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ABSTRACT

The aim of the study was to economically analyse the costs of silvicultural management treatments
in oak stands. The basic research material was obtained from selected forest districts belonging
to the Regional Directorate of State Forests in Poznari. The economic analysis concerned only
stands in which the share of oak in the species composition of the stand was above 60%. In total,
data from 1,644 silvicultural activities performed from 2015-2019 were used for the study. The
study analysed five types of tending interventions (groups of activities) that occurred in all of
the studied forest districts. In order to demonstrate significant differences in unit cost average
values related to the group of activities, the analysis of variance test in a single classification was
used. In addition, cluster analysis was used for a more complete interpretation of the data and
grouping of the examined elements. After carrying out a significance test, it could be concluded
that the group of activities had a significant impact on the unit cost of the activities performed
(p<0.000). Cluster analysis made it possible to look for similarities in the overall multi-activity
structure of unit costs assigned to individual habitats. The analysis showed how similar individual
habitats are to each other in the entire structure of costs incurred for five unique groups of activities.
A dissimilarity matrix between the studied factors (group of activities and forest habitat types)
and its visualization via a heat map were used in this study. Sorting the map by differences in the
dissimilarity matrix allowed us to detect relationships in the cost data. The data mining analysis
presented in this paper enabled the identification of factors influencing the level, structure and
variability of the costs of tending oak stands.
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Introduction

Currently, forest management in Poland due to social pressures and imposed legal standards is
increasingly being redirected towards performing environmental functions including nature
protection and social functions (Mandziuk ez 4/., 2021). However, the economic function of forests
continues to exist with a constantly growing demand for wood for the developing wood industry
as well as the principle operations of the State Forests based on economic calculations (Gotos and
Kaliszewski, 2016). Silviculture is the basic branch of forest management focusing on combining
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these multiple functions using natural assets. Conducting forest management activities, like any
other economy, requires making decisions. The time dimension of forest production is important
as the long period of stand growth means that forest management is often faced with making
decisions in conditions of uncertainty (Oesten, 2014).

In recent decades, an important aspect of forestry has been the increasingly intensive con-
version of forest stands. It has resulted from the current conditions of forests and the direction
of further forest development. However, the extent of the stand conversion depends primarily
on the possibility of financing these works. In Central European forests, the share of oak stands
is systematically increasing as a result of the transformation of pine and spruce monocultures in
fertile habitats into stands with more species diversity (Zerbe, 2002; Bernadzki, 2006). Oak forests
with pedunculate oak Quercus robur L. and sessile oak Quercus petraea (Matt.) Liebl. are highly
valued by forestry and nature conservation because they often provide both high-quality wood
and rich biodiversity (Bolibok ez a/., 2021).

From assilvicultural management point of view, it is necessary to know the reaction of trees
and stands to the applied stand tending. Developing a rational scope and frequency strategy for
silvicultural measure procedures require precisely defined silviculture and economic goals for the
cultivated tree stand (Andrzejczyk, 2009, 2014). However, from an economic point of view the
economic projects undertaken increase the final value of the forest stand as an investment in
the forest. The monetary evaluation of value changes in the forest ecosystems using economic
calculations is a complex and problematic issue (Glura and Korzeniewicz, 2013; Kaliszewski, 2017;
Ankudo-Jankowska ez 4/., 2021). Forest tending requires significant financial outlays during the
entire silviculture process. Therefore, increasing tending costs should be properly identified
according to the type of silvicultural treatment.

The aim of the study was an economic analysis of the costs of tending interventions in oak
stands carried out in selected forest districts located in the Regional Directorate of State Forests
in Poznari in 2015-2019. These forest districts are located within the Krotoszyriska Plate which
is characterized by unique soil conditions and the associated prevalence of very large complexes
of dense oak forests.

Material and methods

The basic material for the research was data obtained from four forest districts belonging to the
Regional Directorate of State Forests in Poznan: Jarocin, Krotoszyn, Piaski and Taczanéw. The
forest areas of the surveyed districts are mostly located in the Krotoszyriska Plate. This is an area
with uniform habitat conditions, mainly in terms of geological structure and soil properties, where
there are forest complexes with a predominant share of oaks.

The data for the analysis was obtained from the IT system of the State Forests from 4 forest
districts where silviculture treatments were carried out in 2015-2019 (Chlebowska, 2022). In the
analysed period, the costs of these works were characterized by low variability due to the low
level of wage inflation and the insignificant impact of other cost-intensive factors. However, the
years following this period, showed significant fluctuations due to the COVID-19 pandemic.
The differences between costs for the intermediate treatments performed in the studied forest
districts were statistically insignificant.

