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Abstract. The oak forests growing on the Krotoszyn Plateau are the biggest and most valuable oak forest complexes in Poland. The
purpose of this study was to analyze the structural diversity of oak (Q. robur L.) stands older than 140 years. Two natural stands
located within the forest reserve as well as two managed stands were chosen for investigation. Species and tree size diversity were
analyzed using different measures and spatially explicit and inexplicit indices. The results indicate that the structural diversity of
the protected oak forests did not differ significantly from that of managed stands. On the contrary, undisturbed natural processes in
protected forests can result in a low diversity of some structural attributes in such stands. Although most indices pointed towards
a higher structural diversity in protected forests, the differences were not large, especially in the case of spatially explicit indices.
The spatial arrangement of live trees was either random, aggregated or regular, with the latter clearly dominating managed, poorly
mixed oak stands. Furthermore, a lack of natural disturbances strong hornbeam expansion, in which case strict protection is not

favorable for oak sustainability as it creates unsuitable conditions for oak regeneration beneath the hornbeam canopy.
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1. Introduction

The canopy layer of the forest stand, the main part of the
forest, is described by using various parameters defining
the state of the forest in terms of its vertical profile, size
structure, species composition and so on. Stand structure is
affected by both external factors (natural disturbances, such
as fires and insect infestations) and internal ones (ecological
processes, biological and ecological species characteristics,
microhabitat variability, etc.) (Miiller et al. 2000; Montes et
al. 2004; Zenner 2004; Pretzsch 2010; Petritan et al. 2012;
Petritan et al. 2015; Zenner et al. 2014; del Rio et al. 2015;
Fibich et al. 2016). In managed forests, an additional factor
significantly influencing the stand structure in various stages
of development is silvicultural practices (Pretzsch, 2010).

Forest structure is the result of different natural processes
relating to its development, but, simultaneously, the forest
structure itself also affects these processes (Spies 1998; Na-
umann, Starlinger 2001; Pommerening 2002; Pretzsch 2010;
Gadow et al. 2012). These ecological and biological processes
occur in various spatial scales and may also overlap, whilst

their intensity varies, depending on the stage of the forest de-
velopment. For example, natural regeneration often manifests
itself in patches of seedlings and saplings, which, as a result of
individual competition and increasing tree size, changes with
the stand age towards more uniform distribution (Fibich et
al. 2016). The process of competition most often involves a
tree’s nearest neighbours and thus operates at the scale of the
immediate surroundings. The result of intense competition is
often the death of weaker individuals; however, it also often
leads to clearly limiting the growth of weaker trees (Kenkel
1988; Brooker 2006). With age, competition between trees in
a forest becomes less intense; hence, the role of this process in
older stands is assumed to be less important than in younger
ones. Other factors, such as the natural disturbances
mentioned earlier, play a greater role in shaping the structure
of old-growth forests (Spies 1998; Szymanski 2000; Zenner
et al. 2011; Gadow et al. 2012).

The structural complexity of a forest is largely determi-
ned by the number of tree species but of equal importance
is the diversity in the size of individual trees. One of the
factors affecting the coexistence of species in a mixed forest
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is the interactions between individuals of each species, often
resulting from different environmental requirements and mi-
crohabitats (McElhinny et al. 2005; Mclntire, Fajardo 2009;
Wilson 2011; Gadow et al. 2012). Aggregations of particu-
lar species favour their coexistence in the forest by weake-
ning interspecies competition (Raventos et al. 2009). This
is particularly evident in tropical forests. The same effect
- to ensure a mixed composition in managed forests - is the
intention of using a mix of species in an area at the renewal
stage or group cutting to regenerate selected species.

It is assumed that natural forests are often characterised
by greater structural diversity than managed forests, where
silvicultural practices often excessively unify their species
composition and structure. Frequently, forests located in na-
ture reserves or national parks, whose structure is largely the
result of natural forces, are provided as examples of highly
structured forests. However, long-term studies focused on
natural forests indicate that the natural processes occurring
in them can lead to the development of a simple system in
terms of their species composition and structure (Brzeziecki
et al. 2012; Brzeziecki et al. 2016). However, achieving the
postulates of having managed forests be as close as possible
to natural ones, that is, by using complex forms of fellings,
regeneration methods mimicking the natural regeneration
of various species and silvicultural practices carried out in
forest ecosystems, may even encourage the development of
more diverse stands (Paluch, Bielak 2009; Jaworki 2011).

