
sess the distribution patterns caused by different
structure-unit sizes, we simulated 20 stands whose
spatial patterns approached random distributions with
the Winkelmass software (Hui et al., 2007; Petritan et
al., 2012); 10 stands were formed with regular patterns
and 10 were formed with aggregated patterns. Regular
patterns were generated by setting the uniform variation
to 80%, which is slightly more regular than complete
spatial randomness. The aggregated patterns were gen-
erated by setting 500 cluster numbers in 1-ha stands
with 1000 trees. The aggregated patterns were slightly
more clustered than complete spatial randomness. The
pair correlation function, g(7), is considered the most
informative second-order summary characteristic (Illian
et al., 2008). We used pair correlation function for the
patterns of generated stands as a criterion of assessment
of spatial distribution patterns at certain scales
(Figure 1). There was some regularity (Figure 1a) or
clustering (Figure 1b), compared to complete spatial
randomness, at 2—6 m in the two different patterns.

Different spatial interspersion of tree species

We simulated three types of species spatial interspersion
patterns 1000 times in an area with density of 1,000 trees
per hectare, and calculated the average mingling index:
(1) complete spatial randomness pattern for tree locations
and 10 randomly assigned species; (2) random distribution
of tree locations in a stand and the trees located in the
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Figure 1. Schematic shapes of pair correlation functions for patterns of two kinds of generated stands (solid line) and a Possion process
(dashed line). Values of g(7) lager than 1 indicate clustering, and conversely, values of g(r) smaller than 1 indicate regular patterns.

buffer zone were assigned to species 10. Then we divided
the core area (60 x 60 m) into nine evenly sized cells (20
x 20 m), and assigned each cell one of the remaining
species numbered one to nine; thus, trees of the same
species located in the core area were aggregated in a cell;
(3) random distribution of tree locations, and trees of the
same species were mutually exclusive (the distance be-
tween two trees of the same species was at least 3 m).

Different spatial interspersion of tree size

Tree locations were distributed randomly within the
stand as a whole. We generated trees with diameters of 0-45
cm and evenly divided these into nine size classes that
contained approximately the same numbers of trees. Then
we simulated four types of spatial-interspersion patterns
for the diameter classes. A summary of this process follows.

(1) All generated diameters were randomly assigned
to tree locations.

(2) Trees with diameters of 0—5 cm (smallest class)
and 4045 cm (largest class) were respectively placed
in the central cell of the plot, and trees in all other size
classes were randomly distributed in other cells; thus,
each of the nine size classes occupied a 20 x 20-m cell.

(3) Trees with diameters of 0—5 cm were mutually
exclusive and all other trees were randomly distributed

in the plot. The distance between an arbitrary two trees
of the smallest size class was at least 3 m.

(4) Trees in the middle size class (20-25 c¢m) in the
central cell of the plot, and the remaining classes were
distributed according to the following three spatial inter-
spersion types: (a) smaller classes (0-20 cm) were distrib-
uted in the four cells nearest to the central cell, and larger
classes (25-45 cm) were distributed in the four cells far-
thest from the central cell (Figure 2 left), (b) larger
classes were distributed in the four cells nearest to the
central cell, and smaller classes were distributed in the four
cells farthest from the central cell (Figure 2 middle), and
(c) each of the smaller and larger classes were distributed
in the four cells nearest to the central cell, so smaller and
larger trees were equally distributed around the central cell
(Figure 2 right). This was performed 1000 times for each
of the simulated spatial interspersion patterns of tree size.

Results

The influence of different structure-unit sizes
on the uniform angle index

We calculated the uniform angle indices of the 1000
generated stands under CSR, and found that W, var-
ied with an increasing number of neighbors and that

Large Small Large Small Large Small Small Small Large
Small 20-25 cm Small Large 20-25 cm Large Large 20-25 cm Large
Large Small Large Small Large Small Large Small Small

Figure 2. Three spatial interspersion patterns of smaller (0-20 cm) and larger trees (25-45 cm).
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the overall trend had a decreasing-increasing shape
(Figure 3). W, reached its maximum, 0.667, in the
two-tree structure unit and it approached 0.5 when three
or four neighbors were selected. When the number of
neighbors was five to eight, W, increased with an
increasing number of neighboring trees. s reached
0.562 in the case of n = 8. The standard deviation (o)
of W, also varied with n. When fewer neighboring
trees were selected, i.e., two or three, 6 was very large,
being 0.018 and 0.011 for n = 2 and n = 3, respec-
tively. However, it remained stable at ~0.007, when
four or more neighboring trees were selected. The
threshold of W, in different structure units is shown
in Table 1, determined using W, + 30.

