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ABSTRACT This article aims to propose a methodological approach to the determination of differences in structural spatial heteroge-
neity between two different forests, exhibiting differences in some characteristics. By comparing the variances of the Gini-Simpson index
values calculated from diameter at breast height (DBH) or tree height distributions in randomly sampled plots, structural differences can
be effectively quantified. An F-test is employed to compare these variances, and while we use the Gini-Simpson index as an example, our
method is flexible and can be applied using any chosen diversity index appropriate for the user’s specific research context. A case study
was conducted in Fagus sylvatica L. stands in the central Rhodope mountains, Greece, using plots from high productivity and medium
productivity sites. The results showed significantly greater variance in Gini-Simpson index values in medium productivity sites compared
to high productivity sites, indicating higher spatial diversity heterogeneity. This straightforward method requires only basic DBH or tree
height data, making it practical for integration into forest stand structure studies and aiding in informed forest management decisions. The
approach provides a statistically sound and flexible tool for comparing structural spatial heterogeneity across different forests, potentially

guiding practices aimed at enhancing stand complexity and ecological resilience.
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Introduction

Stand structure profoundly influences forest biodi-
versity by affecting forest abiotic conditions, such as cli-
matic conditions under the tree canopy, and the presence
of living and dead biomass (Dafis 1986, Oliver and Lar-
son 1996, Barnes et al. 1998, Lindenmayer and Franklin
2002, O’Hara 2014). Recognizing this, researchers have
leveraged stand structure parameters to develop tools
for biodiversity assessment in forests (Gao et al. 2014,
Bourma et al. 2023, Milios and Kitikidou 2025). These
stand structure characteristics can thus reliably serve
as biodiversity indicators, providing additional insights
into species diversity and enabling a more comprehen-
sive understanding of forest biodiversity (Gao et al. 2014,
Cosovié et al. 2020).

However, simpler stand structures fall short in sup-
porting the ecosystem values and processes found in
more complex structures (O’Hara 2014). The complex-
ity and heterogeneity of stand structures are strongly
linked to a forest’s capacity to support biodiversity (Lin-
denmayer and Franklin 2002). One key aspect of this
structural complexity is stand structure diversity, which
can be assessed using biodiversity indices that analyze
distributions of structural characteristics such as diam-
eter at breast height (DBH) (Kitikidou et al. 2022, Petrou
et al. 2023). Such indices determine structural diversity
based on the number and evenness of the structural at-
tribute classes distribution (Berger and Parker 1970, Jost
2006, Kitikidou et al. 2022, Kitikidou et al. 2024).

A crucial stand structural attribute related to forest
biodiversity is structural spatial heterogeneity, which re-
fers to the variation in the physical structure of a forest
ecosystem across different spatial scales. This includes

differences in tree species, tree sizes (e.g., DBH and
height), canopy layers, and the distribution of these ele-
ments within the forest, extensively discussed through-
out the book by Lindenmayer and Franklin (2002), and
does not pertain to geographic coordinates. Such hetero-
geneity is a key component of forest complexity and has
several important implications:

(i) Habitat Diversity: Structural spatial heterogenei-
ty provides a variety of microhabitats that support
different species, thus contributing to greater overall
biodiversity (Lindenmayer and Franklin 2002).

(ii) Ecological Resilience: Forests with greater structur-
al spatial heterogeneity tend to be more resilient to
disturbances, ensuring the stability and continuity
of ecosystem functions (Franklin et al. 2002).

(iii) Resource Utilization: Diverse structural traits fa-
cilitate more efficient resource utilization within
the ecosystem, supporting both shade-tolerant and
light-demanding species (MacArthur and MacAr-
thur 1961).

(iv) Ecosystem Services: Forests with high structural
heterogeneity enhance ecosystem services such as
carbon sequestration, water regulation, and soil fer-
tility (Mori et al. 2012).