The subjects of this study are the forest stands located on the
Krotoszyn Plateau, where the main species is pedunculate oak
(Quercus robur L.). Four stands were chosen, two located in
nature reserves and two in managed stands. The Krotoszyn oak
stands are the largest concentration of more than 100-year-old
oak stands, occurring in large forest complexes. The conditions
that prevail there are not conducive to the natural regeneration
of oak, so it is believed that these stands were established by
planting and sowing (Szychowiak 2002a, 2002b after Jawor-
ski 2011). At the same time, they are considered as one of the
most valuable populations of pedunculate oak in Europe. There
are also only a few studies on the dynamics of these forests
and their structural diversity. This study, therefore, is a certain
supplement to knowledge about their structural diversity under
human pressure. In the case of the reserve stands, the results
of this study may be helpful in developing strategies for the
further protection of forests where the pedunculate oak is an
important element. The primary objective of this study was
to determine the structural diversity of oak stands in terms of
species composition, size (diameter at breast height (DBH) and
height) differentiation and the spatial distribution of trees in the
stand. On the basis of the calculated indices, an attempt was
made to compare the structural diversity of forest stands under
various types of human impact.

2. Study area and methodology
2.1. Area and study subjects

Choosing stands for the study was guided by two basic
criteria: the proportion of pedunculate oak, which should be
the main species, and the age of the stand, which at the time
of measurement should not be less than 140 years. An ad-
ditional premise was to choose stands with different forms
of human impact on their structure. Before choosing the
study sites, all of the sectors were inspected to locate the
most representative fragments of the forest.

Measurements were performed in four plots of four dif-
ferent stands. According to the forest regionalisation, the
stands selected for analysis are located in the Wielkopolska—
Pomerania Region (II), Krotoszyn (I11.8) District (Trampler
et al. 1990). The terrain is flat with gleyic stagnosol soils.

Area 1 (Biadki) is a stand established in part of the ‘Da-
browa near Biadek Krotoszynskich’ reserve, with an area of
16.20 ha, located in the Krotoszyn Forest Division, section
76¢ of the Borowina Forest District. The dominant phytoco-
enosis of the reserve is the acidophilus hornbeam-oak forest.
The tree stand in the fresh broadleaved forest site type has a
two-story structure, with the upper story consisted of pedun-
culate oak and the lower hornbeam (Carpinus betulus L.).
Individuals of Norway spruces (Picea abies L.) also occur
as a single mixture. At the time of the measurements, the
oaks were approximately 280 years old. Measurements were
taken from a plot of 70 m x 50 m (0.35 ha). The reserve
was created in 1963 by order of the Minister of Forestry and
Wood Industry, with the aim of protecting the ecosystem of
deciduous forests, including the acidophilus oak forests ty-
pical of the Krotoszyn Plateau.

Area 2 (Smoszew) is a stand located in the ‘Dabrowa
Smoszew’ reserve, with an area of 13.85 ha in the Krotoszyn
Forest Division, section 56¢ of the Smoszew Forest District.
The dominant (protected) plant community in the reserve is
the central European hornbeam forest. The forest site type
is described as moist broadleaved forest and has a two-sto-
ry structure, with pedunculate or sessile oak (Quercus pe-
traea Liebl.) in the upper story and hornbeam in the lower.
Small-leaved lime (7ilia cordata Mill.) occurs in some areas
of the reserve as a single mixture. According to the forest
management plan, the age of the oak trees at the time of
measurement was 151 years (Forestry Management Plan of
the Smoszew forest, 2008). A 70 m x 70 m (0.49 ha) measu-
rement plot was established in this stand. The objective of
protecting this forest by order of the Minister of Forestry and
Wood Industry in 1963 was to maintain the hornbeam and
riparian plant associations with the dominating pedunculate
oak forest and rare species of plants.
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Area 3 (Jelonek) is a two-story managed stand in the
Krotoszyn Forest Division, compartment 162d, growing in a
moist broadleaved forest site type. The upper story consists
of pedunculate oak, whose age was estimated at 164 years
at the time of measurement. The upper story also includes
beech (Fagus sylvatica L.). The lower story consists of hor-
nbeam. In this stand, which was managed according to the
management plan in force, a measurement plot of about 0.50
ha (50 m x 100 m) was established.

Area 4 (Piaski) is located in the managed stands of the Piaski
Forest Division, compartment 291j. The forest type is specified
as a fresh broadleaved forest site type. The age of the oak trees
was estimated at 145 years. The admixture of Norway spruce
(P, abies Karst.) occurred in the lower story. An area of 140 m x
60 m (0.84 ha) was established as the measurement plot.

2.2. Methodology

During field work, DBH (d, ,, cm), total tree height (H,
m) and species identification of live trees in all of the stands
were determined. The coordinates (x, y) of each tree was de-
termined for the spatial analysis.

The structural diversity of the forests was determined
using the Shannon species diversity index (Hgat’ Egm), the
species profile index of vertical differentiation by Pretzsch
(4) and the Gini index (GI). In order to take into account
the spatial distribution of trees, the Clark—Evans aggrega-
tion index (R), the spatial size differentiation index for DBH
(TD) and height (TH) and the spatial species mingling index
(SM) were calculated. The mathematical formulas of each
index are presented in Table 4.

