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ABSTRACT

Background and Purpose: The pine-tree lappet moth, Dendrolimus pini, is a widely distributed pest in Europe that can
cause serious needle defoliation on pines, with outbreaks occurring over large geographical areas. In Croatia the presence
of D. pini was recorded only in the continental part, but not in a high level of abundance, and the outbreak of the population
has never been recorded so far.

Materials and Methods: In autumn 2014 an unexpected and complete defoliation on Aleppo pine (Pinus halepensis Mill.)
occurred in the vicinity of Skradin, near Sibenik, and was followed by defoliation in summer and autumn 2017 in Telas¢ica
Nature Park, Dugi otok. Infested areas were inspected and overwintering larvae in soil surface were counted in order to
estimate the population and assess whether the critical number of the population has been exceeded. Specimens were
collected and transferred to the Laboratory for Entomological Analysis in the Croatian Forest Research Institute for further
laboratory analysis.

Results: Since more than 10 larvae per m? of soil surface were found, it was concluded that an outbreak occurred at
both localities. In both cases natural antagonists played an important role in lowering the pest population. In Skradin,
entomopathogenic fungus Beauveria bassiana that occurred on the overwintering larvae broke the pest population, and in
Dugi otok it was recorded, but to a much lesser extent and in combination with Drino inconspicua parasitoid. In both cases
pines recovered very well in the following spring, with some bark beetle attacks mostly at the edge of the forest.
Conclusions: The outbreaks of D. pini resulting with a total defoliation of Aleppo pine stands, and the fact that they occurred
in the Mediterranean region which is not an optimal area for its appearance, makes these events unusual. Also, this is the
first record of D. pini population breakdown by some antagonist.

Keywords: antagonists, Drino inconspicua, Mediterranean, overwintering larvae, pine-tree lappet moth, Pinus halepensis

INTRODUCTION

The pine-tree lappet moth, Dendrolimus pini (L.)
(Lepidoptera, Lasiocampidae), is a widely distributed pest in
Europe [1, 2]. Its primary host is Pinus sylvestris L., but larvae
can also feed on the needles of other species, mainly pines [3].

In July, after mating, each female lays 150-250 eggs on
pine needles, twigs or bark in the canopy. Larvae begin to
hatch within 1-3 weeks and start with autumn feeding which
lasts until the occurrence of first frost, when they move down
into the soil to find a proper site for hibernation. In spring,

after overwintering, they climb into tree crowns where they
feed on needles as well as the bark and buds of young shoots
[2, 4]. One D. pini caterpillar can consume between 600 and
1000 pine needles through its development [5].

Spring feeding has a more damaging effect than the
autumn one, and there are several reasons for that. First,
the larvae at this stage are much bigger and consume a
larger amount of needles. The second reason is that after
complete defoliation, larvae can devour new needles that
pines developed, and sometimes even parts of green shoots.
This significantly weakens the vitality of the host, resulting in

© 2018 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the terms

of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0).
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tree’s dieback or the attack of secondary pests, most often
bark beetles. Because of all this, it is extremely important to
forecast a spring population, which is done by controlling the
number of overwintering larvae (soil inspection and counting
of hibernating larvae on a specific surface amount). Based on
the empirical critical numbers, the answer is given whether
suppressive measures are needed or not.

D. pini can cause serious needle defoliation, often
followed by tree death, and its outbreaks can occur over
large geographical areas [6]. It particularly happens at 30
to 60-year-old even-aged monocultures on warm and dry
climatic conditions, where precipitation does not exceed 600
mm [7, 3].

First reports about mass outbreaks in Europe have been
recorded at the beginning of the 18" century. Many areas
dominated by Scots pine in Eastern and Central Europe have
regular outbreaks of D. pini [1]. For example, between the
year 1700 and 1929, 77 outbreaks were recorded in Germany
[8], and several outbreaks have been documented since 1791
in Poland where more than 200 000 hectares were treated
between 1946 and 1995 in order to control this insect [2].
In the period from 1812 to 1816 about 5 000 hectares were
defoliated in Norway [9], with the outbreak recurring on 600
ha in the same area 85 years later [10, 11]. From 1938 to 40,
an area of 700 ha, dominated by Scots pine, was defoliated
in west central Sweden [12]. In 2012, on a small island
called Furuskar in the Stockholm archipelago a severe D. pini
outbreak was recorded where the largest parts of the island
were heavily defoliated [2].

In Croatia, D. pini outbreaks have never been recorded so
far, so unexpected total defoliation it caused on Aleppo pine
(Pinus halepensis Mill.) and the fact it occurred at localities in
the Mediterranean region where its presence has never been
recorded make this events unusual.

FIGURE 1. Dendrolimus pini outbreak in 2014 in Skradin, Sibenik.
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MATERIALS AND METHODS
Outbreak in Skradin

In autumn 2014, several Aleppo pine stands in the
vicinity of Skradin, near Sibenik, were seriously damaged
by D. pini larvae feeding on needles. After inspection of an
infested area, around 400 ha were found to be attacked, 20
ha of these being totally defoliated (Figure 1).

The first step was to estimate the population density, in
order to decide whether suppressive measures are needed.
Estimation of the population was conducted by soil surface
inspection in order to find and count the hibernating larvae.
The number of larvae per square meter of soil surface was
assessed within the wooden frames 33.3x33.3 cm in size.
The density of larvae was assessed by 108 samples (via
wooden frames) with the minimum of 5 m distance between
each, representing in total 12 m? of sampled surface. The
critical population level number for this pest used in Central
Europe is 10 larvae per m? (Dr. Katrin Méller, Brandenburg
State Forestry Center of Excellence, pers. comm. in 2014).

Also, during the process of population assessment a
large number of dead larvae was found. There were 306
collected larvae that were transferred to the Laboratory for
Phytopathology Analysis of the Croatian Forest Research
Institute for further laboratory inspection. To reveal the
cause of death, each dead larva was placed on a moist filter
paper disk in a sterile Petri dish to induce the potential
sporulation of fungi. The larvae placed into a moist chamber
were incubated at 24+19C, and a photoperiod L:D=16:8.
After 3-4 days, fungi were isolated from each caterpillar on
PDA medium, and inoculated Petri dishes were stored at
controlled conditions described above. Within 2-3 weeks,
all the cultures were microscopically examined. After
morphological confirmation, the cultures were sent to
Marta Wrzosek, Department of Molecular Phylogenetics
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http://www.seefor.eu

First Record of Dendrolimus pini Outbreak on Aleppo Pine in Croatia and Severe Case of Population Collapse Caused by Entomopathogen Beauveria bassiana

and Evolution at Faculty of Biology, University of Warsaw,
Poland, for molecular identification.

Outbreak in Dugi otok

After the inspection of the protected area of Telas¢ica
Nature Park on Dugi otok, Croatia, in August 2017, around
150 ha of an Aleppo pine forest were found under the
attack of D. pini, 30 ha out of which were totally defoliated.
The same approach of population assessment was applied
for the estimation of this population. Again, 12 m? of soil
surface was sampled and the average number of larvae per
square meter was assessed within the wooden frames.

In August 2017, 300+ larvae, and in September 2017,
around 600 live and visually healthy 3" and 4% larval instars
were collected from Aleppo pine branches, trunks and
the ground around trees in the infested area. Larvae were
transferred to the Laboratory for Entomological Analysis
in the Croatian Forest Research Institute, where they were
incubated under laboratory conditions (L:D=16:8, 23+1°C).
They were checked on a daily basis for the mortality and
appearance of parasitoid larvae or fungi mycelium on
cadavers, and were daily fed with fresh Aleppo pine needles.

Emerging parasitoids were counted, collected and sent to
Hans-Peter Tschorsnig, Staatliches Museum fiir Naturkunde,
Stuttgart, Germany, for the identification. Sporulating white
mycelium on dead individuals was microscopically examined
for the morphological taxonomical identification.

RESULTS

During the D. pini population assessment in Skradin, 306
larvae were found on 12 m?, which means that the average
number of larvae was 25.5 larvae per m2. Since far more
than 10 larvae per m? were found, the conclusion was that
the outbreak level has been exceeded in this area, which
would trigger the necessity for active suppression measures,
if entomopathogenic fungus B. bassiana had not occurred in
a large number of cases.

From 306 specimens collected and taken for further
examination, morphological and molecular analyses
confirmed the presence of entomopathogenic fungus B.
bassiana on 301 dead caterpillars, i.e. 98.4% of the population.
It was also found that one part of the population overwintered
in the crown and was not attacked by B. bassiana, but during
the control of the overwintering larvae in spring 2015, a new
population collapse was recorded on the larvae infected with
B. bassiana (Figure 2), while the Aleppo pine trees after full
defoliation completely recovered (Figure 3).

The results from Dugi otok population estimation
revealed that the average number of larvae per m? was 21,
which again exceeded the known critical numbers for D. pini
population, clearly visible in the field by total defoliation of
Aleppo pines (Figure 4). In this case, larval infection with
B. bassiana was low, and was recorded on around 1% of
sampled larvae.

Parasitism rate on larvae collected in August was 2.8%,
and it reached 5.6% on those collected in September. On
average, 3 days after the caterpillar’s death, parasitoid
dipteran larvae were leaving its host and pupating. It took
further 10 days on average for the adult flies to emerge. All

https://www.seefor.eu

FIGURE 2. Dendrolimus pini larva covered with white
mycelium of Beauveria bassiana fungus found on the soil
surface.

i

FIGURE 3. Recovered Aleppo pine stand after Dendrolimus
pini defoliation and Beauveria bassigna infestation on
overwintering larvae in 2015 in Skradin, Sibenik.