Therefore, the inclusion of silviculture activities from the selected years and within these
four forest districts allowed for the expansion of the number of records examined. It was impor-
tant for the study that the economic analysis concerned only forest stands in which the share of
oak in the species composition of the stand was above 60%. The research included stands that
grew on four forest habitat types including the following: fresh mixed forest, moist mixed forest,
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fresh forest and moist forest. In total, data from 1,644 tending interventions performed on the
forest areas were used for the study.

The research analysed five types of silvicultural treatments (groups of activities) that occurred
in all of the studied forest units including the following: crop care (PIEL), early cleaning (CW),
late cleaning (CP), early positive thinning (TWP) and late positive thinning (TPP). For each of
these intermediate treatments, the unit cost of its implementation was determined.

A database was constructed for the purposes of performing a statistical analysis of unit costs
which included values for specific forest habitat types (T'SL) and groups of stand tending. In order
to demonstrate significant differences in the average values of unit costs depending on the silvi-
culture activity and the type of habitat, the analysis of variance test in a single classification was
used. Assumptions about compliance with the theoretical normal distribution were verified based
on the Kolmogorov-Smirnov test. Homogeneous groups were determined based on Tukey’s post-hoc
test (TIBCO, 2017).

For a more complete interpretation of the data and to group the examined elements into
similar groups, cluster analysis was used. It is a tool for exploratory data analysis with the pur-
pose of grouping the examined costs in such a way as to isolate similar units into separate groups
according to designated criteria. Cluster analysis (dendrograms and k-means) is a multivariate
method that searches for patterns in a data set by grouping the observations into clusters
(Novianti ez al., 2017; Polowy and Molifiska-Glura, 2023). This method partitions data to find
a number of groupings (clusters), where the inter-point distances are smaller than distances to
points outside (Bishop, 2006). While data points within the cluster are similar (homogeneous),
the clusters themselves are dissimilar to each other (heterogeneous). The distance between the
data points determines the data similarity. A small distance between data points indicates a high
level of similarity in the data. In contrast, a greater distance between the data points represents
a low level of similarity in the data (Novianti ef a/., 2017).

Results

The data obtained from the SILP (State Forests Information System) database showed that in the
habitat structure of the 1,644 surveyed areas, fresh forest or L§w (85% of all divisions) dominated
followed by fresh mixed forest or LMs$w (6%), moist forest or Lw (5%) and humid mixed forest
or LMw (4%). The percentage of the analysed silvicultural treatments (groups of activities)
were as follows: PIEL - 60%, CW - 11%, CP — 7%, TWP — 4% and TPP - 18%.

By conducting a one-dimensional significance test, it could be concluded that the groups of
activities had a significant impact on the unit cost of procedures performed in the examined period
(p<0.000). Figure 1 shows the distribution of average expected values for individual silviculture
treatments with a 95% confidence interval. Variations in the costs of tending operations were
found ranging from PLLN 732/ha (CP) to PLLN 1,308/ha (TPP). Table 1 shows the division of these
treatments into homogeneous groups, according to Tukey’s HSD test conducted after the analysis
of variance.

Each habitat was characterized by a vector of average costs for each of the 5 considered tending
intervention. Cluster analysis allowed for finding similarities in the overall, multi-functional
structure of unit costs assigned to individual habitats. On this basis, it could be demonstrated how
similar individual habitats are to each other in the entire structure of costs incurred for 5 unique
groups of activities. Based on the cluster analysis using the Euclidean metric, it could be concluded
that the Lw and Ls§w forest habitats differ in the structure of costs incurred for the 5 silvicultural
measure by at most 25%. A completely different structure of costs of silviculture treatments is
observed in the forest habitat type LMw and LMsw type (Fig. 2).
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Fig. 1.

The average unit cost of silvicultural treatments with a 95% confidence interval by forest district from 2015-
-2019

Table 1.

