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Abstract.  This study applied statistical approaches to the discrimination of spatial variations between sites and
between forest types in the upper area of the Liukuei Experimental Forest of Taiwan Forestry Research Institute,
Taiwan. The main purpose was to compare the effectiveness of various statistical approaches and then present the
best strategy for discriminating the spatial variations of species diversity. The two methods used were (1) univariate
methods by diversity measures, Shannon t-test, and (2) multivariate methods by cluster analysis, ordination by non-
metric multi-dimensional scaling, and principal component analysis. The results by univariate methods indicate that
diversity differences exist between sites and between forest types. Meanwhile, the natural forest has more diversity
than the plantation, and the hardwood plantation has more diversity than the conifer plantation. The differences be-
tween forest types are very significant at the 1% significance level according to the Shannon t-test. The results indi-
cate that univariate methods by diversity measures are a flexible way to reduce the complexity of “species by sites”
matrices into a single coefficient. The results of using multivariate methods indicate that cluster analysis and ordina-
tion by non-metric multi-dimensional scaling and principal component analysis are useful techniques for discriminat-
ing spatial variations. However, ordination by non-metric multi-dimensional scaling discriminates better than principal
component analysis. In addition, ordination by non-metric multi-dimensional scaling is a more informative summary
than cluster analysis, and the combination of both the analyses is more effective than either alone for the mutual
consistency of representations. It is concluded that the most powerful tools for discriminating the spatial variations
of species diversity are in the multivariate category. Among multivariate methods, ordination by non-metric multi-
dimensional scaling is preferable, and its superimposition with cluster analysis is recommended in order to obtain
more information regarding the relationship between sites and between forest types.
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Introduction

Ecological research on the relationship between
biodiversity and forest management practices has been in-
creasingly emphasized (Burton et al., 1992; Halpern and
Spies, 1995; Roberts and Gilliam, 1995). As for biodiversity,
a variety of different indices (e.g., total number of
individual, total number of species) can be used as mea-
sures of some attribute of community structure because
they are often seen as ecological indicators (Magurran,
1988). However, these indices tend to be less informative
and less amenable to simple statistical analysis than spe-
cies diversity (Clarke and Warwick, 1994). Two different
aspects of community structure contribute to species
diversity, i.e., species richness and species evenness. Dif-
ferent species diversity indices emphasize species richness
or evenness to varying degrees. Hill (1973) pointed out
that several of these indices are used as special cases, and
a good account of their relative merits and disadvantages

can be found in Magurran (1988). Among the species di-
versity indices, the Shannon-Wiener diversity index is the
most commonly used because it incorporates both spe-
cies richness and evenness components and can provide
heterogeneity information for vegetation and wildlife stud-
ies (Rosenstock, 1998; Blair, 1999; Cheng, 1999). Also, it
is possible to test the differences between two communi-
ties using a Shannon t-test (Hustcheson, 1970; Magurran,
1988; Cheng, 1999).

In most community structure studies, the “species-by-
samples” matrices are typically large because an abundance
of readings for a set of species is usually taken at a num-
ber of sites at one time (spatial analysis) and at the same
site at a number of times (temporal analysis). For the data
interpretation on community structure, several sophisti-
cated statistical techniques for handling, interpreting, and
analyzing “species-by-samples” matrices are used, rang-
ing from the reduction of multi-dimensional data to simple
diversity indices through distributional representations of
richness, dominance, evenness, to multivariate approaches
involving cluster analysis or ordination methods by multi-
dimensional scaling (MDS) or principal component analy-
sis (PCA).
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The motivation of this study is to apply univariate and
multivariate methods for discriminating the spatial varia-
tions of species diversity in the Liukuei Experimental For-
est of Taiwan Forestry Research Institute, where several
studies related to ecosystem management are currently
being undertaken. The purpose is to compare the effec-
tiveness of various statistical approaches and then present
the best strategy for discriminating the spatial variations
of species diversity.