FIGURE 4. Dendrolimus pini outbreak in 2017 around Salt
Lake, Telasc¢ica Nature Park, Dugi otok.
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of the parasitoid individuals were identified as polyphagous
tachinid fly Drino inconspicua Meigen (Diptera: Tachinidae).

The occurrence of superparasitism was recorded in 9
cases from D. pinilarvae collected in September, where more
than 2 parasitoid dipteran larvae emerged from one infested
D. pini individual. From 5 D. pini individuals 2 of parasitoid
dipteran larvae emerged, from 3 of them 3 parasitoid larvae
emerged, and in one case there were 4 parasitoid larvae
emerged from one D. pini individual.

DISCUSSION AND CONCLUSIONS

This research confirmed several unusual phenomena.
Apart from the fact that Mediterranean Croatia does not
represent the optimal area for the appearance of D. pini,
Aleppo pine is not its primary host [3] and so far we had not
witnessed an outbreak case. Another unusual phenomenon is
the exceptionally high mortality of the overwintering D. pini
larvae after Aleppo pine defoliation in the vicinity of Skradin.

In most cases it is hard to explain what triggers a certain
outbreak, and why it happens in a specific time, place and level
of severity. According to Lesniak [13], for the rapid spread of
D. pini the most significant are the meteorological conditions,
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FIGURE 5. Map of Dendrolimus pini outbreak locations.
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in terms of higher mean annual temperatures (particularly
those during autumn and winter), lower wind velocities, less
precipitation, fewer days with snow cover, greater duration of
summer and vegetation season, and higher frequency of dry
months. The results of his research also suggested that abiotic
factors do not affect the pine moth directly, but rather the pine
moth population dynamics indirectly, through the host plant.

In addition, high population density of D. pini can also be
promoted by higher sunshine duration. Increased sunshine
hours have a positive effect on egg development, as well as on
larvae vitality due to the increase of feeding intensity. Higher
survival rate as a result of earlier hibernation ending under
favorable climatic conditions means avoiding certain risks
related to overwintering in the soil (e.g. infestation with soil-
borne fungi or bacteria) and can also be attributed to higher
daily sun duration [14].

Skradin and Dugi otok are located in the middle of the
Mediterranean region of Croatia (Figure 5), where hot-summer
Mediterranean climate dominates, and is characterized by
rainy winters and dry summers.

According to Croatian Meteorological and Hydrological
Service, the year 2014 in Skradin was extremely warm and
wet, with an extremely warm winter and higher precipitation
than usual in autumn and winter. Dugi otok climate in 2017
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was characterized by extremely warm weather with normal
precipitation, but with extremely dry summer. In both cases
we can conclude that extremely warm weather probably had
a great impact on mass appearance of D. pini. Furthermore,
the fact that both examined sites are dominated by monotypic
Aleppo pine stands and that trees grown in such vegetation
composition often do not possess the evolutionary developed
ecological defense mechanisms to tolerate outbreaks of
defoliators [15] should also be taken into account.

The role that natural antagonists played during these two
mass outbreaks demonstrated their importance and posed
some new questions. These relate to the possible mechanisms
and triggers for the increase and breakdown of insect
populations, such as weather conditions, natural enemies and
diseases, lack of variability in forest composition or climate
change.

In the case of Skradin, unusually high infestation of hiber-
nating larvae with entomopathogenic fungus B. bassiana
on the soil surface (98.4%) resulted in steep breakdown of
D. pini population. The only comparably known collapse of
some insect outbreak due to entomopathogenic fungi in
Croatia is known in the case of gypsy moth (Lymantria dispar
L.), where highly infectious fungal pathogen Entomophaga
maimaiga Humber, Shimazu & R.S. Soper (Entomophthorales,
Entomophthoraceae) caused death of thousands of L. dispar
larvae [16]. In the case of Dugi otok B. bassiana appeared
on dead D. pini larvae, but only in 1% of sampled larvae. The
trigger for unusually high infestation of B. bassiana in Skradin
probably lies in very wet conditions, which was not the case
in Dugi otok, and therefore higher B. bassiana infection rates
were not recorded. Larger numbers of larvae were infected
with parasitoid D. inconspicua, with 5.6% of population being
parasitized during the second larval sampling in September
2017. D. inconspicua is a polyphagous tachinid fly common

in Europe and northern Africa. As a generalist parasitoid, it
parasitizes various lepidopteran and several diprionid species
feeding on a wide range of coniferous and deciduous trees.
A few minutes after the deposition of eggs on the surface of
host larvae, the tachinid larvae hatch and bore through the
host integument. After 9-14 days, 3 instars of D. inconspicua
hatch from the host and pupate in the ground, and after 2-3
weeks, adult flies emerge [17-19]. In Croatia, this species was
formerly found in Krka National Park, Skradin [20].

This research describes the first outbreaks and population
collapse reported on D. pini so far in Croatia and might act as
good reference point for future studies. At the same time it
is restricted to a more accurate prediction of possible similar
event that could occur in future. Wider area of the mass
appearance of D. pini that was in focus through this research
should be regularly monitored and its evaluation should not
be left out.
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ABSTRACT

Background and Purpose: Optimisation of skid road network is very important in forest utilisation because transport is
considered to be the most expensive part of timber production. Designing forest traffic infrastructure means positioning its
location in the forest area using traditional or modern methods. Many factors influence the skidding costs, and winching
distance is one of them. The use of modern techniques gives an opportunity to forest practitioners that simulate different
network variants and choose the most appropriate ones.

Materials and Methods: The research object is Compartment 27, which belongs to Forest Administration Unit "Prijedor",
with the area of 46.72 ha. Investigation is divided into the phase of field work and the phase of designing secondary forest
road network variants in the office. Field work includes the traditional and Global Positioning System (GPS) marking of trees
for cutting and the creating of Geographic Information System (GIS) database. In relation to spatial distribution of trees for
cutting, skid roads and skid trail networks are laid by using the GPS. The new scondary road network is laid in the field and
compared with three simulated variants of secondary road network that are laid by ArcGIS 10.3. Secondary road network is
planned by using Network Analyst tools and Shortest path method that is based on Dijkstra’s algorithm. These variants are
simulated based on different average winching distances of 10, 20 and 30 m.

Results: The area of the compartment is divided into two transportation zones. Total length of the secondary road network
designed in the traditional way is 4816 m, thus achieving the secondary openness of 103 m-ha™. In simulated Variant I, with
winch pulling distances of 20 m, the total length of secondary roads is 5590 m with costs of 14352.62 €, in Variant Il with
winching distance of up to 40 m length of secondary roads it is 3228 m with costs of 7426.78 €, and in Variant Ill with winch
rope length of up to 60 m, the length of roads is 2219 m, with costs of 4400.89 €. The achieved mean skidding distances
are relatively similar in all variants. When taking into account the average length of the winch rope, considering all three
new-design variants, it can be said that there is almost no difference in productivity and skidding costs.

Conclusions: Mean winching distance has influence on skidding costs, but only in variants where mean skidding distance is
decreasing. Smaller winching distance is justified only from the aspect of work humanization. Small differences in skidding
costs between variants have no practical significance except for large quantities of wood assortments.

Keywords: skidding, simulation, rope length, Dijkstra algorithm

INTRODUCTION timber is very important and the most expensive part of

the timber production. According to Sokolovi¢ and Bajri¢

In the mathematical sense, optimization means
defining the minimal or maximal value of the real
function. In sustainable forest management, from the
point of timber usage, optimization means utilization
of forests with minimal transport costs [1-3], while
considering the rest of the forest users. Transport of

[4], transport costs amount to around 80% of total costs
of the timber production and consist of the skidding costs
and the costs of construction and maintenance of forest
roads. The skidding costs are 20 to 30 times larger than
the costs of long-disatnce transport [5]. The skidding costs
consist of the costs of construction and maintenance of

© 2018 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the terms

of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0).

SEEFOR 9 (2): 97-106 97



http://www.seefor.eu
https://doi.org/10.15177/seefor.18-14
http://creativecommons.org/licenses/by/4.0
mailto:dane.marceta@sf.unibl.org
https://doi.org/10.15177/seefor.18-14
https://doi.org/10.15177/seefor.18-14

LJUBOJEVIC D, DANILOVIC M, MARCETA D, PETKOVIC V

secondary forest roads and the unit costs of skidding.
Secondary forest roads consists of skid roads and skid
trails. Skid roads are constructed by excavation of soil
with dozers or excavators. For the protection of skid road
surface from erosion water bars are used, which are built
diagonally over the skid road surface. Roadbed width of
skid roads is 3.5 m. Longitudinal grade of skid road should
be 16% in order to protect the road from erosion of its
surface, while skid road gradient should not exceed 30%,
especially when skidding uphill [6, 7]. Skid trails are not
specially constructed, but only after they are designed all
trees from the route of the skid trail are cut [5, 8, 9]. They
make a forest temporarily accessible and they are used
for the extraction of timber from the harvesting area to
the landing on the forest road. Also, they do not exempt
from the productive forest area. The most common way of
timber extraction in Europe, and particularly in Bosnia and
Herzegovina (BIH), is ground skidding with wheel skidders
[10, 11].