Statistical homogeneous groups performed with Tukey’s HSD test for unit cost including specific silvi-
cultural treatments

Group of activities Vil COSJ'\t/I[PLN/ha] 1 2 3
— Mean

Late cleaning (CP) 732.11 ke

Early cleaning (CW) 787.94 Hakok

Crop care (PIEL) 942.19 ok

Early positive thinning (TWP) 991.45 Rk

Late positive thinning (TPP) 1307.70 ok

Cluster analysis based on the Euclidean metric was also used to analyse the structure of unit
costs of silviculture treatments in the selected habitat types. In this case, it could be observed
that only the cost structures for early and late cleaning treatments (CW and CP) performed are
very similar in the 4 habitats considered as they differ by less than 20%. The structure of costs
incurred for other tending interventions (TWP, TPP, PIEL) differed significantly depending on
the forest habitat type (Fig. 3).

In the research analysis, a dissimilarity matrix was used as a peer-to-peer comparison of the
dissimilarity values between the studied factors (group of activities and forest habitat type).
The presented heat map is a visualization of this matrix, where dissimilarity is expressed in colour.
Organizing the map by heat dissimilarity detected structures and relationships in the data.
Based on the heat map, it could be observed that the average costs of the silviculture procedure
for the late thinning for positive selection (TPP) performed in the LMs$w habitat differed sig-
nificantly from all other activities (cost of approximately PLN 1,700/ha). A group of similar costs
includes the combinations of habitat Lw for TPP and TWP activities as well as L$w for TWP
and PIEL activities (at the level of PLN 900/ha). The LMs$w and L$w habitats are characterized
by the same costs for CW and CP treatments. The TPP treatment for the LMw habitat was the
least cost-intensive activity (Fig. 4).
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Dendrogram of variables by forest habitat type
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Dendrogram of variables for silvicultural treatments (group of activities)
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Discussion

Managers of wood production companies, much like other entrepreneurs, must have a solid eco-
nomic basis for their decisions. People deciding when trees and stands should be felled do not
always have the full economic data necessary to make such a decision. Also, when choosing forest
management methods the economic effects should be determined and taken into account which
include various direct and opportunity costs, 7.e. ‘lost opportunities’ related to economic, social
and environmental benefits (Zajac and Kaliszewski, 2014 ).

In Polish forests, as in other European countries, intensive conversion of forest stands is
currently underway with the aim of adapting the species composition to habitat conditions.
As a result, the share and role of deciduous species has increased especially pedunculated oak
and sessile oak (Schelhaas ¢# /., 2015; Andrzejczyk and Sewerniak, 2016). The economic con-
sequences of increasing the share of deciduous species in the species composition of tree stands may
result not only from increased production costs (tending, protection and harvesting) of deciduous
or mixed stands that contain a predominance of deciduous species as well as a reduction in revenues.
The value of wood production in deciduous stands is lower compared to that obtained from conif-
erous stands due to the longer rotation period and lower average price of wood raw material (Zajac
and Kaliszewski, 2014).

For effective forest management a systematic analysis of forestry related work costs is nec-
essary including those based on the care of tree stands. The data mining analysis presented in
this study (as a process of discovering information in data sets) allows the identification of factors
influencing the level, structure and variability of the costs for the tending oak stands. Based on
the analysis performed, it was found that both the types of silviculture treatments performed
and the habitat type of the forest in which the trees grow influenced the costs of their imple-
mentation.

The initial period of stand development is very costly. Based on the research conducted,
it can be concluded that the cost of activities related to the care of oak crops oscillated between
the costs of cleaning and the costs of thinning. The analysis conducted indicated that the cost
of oak crop care ranged from PLN 700/ha in the LMw habitat to PLN 1,147/ha in Lw (an average
of PLN 942/ha). Similar values of tending costs in forest crops (tree stands with different shares
of oak) were shown by research conducted by Ankudo e# /. (2021). The average cost of these
treatments for LM$w habitats was PLN 702/ha and in the case of L§w PLN 713/ha.