Materials and Methods

Study Area and Material
The study area is located in the upper portion (called

Shanpin) of Liukuei, one of the six experimental forests of
the Taiwan Forestry Research Institute, Taiwan (Figure 1).
The area covers about 2400 ha. Most of the areas are cov-
ered by natural hardwood forest. The conifer plantations
form a continuous patch of 500 ha, about 20% of the area.
The hardwood plantations are more scattered and form less
continuous patches with total areas of 90 ha, about 4% of
the area. The conifer plantations in the upper Liukuei
mainly belong to Taiwania (Taiwania cryptomerioides)
species. On the other hand, the primary planting tree spe-
cies in deciduous hardwood plantations in the upper
Liukuei are Aelkova (Aelkova serrata) and large-leaved
Nanmu (Machilus kusanoi).

This study employed the pooled quadrat sampling
method, which has proven effective at determining valid
sample size (Peilou, 1975), to set the sample plots from May
to September in 2000. Meanwhile, the same sample size was
used at all sites to encounter the dependence of species

richness on sample (Magurran, 1988). For detailed infor-
mation please refer to Cheng and Lai (2002). Within the
entire study area, 26 different sites including 15 natural
forests and 11 plantation forests were selected. Among the
11 plantation forests, five were man-made conifer planta-
tions (Taiwania cryptomerioides), and six were man-made
deciduous hardwood plantations (Machilus kusanoi). Ac-
cording to the site history, various degrees of thinning
have been performed in man-made conifer plantations in
order to increase productivity while no thinning was per-
formed in deciduous hardwood plantations. Also, attempts
to seed and plant a few of the deciduous hardwood plan-
tations were unsuccessful because of poor germination
and/or survival of deciduous hardwood tree species.
Therefore, these resulting stands contain components of
natural regeneration, and some variations are inevitable.

The site numbers for the hardwood plantation were from
1 to 6, and those for the conifer plantation were from 7 to
11. The natural forest was from 12 to 26. At each site, 10
sample plots were designed systematically along transects,
and each sample plot covered 5 m × 5 m. Therefore, the
sample plots for natural forests, man-made hardwood
plantations, and man-made conifer plantations are 150, 60,
and 50, respectively. According to Cheng and Lai (2002),
50 sample plots were regarded as a valid sample size in
this study area. Within each sample plot, woody vegeta-
tion taller than 1 m, species name, height, dbh, and canopy
coverage were recorded. All above surveyed data were fi-
nally established in a geographic information system, in-
cluding spatial and non-spatial data. In addition, the PRIME
(version 5) computer package (Clarke and Gorley, 2001) was
used for the following statistical processes.

Figure 1.  Spatial location of twenty-six sites within the study area. (See Table 1)
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Univariate Methods
Reducing the complexity of “species by sites” matrices

into a single coefficient, species diversity measures, to
which species richness and evenness both contribute to
a varying degree, seems a flexible way. In this study, the
Shannon-Wiener diversity index (SW) was applied because
it incorporated the species richness and evenness and
adapted to a simple statistical analysis. In addition,
Margalef’s richness index (M), Pielou’s evenness index (P),
and Simpson’s index (SP) were also applied for a
comparison. All the above indices were used to visually
discriminate the spatial variations, and the Shannon t-test
which Hutcheson (1970) proposed was used to compare
the differences of Shannon diversities between forest
types. For the equations of the above indices and the Sh-
annon t-test, one can refer to Clarke and Warwick (1994)
and Magurran (1988).

Multivariate Methods
This step applied multivariate techniques, e.g., hierar-

chical clustering (CLUSTER), non-metric MDS, and PCA
to discriminate spatial variations between sites and be-
tween forest types. The first two methods start from a tri-
angular matrix of similarity coefficients computed between
every pair of sites. To measure the similarity coefficients
between various sites, a data matrix with p rows (species)
and n columns (sites), filled with entries of abundance
counts of each species for each site was first constructed.
The similarity based on the Bray-Curtis coefficient
(equation 1) was calculated between every pair of sites,
and an abundance similarity matrix was then constructed.
The Bray-Curtis similarity coefficient was used because it
is often a satisfactory coefficient for biological data on
community structure (Clarke and Warwick, 1994). However,
unlike cluster analysis and ordination by MDS, ordination
by PCA uses the original abundance matrix to define dis-
similarity between samples as their Euclidean distance from
each other in the full p-dimensional species space.
Furthermore, to reduce the large disparities in counts be-
tween species and to validate statistical assumptions for
parametric techniques, standardization and transformation
were applied to the original species abundance counts be-
fore computing the Bray-Curtis coefficient.

