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Abstract: In this paper we compared the accuracy of different samples (minus the sample with the NN1 
edge correction and buffer zone, plus sample and modified cluster sample) to determine indices of 
spatial structure in beech forests in Serbia, which can be used in regular forest inventory. The research 
was conducted in 11 forest stands of different structure at the territory of Central Serbia. Field data 
used for the assessment of spatial structure indices were collected across the examined stands on the 
sample plots of different sizes, using systematic grid, with the square layout of sample plots (100x100 
meters). The study was conducted on 242 sample plots. For accuracy comparison of different sample 
types, five indices were used: Uniform angle index, Mean directional index, Species mingling index, 
DBH differentiation and DBH dominance indices. One-way ANOVA showed that at the stand level 
there were no statistically significant differences between mean values of indices obtained by different 
sample types. However, Simple linear correlations confirmed for most indices that if the spatial 
structure is to be determined with accuracy at the level of sample plots (in this case, a circular fixed 
radius plot of 5 acres) it is necessary to use a plus sample during data collection. For species mingling 
and DBH differentiation indices, Simple linear correlations show that both minus sampling with edge 
correction buffer zone and modified cluster sampling with somewhat less accuracy can be used to a 
certain extent. Minus sampling with NN1 edge correction is not practical for use on sample plots of this 
size in beech forests in Serbia. 
 
Keywords: spatial structure, minus sample, plus sample, modified cluster sample, European beech, 
Serbia. 
 
 

1. Introduction 
 

Evaluation of stands spatial structure may provide a comprehensive information on the structure 
of stands, relative to the simple structure. Spatial structure of forest stands ensure detailed insight into 
their horizontal and vertical structure. Considering greater promotion of uneven-aged (Mlinšek, 1996; 
Gadow et al. 2002; Pommerening, Murphy, 2004; Matović et al. 2018a,b) and mixed forest stands 
(Bravo-Oviedo et al. 2014; Pretzsch et al. 2015) nowadays, knowledge on forest stands spatial structure 
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becomes a necessary precondition for professional forest management. Gleichmar and Gerold (1998) 
believe that knowledge of the spatial structure, can be used to monitor the influence of the 
anthropogenic factor on the growth of forest stands. 

The graphic illustration of trees in the horizontal plane is called the spatial pattern of trees and 
represents the basis for studying the spatial structure of forest stands (Tomppo, 1986). The three most 
important levels of spatial structure of forest, stand or sample plots according to Gadow (2005) are: 
diversity of tree positions, tree species diversity and diversity of tree dimensions. To quantify the 
spatial structure, a large number of parameters are used. In practice, the most commonly used 
classifications of indices and functions of spatial structure are: (a) single tree parameters based on 
neighbourhood relations to account for small-scale differences in forest structure, (b) distance-
dependent measure to describe forest structure at stand level, (c) continuous functions to describe forest 
structure by taking all possible inter-tree distances into account (Pommerrening, 2002). 

For the assessment of spatial structure in different environmental research there are two different 
data collection strategies: mapping and sampling (Motz et al. 2010). Mapping implies a data collection 
of all individuals from the entire investigated area. In this case to quantify spatial structure, one can 
use indices, as well as various correlation function and second-order characteristics, along with 
different methods of spatial statistics (Dale, 1999). Sampling implies data collection for individuals only 
from a certain number of subsets, i.e. sample plots of small surface that are randomly or systematically 
distributed over the entire researched surface. In this case, indices can be used for the first-order 
quantification of the spatial structure.  

Forest inventory is almost entirely based on sampling, because data is collected on large areas 
where mapping is not possible. For this reason, in practice, if data for the assessment of spatial structure 
are to be collected from a regular forest inventory, the indices of spatial structure can be used in first 
place. As in the collection of basic data in the regular forest inventory and in the assessment of spatial 
structure, one must pay special attention, in addition to the required accuracy, not to have too much 
expenses (Albert and Gadow, 1998). 