Species diversity index (H,,) has a greater value when a
higher number of species is present in an area and their pro-
portions are more balanced (Brzeziecki, 2002; Pretzsch 2010).
If a stand is made up of one species, the index H, is equal to
0, whereas its maximum value H_, specifying the maximum
diversity of tree species, is equal to In(S), where S is the number
of species. Comparing the diversity of different forest stands,
the index of evenness for species diversity of E =H, /H_ _is
often used, specifying the extent to which the observed varia-
tion of Hgm deviates from the maximum diversity (4, ). If the
proportion of species in the forest stand is the same, and their
mix is the greatest, then ng =100, and vice versa, Egat appro-
aches 0 when the species diversity is low (Pretzsch, 2010).

The profile index (A4) describes the vertical structure of
a stand with regard to the participation of species in its dif-
ferent vertical layers. Trees are allocated to three vertical
classes: layer I, less than 50% of the maximum height of
the trees; layer II, 50-80% of the maximum height of the
trees; layer III, greater than 80% of the maximum height of
the trees in the stand (Pretzsch 2010; Petritan et al. 2012).

The lowest values of the index are found for single-story and
single-species stands, it increases in multi-storied but sin-
gle-species stands and has the highest value in mixed stands
with a complex vertical structure. The maximum value of 4
is calculated by using the following formula:

A =In(SxZ)

where
S is the number of species,
Z is the number of layers in the tree stand.

In order to compare the variation in height amongst diffe-
rent forest stands, the standardised, 4, , index is used, which
is described by the formula 4, = (4/4,  )*100% (Pretzsch
2010). The 4, , index determines the extent to which the
analysed stand differs from the maximum variation for the
given conditions.

The Gini index (GI) is the next measure of the diversity of
the study population’s characteristics (e.g. DBH) (Lexered,
Eid 2006; Sterba 2008; Zenner et al. 2015). It can take valu-
es in the range of GI 1 (0, 1), wherein the low values indicate
that the trees are characterised by, for example, a diame-
ter close to the mean (little variation in the characteristic),
whilst higher values indicate greater G/ diversity in the po-
pulation’s analysed characteristics.

The Clark—Evans aggregation index (R) defines the pat-
tern of the distribution of trees based on the comparison of
the average observed distance between the trees with the
average distance of their random distribution. The maximum
value (R=2.15) is reached with a hexagonal arrangement of
trees. Values of R > 1 indicate a regular distribution, whilst
R<1 indicates aggregate distribution. The random distribu-
tion of individuals in an area is indicated by a value of R = 1
(Donnelly 1978; Kint et al. 2000). This indicator takes into
account corrections resulting from the edge effect (Donnelly
1970). Significant deviations from the random distribution
were determined by 999 Monte Carlo simulations.

Indices of the spatial differentiation of DBH and height (7D
and TH, respectively) define the differences in the DBH (or
height) of trees at the scale of the immediate neighbourhood.
The index ranges from 0 to 1, with 7D = 0 indicating a lack of
differentiation of the measured feature of nearest neighbours
and 7D = 1 indicating very large differences of the measured
feature (Pretzsch 2010; Szmyt, Ceitel 2011; Szmyt 2012). The
proportion of pairs of trees of varying DBH can be determi-
ned based on the distribution of 7D amongst classes of diver-
sity: 0.00-0.30, little variation; 0.30-0.50, average variation;
0.50-0.70, large variation; and 0.70-1.00, very large diversity
of features between nearest neighbours (Pommerening 2002).

The indicator of the spatial species mingling (SM) defines
the mutual distribution of species at the scale of the immediate
neighbourhood. SM value can vary from 0 to 1, wherein in
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the analysis of the four nearest neighbours, SM may have five
values: 0, 0.25, 0.5, 0.75 and 1. The higher the index value,
the greater is the diversity of species at a small spatial scale.
The analysis of the distribution of SM allows the proportion of
homogeneous groups and diverse species of trees in the stand
to be specified (Kint et al. 2000; Gadow, Hui 2002).

Structural measures were calculated with R (R Core De-
velopment Team 2015), using the ‘Spatstat’ package (Bad-
deley, Turner 2015).

3. Results
3.1. Characteristics of the oak stands

As shown in Table 1, three of the four analysed stands,
including two in the reserves, had similar basal areas (40.70—
46.39 m?> ha!, N =444-968 szt.xha'). The managed stand in
Jelonek had almost twice the combined G (G =40.70 m*<ha™")
than the managed stand in Piaski (G = 24.66 m*<ha™).