After analysing the data contained in the study, it was observed that subsequent silvicul-
tural treatments differed in terms of their costs. The cost of early cleaning ranges from PLN
715/ha for LM$w to PLN 843/ha for LMw (average PLN 788/ha). Later cleanings turned out to
be slightly cheaper the cost of which ranged from PLLN 655/ha for Lw to PLN 790/ha for LM$w
(average PLN 732/ha). The most cost intensive activities were early thinnings ranging from PLN
665/ha for LMw to PLN 1,413/ha for LMs$w (average PLN 991/ha) as well as late thinnings
ranging from PLN 492/ha for LMw to PLLN 1,828/ha for LM$w (average PLLN 1,308/ha). A similar
trend of increasing silviculture treatment costs with increasing age of stands can be observed in
other studies (Moliriska-Glura and Glura, 2021). For comparison, for example, in the LM$w habitat,
the cost of the CW treatment was PLLN 394/ha, for CP was PLLN 506/ha, TWP was PLLN 928/ha,
and for TPP was PLN 1,144/ha. However, for the L§w habitat the cost of the CW treatment was
PLN 366/ha, PLN 530/ha for CP, PLN 663/ha for TWP, and PLN 1,237/ha for TPP. The afore-
mentioned differences in the costs of tending tree stands may result not only from different
species composition, age or habitat conditions, but also from the production purpose.
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In turn, Loginov (2012) examined the economic effect of tending oak stands based on the
species composition. According to this study, the highest total income from thinning was obtained
in oak monoculture stands, followed by oak-larch, oak-linden and oak-spruce stands. The highest
total income from felled trees was obtained in the oak-larch stand, the oak-spruce model and
the group-planted oak with spruce.

An additional negative economic factor in the cultivation of stands containing oak is its suscep-
tibility to dieback. High oak mortality can have serious consequences in regenerating mixed stands.
"The costs of subsequent silviculture procedures may often exceed the value of the harvested wood
especially in less productive and dry areas where oak dieback is concentrated (O’Brien ez a/., 2002).
"This has been confirmed by the research of Mélder e7 a/. (2019) which showed that to ensure long-
term ecological continuity in oak forests oak regeneration should preferably take place in close prox-
imity to old oak stands or directly in them. Also, Rousseau (2008) and Gongalves and Fidalgo Fonseca
(2023) found that the most economical option in oak stands is natural regeneration. Another factor
that increases the cost of oak farming is strong game pressure. Preventative protection of large areas
of crops and young forests against animals is very expensive and not fully effective, unfortunately,
when the density of deer is high.

The method of cost management by forest management companies has a decisive impact
on the efficiency of forest management. Each tree stand has specific characteristics and requires
individualized treatments. Proper control of forest management costs can significantly increase the
economic effect of establishing future forest stands. The results of the analysis of the individual
silviculture treatment costs presented in this study can serve as an economic basis for considering
a potential change in the way forest stands are managed in a specific area in order to better adapt
the forest in both ecological and economic terms. The perpetual problem of the forest manager
is how to reconcile the unknown expectations of future generations, the applicable (but also
variable) principles of forest management, the need to adapt to climate change and, moreover,
the protection of species and natural habitats.

Conclusions

# Reducing the expenditure on tending oak stands can be achieved through greater use of natural
regeneration processes occurring in forests.

# "Taking into account the changing economic conditions of forestry, it is necessary to look for more
cost effective solutions for the tending of tree stands.

# Economic factors can be improved by silvicultural treatments in multi-spacies stands by intro-
ducing appropriate share of oaks in the species composition and an individualized approach stand
management.

# Economic calculations should be taken into account when producing oak stands which may
consequently lead to an increase in the efficiency of managing deciduous forests.
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STRESZCZENIE

Ekonomiczne aspekty zabiegéw pielegnacyjnych w drzewostanach
debowych

W lasach Polski, podobnie jak innych krajéw europejskich, prowadzona jest obecnie na szerokg skale
przebudowa drzewostanéw, ktéra ma na celu dostosowanie sktadu gatunkowego do warunkéw
siedliskowych. W jej wyniku wzrasta udziat i rola gatunkéw lisciastych, w tym zwlaszcza dgbu
szyputkowego i debu bezszyputkowego. Zwickszenie udziatu gatunkéw lisciastych w skladzie
gatunkowym drzewostanéw generuje ekonomiczne konsekwencje (zwickszanie kosztéw produkeji
drzewostandéw lisciastych badZ mieszanych z przewagg gatunkéw lisciastych), a jednoczesnie
moze powodowad zmniejszenie przychodéw z ich hodowli. Do efektywnego zarzgdzania gospodarkg
lesng niezb¢dna jest zatem systematyczna analiza kosztéw wykonywanych prac gospodarczo-
-lesnych, w tym zwigzanych z pielggnacjg drzewostanéw. Celem pracy byta ekonomiczna analiza
kosztéw zabiegéw piclggnacyjnych w drzewostanach dgbowych. Podstawowy materiat do badari
uzyskano z 4 nadlesnictw nalezacych do Regionalnej Dyrekeji Laséw Paristwowych w Poznaniu:
Jarocin, Krotoszyn, Piaski oraz Taczanéw. Analiza ekonomiczna dotyczyta tylko drzewostanéw,
w ktérych udziat dgbu w sktadzie gatunkowym wynidst powyzej 60%. Lacznie do badai wyko-
rzystano dane z 1644 zabiegéw pielggnacyjnych przeprowadzonych w latach 2015-2019. W bada-
niach analizowano 5 rodzajéw zabiegéw pielggnacyjnych (grup czynnosci), ktére wystgpowaty
we wszystkich badanych jednostkach: pielggnowanie upraw, czyszczenie wezesne, czyszcezenie
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péine, trzebiez wezesng pozytywng oraz trzebiez pézng pozytywng. W celu wykazania istotnych
r6znic Srednich wartosci kosztéw jednostkowych w zaleznosci od grupy czynnosci zastosowano
test analizy wariancji w klasyfikacji pojedynczej. Ponadto dla petniejszej interpretacji danych
oraz polaczenia badanych elementéw w podobne grupy zastosowano analiz¢ skupien, gdzie kazdy
z 5 rozwazanych zabiegéw hodowlanych zostat scharakteryzowany przez wektor srednich kosztéw
dla poszczegélnych siedlisk i odwrotnie.