In general, when it comes to the forest inventory in Europe, the mostly used are circular fixed 
radius plot, angle count (Bitterlich, 1984), concentric circles and distance sampling. Motz, et al. (2010) 
compared circular fixed radius plot sampling and angle count sampling for the assessment of spatial 
structure, and found that for almost all tested indices, better results were obtained using circular fixed 
radius plot sampling. Concentric circles sampling is complicated for data collection for the assessment 
of spatial structure. Distance sampling is often used in the assessment of spatial structure in various 
environmental studies (Krebs, 1999) but it is often a statistically biased sampling method (Motz, et al. 
2010). Kint et al. (2004) found in a statistical-technical way that distance sampling, where the number 
of sample trees are randomly marked throughout a stand, is more accurate for the same size than the 
circular fixed radius plot sampling. However, such sampling is difficult to apply in forestry practice, 
especially in the application of the traditional forest inventory. Prodan’s method of six nearest trees 
(Prodan, 1968), as a form of distance sampling used in the forest inventory, can also be used for the 
assessment of individual indices of spatial structure (Staupendahl, 2008), but its disadvantage is that it 
is of insufficient size for an accurate assessment of indices of spatial structure. From the distance 
sampling group, when it comes to the assessment of spatial structure, the sampling methods „structural 
group of four” (Fueldner, 1995, 1996) and modified cluster sampling (see Hui and Albert, 2004) have 
also been proposed, yet they were not used in the forest inventory, but were primarily designed for the 
assessment of spatial structure. Hui and Albert, (2004) compared these two methods and found that 
modified cluster sampling is less biased in the first stage in indices describing the diversity of tree 
positions.  

Considering that circular fixed radius plot is the most often used in regular forest inventory in 
Serbia, these sample plots are seemingly the most suitable for data collection for the assessment of 
spatial structure. However, when using circular fixed radius plot, where only trees are measured on a 
circle, as is the case with the forest inventory, the problem occurs with edge trees whose certain nearest 
neighbours are out of the circle. By neglecting these trees, a biased assessment of indices of spatial 
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structure is obtained. In practice, this problem is most often solved by using plus sampling (more 
detailed description in the method of work) or minus sampling (more detailed description in the 
method of work) with the use of the so-called edge-correction. Clark and Evans (1954) and Pielou (1977) 
as the authors of the two most commonly used indices for the assessment of spatial structure in 
environmental research (aggregation index and coefficient of segregation)  ignored the problem of the 
edge effect. Later and Donnelly (1978) developed an empirical edge-correction specifically for the 
aggregation index. To date, several edge-correction methods have been developed: reflection (Radtke, 
Burkhart, 1998), translation (Diggle, 2003), buffer zone (Diggle, 2003). For indices developed on the 
nearest neighbour concept, new methods NN1 and NN2 (Pommerening and Stoyan, 2006) developed 
on the basis set by Hanisch (1984), are also used for edge-correction. Pommerening and Stoyan (2006) 
found that edge-correction methods used in minus sampling (buffer zone, NN1 and NN2) were reliable 
on relatively large sample plots, but on small ones with a small number of individuals (less than 100 
trees), biased assessments of indices of spatial structure were obtained. They suggest that plus sampling 
be used for small sample plots.  

The aim of this research is to perform a comparison of the accuracy of different samples for 
determining indices of spatial structure in beech forest in Serbia, which in our opinion can be used in 
regular forest inventory.  
 
2. Material and methods 

 
In the territory of Central Serbia, 11 stands of different structure were selected, with the area of 

10 to 32 hectares, taking care that the most important habitats where high monodominant beech forests 
occur were included. This meant that the sampling included stands of different: latitudes and 
longitudes, altitudes, exposures, terrain slopes, climate characteristics, phytocenoses, geological 
substrates and soils, etc. Stands were selected at nine sites where beech occurs as the dominant species 
(33а – Homoljske planine; 42а – Crni Vrh; 42b – Crni Vrh; 122а – Istočna Boranja; 27а – Zapadna Boranja; 
31а – Čemernik-Ostrozub; 46а – Kukavica; 8а – Javor; 8b – Javor; 44а – Željin; 116а – Jastrebac) (more 
details about the localities and characteristics of stands in Matović, 2012).   

Field data for the assessment of indices of spatial structure were collected in all examined stands 
on sample plots of different sizes using systematic sampling, with the square layout of sample plots 
(100x100 meters). The study was conducted on 242 sample plots. For the assessment of indices of spatial 
structure, three types of sampling were used, which in our opinion can be practically applied in regular 
forest inventory in beech forests in Serbia: minus sampling, plus sampling and modified cluster 
sampling. Sampling that is most adapted to the existing inventory in Serbia is minus sampling. In our 
case, it implies the diameter of trees located on a circular fixed radius sample plot of 5 ares, ignoring 
the real neighbours that are outside the sample plot (Figure 1).  
 