Stands in the reserves (Biadki, Smoszew) had a greater
range of DBH, but the range of the height was similar in
both types of stands. The lowest average DBH of all live
trees was found in Biadki (¢, ; = 17.07 cm) and the highest
was in the managed stands in Piaski (¢, , = 46.5 cm). Oaks,
of course, had the highest DBH in each stand, but the lowest
DBH of oaks was found in Piaski (Table 1). The highest ave-
rage height was found for the oaks in Jelonek site (31.84 m)
and then in Smoszew, Piaski and Biadki. Except for Piaski,
hornbeam was the most abundant species in the stands. The
trees of this species comprised the understory layer of the
stands in Biadki, Smoszew and Jelonek. The average DBH
of hornbeam ranged from 12.76 to 19.58 cm, whilst the he-
ight varied from 14.44 to 18.05 m (Table 1).

3.2. Spatial distribution of trees

Live trees were regularly distributed only in the managed
stand in Piaski (R = 1.12; p = 0.05). In Smoszew and Piaski,

Table 1. Characteristic of oak stands on the measurement plots (N — trees number/plot, Db — common oak, Gb — hornbeam, Jw — sycamore,

Bk — European beech)

Forest stand

N d,. G min-max H min-max
[em] [m?ha] [em] [m] [m]

Biadki (0.35 ha)

Live trees 339 17.07 46.39 7.10-120.0 15.24 12.99-33.70

Db 34 55.74 33.14 7.20-120.00 22.47 13.32-33.70

Gb 305 12.76 13.26 9.10-38.55 14.44 11.50-19.43

Smoszew (0.49 ha)

Live trees 259 26.10 40.71 7.00-90.40 19.54 10.30-38.40

Db 67 52.37 31.67 14.7-90.4 28.70 10.30-38.40

Gb 185 16.45 9.04 7.00-38.00 16.23 10.85-21.05

Iw 7 29.49 1.06 18.25-42.75 20.79 16.10-27.00
Jelonek (0.50 ha)

Live trees 222 29.89 40.70 8.00-72.00 2243 8.00-37.00

Db 51 54.46 24.48 16.00-72.00 31.84 15.00-37.00

Gb 128 19.58 8.54 8.00-42.20 18.05 8.00-26.00

Bk 43 31.15 7.42 10.00-58.50 24.05 10.00-31.00
Piaski (0.84 ha)

Live trees 114 46.50 24.66 7.10-71.20 25.07 12.00-31.30

Db 114 46.50 23.85 7.10-71.20 25.19 15.20-31.30
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no significant deviations from the random distribution were
found, whilst in Biadki, the trees were aggregated (Table 2).
Oaks were regularly distributed, except for Biadki, where
they were found to occur randomly, despite a trend towards
a regular distribution. Hornbeams, most frequently, had a
random distribution except for those in Biadki, where the
deviations from the random pattern towards clumped distri-
bution were statistically significant (R = 0.90; p = 0.05). Sy-
camores were also found to have an aggregated distribution
in Smoszew, whilst beech in Jelonek showed no statistically
significant deviation from a random pattern (Table 2).

3.3. Species diversity and mix in the stands

The species diversity index, H,, had the highest value in
the managed stands in Jelonek. Lower values were obtained
for both the reserve stands, H# , = 0.69 for Smoszew and
H, =035 for Biadki. The lowest level of species diversity
was found in Piaski stands, which had a single admixture
of spruce. The standardised Shannon index, E, indicated
the same trend (Table 3). The analysis of species diversity
amongst the nearest neighbour trees (SM) confirmed that the
stand in Jelonek was the most diverse in terms of species
mingling (Table 3). The oak stand in Smoszew also had a
high value of species mingling index (SM = 0.45). The stand
in Biadki had a lower value of SM, similar to that of Piaski
(SM=0.13; SM = 0.05, respectively). In analysing the share
of trees, whose nearest neighbourhood was characterised by
a low, medium or high species diversity (Fig. 1), we can
conclude that the stand in Jelonek had trees whose share in
the different categories was relatively even. In Smoszew, the
share of trees, whose neighbours were more homogeneous
(SM <£0.25), was slightly higher. The remaining two stands —
Biadki and Piaski — although clearly distinguishable in their
average SM values, were characterised by the highest share
of trees, whose neighbours did not exhibit species diversity,
that is, SM = 0 (Fig. 1). Both stands were characterised by
the lowest share of individuals growing next to different spe-

cies (Fig. 1). An analysis of the surroundings of oaks indi-
cated that in case of three of the four stands, they were often
found next to trees of a different species (SM = 0.75,1.0)
(Fig. 1). Only the Piaski stand had oaks growing next to each
other (90% of cases).