The optimization of a secondary forest road network
is very hard to present as mathematical or forest
management problem. Dependence of the density of skid
roads or other types of secondary forest roads on forest
management can be observed as the targeted optimum.
The density of secondary roads ranges from 100 to 200
m-ha? in BIH [5], depending on the forest management
system which is applied for a certain category of forests.
According to Rebula [12], secondary forest openness
or needed density of skid roads and skid trails in young
stands is around 250-300 m-ha?, but in older stands,
where trees are much more distant from one another,
density is only 100-180 m-ha™. In Slovenia the maximum
allowable density of secondary forest roads depends of
terrain configuration and amounts to 180 m-ha™ for karst
terrain, 150 m-ha? for hilly terrain, and 130 m m-ha™ for
mountainous terrain [13]. Picman [14] stated that for hilly-
mountainous areas 200 m-ha represent good openness.
In selective stands of Gorski Kotar the density of skid
network is 150 m-ha [15].

That task depends on the optimal density and spatial
layout of forest roads, and the intensity of harvesting.
Optimal density and spatial layout of forest roads influence
relative forest accessibility, whose result is the defining
of inaccessible forest areas. Relative forest accessibility
depends on geometrical skidding distance. Also, the
spatial layout of forest roads and terrain conditions
defines the position of landings for timber. The intensity
of harvesting depends on the number of marked trees and
their quality. The extraction of timber is usually planned
based on the assumption that timber is evenly distributed
over the forest area, but as modern technologies are more
widespread, tree marking by Global Positioning System
(GPS) enables the planning of timber extraction based on
the accurate position of marked trees [16].

Optimization of a secondary forest road network
includes the designing of new skid roads and skid trails
in parts of the compartment which are not accessible
enough from the point of the extraction of marked trees.
The design of secondary road network can be approached
based on a traditional terrain job and vector or raster

98 SEEFOR9(2):97-106

method [17]. The second and third approach of designing
secondary roads are advanced methods based on using
Geographic Information System (GIS) analysis.

Designing forest traffic infrastructure includes
positioning of its location in the forest area by traditional or
modern methods [18]. Traditional approach of designing a
network of forest roads includes two different types of road
network based on terrain conditions. It is recommended to
use perpendicular secondary network on flat terrain and
for the main parameter to be spacing. In steep terrain, the
strategy of designing primary and secondary forest roads
is based on defining the location of points which forest
road or its segment has to connect. At this stage, forest
road designing does not consider variability of forest stand
conditions and harvesting technologies [19]. The modern
approach of designing primary and secondary forest road
networks consists of the vector, raster or graphic way of
determination of forest road location [17, 20].

Vector approach is based on a computer algorithm
which generates road networks from different factors
that influence road designing. This method includes a
sensitive analysis of affecting factors such as: total length
of roads, the percentage of landings, slope, and horizontal
and vertical alignment. This method improves the manual
method of forest road designing, and it is suitable for
strategic planning of forest road location [16].

Stlickelberger et al. [21] developed an improved
model of optimization of primary and secondary forest
road network location based on connectivity of terminal
points with shortest paths which were based on minimal
transportation costs. Determination of shortest paths is
carried out by using Dijkstra algorithm. These terminal
points and links between them make a wire diagram. This
model can determine suitable and the most cost-effective
locations for forest roads in steep terrain.

Optimization of forest road location is carried out by
heuristic algorithm, which should determine the most
cost-effective location of forest roads for timber harvesting
and the costs of production, skidding, construction and
maintenance of forest roads. This method developed a
tree-shape network of forest traffic infrastructure which
evenly covers the forest area. It defines the variable costs
as the unit skidding costs, while the fixed costs represent
the costs of forest road construction and maintenance.
Apart from information on the volume of timber in
harvesting units, skidding and road network, and the
landings by forest road or the saw mills, planning of forest
road networks depends on terrain conditions such as
slope and hydrology [23].

Najafi and Richards [24] have planned primary
and secondary forest road network on the basis of
minimal transportation costs, which provides cutting
and transport activities by Mixed Integer Programming
(MIP) method. Transportation costs were defined by
the costs of construction and maintenance which were
calculated based on segment length, terrain conditions,
road standard, traffic volume and unit skidding costs.
This research was based on the determination of cutting
sites as points which will be connected with the least
cost paths. Planning of primary forest road network was
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carried out by NETWORK 2000 software based on routes
with minimal timber harvesting and extraction costs, for
timber transport from harvest units to the sawmills or
the market on the basis of the given link and sale data.
These routes will be used for timber harvesting. Link data
consist of information on primary forest road network,
and fixed and variable costs. Sale data include information
on timber harvesting units, timber destinations, volume
and production year [25]. Suitability of forest area for
construction of forest roads was determined on the basis
of three influential factors: slope, soil and hydrology. Maps
of these factors were divided into three categories which
have high, moderate and low influence on construction
costs of forest roads. The influence of these factors on
the construction costs of forest roads was obtained on
the basis of the experience of forest experts. The weight
of slope is 0.63, for soil it is 0.29 and for hydrology 0.08.
The designing of forest roads was conducted by PEGGER
extension of ArcView, and it produced 9 alternatives [26].

Heinimann [19] has applied an optimal road strategy
with a comprehensive spatial and statistical analysis of
terrain and stand conditions of forest area and harvesting
technology. Optimal road strategy depends on the
definition of points which the forest road should connect.
These points are cutting sites (compartments) from which
timber should be transported with a skidder or cable
yarder to landings on the forest road. They define timber
volume, i.e. stand conditions of a forest area. Then, its
strategy depends on the analysis of terrain conditions
based on earlier field research, or the conditions derived
from the Digital Terrain Model (DTM) or airborne Light
Detection And Ranging (LiDAR) system.

Parsakhoo and Lotafalian [17] optimized skid road
or trail network on the basis of the position of future
landings and forest roads within the forest area by using
weighted-graph optimization algorithm. This algorithm is
based on minimization of skidding costs and construction
costs of the forest road. The skidding costs showed
optimal position of landings and optimal spatial layout of
future forest roads. The construction costs of forest roads
depend on their length and longitudinal grade, as well as
terrain slope. The future landings are shown as points of
cell size of DTM, and they are placed on the terrain with a
slope of up to 10%. The future forest roads are presented
as the links between points with maximum length of 75 m.
The link connects the point with eight adjacent points, i.e.
future landings.

The networks of the secondary forest road differ
according to the winching distance which is achievable
in certain terrain characteristics from the point of timber
production costs. Winching is the phase of work in the
roundwood extraction, or more precisely, in the skidding
of roundwood. The most common way of roundwood
extraction in BIH is skidding with wheel skidders [11]. In
Croatia, wood bunching and extraction is performed by
skidders equiped with one-drum or double-drum winches
[27]. Bembenek et al. [28] showed that, during extration
with tractors, the mean overal operational productivity
was 30.05 m*h?, with an average od 1.8 m*® of wood
obtained from trees. Sabo and Porsinsky [29] established
11.6 m3h* achived by Timberjack 240C in a mountainous
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fir stand where the volume per mean marked tree was 3.9
m?, while by using a LKT 81T cable skidder in mountain
conditions in an 82 year old fir stand productivity can
reach 7.15 m*h* [30].

The cost of winching and the total cost of roundwood
production is lower with the reduction of winching
distance, while winching productivity is higher. The
reduction of winching distance requires an increase of the
length and density of secondary forest road network.

The aim of this paper is to define the most appropriate
network of secondary forest roads. The results of this
investigation should show that it is possible to completely
replace the methods used so far with those based on
heuristic algorithms integrated into ArcGIS platform, as
well as that the analysis of secondary forest road network,
especially from the point of different winch rope length
(winching distance), could lead to reduced costs. These
tasks are the result of the assumption that with changes
in winching distances in the unique distribution of trees
marked for cutting, skidding costs will differ. Within this
assumption, changing winch rope length will lead to
changes in skid network density. Smaller winch rope
length consequently causes larger density of secondary
roads in the compartment and vice versa.

MATERIALS AND METHODS

Study Area

The research object is Compartment 27, which belongs
to Forest Administration Unit "Prijedor". It is located
between the latitude of 16°52’4.612" and 16°52'42.153"
and the longitude of 45°3'42.255" and 45°4'16.017" (Figure
1). The area belongs to moderate continental climate.
The area of Compartment 27 is 46.72 ha and it is covered
by forests of beech and fir. Management system is group
selection. Total volume per ha amounts to 365.94 m3h?,
while volume increment is 8.34 m3-h%. The cutting of marked
trees is carried out by the assortment harvesting method.

Measurements

Investigation is divided into two phases, field work and
the designing of secondary road network variants in the
office. Field work includes traditional and GPS marking of
trees for cutting (Figure 2) and creating a GIS database that
contains tree species, Diameter at Breast Height (DBH) of
trees, technical class of marked trees, volume of marked
trees, volume of roundwood and the group to which a
marked tree belongs. Volume of roundwood of marked
trees is obtained from assortment tables based on total
wood volume, tree species, technical class and DBH class
[31]. Technical classes are determined by guidelines defined
in Drinic et al. [31].

In relation to the spatial distribution of trees for cutting,
skid road and skid trail network is laid using the GPS device.
Routes are imported in the ArcGIS database, where they are
assigned with numbers from 1 to n and their length. The
aim of this investigation is related to the cost of secondary
road network construction and the skidding cost. For the
determination of mean winching and skidding distance the
volume of roundwood is used.
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The unit cost of the construction of skid roads is
determined on the basis of bulldozer productivity of 0.0475
h-m2 and its labor cost of 35.90 €m*, thus amounting to
1.71 €m? of soil [9]. Total cost of the construction of skid
roads is the product of unit cost of the construction and
the volume of earthwork. The volume of earthwork is
determined on the basis of terrain slope at the station points
of the skid road, which are laid at each 50 m of the road, and
length of the skid road (Figure 3).