Understanding and quantifying structural spatial
heterogeneity is critical for effective forest biodiversity
management and conservation. However, traditional bi-
odiversity indices do not account for the spatial variabil-
ity of stand structure. As Gadow et al. (2012) note, com-
plex spatial structures are more challenging to describe
using simple frequency distributions. This gap necessi-
tates novel approaches that incorporate spatial variabil-
ity to accurately assess and manage forest biodiversity.

Current biodiversity indices such as the Shannon
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index (Shannon 1948), Simpson index (Simpson 1949),
Gini-Simpson index (Jost 2006), and various other in-
dices often fail to capture the nuances of DBH distribu-
tion variability within stands. Exploring the variance of
these indices offers a novel approach to examining with-
in-stand variability. A higher variance suggests a more
spatially heterogeneous forest structure, whereas a lower
variance indicates a more homogeneous structure.

Spatial structure in forests can be evaluated based on
the relationships among neighboring trees (Pommeren-
ing 2002, Gadow et al. 2012). However, structural spa-
tial heterogeneity at broader scales, such as forests that
spread over hectares, tens of hectares, or even more, is
not solely determined by differences among adjacent
trees or trees growing in neighboring groups (McElhin-
ny et al. 2005).

Our study proposes a methodological approach to
distinguish differences in structural spatial heterogenei-
ty between forest areas. While we utilize the Gini-Simp-
son index as an exemplar in this work, our method is
flexible and can be applied using any chosen diversity in-
dex appropriate for the specific research context. By com-
paring the variances of these index values from DBH or
tree height distributions in randomly sampled plots, our
method can effectively quantify spatial structural differ-
ences. An F-test is employed to compare these variances,
offering a robust means to address the spatial variability
that conventional indices overlook. This method can fill
the existing gaps by integrating the concept of structur-
al spatial heterogeneity into the analysis of forest stand
structures, thus facilitating a better understanding and
management of forest biodiversity.

Materials and Methods

To measure the stand complexity of forests, we used
biodiversity index values calculated from distributions
of a structural characteristic measured in sample plots.
The variance of these biodiversity index values from the
plots serves as a measure of stand structural spatial het-
erogeneity. By comparing the variances of biodiversity
index values between different forests, we can assess the
differences in their structural spatial heterogeneity.

As an exemplar application of the proposed method
for investigating differences in stand structural spatial
heterogeneity, we used the Gini-Simpson index as the
biodiversity measure. The Gini-Simpson index has the
formula

GS=1->p} .
i=1

where R is the number of DBH classes, p, is the propor-
tion of individuals of DBH class i. It ranges from 0 to 1,
and values closer to 0 indicate lower diversity (Jost 2006,
Kitikidou et al. 2022). Data were collected from ten plots
established in Fagus sylvatica L. stands in the central
Rhodope mountains, Greece (Milios 2000). Five plots of
500 m? were randomly set up in high productivity sites,

and another five in medium productivity sites (Milios
2000). To measure the stand complexity of forests, we
used biodiversity index values calculated from distribu-
tions of DBHs measured in sample plots. The variance
of these biodiversity index values from the plots serves
as a measure of stand structural spatial heterogeneity.
By comparing the variances of biodiversity index values
between different forests, we can assess the differences
in their structural spatial heterogeneity. We also note
that proposed method for comparing stands’ structural
spatial heterogeneity is independent of the specific sam-
pling method, plot size, or extent where the forest sites
within the plots were set up (McElhinny et al. 2005). The
method is focusing only on the variance of biodiversity
indices between the chosen forests to evaluate structural
spatial heterogeneity, independently of anything else.

Following established classifications, we categorized
the productivity of our study sites based on environmen-
tal conditions influencing tree growth. In this context,
we defined as high productivity sites the forest areas
characterized by optimal environmental conditions, in-
cluding soil characteristics. These factors collectively
support rapid and vigorous tree growth. On the other
hand, we defined as medium productivity sites the forest
areas with moderate environmental conditions. These
conditions are not as optimal as in high productivity
sites, resulting in moderate rates of tree growth. Produc-
tivity classifications for the plots used in this exemplar
application are described in detail in Milios (2000).