3.4. Diversity of DBH and height of trees in the oak
stands

The DBH structure of live tree of the different stands is
presented in Figure 2. Its shape was similar in the reserve
stands and the managed stand of Jelonek, indicating two
peaks, one in the low diameter classes and the second in the
moderate classes. It is also notable that the oaks occurred
almost exclusively in large diameter classes (DBH > 30 cm),
whilst the share of this species in the lower classes was spo-
radic. The structure of DBH in Piaski showed a unimodal
shape, with the maximum found in the 40- to 60-cm diame-
ter classes. The Gini index (GI/) confirmed the differences in
the DBH variability of the stands. The stands located in the
reserves showed higher variation in DBH, and less diversity
of DBH was found in both managed stands, with the stand in
Piaski having the lowest value of G/ index. The coefficient
of variation calculated for DBH (CV, .) indicated the same
trend with regard to the diversity of the diameter of trees
(Table 2). Figure 3 and Table 2 show the spatial differenti-
ation of tree diameters expressed as the average 7D index
and the share of trees in each differentiation class. The high-
est mean 7D value was found in the Smoszew reserve (7D
= 0.46), indicating an average differentiation of the nearest
neighbours. Stands in Biadki (reserve) and Jelonek (man-
aged stand) showed slightly lower but similar mean 7D val-
ues. The lowest average diameter differentiation index was
found in the managed stand located in Piaski (7D = 0.21).
The distribution of 7D values (Fig. 3) shows that the stand
with the greatest average diversity of diameter (Smoszew)
had the most cases of closest neighbours differing in DBH
by 30-70%. A similar situation was found in Jelonek site,

Table 2. Mean values of structural indices for analyzed oak stands (*significance level, a = 0.05)

Biadki Smoszew Jelonek Piaski
Wskaznik
Live trees Db Gb Live trees Db Gb Jw Live trees Db Gb Bk Db
R 0.9* 1.10 0.90* 1.02 1.13* 0.99 0.52%* 0.96 1.18* 0.96 0.82 1.12*
SM 0.13 0.74 0.06 0.44 0.80 0.31 0.95 0.54 0.88 0.38 0.69 0.05
D 0.36 0.65 0.30 0.46 0.60 0.41 0.35 0.40 0.56 0.35 0.38 0.21
TH 0.16 0.37 0.41 0.20 0.40 0.23 0.24 0.27 0.37 0.25 0.23 0.10

Explanation: R — Clark-Evans index, 7D — spatial differentiation index for diameter, 7H — spatial differentiation index for height, SM — spatial mingling index
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Table 3. Mean values of structural indices for analyzed oak stands (spatial inexplicit indices)

Study plot H, (H,) E, A,,) 4, GI v, cv,
Biadki 0.35 (0.69) 0.51 1.22(1.79) 0.68 0.45 111 0.29
Smoszew 0.69 (1.09) 0.63 0.62 (1.79) 0.34 0.36 0.70 0.33
Jelonek 0.97 (1.39) 0.70 0.62 (2.48) 0.25 0.30 0.55 031
Piaski 0.14 (0.69) 0.20 0.53 (2.20) 0.24 0.1 0.21 0.12

Explanation: #  — Shannon index of species diversity, H
gat

A, . —max. value of Aindex, 4, —relative 4 index, GI — Gini index, CV
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Figure 1. The share of live trees (left panel) and oaks (right panel) in the dependence on the number of neighbors (1-4) belonging to the

different species than reference tree based on the SM index

although its share of trees with a DBH diversity of <30%
was higher. In Biadki, neighbouring trees most often had
DBH differences of 30-50%. Managed stand in Piaski was
characterised by the largest share of trees (84%) with the
lowest level of DBH diversity between nearest neighbours
(<30%) (Fig. 3).

Oaks were markedly different in terms of the DBH of
their immediate neighbours in three of the four analysed
stands (Fig. 4). The exception was the Piaski site, where
the differentiation of the nearest neighbours of the oaks was
usually not greater than 30% (Fig. 3).

The most diverse vertical profile of the stands was found
in both reserve stands (4, = 0.68 and 4 , = 0.34). Jelonek
and Smoszew had the same index A value. These stands
varied, however, in the differences between the standard-
ised 4, ,index, which allows us to state that the Smoszew
stand has a somewhat greater variation of vertical structure
(Table 3). The least diverse was the managed stand in Pias-
ki. Similar results in terms of variation in height were ob-
tained by calculating the coefficient of variation (Table 2).

The spatial diversity of tree height (TH) was significantly
lower than the diameter variations. The average TH index
fluctuated between 7H = 0.10 and TH = 0.27 (Table 3). It
is worth noting that both managed stands had radically dif-
ferent values of tree height diversity, but the stands in the
reserves had similar mean 7H values (Table 3). The share
of trees in each class of height difference indicated that
neighbouring trees were predominantly similar in terms of
this feature. Only the stand in Smoszew had greater diver-
sity, and in the case of 20% of the trees, these differences
reached above 70% (Fig. 4). The trees surrounding oaks
were characterised by greater height diversity than the av-
erage for the stand (Fig. 4). The oaks in the managed stand
in Piaski were the exception. In 93% of cases, the differ-
ence in height between the oaks and their surrounding trees
was not greater than 20%. In the remaining stands, most of
the differences were in the average class of height varia-
tion. The share of oaks whose surrounding trees differed in
height by 50-70% did not exceed 20% in any of the stands

(Fig. 4).
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Figure 2. Diameter structure of analyzed stands: a) Biadki, b) Smoszew, c) Jelonek and d) Piaski (grey bars — oak, white bars — other species)
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Figure 3. Distribution of TD values in diameter differentiation classes for live trees (left panel) and oaks (right panel) in the analyzed stands.
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Figure 4. Distribution of TD values in tree height differentiation classes for live trees (left panel) and oaks (right panel) in the analyzed

stands.