Calculation of Average Skidding Distance and the Costs
of Wood Skidding

Winching distance is obtained by spatial analysis tools.
Path distance tool is used to make a 3D raster of distance in
the whole compartment, from each part of the secondary
forest road network, and each marked tree is assigned a
distance by the extract tool. On the basis of the distance
of marked trees their affiliation is determined by a certain
part of secondary forest road network, while the winching
distance is calculated by Equation 1:

2 L.V

2V

where: Sd_- average winching distance, L - length of each
winching, V- volume of winched roundwood.

Average skidding distance is defined as weighted
average distance of all marked trees from skid roads or
trails. For this task, Locate Feature Along Routes tool is used.
Secondary forest road network is divided into gravitation
zones. Gravitation zones include the parts of network leading
to one landing, and skidding distance of the marked trees is
determined between them and the landing (Equation 2):

(1)

Sd, = (m)

DLV

N%
where: Sd - average skidding distance, L - length of skid
road/trail, V,- volume of skidded roundwood.
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FIGURE 3. Cross section of the skid road.
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FIGURE 4. Diagram of productivity for different winching and skidding distances.
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Determining of average skidding distances in this way is
adapted to the application of the technical norms for wood
skidding which are part of the Tables of Technical Standards
in forest exploitation [32] (Figure 4).

According to these tables, the skidding costs are
determined by the average skidding distance to the individual
landings or for the entire compartment, whereby differences
in productivity are the result of mean skidding distance,
mean winching distance and skidding direction. In order to
calculate work productivity, the tables for medium heavy
articulated skidders were used in the dry to wet conditions
of the soil and for skidding downbhill or uphill. The average
diameter of the marked tree is 51 cm and consequently the
entry into the table used is the average piece volume of
1.00 m®. As the performance rate was given in t-day?, the
transformation in m3-day™ was performed using the ratio of
1:1.25 for fresh softwood and 1:1 for fresh beech.

Designing of Secondary Forest Road Network Variants

In this investigation the new secondary road network
is laid in the field and it is compared with three simulated
variants of secondary network that are laid by ArcGIS 10.3.
These variants are based on different average winching
distances of 10, 20 and 30 m.

Secondary forest road network is planned by using
Network Analyst tools and Shortest Path method of the
ArcGIS 10.3 software. The last method is based on Dijkstra’s
algorithm. Dijkstra’s algorithm provides the shortest paths
from a node to each of the other nodes of the graph [33]. In
general, the shortest path is the problem of finding a series of
road links connecting two nodes in a way that the sum of the
weights on those edges is minimized [34].

The Network Analyst method intends to set up a network
of points at a distance of 20 m in the digital map of the research
area. These points are linked by lines that are potential parts
of secondary forest road network. Every point is connected
with neighboring points by 32 lines in the combination: 1+1,
1+2, 2+1, 1+3, 3+1, 243 and 3+2 (Figure 5). The aim of this
method is to cover as large a research area as possible by
potential routes of the secondary forest road network. This
spatial layout of points achieved minimal length of 20 m and
maximal length of 72.11 m of potential routes. The grade of
every link between points is determined based on distance
and height difference between them (Equation 3):

Y
d
Height distance is the difference between altitudes of
points, and their altitudes are obtained from DEM.
Djikstra’s algorithm is used for the links whose slope is
up to 30%, and this slope is maximal allowed for route of
secondary forest traffic network. Regarding terrain slope,
terrain with a slope of over 65% should be avoided during
the marking of trees and setting up of skid roads or skid trails
in the field. For laying different routes of secondary forest
road network three points are used. The primary aim of
laying secondary forest road network is to make all marked
trees available for skidding and winching for the average
or maximal length of rope. This is achieved by creating of
3D border zone around routes of the secondary forest road
network. The additional routes of its transport network are
laid in the case when a marked tree is out of the border zone.

-100 (%) (3)

RESULTS AND DISSCUSION

Marking Trees for Cutting and Real Skid Network

In the investigated compartment 642 trees of beech, fir
and other hardwoods are marked for cutting. Total cutting
volume is 2,397.01 m* with roundwood volume of 1,233.51
m?3. Cutting density in the whole compartment is 51.31
m3-hal. However, due to extremely steep slopes in some
compartment areas, trees are marked only on 20.77 ha, or
44% of the total compartment area. This makes real cutting
density of 115.41 m*ha or 59.39 m? of roundwood per unit
area. The whole area of the compartment is spatially divided
into two transportation zones from which roundwood is
skidded in different directions on two landings, located on
the forest roads. Downhill 956.24 m? are skidded, and uphill
277.27 m® from an area of 16.82 ha and 3.95 ha respectively.

Total length of the secondary road network (Figure 6a)
designed in the compartment is 4,816 m, thus achieving the
secondary openness of 103 m-ha™. For their construction,
according to an operational study, including the construction
of new landings and clearing the existing ones, 392.64 €
is needed. Small costs like this are the result of an already
developed network of secondary roads from previous cutting
cycles in the compartment. During the last cutting, only 170

FIGURE 5. Connection pattern (left), whole network (mid), network of segments less than 30% (right).
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m of new skid roads is added to the existing network. With
the assumption that in the compartment an already built
secondary road network does not exist, the length of skid
roads for which it is necessary to calculate construction costs
is 1,712 m, while 1,397.66 € is needed for the construction.

Designing Variants of the Skid Network

In the compartment, 1,173 points are interconnected
with 20,777 segments of all slopes. Maximum slope for skid
roads is defined by 30%, and the total number of segments
used for the Dijkstra algorithm is 12,151.

Variant |

This variant (Figure 6b) of the secondary forest road
network in the compartment is adjusted to the maximum
winch pulling distances of 20 m, and as a result of that in
this variant the total length of the secondary road network is
projected to be 8,441 m, thus achieving an openness of 181
m-ha. This network variant consists of 62 secondary roads.
Fulfilling the conditions of the maximum length of the rope
and the design of the secondary road on terrain slopes under
65%, and in order to ensure skidding of the total amount

of wood, another landing was introduced in the transport
zone from which wood is skidded downbhill. In the category
of skid roads, the total projected length is 5,590 m and the
construction costs for this network are 14,352.62 €.

Variant Il

The maximum planned winch rope length in this variant
is 40 m, while the planned network consisted of 32 skid routes
with 6,184 min length, which gives an openness of 132 m-ha™!
(Figure 6c). In this variant of the network, the total amount of
wood is skidded to the three landings. Total length of planned
skid roads is 3,288 m and construction costs are 7,426.68 €.

Variant IlI

This variant of the secondary network is most similar
to the actual network since the maximum allowable winch
rope length is 60 m (Figure 6d). This variant guarantees the
maximum distance between individual secondary roads and
their minimum length at the same time. The planned network
consists of only 18 secondary forest roads and has a length of
4,842 m and openness of 104 m-ha™. The construction cost of
this variant amounts to 4,440.89 € for 2,219 m of skid roads.

road network

a) Real secondary forest

b) Variant |

Legend

B Llanding
— Skid roads
Forest truck road

-

c) Variant Il

c) Variant lll

T~ ~ 7 Compartment border

0 0.175 0.135 0.7 Kilometers

FIGURE 6. Secondary forest network designed in the field (a) and simulated in the office by ArcGIS (b, c, d).
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TABLE 1. Mean skidding distance, productivity and skidding costs for the existing network and designed variants.

Actual network Variant | Variant Il Variant Il
Downhill 690 760 740 710
Average skidding distance (m)
Uphill 990 920 910 920
Downhill 83.89 83.57 82.92 82.90
Productivity (m3day?)
Uphill 55.71 59.99 59.50 58.26
Downhill 6.85 6.88 6.93 6.94
Skidding costs (€:m)
Uphill 10.32 9.58 9.66 9.87

Compared to the mean skidding distance for skidding
with the wheeled skidder according to Pi¢man et al.
[35], which amounts to 300 m uphill and 800 m (1000
m) downhill respectively, in this investigation in case
of downhill skidding for all variants the mean skidding
distances are twice longer. In general, extraction process
in the compartment is relativelly unfavorable. Apart from
long skidding in the downhill direction, when skidding
uphill the mean skidding distance is almost 1000 m long,
which produces high skidding costs. Petkovi¢ et al. [36]
stated that in such cases when different directions of
skidding exist, minimum costs can be achieved by optimum
skidding pattern.

When talking about absolute openess, achieved values
in all variants including the existing network of secondary
forest roads are in the interval defined by Jeli¢i¢ [5].
According to Danilovi¢ and Ljubojevi¢ [37], average density
of the secondary forest road network for nine analysed
compartments in Management Unit "Prosara" amounts
to 105 m-ha*. Almost the same values are achieved in the
third variant of the designed and the actual network of
secondary roads. On the other hand, within defined sample
Petkovi¢ et al. [36] found that the density of secondary
roads in MU "Prosara" is 119.7 m-haand in MU "Kozara-
Mljecanica" 96.5 m-ha?. Differences between individual
compartments are expected because density of skid roads
and skid trails is not only a function of winch rope length.

In comparison with the actual position of secondary
network in the compartment, where the length of the
skid roads is only 35% of the total network length, in all
simulated variants the skid road share is more than 60%,
and in Variant | even 77%. The rest are skid trails. This
is the main reason why the cost of building the actual
network of skidding communications in the compartment
is almost 3 times smaller than the cost of network
construction in Variant Ill, although these two variants
have almost identical overall length of the network. When
designing field secondary roads, they mostly represent
skid trails, such as the ones on the ridges or positioned
perpendicularly on the contours. The slope of these trails
often exceeds the 30% limit defined here, especially when
it comes to skidding downhill.