 
 
Figure 1. Example of minus sampling on the sample plot 19, stand 33а. Trees from 1 to 23 are measured. 
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Using this sampling, the trees from the sample plot were determined: the type of trees, the trunk 
diameter of the tree, and the position of the trees on the sample plots (azimuth and the distance between 
the center of the sample plots and the trees on the sample plot). With this sampling, it is necessary to 
perform edge-correction in order to correct the values of the indices of spatial structure. Pommerening 
and Stoyan (2006) as stated above, found that biased assessments of indices of spatial structure were 
obtained on a small sample plot with a small number of individuals (less than 100 trees) and suggested 
the use of plus sampling. However, due to the wide application of this sampling in Serbia, we still 
tested the possibility of its application in practice. For this sampling, of the edge-correction methods, 
buffer zone (Diggle, 2003) and NN1 (Pommerening and Stoyan, 2006) were used. 

The most accurate, but at the same time the most complicated and expensive solution is plus 
sampling (Stoyan and Stoyan, 1994; Gignoux, et al. 1999; Illian et al. 2008). Plus sampling means that in 
addition to measuring all trees from the sample plot, trees located on the periphery of the circular fixed 
radius sample plot have their real neighbours determined, including those outside the sample plot 
(Figure 2). Thus, in addition to the measuring, the minus sampling determines the position of the trees 
that are outside the sample plots which are the nearest neighbours of the trees from the sample plots 
(azimuth and the distance between the center of the sample plots and trees outside the sample plot). 
Also, for all additional trees, the type of trees and the trunk diameter were determined. Plus sampling 
has no error resulting from the edge effect, but requires additional measurements, which complicates 
and increases the cost of forest inventory. Lilleleht et al. (2014) suggest that in case of impossibility of 
data collection in this way, the method of reconstruction or conditional simulation outside the 
monitoring plot should be used. 

 

 
 

Figure 2. Example of plus sampling on the sample plot 19, stand 33а. In addition to trees from 1 to 23, 
trees from 24 to 35 are also measured. 

 

The most cost-efficient solution is modified cluster sampling (Hui and Albert, 2004), which is 
distance sampling and ignores the circular fixed radius sample plot (Figure 3). It is necessary to 
determine and measure the four reference trees closest to the center of the sample plot, and then to 
determine and measure the four nearest neighbours to each of the reference trees. This means that for 
all selected trees, the tree type, the trunk diameter and the tree position (azimuth and the distance 
between the center of the sample plot and selected trees) should be determined. This type of sampling 
also does not have an error resulting from the edge effect, but due to its size, it is more inaccurate 
compared to plus sampling. 

Distance-dependent measure to describe forest structure at stand level and continuous functions 
to describe forest structure by taking all possible inter-tree distances into account are not totally suitable 
for the regular forest inventory, but they can rather be applied when experimental field of larger surface 
is used instead of sample plots. For this reason, only single tree parameters based on neighbourhood 
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relations to account for small-scale differences in forest structure can be successfully used in forest 
inventory. 

 

 
 

Figure 3. Example of modified cluster distance sampling on the circle 19, stand 33а. Trees 9, 15, 16 and 
21 are measured (reference trees and nearest neighbours for certain trees), as well as 10,13, 14, 19 and 
20 (nearest neighbours). 

 

For the comparison of the accuracy of different sampling, five single tree parameters were used, 
based on neighbourhood relations, to account for small-scale differences in forest structure. Uniform 
angle index – W, (Gadow et al. 1998; Hui and Gadow, 2002) and Mean directional index – R  (Corral 
Rivas, 2010) were used from the group of indices describing the diversity of tree positions. Species 
mingling – M (Fueldner, 1995, Pommerening, 2002) was used from the group of indices describing tree 
species diversity, while DBH differentiation – Td (Fueldner, 1995; Gadow, 1999; Pommerrening, 2002)  
and DBH dominance – Ud (Hui et al. 1998) were from the group of indices describing the diversity of 
tree dimensions. 

The processing of spatial structure data was performed in a special Crancod (Pommerening, 
2006a) application. For the comparison of the accuracy of different sampling for the assessment of 
indices of spatial structure, One-way ANOVA and Simple linear correlations were used.  