4. Discussion

The relationship between the stand structure and the func-
tioning of the forest ecosystem has made it one of the most
important features, enabling the current state of the forest to
be analysed as well as to determine, with greater or lesser
probability, the direction of its future development (Oliver,
Larson 1996; Spies in 1998; Brzeziecki et al. 2012). For ma-
naged forests, the analysis of forest structure can provide
an essential tool to use in deciding the scope of silviculture
efforts to develop more structurally diverse stands that are
less vulnerable to adverse external factors (Drozdowski et
al. 2014a, b). For protected forests (nature reserves, natio-
nal parks, etc.), knowledge about their structure can provide
important information for undertaking conservation work to
maintain or improve the living conditions of the protected
objects, such as, plant associations and threatened species
(Petritan et al. 2012; Iszkuto et al. 2013).

4.1. Diversity of the size of the trees in the stands

The simplest measures of population diversity in terms
of the selected features are descriptive statistical measures,
for example, their range or coefficient of variation. The ease
of their interpretation, on one hand, ensures their popularity,
whilst, on the other hand, their cognitive limitation is the
fact that they characterise the variability of the analyzed tra-
its in a synthetic way, at the level of the stand, for example.
Both measures applied in the analysed oak stands indicated
that the protected stands are a little more diverse in terms of
tree diameters than the managed stands, whilst DBH was a
more variable trait than tree height.

The DBH structure indicated that forest stands located in
reserves and the managed stand in Jelonek are characterised

by a bimodal distribution of DBH, with a first maximum
attributable to the lower size classes and the second to hi-
gher size classes. A bimodal shape of DBH structure was
also observed by Pach and Podlaski (2015) in the protected
stands in mountains. Such a DBH distribution was common
in protected or natural forests (Bobinac 2000; Kucbel et al.
2012 Petritan et al. 2012). A high representation of trees with
small DBHs indicates that intensive renewal processes are
taking place in the stand, which may prove the stability and
sustainability of the analysed population. The lack of poten-
tial young trees may indicate the decreasing importance of
a species and may be related to the ageing of the population
(Bernadzki et al. 1998; Brzeziecki et al. 2012). In the analy-
sed oak stands, the first case is represented by hornbeam
(especially in the reserves), whilst oak represents the second
case, where nearly all the individuals are old trees found in
the upper story of the forest. Only the managed stand in Pia-
ski was typical, a single species and even-aged stand, with a
unimodal DBH distribution.

The diversity of tree stands can also be inferred from an
analysis of the results obtained using the profile index 4 (he-
ight) and the Gini index (DBH). The profile index, which
takes into account the share of individual species in the three
vertical layers of the stand, has a greater value when there
is a greater share of species in a stand and when they are
more proportionally distributed in the particular layers of
the stand (Biber, Weyerhacuser 1998; Aguirre et al. 2006;
Petritan et al. 2012; del Rio et al. 2015). Using the original
version of 4 index in comparing the diversity of different
stands, however, poses difficulties of interpretation, and the-
refore, it is often used indirectly by determining the so-called
A, standardised index (Pretzsch, 2010). This index showed
a greater diversity in the vertical structure of the stands in
both reserves. The lowest variation in vertical structure was
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Table 4. Stand structural indices

Index Formula

Description

Species diversity

s —number of species in the stand
In — natural logarithm

index p,— share of the species in the study population

(H, p) (p,=n/N, where n_is the number of individuals
of i species and N is the number of trees in the
stand)

Stand profile index s — number of spt.scies in the stand

) z — number of height classes (z = 3)

Py~ share of species in the classes (p,./. = ni//N)
n,— share of i species in j height class
N — number of trees

Gini inequality

d,,— DBH of a jth rank tree
3j

index j —rank of a tree in an increasing order from
G) L,....n

n — number of trees in the population
Spatial mingling V,=0— when neighbour j and tree / are the
index same species, otherwise V.= 1
(DM) n —number of nearest neighbours (established

n=1)

Spatial differentia-
tion index
(TD/TH)

d,,— DBH of tree i and j
n —number of nearest neighbours (n=1)

Aggregation index

(R)

r,—average distance between nearest
neighbours

r, —average expected (theoretically) distance
between nearest neighbours

r,— distance between individual i and its nearest
neighbour (m)

N —number of individuals in the measurement
plot

A — area (m?)