The achieved mean skidding distances are relatively
similar in all variants. This is somewhat expected since the
road network in all variants leads to two or three landings.
However, when taking into account average length of the
winch rope, considering all three new-design variants, it
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can be said that there is almost no difference in productivity
and skidding costs (Table 1). As network construction costs
exponentially grow from Variant Ill to Variant |, without
reducing the skidding costs, from an economical point of
view the construction of this network is unacceptable.
Imani et al. [38] compared the forest roads variants
obtained by Dijkstra’s method and the traditional method
and found that by using the first method they obtained
lower length and costs for 55% and 65%. Parsakhoo et
al. [39] obtained shorter routes by 12.03% in average, by
using Dijkstra’s algorithm. In this investigation, by using
the method of the shortest route, longer routes were
obtained in relation to the existing network that is laid in
a traditional way.

Sokolovic et al. [40] state that the minimum transport
costs could be achieved by using winch rope length of 40-
60 m. It is not recommended to use longer rope in sense
of labour humanization during skidding and residual stand
damage. In Management Unit "Bovan-Jelar", Picman et
al. [41] during the improvement of the existing secondary
forest road network and adjustment to demanding terrain
conditions used winch rope length of 45 m.

Surface of the investigated compartment covered by
secondary roads is between 3.6% and 6.3%, at road width
of 3.5 m. Another topic for discussion could be load of
each road network. In Figure 7 it is presented how each
network variant is loaded depending on distance. It can be
seen that secondary road network variants with shorter
winching distances are less loaded than those with longer
distances, and real network is closest to Variant lI. This fact
could have impact on durability and maintenance of the
secondary road network.

CONCLUSIONS

Mean winching distance influences skidding costs,
but only in variants where mean skidding distance is
decreasing. For all three designed networks of secondary
forest roads in the compartment, it has almost no effect
on the reduction of mean skidding distance. Therefore, a
dense network of secondary forest roads is justified only in
those cases where smaller distance of winching is needed
for some other reason, e.g. for a higher level of work
humanization or ecological reasons. On the other hand,
smaller winching distance requires more skid roads and
skid trails, which is unfavorable from both the economic
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FIGURE 7. Load of skid network in different variants.

and ecological point of view, especially on steep slopes.
In the end with the degree of density of secondary forest
roads will be decided on the basis of archived average
price of wood assortment and environmental guidelines.
Small differences in skidding costs between variants have
no practical significance except for large quantities of
wood assortments. Spatial and network analysis tool is

useful for secondary forest road network development
and especially for large forest areas where there is a
significant potential for this method. Another aspect is
related to the primary and secondary openness of forest
areas. Such tools, including network algorithms such
as Dijkstra’s algorithm, need greater attention in road
network planning processes.
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ABSTRACT

Background and Purpose: Logging is an example of the strongest human influence on forest environment because it causes
damages to the forest soil and residual trees. The damages that occur during logging are more frequent in the skidding
phase compared to the felling and processing phase.

Material and Methods: The research was conducted in mixed stands of fir and spruce in the area of eastern Bosnia and
Herzegovina. Felling was conducted by chainsaw and extraction by animals, i.e. by two oxen. The following data were
collected: tree species, diameter at breast height, pre-bunching zone (0-30 m or 30-60 m), presence of damages, presence
of old damages, number of damages, type of damage, damage position and the size of damage.

Results: Damages were recorded on 3.32% of residual trees. The average number of damages per damaged tree was 1.08.
The same percentage share of damages was recorded on butt end and root collar (38.46%), while damages on root have
a share of 23.08%. Stem damages were not recorded. The most common type of damage was debarked tree (61.54%),
then squashed bark (23.08%) and debarked and damaged tree (15.38%). It was recorded that the size of damages varied
between 60 and 570 cm?. The average size of damage was 222.54 cm?. Statistical analysis using x* test showed significant
difference in the proportion of damaged trees among different pre-bunching methods, and did not show significant
difference in the proportion of damaged trees between different pre-bunching zones.

Conclusions: It can be assumed that oxen logging causes insignificant damages to residual trees. The results of research will
be used as a basis for future studies of residual trees” damaging during wood skidding.

Keywords: animal logging, oxen, damages, mixed fir and spruce stands

INTRODUCTION of wood skidding and with the skidding of larger loads in the
function of increasing productivity and economy of work [4].
Stand damaging depends on a series of different

factors: work method, type of the machine used, machine

Logging is an example of the strongest human influence
on forest environment [1] because it causes damages to the

forest soil and residual trees [2]. Tree felling and processing,
as well as skidding of wood assortments, are the main
phases of logging from the aspect of the extent of damage to
stands and forest soil [3]. Damages to the forest ecosystem
occur during felling and skidding operations, regardless of
the technical means used in this process [1]. The problem
of forest damages has become more and more important
with the introduction of heavy mechanization in the phase

characteristics and the manner of use, terrain and stand
characteristics, and the relation of all participants in forestry
production to forestry work and the forest itself [5]. The
extent of damages is closely related to the adaptation
of methods, instrumentality and organization of work to
specific working conditions. In such a way, the size of damage
increases with the power of the machine, the mechanization
of work and larger lengths of skidded assortment [3].

© 2018 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the terms

of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0).
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Damages that occur during logging are more frequent
in the skidding phase compared to the felling and
processing phase. Tavankar et al. [6] found that percentage
share of damages caused by a skidding operation with
Timberjack 450 C tractor was about 73%, while damages
caused by felling operations with chainsaw amounted to
27%. According to Martini¢ [3], wood skidding is a more
common cause of tree damaging compared to the felling
and processing of wood during thinning operations in
young stands.

The largest damages to residual trees in the wood
skidding phase are caused by tractors due to constant
contact with the soil and movements per stand [3].
Zahirovi¢ et al. [7] found that the percentage share of
damaged residual trees during tree felling with chainsaw
and skidding with tractor was 35%.

The production of wood assortments on the territory of
Bosnia and Herzegovina is partially mechanized. The main
instruments of work in the skidding phase are tractors,
primarily special forest tractors-skidders. Wood skidding by
animals (horses and oxen) is also present [8]. Until the end
of World War Il in Bosnia and Herzegovina’s forestry manual
tools were used in the wood felling and processing phase,
and animal skidding, waterways, chutes and tackles in the
wood skidding phase. Technical roundwood was skidded
by horses, and stacked wood (traditional one-meter long
fuelwood) was skidded or carried out by horses as well.
The work was done by unqualified workers organized into
larger groups (about 10 workers) [9, 10]. The necessity of
introducing more complex mechanization in the phase of
wood pre-bunching and skidding in Bosnia and Herzegovina
occurred because of more and more expensive animal
work and smaller offer of private horses [11]. In addition
to the above-mentioned reasons, for the replacement of
manual labor and animal labor in forestry production, the
following reasons were also mentioned: outdoor work,
significant influence of meteorological conditions on
working procedures, decisive influence of soil conditions
on work, difficult and hazardous work within deadlines
limited by time and technology due to biological and other
conditions, and others [5]. A portion of harvestable area is
usually inaccessible for skidding operations due to uneven
and steep terrain. The animal skidding system is commonly
applied in small cut-block areas and on uneven slope areas
up to slopes of 50%, where limited timber volumes are
available for transporting [12].

Animal skidding is the most rational skidding method
in protected areas where low felling intensity is used and
where there are no skid trails [13]. The integration of horse
bunching with tractor skidding is a cost-effective solution
for small wood extraction in steep terrain and in protected
conservation areas. The result is a reduction in harvesting
costs and skid trail density [14].

During animal skidding, products are typically
transported along a common, designated skid-trail or the
shortest path [12]. Steep terrains (>40%), terrain with soft
soil (soil capacity <40 kPa) and uphill skidding (>8%) should
be avoided [13]. It is recommended that horse skidding be
applied at shorter distances, up to 250 m [15]. Magagnotti
and Spinelli [14] notify that horse skidding is the cheapest
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alternative if the total extraction distance is shorter than
200 m.

According to Malatinszky and Fiscor [16], 26% of
Forest Districts in Hungary apply animal logging regularly,
using exclusively horses. Borz and Ciobanu [17] notify that
tree felling using chainsaws followed by horse logging is
a practice conducted in Romania, mostly applied in very
young and dense stands where thinning operations are
done. Non-mechanized wood extraction was used in 60%
of forest operations and skidding in 35% of the cases in
mountain areas of Bulgaria [18]. Toms et al. [19] report that
animal logging is used in Alabama on small tracts, tracts
with low timber volumes and harvests which use selective
thinning. Verani and Sperandio [20] notify that the use of
animals for hauling (mules and oxen) is still quite frequent
in coppice harvesting in Southern Italy.

There is only light residual stand damage and soil
compaction when using horse skidding [21]. In addition
to decreasing the damages to residual trees during horse
skidding, the density of the secondary forest communication
networkis also decreased [22]. Horse skidding of roundwood
and hauling of one-meter long fuelwood caused twice less
damages to residual trees in comparison to other skidding
methods (adapted ZETOR 6945 tractor, adapted TORPEDO
TD 75064 tractor) [3]. According to Martini¢ [3], skidding
and hauling of wood by horses caused damages to 1.9%
residual trees or every 52nd tree, which is statistically less
significant in comparison to other skidding methods. Ficklin
et al. [23] found that only 7% of residual trees of >5" (=12.7
cm) diameter at the breast height were damaged by mule
logging system in oak and pine stands (Quercus velutina
Lain., Quercus alba L. i Pinus echinata Mill.), and 22% of
residual trees were damaged by the skidder system.