Po analizie danych i przeprowadzeniu testu istotnosci stwierdzono istotny wptyw grupy
czynnosci na koszt jednostkowy wykonanych zabiegéw (p<0,000). Na podstawie danych z ry-
ciny 1 mozna odczytad rozktad srednich oczekiwanych wartosci dla poszczegélnych czynnosci
hodowli lasu oraz 95-procentowy przedziat ufnosci. W tabeli 1 przedstawiono podziat tych zabiegéw
ze wzgledu na grupy jednorodne, zgodnie z przeprowadzonym po analizie wariancji testem HSD
Tukeya. Zastosowana w pracy analiza skupien oparta o metryk¢ euklidesowg umozliwita znalezie-
nie podobieristwa w catosciowej wieloczynnosciowej strukturze kosztéw jednostkowych przypi-
sanych dla poszczegdlnych siedlisk. Na tej podstawie wykazano, jak poszczegélne siedliska
podobne sg do siebie w catej strukturze ponoszonych kosztéw dla 5 wyréznionych grup czynnosci
(ryc. 2). Za pomocy analizy skupieni wskazano ponadto, jakie struktury kosztéw poszczegélnych
zabiegéw byly do siebie zblizone (ryc. 3). Dodatkowo w analizie badawczej zostata zastosowana
macierz niepodobieristwa pomi¢dzy badanymi czynnikami w celu przeanalizowania interakcji
pomigdzy grupg czynnosci a typem siedliskowym lasu. Zaprezentowana mapa ciepta to wizuali-
zacja tej macierzy, gdzie niepodobieristwo wyrazone jest kolorem. Uporzgdkowanie mapy wedtug
niepodobieristwa pozwolito wykry¢ struktury i zaleznosci w danych kosztowych. Na podstawie
mapy ciepla ustalono, ze Srednie koszty zabiegu hodowlanego dla trzebiezy péznej (TPP) wy-
konywane na siedlisku LMsw odbiegaly znacznie od wszystkich pozostatych czynnosci i wykazaty
najwyzszg warto$¢. Grupe kosztéw podobnych stanowig kombinacje siedliska Lw dla czynnosci
TPP i TWP oraz Lsw dla czynnosci TWP i PIEL. Natomiast siedliska LM$w i L§w charakteryzuja
si¢ tymi samymi kosztami dla zbiegéw hodowlanych CW i CP. Najtariszy i r6zny od pozostatych
jest zabieg TPP dla siedliska LMw (ryc. 4).

Przedstawiona w pracy analiza data mining, jako proces odkrywania informacji w zbiorach
danych, pozwala na identyfikacj¢ czynnikéw wptywajacych na poziom, struktur¢ oraz zmien-
no$¢ kosztéw pielegnacji drzewostanéw, w tym przypadku dgbowych. Poszukiwanie informacji
o kosztach i przychodach umozliwia wykonywanie rachunku ekonomicznego przy produkeji drze-
wostanéw dgbowych na pniu, co w konsekwencji moze prowadzi¢ do podniesienia efektywnosci
gospodarowania lasami lisciastymi. W miar¢ mozliwosci nalezy zmniejszaé naklady na pielggno-
wanie drzewostanéw debowych poprzez szersze wykorzystanie naturalnych proceséw zachodzacych
w lasach.