P — circumference (m)

found in the managed stand located in Piaski. High value of
A index was found by Petritan et al. (2012) in stands with
greater species diversity than in stands consisting of a small
share of species.

Relevant information concerning the forest stand diver-
sity is provided by indicators of the spatial pattern of trees.
In the case of tree height, these indicators showed little va-
riation amongst adjacent trees in the studied stands. A more
complete picture, however, is provided by the analysis of
the share of trees in each height differentiation class. Such

analysis indicated that most trees fell into the class of the
lowest variation (differences of up to 30%), regardless of
the character of the stands. It is worth noting that the results
obtained for the Biadki and Piaski stands were very similar.
The analysis of the surroundings of oaks, however, indicated
a distinctly higher variation of their neighbours in terms of
height. Frequently, the differences between nearest neighbo-
urs of oaks were up to 30-50%. The exception was the stand
in Piaski, where the trees surrounding oaks usually did not
differ in height by more than 30%. The spatial differentia-
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tion of DBH in the studied stands was clearly greater than
that of height. The differences reached even 70% amongst
some neighbouring trees. The trees surrounding oaks were
characterised by an average DBH variation, except for Pia-
ski stand, where the trees surrounding oaks were very simi-
lar to the reference trees.

The small differences in the size of trees observed in the
managed stands is often the result of the silviculture practi-
ces carried out, favouring the structural homogenisation of
forest stands. But there are a number of opportunities availa-
ble to increase the diversity of the composition and structure
of managed forests, for example, through the use of com-
plex renewal cuttings or structural and selective thinning
or felling (Bilski, Brzeziecki, 2005; Paluch, Bielak 2009;
Jaworski 2011). In protected forests using passive protec-
tion, natural processes shape the structure and composition
of the forests. As shown by many years of research on the
dynamics of these forests, their structural diversity can be
surprisingly low (Brzeziecki et al. 2016).

4.2. Species diversity of the stands

One of the frequently used indicators of species diversi-
ty of plant communities, including forests, is the Shannon
diversity index (Magurran 2004; Pretzsch 2010). Its signi-
ficant disadvantage, however, is the excessive weight it
assigns to a rare species in terms of its share in species com-
position, with little attention paid to abundant species. As a
result, the value of this index disproportionately increases
in communities consisting of only few species. As with the
profile index, the use of the evenness index, Egat (Pretzsch
2010), is recommended in order to compare the species di-
versity amongst the different forest stands. Species diversity
was the highest in the managed stand in Jelonek and then
in both of the protected stands. The lowest species diversi-
ty was found in the Piaski managed stand. The number of
species and their share in species composition do not reveal
information about the spatial relationships in the distribu-
tion of species. The spatial distribution of species can be
inferred based on the SM index. The higher the value, the
greater is the mingling of the species. The highest diversity
of the studied oak stands was found in the Jelonek managed
stand and then in the Smoszew reserve. In both stands, the
share of trees in each diversity class was substantially uni-
form. On the basis of the distribution of SM index values
for the oaks, it was found that this species was dispersed
in the forest as an individual admixture, so the trees surro-
unding the oaks mainly consist of other species (hornbeam,
sycamore or beech). The moderate species diversity found
in the analysed oak stands was consistent with the studies
of Miiller et al. (2000) and Indira et al. (2013). Strong uni-