Also, damages to regeneration when using animal
(mule) logging method were significantly lower than when
using the mechanized logging method by Timberjack C450
skidder [24]. Reduction in carbon emissions due to the
absence of fossil fuel is another advantage of animal use in
wood extraction [21].

Skidder logging causes higher soil compaction and
lower soil porosity in comparison to animal skidding (mule
skidding). Skidder compact both the depth of 0-10 cm and
10-20 cm, although mules mostly compact the top layer of
the soil. Skidder disturbs larger area than mules during the
extraction of the same wood volume [25].

Dudek and Sosnowski [26] explored the influence
of different skidding technologies on tree damages in
mountain area of Poland and found that two-horse skidding
was the most environmentally friendly technology. Next
were Larix 3T cable winch, agricultural MTZ 82 tractor, and
a specialized skidder-type LKT 80 forest tractor.

Considering that animals are used for pre-bunching
and skidding of the one part of felled wood in Bosnia and
Herzegovina the aim of the research was to determine
damages to residual trees in stands during oxen skidding.
Horse is the most common and the most appropriate animal
used for wood logging because of the best use of pulling
force in accordance with its weight. Furthermore, it is able
to increase the pulling force in a very short period of time,
which is very important for wood logging. Horses are faster
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in comparison to oxen, but their purchase price, as well as
feeding and maintance costs are greater. Oxen are more
calm and secure during wood logging. Nontheless, because
of the working method, front side of load is partially raised
from the ground whereby traction resistance decreases, and
load colletcs less amount of dirt, which is very important for
processing in a sawmill.

MATERIALS AND METHODS

The research was conducted in eastern Bosnia and
Herzegovina, in the area managed by Public Forest
Enterprise "Sume Republike Srpske" a.d. Sokolac, Forest
Management "Jahorina" Pale. The research object was
Compartment 64, Forest Unit "Jahorina". Compartment
area amounts to 86.41 ha, with altitude in the compartment
ranging from 1360 to 1472 m. Average terrain slope is up to
15° with southeastern exposure. The compartment belongs
to "High forest of fir and spruce or spruce on limestone
soils" forest type. The share of species in the mixture is
as follows: fir 37.09%, spruce 53.26%, beech 5.98%, and
other broadleaved species 3.67%. The marking of trees for
felling was conducted in 2016. The volume of marked trees
was 2,746.19 m3. The intensity of felling for coniferous and
broadleaved trees was 10.26%.

Tree felling and extraction of wood assortments was
carried out during 2017. Felling and processing were
conducted by using a chainsaw. The extraction of wood
assortments to the landing on the truck road was carried
out by animals, i.e. by two oxen. Assortment processing
method was performed. In earlier planning period wood
extraction was carried out by animals and tractors as well,
which is the reason why tractor skidding trails exist in the
compartment. Animal paths and tractor skidding trails
were used for skidding wood assortments from felling to
landing on the truck road. Wood assortments were pre-
bunched by oxen via animal paths from the felling site
to the tractor skidding trail and then skidded by oxen via
tractor skidding trail to the landing on the truck road. The
slope of the tractor skidding trails used for animal skidding
was less than 5%. The pre-bunching phase includes working
operations of load forming and hauling of formed load to
the tractor skidding trail, and the skidding phase includes
wood skidding via tractor skidding trail to the landing on
the truck road.

Damages to residual trees which occurred during
animal logging were observed immediately after wood
extraction, in August 2017. Only the damages which
occurred during wood extraction were observed, while
damages occurred during felling and processing were not
the subject of analysis. Four stripe shape sample plots were
set up in the compartment. Sample plots were set up in
vertical direction to the central, longest tractor skidding
trail. Sample plot 1 and sample plot 2 were located on the
left side and on the right side of the tractor skidding trail
respectively, at the distance of 500 m from the landing
on the truck road. Sample plot 3 and sample plot 4 were
located on the left side and on the right side of the tractor
skidding trail respectively, at the distance of 100 m from
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the landing on the truck road with the aim of identifying
skidding frequency influence on damage to residual trees.
Sample plots were divided into two zones, with an area of
900 m? each. The first zone of every sample plot was set
up at a distance of 0-30 m from the skidding trail, and the
second zone at a distance of 30-60 m from the skidding trail.
The zone width was 30 m (Figure 1).

) N

0-30 m _ 30-60 m
D c———>
Zonel | Zone2

w Qg

w 005

rs
5 w 0ot I_I |1ed3 Buippiys 0.l |

]

e
Landing on the truck road

FIGURE 1. Schematic layout of sample plots.

Tree damages were determined using methodology
applied by other authors [1, 3, 27-31].

At every sample plot, trees belonging to the sample
were marked and recorded. Marginal trees were alternately
taken and omitted from the sample. After the sample plots
were set up, a detailed review of trees was conducted.
Review included trees above taxation limit of 5 cm. For
every tree belonging to the sample the following data were
collected: tree species, diameter at breast height, pre-
bunching zone (0-30 m or 30-60 m), presence of damages,
presence of old damages, number of damages, type of
damage, damage position, and the size of damage.

Damages were classified as: squashed bark, debarked
tree, and debarked and damaged tree. Squashed bark is
determined as a damage to the bark with invisible zone of
cambium, and debarked tree is determined as a damage
with visible zone of cambium [29]. Damages were classified
according to the position of the damage as: stem damage,
butt end damage, root collar damage, and root damage.
To determine the position of tree damage a classification
created by Meng [32] was used (Figure 2).
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FIGURE 2. Classification of the position of tree damage.

Lengths were measured with a measuring tape,
considering the terrain slope. The dimensions of damages
were measured with a ruler in millimeters. The longest
length and width, and the respective diameter in
dependence of damage shape, were measured, and based
on the measured values the damage area was calculated.
Damages were classified into 4 groups according to damage
size: <25 cm?, 25-100 cm?, 100-200 cm? and >200 cm? [30].
The damage position was determined by using a measuring
tape, measuring the distance between the middle of the
damage and the ground.

The following pre-bunching methods were determined
at sample plots: flat terrain pre-bunching, downhill pre-
bunching and uphill pre-bunching (Table 1).

TABLE 1. Pre-bunching method at the sample plot.

Sample plot Pre-bunching zone Pre-bunching method

N 0-30 m Uphill
30-60 m pre-bunching

5 0-30 m Pre-bunching on flat
30-60 m terrain

3 0-30 m Pre-bunching on flat
30-60 m terrain
0-30m Downhill

4 )
30-60 m pre-bunching

STATGRAPHICS statistical package was used for data
analysis.
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RESULTS AND DISCUSSION

The research involved 361 trees of fir (Abies alba Mill.),
spruce (Picea abies (L.) Karst.), beech (Fagus sylvatica L.)
and sycamore maple (Acer pseudoplatanus L.). The damages
were recorded on 3.32% of all inspected trees. The average
number of damages per damaged tree was 1.08. One
damage was recorded to 91.67% of damaged trees, and two
damages were recorded to 8.33% of damaged trees.

The share of damaged trees (3.32%) was compared to
the results of other studies. Melemez et al. [33] determined
damages to 2.1% of residual trees in mixed beech-oak
stands during animal skidding (by two oxen). Martini¢ [3]
explored damages to residual trees during animal skidding
and carrying out (by horses) in thinning operations of young
stands, and determined that horse skidding and carrying out
cause damages to 1.9% of residual trees, or to every 52
tree. Ficklin et al. [23] found that 7% of residual trees with
>5" (=12.7 cm) diameter at the breast height were damaged
by mule-logging system in oak and pine stands (Quercus
velutina Lain., Quercus alba L. and Pinus echinata Mill.)

Statistical analysis using x? test showed significant
difference in the proportion of damaged trees among
different pre-bunching methods (p=0.0008). The largest
share of damaged trees was recorded during uphill pre-
bunching (9%), then pre-bunching on flat terrain (1.58),
while during downhill pre-bunching damages to residual
trees were not recorded. According to Behjou [34], the
probability of damages to residual trees increases with the
increase of terrain slope. This ascertainment was confirmed.

Sample plots were divided into two pre-bunching
zones with the aim of identifying the pre-bunching distance
influence on damage appearance to residual trees. In
pre-bunching zone of 0-30 m 2.79% damaged trees were
recorded out of all trees belonging to the pre-bunching zone
of 0-30 m. In pre-bunching zone of 30-60 m 3.85% damaged
trees were recorded out of the all trees belonging to the
pre-bunching zone of 30-60 m. Behjou [34] established that
the probability of damages to residual trees decreases as
the distance from the skidding trail increases. According to
Kulusi¢ [4], the most threatened are trees and regenerations
located in the first third of the distance between the skid
trail and the transport boundary. The research results
did not confirm other authors’ findings [4, 34]. Statistical
analysis using x? test did not show significant difference
in proportion of damaged trees between different pre-
bunching zones (p=0.5769).

Statistical analysis using x*test did not show significant
difference in proportion of damaged trees among different
tree species (p=0.4375).