Because ¢ was very large for n =2 and n = 3, we
may have misjudged non-random distribution patterns
that were very close to random. Therefore, we tested
whether it was possible to assess these distribution
patterns. Pair correlation functions for the generated
stands in Section 2.3.1 showed that these were non-
random patterns at small scales. We recorded the num-
ber of stands that were misjudged with respect to dis-
tribution patterns in 10 regular and 10 aggregated
spatial patterns. For the 10 stands with regular patterns,
8 and 3 stands were misjudged for n =2 and n = 3,
respectively, and no errors were found for other values

0,7 5
0,6 -

. g

\§ _F— 2
N _7__§,_—-
05 5
0,4 T T T T T T 1
2 3 4 5 6 7 8

Figure 3. Schematic shape of means of uniform angle indices
under CSR (W) and standard deviation (o) with different
sizes of structure unit.
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of n. For stands with aggregated patterns, all stands
were assessed incorrectly for the two-tree structure unit,
but we detected no errors for structure units with more
than two neighboring trees.

Figure 4 illustrates the probability distribution of
uniform angle indices under CSR for three and eight
neighboring trees (spatial patterns were generated
1000 times). The probability distribution of eight
neighboring trees is more detailed than that of three
because there are more probabilities of uniform angle
indices for the former. The probabilities of W = 0 or
W =1 are very close to zero for n = 8, as there are few
situations in which all angles are smaller or larger
than the standard angle when many angles exist in a
structure unit.

Influence of different structure unit sizes on
mingling and dominance

When species were distributed randomly within the
stand, we found no relationship between the mingling
index and the size of the structure unit (Figure 5a). The
mingling value remained stable at 0.9 regardless of the
number of neighboring trees. When individuals of the
same species were aggregated, values of mingling were
less than those of random patterns and increased with
an increasing number of neighboring trees (Figure 5b).
We found a high linear correlation between » and min-
gling, where the coefficient of determination was 0.992.
The lowest value of mingling for n =2 was 0.11 and
the largest for n = 8 was 0.19, the difference between
them being 0.08. When the same species were mutu-
ally exclusive, namely, when trees of the same species
were distributed regularly within the stand, mingling
values were larger than those of random patterns and
decreased with an increasing number of neighboring
trees (Figure 5c), contrary to the trend for aggregated
patterns. The difference between the largest and small-
est values was 0.05.

b)
0.40 0.37 0.37

& 0.30

S

=

&

@ 0.20

2

B 0.12 0.12
2 0.10 I I

0.00 0.00 0.01 0.01 0.00

03 04 05 06 08 09 1.0
W classes

0.0 01

Figure 4. Probability distribution of uniform angle indices under CSR (W, ;) for a) three and b) eight

neighboring trees.
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Table 1. Means of uniform angle indices under complete spatial randomness (VI_/CSR), standard

deviation (o), and the thresholds of W, for different sizes of structure unit.

n 2 3 4 5 6 7 8
W 0.667 0.500 0.497 0.518 0.537 0.551 0.562
G 0.016 0.011 0.007 0.006 0.006 0.007 0.006
Wep -30 0.613 0.466 0.475 0.500 0.518 0.531 0.542
Wes +36 0721 0.534 0.517 0.536 0.556 0.571 0.581

Similar to random patterns of species, values of
dominance remained stable for the three diameter
classes when tree diameters were randomly interspersed
within the stand. Dominance values were 0.95, 0.5, and
0.05 for the smallest, middle, and largest classes, re-
spectively (Figure 6a, d, f). The three diameter classes
occurred as suppressed, intermediate, and dominant
trees.

When trees with diameters of 0—5 cm were aggre-
gated, dominance values were smaller than those of
random patterns and increased with an increasing
number of neighboring trees (Figure 6b); thus, the pres-
sure from neighboring trees increased accordingly. The
difference between the largest value for » = 8 and the
smallest value for n = 2 was 0.04. Conversely, when
trees of the smallest diameter class were mutually ex-
clusive or were distributed regularly within the stand,
dominance values decreased slowly with an increasing
number of neighboring trees (Figure 6c¢).

When trees of the largest diameter class (40—45 cm)
were aggregated, dominance values were smaller than
those of random patterns and decreased from 0.447 to
0.404 with an increasing number of neighboring trees
(Figure 6¢); thus, the pressure from neighboring trees
decreased accordingly. The difference between the
largest value for n =2 and the smallest value for n = §
was 0.05.

We observed three spatial interspersion types when
trees with diameters in the middle class were aggre-
gated in the core area of the stand (Figure 2). The man-
ner in which dominance varied differed. When trees in
the middle diameter class had more small trees around

A
(=2
=

1.00 4 0.20 1

0.95 - 0.151
= g °
E’ 0907 o0 e E’ 0.10 1
= =

0.85 1 0.05 1

0.80 0.00 T

them, their dominance values decreased with increasing
n; however, their dominance values increased with n
when they were surrounded by more large trees. Dom-
inance values remained stable at ~0.5 when there were
equal numbers of small and large trees distributed
around trees in the middle diameter class (Figure 6g).

We concluded that changes in mingling values or
dominance indices caused by variation in the number
of neighboring trees depended on the spatial intersper-
sion patterns of tree species or size.