formity of species composition and age structure of stands
growing in the strictly protected stands in the Swictokrzyski
National Park was found by Brzeziecki et al. (2011) over
many years of observation. During the 45-year study period,
spruce and fir clearly decreased in favour of deciduous spe-
cies, that is, beech and sycamore, which in the same period
increased their share in the stand. The mutual replacement of
species is often the result of competition between them, won
by the stronger species. The weaker species in the analysed
oak stands is oak. As a heliophilous species, it is not finding
favourable regeneration sites under the dense canopy of hor-
nbeam. Interesting research spanning several decades on the
variability of species composition in the protected forests
of Biatowieza National Park (BNP) is presented by Berna-
dzki et al. (1998), Brzeziecki et al. (2012) and Brzeziecki
et al. (2016). Whilst analysing the growth and development
of stands at permanent experimental plots, they found that
some of the so-called primeval species, such as oak, pine,
ash and aspen, are now ageing populations, threatened by
an at least temporary disappearance from the stand layer.
The most expansive species in areas under strict protection
proved to be hornbeam and lime (Brzeziecki et al. 2012;
Brzeziecki et al. 2016). The authors also pointed out that
the likely loss of some forest tree species in the stand will
result in a decrease of the overall diversity of the forest eco-
systems in Biatowieza Forest. Strict protection consisting
only of preserving natural ecological processes does not
necessarily translate into increased forest biodiversity. The
homogenisation of species composition relating to hornbe-
am expansion and the elimination of oak (the disintegration
of the stand) may be taking place in the studied reserves.
Both phenomena are of course natural processes, but keep
in mind that the purpose of the protection of both reserves is
to preserve specific deciduous forest communities, of which
oak is an important element. Taking this into account, it
seems reasonable to consider the possibility of instituting
the more active protection of these communities in order to
ensure the sustainability of oak. Such possibilities are pro-
vided by appropriate silviculture practices. Drozdowski et
al. (2012) obtained interesting results of the impact of such
practices on the formation of species composition and the
status of various species’ dynamics in the managed stands
of Biatowieza Forest in its Hajnowka and Biatowieza Fo-
rest Divisions. Studies have shown that the homogenisation
of species composition in the BNP was similar in both the
managed forests as well as the strict reserve, yet through the
efforts of breeding practices (renewal cuttings), the process
was significantly slower in the managed stands. Another
example of research that indicates the rational use of active
forms of nature conservation through the use of appropriate
breeding and renewal cuttings are the studies of Petrit et al.
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(2012) in the oak and beech forests of Romania, where oak
renewal was prevented by the expansive beech. The diffi-
culties in natural regeneration of oak on a largely shaded
forest floor under conditions of conservation protection is
being observed by Wiczynska et al. (2013) and Horodecki
et al. (2014) in the Czmon nature reserve. In light of the re-
sults obtained and data from the literature, it can, therefore,
be assumed that the sustainability of acidophilus oak and
hornbeam forests with the dominating pedunculate oak in
the analysed forest reserves is threatened, given the absen-
ce of natural disturbances and the lack of active protection
methods used in forest management. The hornbeams domi-
nating in these forests, a shade-tolerant species that heavily
dims the forest floor, effectively prevents the renewal of
heliophilous oaks. In continuing to maintain conservation
protection, only the occurrence of a natural disturbance
will disrupt the dense canopy layer of hornbeam to result
in favourable ecological conditions for the renewal of oak.

4.3. The spatial pattern of the trees

A regular spatial distribution of live trees was confirmed
only in the Piaski managed stand. This is most likely the
result of intense silviculture practices promoting the proper
growth and development of the most valuable oak trees by
removing the surrounding trees that could restrict this (Miil-
ler et al. 2000; Brzeziecki, 2005; Boncina et al. 2007; Indira
et al. 2013). In the second of the analysed managed stands,
the distribution of all live trees, as well as beech and horn-
beam, was random. A regular pattern was observed in the
case of oak. In the protected sites (forests reserves) where
no management activities were carried out for the past 50
years, a more or less regular spatial distribution of trees in
the stand is also not uncommon. This regularity becomes
more apparent as the stand ages, resulting from the com-
petitive interaction between individuals in the immedia-
te vicinity. More often, however, natural or nearly natural
forests have a spatial distribution of trees that is aggregate
or random (Szwagrzyk 1992; Brzeziecki, 2005; Das et al.
2011; Petritan et al. 2012; Forrester 2014; Wehenkel et al.
2015; Zenner et al. 2015). The results obtained from the two
reserves are, therefore, consistent with earlier studies. The
aggregations of trees encourage a spatial mosaic of habitat
conditions, varied ecological and biological requirements of
species and the manner of their renewal (Miiller et al. 2000;
Wiegand et al. 2007, 2009; Zhang et al. 2010). The cluste-
red arrangement of trees in Biadki resulted, amongst others,
from the aggregate occurrence of hornbeams, which com-
prised 90% of quantitative share of species. The oaks were
arranged regularly only in Smoszew and Biadki, but their
incidence did not differ from a random pattern.

5. Conclusions

The analysis of human impact on the structural diversity
of mixed oak stands using different structural indicators al-
lows the following conclusions to be formulated:

The use of different indicators of the structural diversity
of trees, and in particular spatial indicators, provides more
detailed information on the stand, its diversity in terms of
species, construction and structure. Commonly used syn-
thetic indicators, such as the coefficient of variation and Gini
indices, characterise the study population in general terms,
whilst spatial indices (SM, TD / TH and R) allow the state of
the stand to be analysed in more detail.

The conservation of the old reserve stands of pedunculate
oak is conducive to an increasing uniformity of their struc-
ture, especially in terms of species diversity.

Both the reserve stands and managed stands can have a
similar level of diversity in terms of their construction and
structure. On one hand, the intensive silviculture practices
conducted in the less species diverse oak stands lead to their
structural homogenisation. On the other hand, silviculture
practices in managed stands with a more diverse species
composition can promote the formation of a more complex
structure and construction.

The results obtained, supported by the results of earlier
studies by other authors, suggest that under conditions of
passive protection, in the absence of natural disturbances
and the presence of the strongly competitive and expansive
hornbeam, the sustainability of oak in protected forest teams
is not ensured. An alternative may be to carry out active pro-
tection measures, which, under skilfully guided breeding
and renewal cuttings, will provide the favourable conditions
for the establishment, growth and development of oak, en-
suring the sustainability of this protected species for future
generations.
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