Two sample plots (3 and 4) were located at the distance
of 100 m from the landing on the truck road and another
two sample plots (1 and 2) were located at the distance of
500 m from the landing on the truck road. The aim of this
spatial distribution of sample plots was the identification of
skidding frequency influence on damage to residual trees.
Trees belonging to the pre-bunching zone of 0-30 m were
exclusively analysed. In total 4 damaged trees were recorded
on sample plots located farther from the landing on the
truck road, or 3.88% of all trees belonging to sample plots
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TABLE 2. Chi-square test parameters.

Observed variables Chi-square Df p - value

Pre-bunching method/presence or absence of damages 14.27 2 0.008
Pre-bunching zone/presence or absence of damages 0.31 1 0.5769
Tree species/presence or absence of damages 2.72 3 0.4375
Sample plot position/presence or absence of damages 1.03 1 0.31

Diameter at the breast height/presence or absence of damages 6.44 4 0.1684
Type of damage/pre-bunching method 2.44 2 0.2956
Type of damage/pre-bunching zone 0.76 2 0.6835
Damage position/pre-bunching method 6.24 2 0.0442
Damage position/pre-bunching zone 2.27 2 0.3214

1 and 2 and the pre-bunching zone of 0-30 m. On sample
plots located nearer to the landing on the truck road one
damaged tree was recorded, or 1.33% of all trees belonging
to sample plots 1 and 2 and the pre-bunching zone of 0-30
m. According to Kulusic¢ [4], the skidding frequency along the
tractor road or animal path has an influence to stand damage
in such a way that stand damages increase as skidding
frequency increases. The research results did not confirm
this ascertainment. Statistical analysis using x? test did not
show significant difference in proportion of damaged trees
between the sample plot at different positions (p=0.32).
Statistical analysis using x*test did not show a significant
difference in proportion of damaged trees with different
diameter at breast height (p=0.1684). The largest number
of damaged trees belongs to the diameter class 5-10 cm,
and least to the diameter class 51-80 cm. There were no
recorded damaged trees in the diameter class 21-30 cm.
The damages which appeared during wood extraction
in previous management periods (,old damages”) were
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Trees with Trees with Trees with old and
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FIGURE 3. The distribution of damaged trees depending on
the moment of damage occurrence.
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recorded on the 9.42% of all surveyed trees. The presence of
old and new damages was recorded on 1.11% of all surveyed
trees, while new damages which appeared during current
wood skidding were recorded on 2.21% of all surveyed trees
(Figure 3). It is evident that more damages to residual trees
occurred during wood extraction in previous management
periods in comparison to current wood extraction in 2017.
The analysis of damages per type of damage showed
that the largest percentage share of damages belongs to the
category of debarked tree (61.54% of all recorded damages),
followed by squashed bark (23.08%), and debarked and
damaged tree (15.38%) (Figure 4). Martini¢ [3] found
similar results in a research of felling and animal and tractor
skidding during juvenile stands’ thinning. The most common
type of damage was squashed bark or debarked tree.
Statistical analysis using x?test did not show significant
difference in the proportion of damaged trees with different
type of damage (squashed bark, debarked tree and
debarked and damaged tree) between uphill pre-bunching

100
90 15.38
80
70

60 Debarked and
61.54 damaged tree

50 Debarked tree

40 1 Squashed bark

30

Percentage share of damaged trees (%)

20

10

FIGURE 4. The distribution of damages depending on the
type of damage.

SEEFOR 9 (2): 107-114 111


http://www.seefor.eu

KNEZEVIC J, GURDA S, MUSIC J, HALILOVIC V, SOKOLOVIC DZ, BAIRIC M

and pre-bunching on flat terrain (p=0.2956). Also, statistical
analysis using x? test did not show significant difference
in the proportion of damaged trees with different type of
damage (squashed bark, debarked tree and debarked and
damaged tree) between two pre-bunching zones (0-30 m
and 30-60 m) (p=0.6835).

The analysis of damages per damage position showed
that the same number of damages appeared on butt end
and root collar (38.46%). The share of root damages in
the total number of damages was 23.08% (Figure 5). Stem
damages were not recorded. The result of research is similar
to results of other researches [1, 27, 28] and showed that
damages appear on the most valuable part of the tree.
Gurda et al. [28] found that the largest number of damages
appeared on the most valuable part of the tree, butt end
(at the height bellow 1.3 m from the ground) during wood
skidding with Timberjack 225A skidder. The largest number
of damages on residual trees during wood skidding with LKT
81T appeared on the root collar and the lower part of stem,
at the height bellow 1 m [1]. Danilovi¢ et al. [27] studied
damages to residual trees during skidding with Timberjack
240C and found that the largest number of damages in
the winching phase appear on root collar, and on butt end
during the skidding phase.

100

%0 23.08

80

70

60 Root

38.46
50 Root collar

40 Butt end

30 B Stem

Percentage share of damaged trees (%)

20

10 38.46

0

FIGURE 5. The distribution of damages depending on dama-
ge position.

Statistical analysis using X? test showed significant
difference in the proportion of damaged trees with
different damage position (stem, butt end, root collar
and root) between uphill pre-bunching and pre-bunching
on flat terrain (p=0.0442). Root collar damages were
exclusively recorded during pre-bunching on flat terrain,
while during uphill pre-bunching root damages and butt
end damages were also recorded. Statistical analysis using
x*test did not show significant difference in the proportion
of damaged trees with different damage position (stem,
butt end, root collar and root) between two pre-bunching
zones (0-30 m and 30-60 m) (p=0.3214).
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Damage size varied between 60 and 570 cm?. The
average size of damage was 222.54 cm? (Figure 6). The
results are similar to the results found by Tsioras and
Liamas [31], who investigated damages to residual trees
during wood skidding with an adapted agricultural tractor
(FIATAGRI Model 70.90) and mules in mixed beech and
oak stands. The authors found that the largest share
in all damages have damages larger than 200 cm?. The
determined average size of damage (222.54 cm?) is greater
than the average size of damage found by Martini¢ [3] in
the analysis of wood felling and skidding with tractor and
animals during juvenile stands’ thinning (10-100 cm?).

100

90 38.46

80

70

60 >200 cm?

23.08
50 100-200 cm?

40 25-100 cm?

30 W <25cm?

Percentage share of damaged trees (%)

20

10 38.46

0 0

FIGURE 6. The distribution of damages depending on dama-
ge size

The average size of damage determined in this
research is greater than the average size of damage
found in other studies during skidding with a tractor. The
average size of damage during skidding with Timberjack
240C varies between 50 and 200 cm? [27]. Gurda et al.
[28] determined that the dominant damage on residual
trees during skidding with Timberjack 225A was debarked
tree on the area of 70 cm? on average. A large number
of damages which appeared during tractor winching are
caused by winch cable which is why they do not have a
large area. During oxen pre-bunching damages are mostly
caused by load impact to standing trees. Therefore,
damages which appeared during oxen pre-bunching,
although fewer of them, on average have greater area.

Damages larger than 200 cm? were in the largest
percentage recorded at debarked and damaged trees
(Figure 7). The smallest damages (25-100 cm?) were in the
largest percentage recorded at root damages (Figure 8).

Type of damage "debarked tree" was in the largest
percentage recorded at root collar and root damages,
while "squashed bark" was in the largest share recorded
at butt end (Figure 9).
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The Impactof Animal Logging on Residual Trees in Mixed Fir and Spruce Stands
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FIGURE 7. The distribution of different size damages depen-
ding on the type of damage.

CONCLUSIONS

It can be concluded that oxen logging causes
insignificant damages to residual trees. The result of
research showed that damages appear on the most
valuable part of the tree, the butt end (at the height
bellow 1.3 m from the ground). The most common type of
damage was debarked tree. Damages to residual trees can
be reduced by organizational measures and appropriate
planning of the felling site with visible marks on terrain,
and also by preventive protection of the most threatened
trees whose physical protection is done by setting the
so-called protectors. In addition to above mentioned
methods, the method of "sacrificed tree" is often used in
practice. However, adequate control of forest harvesting
is most important for high-quality work in forests. More
intensive research of damages to residual trees during
animal logging is planned to be conducted in the future, as
well as the comparison between damages to residual trees
during animal and mechanized logging.
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FIGURE 8. The distribution of different size damages depen-
ding on the damage position.
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ABSTRACT

Background and Purpose: Wood and wood processing industries are generators of a substantial amount of waste wood
biomass, such as wood chips, shavings and sawdust. Such waste is often unused and its disposal can be a serious environmental
problem. Different lignocellulosic waste materials have been successfully used as low-cost adsorbents (biosorbents) for the
removal of synthetic dyes, as well as other contaminants, from wastewater. The aim of this study was to valorise the waste
wood biomass of ten tree species, out of which seven are the most represented species of the Croatian growing stock, as
biosorbents for the removal of synthetic dye methylene blue (MB) from model solutions.

Materials and Methods: The waste wood biomasses (shavings or sawdust) of ten tree species, namely common beech,
pedunculate oak, sessile oak, common hornbeam, narrow-leafed ash, poplar, European silver fir, Norway spruce, European
larch and Douglas fir, were dried and milled prior to characterisation and adsorption experiments. Characterisation of the
biosorbents was performed by chemical analysis and Fourier transform Fourier transform infrared spectroscopy (FTIR).
Upon characterisation, batch adsorption experiments were conducted in order to survey waste wood biomass as potential
adsorbents for the removal of synthetic dye MB. The colour removal was monitored spectrophotometrically at predetermined
time intervals. Further adsorption experiments were performed using poplar sawdust. The effects of contact time, biosorbent
concentration, initial dye concentration, and pH on the adsorption process were investigated. The experimental data obtained
by batch adsorption experiments were analysed using adsorption isotherm models (Freundlich and Langmuir).