The Bray-Curtis coefficient (BC) is given by

.....................(1)

where BC
jk
 is the similarity between the jth and kth sites,

and y
ij
 represents the abundance for the ith species in the

jth site.

1. Hierarchical clustering.  Cluster analysis was imple-
mented to spatial grouping based on the abundance simi-
larity matrix. In this study, two kinds of sampling sites (i.
e., 26 sites and 11 sites) were used to analyze and com-
pare the differences between different forest types when
partitioning the sampling sites into different clusters. Al-

though there are many classes of clustering methods
(Johnson and Wichern, 1992; Clarke and Warwick, 1994),
this study applies hierarchical clustering with group-av-
erage linking to achieve its purpose because the technique
has proven useful in a number of ecological studies con-
ducted during the last two decades (Clarke and Warwick,
1994).

2. Ordination by MDS and PCA.  This study applied
two kinds of ordinations, i.e., non-metric MDS and PCA,
to construct a low-dimensional plot and make a compari-
son for discriminating spatial variations between sites and
between forest types.

(1) Ordination by MDS. As with the clustering analysis,
two kinds of sampling sites were used for ordination by
MDS. The hope was to make a comparison and find out
what difference using different sites of various forest types
made. For a detailed ordination by MDS, one can refer to
Clarke and Warwick (1994). In addition, the above cluster-
ing results were also combined with ordination in order to
further investigate whether the combination was an effec-
tive way of checking the adequacy and mutual consistency
of both representations.

(2) Ordination by PCA. As with the ordination by MDS,
ordination by PCA was applied to reduce the complexity
of multivariate information in the “species by sites” matri-
ces to obtain a low-dimensional picture of how various
sites interrelate. For a detailed ordination by PCA, one can
refer to Clarke and Warwick (1994) and Johnson and
Wichern (1992).

Results

Species Indices Measured by Univariate Meth-
ods

Table 1 shows the species indices measured by
univariate methods. The result shows that the 26 sites
have different species richness, evenness, or Shannon-
Wiener index values, and it seems that they can be sepa-
rated into three groups according to species indices. The
data in Table 2 confirm this impression. If we take the Sh-
annon-Wiener index (SW) as an example, the value for natu-
ral forest is 3.66 and plantation forest is 3.11. As for
plantation forest, hardwood is 3.27 and conifer is 0.85.
Obviously, diversity differences exist between different
forest types. The natural forest has more diversity than
the plantation, and the hardwood plantation has more di-
versity than the conifer plantation. The differences are sig-
nificant at the 1% significance level according to the
Shannon t-test. This result shows that spatial variations
of species diversity measured by univariate methods ex-
ist between sites and between forest types in the Liukuei
Experimental Forest.

Spatial Discrimination by Multivariate Methods
1. Hierarchical clustering.  Figure 2 shows a dendro-

gram for the abundance similarity matrix of 11 sites, includ-
ing five conifer sites and six hardwood sites. Five conifer
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sites clearly have quite high levels of between-site simi-
larities (e.g., similarity=78%). On the other hand, six hard-
wood sites can firstly form two distinct groups (one group
including sites 2, 3, 4, and 5 and the other sites 1 and 6) as
the similarity is about 20%, and finally form a group with
quite low levels of between-group similarities (e.g.,
similarity=5%). Therefore, according to the species simi-
larity matrix, the formation of two distinct groups
(hardwood and conifer) by hierarchical clustering seems
reasonable and satisfactory.

Figure 3 shows a dendrogram for the abundance simi-
larity matrix of 26 sites. It can be seen that 15 sites of natu-
ral forests form a group with a low level of between-site
similarities (e.g., similarity=20%). As for the eleven man-
made plantation sites, the result is similar to that of Figure
2, except that sites 1 and 6 belonging to the hardwood plan-
tations are grouped with natural forests when the similar-
ity equals 10%. If we check the sampling location in Figure
1, both sites are obviously very close to natural forests.
As mentioned previously, these deciduous hardwood plan-

Table 1.  The “species indices by sites” matrix represents different species indices for each site.