 

3. Results and discussion 

 

Values of indices were tested at the stand level and at the level of 209 sample plots. Namely, on 
a certain number of sample plots when using the edge-correction method NN1, it was not possible to 
calculate the values of certain indices, yet values of 0.00 were obtained (on 33 sample plots), which 
turned out to be a big disadvantage of this edge-correction method when using sample plots of a 
relatively small size. Despite the clear disadvantage of the use of the edge-correction method NN1, in 
order to be able to objectively compare all the sampling types applied in this research, the analysis was 
performed at the level of 209 instead of 242 sample plots. Significance of mean differences at the level 
of stands and at the level of 209 sample plots was determined by One-way ANOVA and LSD-test (Least 
Squares Difference), and the degree of compliance of indices obtained with different types of sampling 
on sample plots at the stand level and at the level of 209 sample plots was determined by Simple linear 
correlations.        

One-way ANOVA shows that at the stand level there are no statistically significant mean 
differences in all five indices (W, R, M, Td, and Ud) obtained by different types of sampling. This is also 
confirmed by the LSD test, except that in Ud, in stands 8b and 116а, there are significant differences 
between certain types of sampling (tables 1а and 1b). One-way ANOVA shows that at the level of 209 
sample plots there are no statistically significant mean differences in all six indices obtained by different 
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types of sampling, which is also confirmed by the LSD тест. The smallest mean differences were found 
in indices M (p=0.98) and Td (p=0.93), slightly larger in W, R, while the largest were found in Ud. 

As stated earlier, plus sampling (+) is the most accurate because, on the one hand, it is the largest, 
and on the other hand, there is no error resulting from the edge effect. As such, it was further considered 
as the base sampling and it was compared to alternative samplings: modified cluster sampling (4X4), 
minus sampling with the edge-correction NN1 (NN1) and minus sampling with the edge-correction 
buffer zone (BZ). An analysis was performed which aimed to show which of the alternative samplings 
in most cases gave the mean results closest to the results obtained by base sampling, especially for all 
six indices, at the level of stands and at the level of 209 sample plots. For indices W, R, M, the best 
results were obtained by sampling BZ, while samplings 4X4 and NN1 are somewhat less accurate. For 
Td, equal accuracy was obtained using samplings 4X4, NN1 and BZ, while for Ud, the best results were 
obtained using sampling 4X4, and slightly unsatisfactory with samplings NN1 and BZ. Taking into 
account all stands (by analyzing tables 1а and 1b), sampling BZ in 25 cases gives the mean results closest 
to the base sampling, 4X4 in 17 and NN1 in 15 cases, while BZ gives the worst results in 14, 4X4 in 20 
and NN1 in 21 cases.   

Simple linear correlations aimed to show the compliance of the values of indices obtained by 
base plus sampling and indices obtained by samplings 4X4, NN1 and BZ on sample plots at the level 
of stands and at the level of 209 sample plots (tables 2а and 2b). The correlation coefficient (r) and 
standard error of assessment (Se) were analyzed. For indices W, M, Td and Ud, the strongest connection 
is between the base sampling and sampling BZ, while for samplings 4X4 and NN1, the connection is 
somewhat weaker. For index R, the strongest connection is between the base sampling and sampling 
4X4. Looking at all stands (by analyzing tables 2а and 2b), sampling BZ in 51 cases showed the greatest 
compliance of values of indices in relation to the base sampling (the indicated correlation coefficient 
and standard error of assessment), 4X4 in 36 and NN1 in 19 cases, while the least compliance BZ had 
in 11, 4X4 in 36, and NN1 in 60 cases. 

However, a statistically strong correlation between the base sampling and other types of 
samplings at the level of 209 sample plots, was found only in indices M and Td (r from 0.78 to 0.91). An 
example of the strong correlation between the Td base plus sampling and minus sampling with the 
edge-correction buffer zone (BZ) is shown in Figure 4 (r=0.85).  

 

 
Figure 4. Correlation of Td plus sampling and minus sampling with the edge-correction buffer zone 
(BZ) at the level of 209 sample plots. 
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Table 1a. One-way ANOVA at the level of stands 33а, 42а, 42b, 122а, 27а, 31а. 

Legend: ST – sampling type. 
 