Discussion

Many approaches have been used to characterize
forest structure and structure parameters (Gadow et al.,
2012), but those based on relationships between near-
est-neighbor tree groups are the effective and less ex-
pensive, since these set of parameters can be acquired
simply by point sampling method without knowing the
mapped data of forest and they are easy to calculate
and interpret (Aguirre ef al., 2003). The selection of
appropriate number of neighbors determines reasonable
estimation of spatial arrangement patterns and the
amount of inventory work. Although the fixed number
structure unit (e.g. four-tree structure unit) has been
successfully applied in the structure attributes analysis,
our results showed the neighborhood-based structure
analyses can be influenced by the structure unit size.
For the estimation of the patterns of tree locations, we
found that selecting different numbers of neighboring
trees strongly influenced the uniform angle index. Its

©

- 1007 ,
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g
S 090
E
0.85 |
T T T 0.80 T T T T T T |
5 6 7 8 23 4 5 6 7 8
n n

Figure 5. Variation in mingling values with an increasing number of neighboring trees when («) random distribution of species, (b)
clumped distribution of similar species and (c) regular distribution of similar species.
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Figure 6. Variation in dominance values with an increasing number of neighboring trees. (a), (d) and (f) shows random dispersal
of dbh 0-5cm, 40-45cm and 20-25cm, respectively. (b) and (e) shows clumped dispersal of dbh 0-Scm and 40-45cm. (c¢) regular
dispersal of dbh 0-5cm. (g) clumped dispersal of dbh 20-25cm when more large trees (dashed line), more small trees (dotted line)
and equal numbers of small and large trees(solid line) distribute around them.

values obtained from different sizes of structure units
under complete spatial randomness differed and were
not always ~0.5. The uniform angle index can be cal-
culated only with a fixed number of neighboring trees
in the same stand. For example, the average value of
the uniform angle index under CSR would be ~0.5
when three neighboring trees are selected, but would
increase to 0.56 when eight neighboring trees are se-
lected, indicating similar conclusions even with differ-
ent values. However, some studies (Zhao et al., 2010;
Liu, 2011; Hao ef al., 2012; Li, 2012; Wu, 2012; Pas-
torella & Paletto, 2013) used other methods which were
different from fixed four-tree unit, e.g., Voronoi tessel-
lations or fixed radii, to calculate the arithmetic mean
of uniform angle index of a stand and their results were
unreliable due to erroneous application of assessment
criterion. Our results indicated that one should care-
fully define the number of neighbors and standard angle
when using uniform angle index to assess trees spatial

Forest Systems

distribution patterns. Our results concerning the thresh-
olds of uniform angel index under complete spatial
randomness in different structure units also provided
evidence to apply it with other numbers of neighbors
instead of four neighbors.

Several studies showed that appropriate selection of
potential neighboring competitors of a subject tree
depended on the radius of influence zone (Pukkala &
Kolstrom, 1987) and different selection approaches
(Aakala et al., 2013; Maleki et al., 2015) have been
used among competition indices. However, our results
showed that the influence of structure unit size on
mingling and dominance structural indices depended
on tree species and size spatial arrangement patterns
to a great extent. Thus, these methods which are suit-
able for competition analysis may not have advantages
in neighborhood-based structure analysis. The mingling
and dominance values remain stable regardless of
varying number of neighboring trees under complete

April 2016 * Volume 25 ¢ Issue 1 » €056
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randomly distribution of tree species and size. Gener-
ally, however, this situation seldom occurs under nature
conditions. The dispersion of a tree species always is
relation to others (Graz, 2004) and the spatial correla-
tion between tree sizes was detected with negative
autocorrelation between neighboring individuals (Su-
zuki et al., 2008; Pommerening & Sérkkd, 2013). The
changes in mingling or dominance values caused by
the variation in structure unit size indicated that an
arbitrarily defined number of neighbors, selected for
neighborhood-based spatial structure analyses, only
focuses on a certain scale, and it can not recognize the
range of spatial correlation at non-random distribution
patterns. If one is interested in the spatial scales and
correlations or interactions ranges between trees (e.g.,
the range of aggregation of species) the second-order
characteristics are preferred (Barbeito et al., 2009;
Suzuki ef al., 2008; Pommerening et al., 2011)

Second-order characteristics provides more detailed
information of forest structure characteristics when
mapped data from large observation windows are
available, however, exhaustive measurement of trees
positions is time consuming and costly, especially in
steep and dense natural forests, and its calculation
process is complicated (Illian et al., 2008). Thus, near-
est neighbor statistics analysis still is preferred in
practical forest inventory. The ideal structure unit size
should be a compromise between accuracy and cost.
We found that we may have biased assessment of dis-
tribution patterns of trees locations with respect to
non-random patterns that were very close to random
distribution patterns when two or three neighboring
trees were used. While these random or close to ran-
dom distribution patterns are common to see in nature
forests (Szwagrzyk & Czerwczak, 1993; Petritan et
al.,2012; Dong et al., 2014), the estimation with small
structure unit sizes should be used carefully. Finally,
we proposed that when one is interested in both per-
formance and cost, a four-tree structure unit performs
best for assessing tree distribution patterns, depicting
species segregation, and reflecting dominance, while
still being cost effective.
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