Indices

Sites Types* NS N M P SW SP

1 HP 23 131 4.51 0.61 1.92 0.71
2 HP 15  72 3.27 0.80 2.18 0.86
3 HP 13   51 3.05 0.68 1.76 0.70
4 HP 31 153 5.96 0.85 2.93 0.93
5 HP 14  88 2.90 0.41 1.09 0.40
6 HP 19 120 3.75 0.75 2.23 0.84
7 CP 10   48 2.30 0.50 1.15 0.46
8 CP   8   62 1.69 0.40 0.83 0.34
9 CP   3   46 0.52 0.32 0.35 0.16
10 CP   7   50 1.53 0.45 0.89 0.38
11 CP   3   56 0.49 0.16 0.17 0.07
12 NF 44 274 7.66 0.76 2.86 0.89
13 NF 18   46 4.44 0.91 2.63 0.93
14 NF 26 101 5.42 0.84 2.73 0.91
15 NF 23 116 4.63 0.84 2.63 0.90
16 NF 36 361 5.94 0.67 2.41 0.81
17 NF 28 123 5.61 0.81 2.70 0.90
18 NF 15 135 2.85 0.65 1.76 0.74
19 NF 18   67 4.04 0.90 2.61 0.93
20 NF 31 161 5.90 0.69 2.38 0.82
21 NF 19   71 4.22 0.87 2.57 0.90
22 NF 32 131 6.36 0.89 3.08 0.95
23 NF 20   49 4.88 0.87 2.62 0.92
24 NF 33 172 6.22 0.76 2.65 0.88
25 NF 38 356 6.30 0.71 2.58 0.87
26 NF 34 177 6.38 0.80 2.83 0.91

*HP, CP, and NF represent the hardwood plantation, the conifer plantation, and the natural forest, respectively.
NS, N, M, P, SW, and SP represent the total number of species, the total number of individuals, the Margalef’s richness index, the
Pielou’s evenness index, the Shannon-Wiener diversity index, and the Simpson’s index, respectively.

Table 2.  The “species indices by forest types” matrix represents different species indices for natural forests, hardwood plantations,
and conifer plantations.

NS N M P SW SP

Natural forest 138 2340 17.66 0.74 3.66 
}

** 0.95
Plantation forest   87   877 12.69 0.69 3.11 0.89
      Hardwood 76   615 11.68 0.75 3.27 

}
 ** 0.91

      Conifer 18   262   3.05 0.29 0.85 0.29

**Shannon t-test is very significant at the 1% significance level.
NS, N, M, P, SW, and SP represent the total number of species, the total number of individuals, the Margalef’s richness index, the
Pielou’s evenness index, the Shannon-Wiener diversity index, and the Simpson’s index, respectively.
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tations may contain components of natural regeneration
and will cause some variations. Therefore, the result seems
reasonable.

From the discrimination of spatial variations by hierar-
chical clustering, it can be inferred that hierarchical clus-
tering is a useful technique for spatial grouping.

2. Ordination by MDS.  Figure 4 displays the results
of ordination by MDS based on the abundance similarity
matrix of 11 sites. The generated stress value is 0.01. Ac-
cording to a rough rule of thumb for two-dimensional
ordinations, stress<0.05 gives an excellent representation
with no prospect of misinterpretation (Clarke and Warwick
1994). From Figure 4, it can be seen that sites 7, 8, 9, 10,
and 11 are similar and form one group, site 1 and site 6 are
the next closest and form another group, and sites 2, 3, 4,
5 form the third group. Obviously, the eleven sites can be
divided into three groups in the two-dimensional plot, and
the result shows that the same species group together. If
we compare this result with hierarchical clustering, both
results are reasonably consistent. However, from the re-
sulting figure, spatial discrimination by ordination of MDS
is clearly a more informative summary than the correspond-
ing cluster analysis. Furthermore, if we superimpose
groups from the cluster analysis on the ordination plot,
the output (Figure 4 with solid line) shows that the com-
bination of these two analyses is an effective way to check
the mutual consistency of both representations.

Figure 5 is the result of ordination by MDS based on
the abundance similarity matrix of 26 sites. The generated
stress value (=0.15) still gives a potentially useful two-di-
mensional representation according to a rough rule of
thumb. From Figure 5, it is clear that the 26 sites can form
three distinct groups in the two-dimensional plot. Within
the biggest group, sites 1 and site 6 belonging to the hard-
wood plantation can obviously be grouped with natural
forests, and this is similar to the result of hierarchical clus-
tering in Figure 3.