 
 
 
 
 
 
 
 
 
 

Index ST 

Stand 
33а (n=23) 42а (n=17) 42b (n=10) 122а (n=17) 27а (n=20) 31а (n=24) 

 F p LSD  F p LSD  F p LSD  F p LSD  F p LS
D  F p LSD 

W 

+ 0.48 

1.06 0.37 

x 0.51 

0.09 0.97 

x 0.49 

0.22 0.88 

x 0.51 

0.40 0.75 

x 0.52 

0.58 0.63 

x 0.52 

0.28 0.84 

x 
4X4 0.46 x 0.52 x 0.53 x 0.48 x 0.51 x 0.52 x 

NN1 0.43 x 0.52 x 0.51 x 0.49 x 0.49 x 0.52 x 
BZ 0.48 x 0.50 x 0.51 x 0.51 x 0.50 x 0.53 x 

R 

+ 1.68 

1.12 0.35 

x 1.83 

0.02 1.00 

x 1.71 

0.30 0.82 

x 1.94 

0.53 0.67 

x 1.84 

0.48 0.70 

x 1.94 

0.19 0.90 

x 
4X4 1.68 x 1.86 x 1.88 x 1.78 x 1.76 x 1.93 x 

NN1 1.51 x 1.81 x 1.81 x 1.82 x 1.66 x 1.92 x 
BZ 1.73 x 1.83 x 1.90 x 1.91 x 1.76 x 2.00 x 

M 

+ 0.07 

0.02 1.00 

x 0.00 

  

x 0.03 

0.20 0.90 

x 0.00 

  

x 0.00 

  

x 0.06 

0.03 0.99 

x 
4X4 0.08 x 0.00 x 0.01 x 0.00 x 0.00 x 0.05 x 

NN1 0.07 x 0.00 x 0.02 x 0.00 x 0.00 x 0.05 x 
BZ 0.07 x 0.00 x 0.02 x 0.00 x 0.00 x 0.05 x 

Td 

+ 0.37 

0.02 1.00 

x 0.34 

0.18 0.91 

x 0.38 

0.31 0.82 

x 0.37 

0.43 0.74 

x 0.39 

0.11 0.95 

x 0.33 

0.05 0.98 

x 
4X4 0.38 x 0.32 x 0.36 x 0.40 x 0.39 x 0.32 x 

NN1 0.37 x 0.31 x 0.39 x 0.38 x 0.38 x 0.32 x 
BZ 0.37 x 0.33 x 0.40 x 0.38 x 0.39 x 0.32 x 

Ud 

+ 0.48 

0.26 0.85 

x 0.49 

1.07 0.37 

x 0.47 

0.33 0.80 

x 0.48 

0.40 0.75 

x 0.49 

0.63 0.60 

x 0.49 

1.14 0.34 

x 
4X4 0.49 x 0.47 x 0.51 x 0.52 x 0.48 x 0.50 x 

NN1 0.48 x 0.42 x 0.49 x 0.53 x 0.46 x 0.51 x 
BZ 0.45 x 0.47 x 0.46 x 0.49 x 0.44 x 0.44 x 

X X X X X X
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Table 1b. One-way ANOVA at the level of stands 46а, 8а, 8b, 44а, 116а and at the level of 209 sample plots. 
 

Index ST 
Stand 

46а (n=24) 8а (n=15) 8b (n=10) 44а (n=19) 116а (n=30) Total (n=209) 

 F p LSD  F p LSD  F p LSD  F p LSD  F p LSD  F p LSD 

W 

+ 0.53 

0.18 0.91 

x 0.50 

0.29 0.83 

x 0.51 

0.22 0.88 

x 0.52 

0.47 0.70 

x 0.54 

0.32 0.81 

x 0.51 

0.23 0.88 

x 
4X4 0.52 x 0.50 x 0.54 x 0.50 x 0.53 x 0.51 x 

NN1 0.54 x 0.52 x 0.53 x 0.53 x 0.53 x 0.51 x 
BZ 0.53 x 0.49 x 0.53 x 0.52 x 0.52 x 0.51 x 

R 

+ 1.94 

0.10 0.96 

x 1.77 

0.23 0.88 

x 1.88 

1.18 0.33 

x 1.90 

0.73 0.54 

x 2.10 

0.65 0.59 

x 1.89 

0.41 0.75 

x 
4X4 1.93 x 1.72 x 2.18 x 1.73 x 2.05 x 1.86 x 

NN1 2.00 x 1.83 x 1.99 x 1.78 x 2.06 x 1.84 x 
BZ 1.94 x 1.68 x 1.95 x 1.91 x 1.98 x 1.88 x 

M 

+ 0.03 

0.02 1.00 

x 0.00 

  

x 0.00 

  

x 0.01 

0.20 0.90 

x 0.19 

0.18 0.91 

x 0.05 

0.06 0.98 

x 
4X4 0.02 x 0.00 x 0.00 x 0.01 x 0.19 x 0.04 x 

NN1 0.03 x 0.00 x 0.00 x 0.03 x 0.15 x 0.04 x 
BZ 0.03 x 0.00 x 0.00 x 0.01 x 0.19 x 0.05 x 