The DBHs of living trees in each plot were classified
into 4 cm width classes (e.g., the DBH class of 6 cm in-
cludes DBHs in the range [4, 8), the DBH class of 10 cm
includes DBHs in the range [8, 12), and so on). For each
plot, a DBH distribution was created (Tab. 1).

For each plot, the Gini-Simpson index was calculat-
ed using the template created by Kitikidou et al. (2022).
These indices are then grouped into two variables:

(i) GS,: Gini-Simpson indices in the plots of the high
productivity sites (sample size n,).

(ii) GS,: Gini-Simpson indices in the plots of the medi-
um productivity sites (sample size n,).

We assessed the equality of variances between GS
and GS, with the following procedures:

« If GS and GS, are normally distributed: We would
perform an F-test, where F is distributed with
(n,-1), (n,-1)) degrees of freedom (Snedecor and
Cochranl1989).

+ IfGS, or GS, are not normally distributed: We would
transform the data as follows:

2GS, =|Gs, - Gs||
2GS, =|GS, - GS,|

where GS, and GS, are the average of GS1 and GS2,
respectively; then, we would use the F-test on these
transformed variables (Levene 1960).

In any case, the p-value is computed for the F-distri-
bution F=var /var, where var, and var, are the variances
of GS, and GS, respectively.
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Table 1 - Data of DBH distributions of the plots established in high productivity and in medium productivity sites.

DBH class  Number of trees in the plots of high productivity sites Number of trees in the plots of medium productivity sites
(cm) Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 1 Plot 2 Plot 3 Plot 4 Plot 5

6 0 0 0 0 0 0 5 14 6
10 0 0 0 0 0 0 2 2 3 0
14 2 0 0 0 0 0 4 1 7 0
18 2 2 0 0 1 0 2 6 3 0
22 1 2 0 0 0 0 2 0 4 2
26 6 3 3 0 1 0 2 3 4 3
30 5 5 0 1 0 1 6 0 5 4
34 1 4 1 3 2 1 2 0 2 3
38 1 2 2 2 0 9 1 1 2 3
42 4 2 2 2 3 0 1 0 0 2
46 2 0 1 1 4 1 2 1 0 0
50 0 0 1 2 0 1 1 1 0 0
54 1 2 1 0 1 0 0 1 0 0
58 0 0 0 0 0 1 0 1 0 0
62 0 0 0 0 0
66 0 0 0 0 1

Results Discussion

The trees in the plots of the high productivity site
have a mean DBH of 34.77 cm, a standard deviation of
DBH of 10.42 cm, a minimum DBH of 13 cm, a maxi-
mum DBH of 65 cm, and a basal area of 33.90 m*/ha. The
trees in the plots of the medium productivity site have a
mean DBH of 23.42 cm, a standard deviation of DBH of
13.78 cm, a minimum DBH of 4 cm, a maximum DBH
of 58 cm, and a basal area of 29.64 m*/ha. In our case
study of the proposed method, the variables GS and GS,
(Tab. 2) were found to be normally distributed (p-val-
ues for the Jarque-Bera normality test were 0.4317 and
0.3694, respectively, both greater than 0.05). Thus, we ap-
plied the F-test for GS, and GS,, resulting in a p-value of
0.0026. This indicates a statistically significant difference
in the variance of Gini-Simpson index values between
the stands of the two site productivity types (Tab. 2).

Table 2 - Gini-Simpson index values in the high productivity and
medium productivity sites.