From the discrimination of spatial variations by ordina-
tion of MDS, it can be inferred that although ordination
by MDS is more informative than cluster analysis, the com-
bination of both analyses is more effective for the mutual
consistency of representations.

3. Ordination by PCA.  Figure 6 is a two-dimensional
PCA ordination using the original abundance matrix of
eleven sites. The cumulative variation of PC1 and PC2 ac-
counts for 81% of the total variation. It is almost an ac-
cepted two-dimensional summary of the n-dimensional
data. From Figure 6, it is clear that all hardwood planta-
tion sites are located on the left hand of PC1 while conifer
plantation sites are located on the right hand. Looking at
the PC2 axis, we see that all conifer plantation sites lie
nearly on a line and that hardwood plantation sites are
separated into two groups. One includes sites 2, 3, 4, 5,
and the other includes sites 1, 6. In fact, this result is simi-

Figure 2.  Cluster analysis of the 11 sites based on the abun-
dance similarity matrix.

Figure 3.  Cluster analysis of the 26 sites based on the abun-
dance similarity matrix.

Figure 4.  MDS ordination of the 11 sites based on the abun-
dance similarity matrix.

Figure 5.  MDS ordination of the 26 sites based on the abun-
dance similarity matrix.
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lar to that of ordination by MDS. Figure 7 displays the
results obtained from 26 sites. The cumulative variation
of PC1 and PC2 accounts for only 53% of the total
variation. The output seems different and much more com-
plex than Figure 6 or Figure 5, and it is difficult to discrimi-
nate the spatial variation between forest types despite the
PC1 or PC2 axis.

From the discrimination of spatial variations by ordina-
tion of PCA, it can be inferred that ordination of PCA is
also a useful technique for spatial discrimination,though
it is still inferior to ordination by MDS.

Discussion

Species diversity, to which species richness and even-
ness contribute to a varying degree, is the subject matter
of biodiversity and conservation biology because it acts
as an indicator in ecological studies. There are many mea-
sures of species diversity, but only six (i.e., the total num-
ber of species, the total number of individuals, the
Shannon-Wiener diversity index, the Margalef’s richness
index, the Pielou’s evenness index, and the Simpson’s
index) were used in this study. From the results that spa-
tial variations of species diversity exist between forest
types and have a significant difference at the 1% signifi-
cance level, it is clear that univariate methods by diver-
sity measures are a flexible way to reduce the complexity

of “species by sites” matrices into a single coefficient and
to present significant interpretations of spatial data be-
tween sites or forest types.

As for the multivariate methods, cluster analysis, ordi-
nation by MDS, and PCA are obviously the most power-
ful tools for discriminating spatial variations of species
diversity between sites and forest types. Cluster analysis
is a useful technique for spatial grouping. It is appropri-
ate for delineating groups of sites with distinct species
diversity. Ordination by PCA is also a good technique for
spatial discrimination. However, it is inferior to cluster
analysis and the ordination of MDS because it lacks flex-
ibility in defining dissimilarity and has poor distance-pre-
serving properties. Ordination by MDS discriminates sites
and forest types better because it has a number of practi-
cal advantages stemming from its flexibility and few (lack
of) assumptions. Therefore, the spatial discrimination by
ordination of MDS is more informative than the cluster
analysis or PCA. Furthermore, a combination of MDS and
cluster analysis results in a mutual consistency of
representations. Therefore, ordination by MDS is
preferable, and its superimposition with cluster analysis is
recommended in order to display and interpret the spatial
relationship between the groups of various sites and for-
est types more effectively.

This study compares the effectiveness of various sta-
tistical approaches based on the spatial variations of spe-

Figure 6.  PCA ordination of the 11 sites based on the original abundance matrix.
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Figure 7.  PCA ordination of the 26 sites based on the original abundance matrix.

cies diversity, and then recommends the best strategy as
one that combines MDS and cluster analysis for the spa-
tial discrimination of species diversity. In addition, this re-
sult may extend to further studies, for example, the
determination of stress levels on impact studies and the
linkage of data in environmental studies.
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