Td 

+ 0.38 

0.12 0.95 

x 0.26 

0.45 0.72 

x 0.37 

0.22 0.88 

x 0.42 

0.15 0.93 

x 0.37 

0.11 0.95 

x 0.36 

0.14 0.93 

x 
4X4 0.39 x 0.25 x 0.38 x 0.40 x 0.38 x 0.36 x 

NN1 0.38 x 0.24 x 0.38 x 0.42 x 0.37 x 0.36 x 
BZ 0.38 x 0.24 x 0.39 x 0.40 x 0.37 x 0.36 x 

Ud 

+ 0.49 

0.15 0.93 

x 0.48 

0.88 0.43 

x 0.50 

2.14 0.11 

     x 0.49 

0.12 0.95 

x 0.50 

1.73 0.16 

  xx 0.49 

1.93 0.12 

x 
4X4 0.49 x 0.49 x 0.40     x 0.49 x 0.52     x 0.49 x 

NN1 0.47 x 0.43 x 0.47     xx 0.47 x 0.45   x 0.47 x 
BZ 0.46 x 0.49 x 0.46     xx 0.47 x 0.48   xx 0.47 x 

Legend: ST – sampling type. 
 

 
 
 
 
 
 
 
 
 
 

X X X X X X
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Table 2а. Simple linear correlations at the level of stands 33а, 42а, 42b, 122а, 27а, 31а. 
 

Index ST 
Stand 

33а (n=23) 42а (n=17) 42b (n=10) 122а (n=17) 27а (n=20) 31а (n=24) 
r Se  F p r Se  F p r Se  F p r Se  F p r Se  F p r Se  F p 

 
W 

+/4x4 0.57 0.10 10.0 0.01 0.38 0.12 2.61 0.13 0.92 0.05 43.75 0.00 0.73 0.07 17.16 0.00 0.63 0.06 11.77 0.00 0.71 0.06 22.25 0.00 
+/NN1 0.24 0.15 1.31 0.27 0.52 0.08 5.54 0.03 0.77 0.08 11.50 0.01 0.69 0.09 13.67 0.00 0.45 0.11 4.67 0.04 0.37 0.08 3.45 0.08 
+/BZ 0.36 0.09 3.2 0.09 0.52 0.10 5.47 0.03 0.82 0.05 16.93 0.00 0.35 0.08 2.06 0.17 0.52 0.08 6.65 0.02 0.39 0.07 3.95 0.06 

 
R 

+/4x4 0.58 0.36 10.4 0.00 0.75 0.43 19.25 0.00 0.91 0.26 36.96 0.00 0.57 0.40 7.39 0.02 0.73 0.28 2.076 0.00 0.64 0.34 14.90 0.00 
+/NN1 0.36 0.61 3.0 0.10 0.70 0.52 14.51 0.00 0.77 0.41 11.73 0.01 0.43 0.47 3.37 0.09 0.65 0.50 13.01 0.00 0.77 0.31 32.99 0.00 
+/BZ 0.38 0.38 3.5 0.08 0.66 0.43 11.31 0.00 0.81 0.23 15.63 0.00 0.38 0.34 2.56 0.13 0.65 0.38 13.28 0.00 0.25 0.40 1.49 0.04 

M 
+/4x4 0.95 0.07 211.9 0.00 - - - - - - - - - - - - - - - - 0.87 0.07 65.81 0.00 

+/NN1 0.89 0.09 82.5 0.00 - - - - - - - - - - - - - - - - 0.68 0.12 18.78 0.00 
+/BZ 0.96 0.05 261.4 0.00 - - - - - - - - - - - - - - - - 0.81 0.09 42.32 0.00 

 
Td 

+/4x4 0.81 0.05 41.5 0.00 0.74 0.08 17.64 0.00 0.76 0.07 11.11 0.00 0.67 0.08 12.07 0.00 0.68 0.07 15.77 0.00 0.86 0.06 60.45 0.00 
+/NN1 0.86 0.07 59.2 0.00 0.77 0.08 21.84 0.00 0.84 0.05 18.70 0.00 0.78 0.07 23.16 0.00 0.67 0.08 14.81 0.00 0.78 0.07 34.75 0.00 
+/BZ 0.88 0.05 72.5 0.00 0.89 0.05 54.98 0.00 0.91 0.04 40.20 0.00 0.82 0.06 29.80 0.00 0.86 0.04 49.56 0.00 0.90 0.05 92.40 0.00 