GS, GS,
Plot 1 0.8512 05612
Plot 2 0.8554 0.8844
Plot 3 0.8264 0.7388
Plot 4 0.8099 0.8704
Plot 5 0.8047 0.8235

The stands of the medium productivity sites exhibit a
greater variance compared to those of the high produc-
tivity sites (var,=0.0005, var,=0.0176). Although there
was no statistical difference in DBH distribution diversi-
ty between the stands of the two site productivity types
(GS,=0.8295, GS,=0.7757, p-value for t-test=0.4191>0.05),
there is greater spatial diversity heterogeneity in the
stands of the medium productivity sites.

Our findings indicate that stands in medium produc-
tivity sites exhibit greater structural spatial heterogeneity
compared to those in high productivity sites, suggesting
a more complex and diverse stand structure in medium
productivity sites. Forest practice through appropri-
ate silvicultural treatments can potentially increase the
spatial variability of stand structure in productive sites.
Fagus sylvatica, being a shade-tolerant species (Korakis
2019) with a strong capability to fill growing spaces of
varying types (Assmann 1970), responds well to treat-
ments aimed at creating structural spatial heterogene-
ity. O'Hara (2014) details treatments designed to foster
within-stand structural spatial heterogeneity.

This example demonstrates the capability of our
proposed F-test method to highlight differences in spa-
tial heterogeneity that other metrics may overlook. Our
study is primarily methodological, aiming to present
and validate a novel approach for comparing structur-
al spatial heterogeneity between forests. To our knowl-
edge, there are no existing methods directly comparable
to this F-test approach for such comparisons. Thus, the
comparison of our methodological findings with other
studies is not the intent, as our focus is on showcasing the
utility and application of this specific statistical method.

It should be noted that other diversity indices, besides
Gini-Simpson, can also be used to determine differenc-
es in stand structural spatial heterogeneity between two
forest areas. For comparisons involving more than two
forest areas, variance comparisons should be systemati-
cally conducted in pairs for comprehensive analysis.

While the proposed method offers a straightforward
approach to evaluating structural spatial heterogeneity,
it does have certain limitations. Different distributions
of a stand characteristic might result in the same bio-
diversity index value, potentially underestimating struc-
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tural spatial heterogeneity. Moreover, the variance of
biodiversity index values from randomly selected plots
may not capture the full extent of variability within
larger forest areas. Practical experience and the specific
traits of forest tree species should therefore be consid-
ered when interpreting results.

The suggested method is not limited to DBH distri-
butions; it may also be used for tree height distributions.
However, when applying this method to tree height dis-
tributions, careful consideration must be given to factors
such as tree height class intervals and distribution pat-
terns to properly understand structural spatial heteroge-
neity. Notably, tree height classes are typically narrower
than DBH classes, and the distinction of height classes
is more arbitrary than that of DBH classes (McElhinny
et al. 2005).

Conclusions

The proposed method for determining differences
in structural spatial heterogeneity between forest areas
is based on comparing the variances of Gini-Simpson
index values calculated from DBH (or tree height) dis-
tributions of randomly established sample plots. This
approach, utilizing the F-test, effectively quantifies het-
erogeneity differences with statistical rigor. Additional-
ly, other diversity indices can be employed for assessing
variations in stand structural spatial heterogeneity, pro-
viding flexibility and robustness to the method. When
comparisons need to be extended to more than two for-
est areas, variance comparisons can systematically be
conducted in pairs, ensuring a structured and compre-
hensive analysis.

The simplicity and applicability of this method are
its significant strengths. Requiring only basic data on
DBH or tree height, it can be seamlessly integrated into
forest stand structure studies. This makes it a practical
tool for forest managers and researchers alike, aiding in
understanding and managing forest ecosystems more
effectively.

In summary, this method provides a straightforward,
statistically sound, and flexible approach to compare
structural spatial heterogeneity between different forest
areas. It holds the potential to guide forest management
practices aimed at enhancing stand complexity and
ecological resilience. Future research could explore the
application of this method across different forest types
and in conjunction with other ecological indicators to
further validate its robustness and utility.
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