Ud 
+/4x4 0.10 0.13 0.19 0.66 0.59 0.11 8.08 0.01 0.08 0.13 0.05 0.82 0.01 0.11 0.06 0.81 0.01 0.09 0.00 0.98 0.00 0.10 0.00 0.99 

+/NN1 0.12 0.17 0.33 0.57 0.16 0.15 0.41 0.53 0.37 0.18 1.25 0.30 0.13 0.20 0.27 0.61 0.03 0.21 0.01 0.91 0.38 0.22 3.68 0.07 
+/BZ 0.10 0.17 0.20 0.66 0.27 0.11 1.17 0.30 0.53 0.04 3.17 0.11 0.22 0.17 0.79 0.39 0.13 0.09 0.30 0.59 0.27 0.09 1.66 0.21 

Legend: ST – sampling type. 
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Table 2b. Simple linear correlations at the level of stands 46а, 8а, 8b, 44а, 116а and at the level of 209 sample plots. 
 

Index ST 
Stand 

46а (n=24) 8а (n=15) 8b (n=10) 44а (n=19) 116а (n=30) Total (n=209) 
r Se  F p r Se  F p r Se  F p r Se  F p r Se  F p r Se  F p 

 
W 

+/4x4 0.54 0.08 9.08 0.01 0.45 0.09 3.25 0.09 0.18 0.10 0.28 0.61 0.23 0.08 0.95 0.34 0.30 0.08 2.78 0.11 0.53 0.08 79.51 0.00 
+/NN1 0.55 0.12 9.46 0.01 0.57 0.09 6.23 0.03 0.27 0.05 0.64 0.45 0.34 0.12 2.29 0.15 0.25 0.12 1.95 0.17 0.46 0.11 56.22 0.00 
+/BZ 0.66 0.06 16.75 0.00 0.55 0.06 5.74 0.03 0.29 0.07 0.71 0.42 0.52 0.09 6.28 0.02 0.35 0.06 3.88 0.06 0.47 0.07 59.36 0.00 

 
R 

+/4x4 0.63 0.37 14.27 0.00 0.74 0.40 15.50 0.00 0.17 0.53 0.23 0.65 0.57 0.38 8.32 0.01 0.00 0.27 0.00 1.00 0.61 0.38 119.8 0.00 
+/NN1 0.61 0.48 13.15 0.00 0.63 0.51 8.74 0.01 0.26 0.35 0.58 0.47 0.63 0.47 10.92 0.00 0.20 0.54 1.20 0.28 0.58 0.48 106.3 0.00 
+/BZ 0.57 0.38 10.65 0.00 0.46 0.42 3.50 0.08 0.33 0.35 0.99 0.35 0.79 0.34 27.45 0.00 0.16 0.31 0.76 0.39 0.52 0.37 78.27 0.00 

M 
+/4x4 0.48 0.08 6.74 0.02 - - - - - - - - - - - - 0.88 0.11 101.0 0.00 0.89 0.06 790.5 0.00 

+/NN1 0.71 0.06 23.00 0.00 - - - - - - - - - - - - 0.88 0.11 93.72 0.00 0.85 0.07 543.2 0.00 
+/BZ 0.65 0.06 16.40 0.00 - - - - - - - - - - - - 0.91 0.10 129.8 0.00 0.91 0.06 1047 0.00 

 
Td 

+/4x4 0.77 0.07 32.65 0.00 0.61 0.05 7.71 0.02 0.56 0.07 3.77 0.09 0.74 0.08 21.02 0.00 0.76 0.07 37.99 0.00 0.78 0.07 321.8 0.00 
+/NN1 0.65 0.10 16.10 0.00 0.66 0.07 10.26 0.01 0.73 0.05 9.16 0.02 0.66 0.10 13.25 0.00 0.84 0.07 69.41 0.00 0.79 0.07 336.1 0.00 
+/BZ 0.68 0.08 18.62 0.00 0.64 0.05 9.25 0.01 0.60 0.05 6.35 0.04 0.81 0.07 32.37 0.00 0.84 0.06 67.06 0.00 0.85 0.06 528.8 0.00 

Ud 
+/4x4 0.31 0.12 2.27 0.15 0.51 0.14 4.59 0.05 0.40 0.13 1.50 0.26 0.18 0.10 0.59 0.45 0.13 0.12 0.45 0.51 0.18 0.12 6.66 0.01 

+/NN1 0.53 0.20 8.82 0.01 0.02 0.11 0.01 0.94 0.17 0.08 0.23 0.64 0.03 0.21 0.02 0.89 0.44 0.17 6.61 0.02 0.10 0.19 1.98 0.16 
+/BZ 0.45 0.13 5.51 0.03 0.50 0.12 4.33 0.06 0.63 0.08 5.25 0.05 0.17 0.09 0.52 0.48 0.06 0.09 0.10 0.76 0.17 0.12 5.99 0.02 

Legend: ST – sampling type. 
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Even with such a strong correlation, it can be noticed that the deviation on certain sample plots 
is large. With indices W, R (indices describing the diversity of tree positions), they are slightly weaker 
(r from 0.46 to 0.61). Index Ud is characterized by a very weak connection (r from 0.10 to 0.18) and this 
index cannot be even approximately assessed using alternative samplings (4X4, NN1 and BZ). Other 
authors found that at the same sampling size, indices describing the tree species diversity and the 
diversity of tree dimensions can be assessed with greater accuracy, compared to indices describing the 
diversity of tree positions (Lohl et al. 1994; Hui and Albert, 2004). Kint et al. (2004) found that for the 
same accuracy, a maximum sample size is required for the assessment of indices describing the 
diversity of tree positions, while for the assessment of indices describing the tree species diversity and 
the diversity of tree dimensions, the sample size is smaller. 

The main question that can be asked when researching a spatial structure with the method of 
partial survey, i.e. sampling (used in this study), is whether a spatial structure of a stand or some larger 
unit as a whole can be reliably assessed based on the determination of the spatial structure on small 
sample plots. This problem was studied using different simulation models for spatial structure 
reconstruction and it was confirmed that the spatial structure determined on small sample plots could 
be successfully reconstructed for entire stands or larger areas (Pretzsch, 1997; Lewandowski and 
Gadow, 1997; Pommerening, 2000; Biber, 1999; Pommerening and Stoyan, 2008).  

Pommerening and Stoyan (2008) investigated the possibility of reconstructing the spatial 
structure of three stands from Poland, Hungary and Germany, which differed greatly in their structural 
characteristics. They used circles with a constant diameter of a similar size as in our study, and 
simulated 1000 repetitions in each stand. They found that the spatial structure of stands could be 
reliably reconstructed on the basis of the determined spatial structure of sample plots of standard sizes 
used in forest inventories in Europe. Lilleleht et al. (2014) found that in small sample plots, the 
reconstruction method was reliable for edge-bias mitigation has and had great potential in applications 
of forest monitoring.  

Sterba (2008) and Motz et al. (2010) believe that it is more professionally optimal and (financially) 
cost-effective to collect additional data necessary for the assessment of spatial structure along with the 
regular inventory, than to do it separately. Also, given that in recent decades, more and more emphasis 
has shifted from stands to regional and national forest inventories (Gabler and Schadauer, 2007; Lanz 
et al. 2010), it is necessary that the data collection for the assessment of spatial structure be defined at 
this level, as well.    
 
4. Conclusions 
 

Based on the conducted research, the most important conclusions that were drawn are as follows: 
• At the stand level and at the level of the whole sample, there are no statistically significant 

mean differences in all five indices obtained by different types of sampling.  
• However, using different sampling types, a weak connection was determined through the 

assessment of most indices at the level of sample plots, especially indices describing the 
diversity of tree positions (uniform angle index and mean directional index) and indices of 
DBH dominance. For precise assessment of these indices when using a circular fixed radius 
plot of 5 ares, it is necessary to use only plus sampling during the data collection. 

• For the assessment of species mingling and DBH differentiation at the level of sample plots, a 
strong connection was determined between different sampling types. However, even in a 
strong connection, there was a large deviation in certain sample plots. Conditionally, minus 
sampling with the edge correction buffer zone and modified cluster sampling can be used for 
these indices, but with less accuracy compared to plus sampling.   

• Minus sampling with the edge correction NN1 is not practical for use on sample plots of this 
size in beech forests in Serbia. 

• The general conclusion is that for the purpose of a comprehensive assessment of all aspects of 
spatial structure (diversity of tree positions, tree species diversity and diversity of tree 
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dimensions) in the regular forest inventory in beech forests in Serbia, it is only correct to use 
plus sampling. 
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