Results: All the tested biosorbents were found to be very effective for the removal of MB from model dye solution, achieving
high removal percentages ranging from 93.25 to 98.50%. Poplar sawdust proved to be the most effective. It was shown that
MB adsorption process onto poplar sawdust could be interpreted in terms of Langmuir and Freundlich adsorption isotherm
models.

Conclusions: Taken together, these results suggest that waste wood biomass has the potential to be used as a low-cost
biosorbent for MB removal from aqueous solutions.

Keywords: adsorption, dye removal, Methylene Blue, poplar sawdust, waste wood biomass

INTRODUCTION in that specific area. The prevalent species of Croatian
growing stock are the following: 36% common beech (Fagus

Wood is a natural renewable material that can have  sylvatica L.), 12% pedunculate oak (Quercus robur L.), 10%
different purposes (e.g. construction material, fuel, etc.) and  sessile oak (Quercus petraea (Matt.) Liebl.), 9% common
can be transformed into many different products. Depending hornbeam (Carpinus betulus L.), 8% European silver fir (Abies
on the geographical area, different tree species are prevalent  alba Mill.), 3% narrow-leafed ash (Fraxinus angustifolia Vahl)
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and 2% Norway spruce (Picea abies Karst.). All other tree
species make up the remaining 20% [1]. Apart from the use
of wood as fuel, there are four major sectors in the EU forest-
based industries: woodworking, furniture, pulp and paper
manufacturing and converting, and printing [2]. Since the
industries that use forest wood are relatively heterogeneous,
so are the resulting production waste streams. Wood
processing residues (waste) remaining after processing logs
and timber include bark, shavings, offcuts, sawdust, etc., and
the amount of generated residues can be substantial. It can
be converted into fuels in form of briquettes and pellets or
can be used for the generation of electricity. Even though
wood processing waste is available throughout the year and
is relatively cheap, it often remains unutilised and its disposal
can be a serious environmental problem. One of the possible
uses of wood processing waste, besides its use as fuel, can be
the use as low-cost adsorbents (biosorbents) for the removal
of pollutants, such as synthetic dyes, from wastewater.

Synthetic dyes are widely used in almost all industries,
from textile to food industry. Since the excess dye left after
the dyeing processes ends up in the industrial effluents, the
dyes are recognised as the most common water pollutants
that detrimentally affect the aquatic life [3]. They also
exhibit recalcitrance towards removal/biodegradation by
conventional biological wastewater treatment methods.
The method most often employed for the removal of dyes is
adsorption using conventional adsorbents, such as activated
carbon [4]. However, despite their remarkable adsorption
capacities, the application of conventional adsorbents
is often limited by high price. It is, therefore, of great
importance to find inexpensive (low-cost) adsorbents that
could replace the costly conventional ones. By definition, the
low-cost adsorbent is abundant in nature or is an industrial
by-product or waste material that requires little or no
processing [5]. Lignocellulosic waste materials originating
from wood and agri-food industry have the potential to be
used as low-cost adsorbents, among which sawdust is one
of the most appealing materials when it comes to removing
dyes from wastewater [6]. Sawdusts of different tree species
were investigated as adsorbents for the removal of dyes:
meranti wood for methylene blue removal [7], beech wood
sawdust for direct brown removal [8], chir pine sawdust for
Congo red and basic violet 1 removal [9], etc.

The synthetic dye used as a model in this study is a
cationic (basic) dye methylene blue (MB) (Figure 1), widely
used for cotton, silk and leather dyeing [10], as well as in
microbiology for staining and in medicine for the treatment
of hypotension, hypoxia, as antimalarial and more [11]. MB
is not strongly hazardous, but it can still cause harmful effects
in humans and animals.

~ Cl™
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FIGURE 1. The chemical structure of methylene blue (MB).
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The overall purpose of this study was to valorise the
waste wood biomass of ten tree species of the Croatian
growing stock as biosorbents for the removal of dye MB
from aqueous solution. Upon survey of ten tree species, the
aim was to further investigate the most efficient species (i.e.
poplar) regarding different conditions for the adsorption of
MB, namely contact time, biosorbent concentration, initial
dye concentration and solution pH.

MATERIALS AND METHODS

Biosorbent

Waste wood biomass (wood shavings and sawdust)
was kindly donated by Croatian Forests Ltd. Collected waste
wood biomass included ten tree species, namely common
beech, pedunculate oak, sessile oak, common hornbeam,
narrow-leafed ash, poplar (Populus euroamericana Dode-
Guinier), European silver fir (Abies alba Mill.), Norway
spruce, European larch (Larix decidua Mill.) and Douglas fir
(Pseudotsuga menziesii Mirb.).

The samples were oven dried at 323.15 K for 48 hours
and ground using standard laboratory knife mill with 1 mm
screen (MF10 basic, IKA Labortechnik, Germany) to ensure
the particle size of adsorbent below 1 mm. No other chemical
or physical treatments were applied prior to adsorption
experiments.

Adsorbate

MB was purchased from Merck. A stock solution of 100
mg-dm™ of dye was prepared daily, while the experimental
solutions were obtained by diluting the stock solution to the
desired dye concentration.

Adsorbent Characterisation

The elemental composition (C, H, and N) was performed
using a CHNS/O elemental analyzer Seria Il (Perkin Elmer,
USA). The determination of ash content and extractives was
described elsewhere [12]. The Kjeldahl method was used for
protein content determination. Point of zero charge (pszc)
was determined according to the method given in Burevska
et al. [13]. Crystalline cellulose content was determined
according to Foster et al. [14].

The surface functional groups affecting the adsorption
process were detected by Fourier transform infrared (FTIR)
spectrometer (Cary 630, Agilent Technologies, USA). The
spectra were recorded from 4000 to 500 cm™.

Adsorption Studies
A Survey of Waste Biomass of Different Wood Species for
Adsorptive MB Removal

Batch adsorption experiments were carried out to
investigate MB adsorption on different wood species’ biomass
by adding a fixed amount of biosorbent (0.25 g) to 25 cm? of
50 mg-dm dye solution taken in a 100 cm? Erlenmeyer flask.
The pH was not adjusted; however, it was measured at the
beginning and at the end of the adsorption process using
the pH-meter (Seven Easy, Mettler Toledo). The flasks were
placed in the thermostatic shaker (SW22, Julabo) at 298.15
K and 150 rpm for 120 min, to ensure the equilibrium was
reached. The samples were taken at predetermined time
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intervals for spectrophotometric determination of colour
removal. The samples were filtered through Whatman filter
paper No. 42 and then centrifuged at 6000 rpm for 5 min
(IKA mini G). The dye concentrations in clarified supernatants
were determined spectrophotometrically (Specord 200,
Analytic Jena) at 664 nm. The percent of dye removal was
calculated as follows:

o —v)
Yo

% dye removal = * 100

where y; and y (mg-dm?) are the initial dye concentration
and dye concentration after predetermined contact time,
respectively. The amount of dye adsorbed at equilibrium
onto biosorbents, q_ (mg-g?'), was calculated using the
following equation:

L W) V]

e =
m

where y_is the dye concentration at equilibrium, V is the dye
solution volume (dm?3) and m is the mass of the biosorbent
used (g).

Adsorption Studies using Poplar Sawdust as Biosorbent

Based on the results of a survey of different tree species
as biosorbents for MB removal, poplar sawdust was used in
further adsorption experiments. The effect of biosorbent
concentration and pH on the amount of adsorbed MB was
tested for different biosorbent concentrations ranging
from 2 to 10 g-dm?3. To study the effect of the initial
dye concentration on the amount of adsorbed dye, the
experiments were carried out at the temperature of 298.15
K, biosorbent concentration of 4 g-dm?3, 150 rpm and pH=7
for 120 min. The initial MB concentrations were as follows:
10, 30, 50 and 100 mg-dm=. The effect of pH was tested in
the pH range from 4.0 to 9.0, while all the other parameters
were kept constant (initial dye concentration of 50 mg-dm?3,
biosorbent concentration of 4 g:dm=3, 298.15 K, 150 rpm and
120 min). The pH was adjusted using 0.1 mol-dm= NaOH and
0.1 mol-dm? HCl solutions. The experimental data obtained
by batch adsorption experiments were analysed using linear
forms of Langmuir and Freundlich adsorption models.

All the experiments were performed in duplicate and
were found reproducible.

TABLE 1. The chemical composition of waste wood biomass.

RESULTS AND DISCUSSION

Biosorbent Characterization

The chemical composition of waste wood biomass of the
surveyed tree species is given in Table 1. The results of the
elemental analysis revealed that all used tree species have
similar obtained C and H values ranging from 44.51 to 47.60%
and 5.94 to 6.38%, respectively. This is in agreement with the
research by Nacu [15] that reported similar values for total
carbon and hydrogen. The chemical elements mentioned
above, which are present in relatively large quantities, can
form (along with oxygen and nitrogen) functional groups
at the surface of sawdust that can serve as potential dye
binding centres [16]. The nitrogen content varied from 0.07
to 0.44%, while protein content varied from 0.24 to 1.06%.
Wood is comprised of major chemical components which are
cellulose (40-45%), hemicellulose (30%) and lignin (20-30%),
while extractives, ash, proteins and other components make
up the rest [17]. The content of cellulose in this study was in
the range from 31.66 to 44.27. Extractives include, amongst
others, lipids, phenolic compounds, terpenoids, fatty acids,
resin acids, steryl esters, sterol and waxes and their content
generally varies between 2% and 5%, but can even reach 15%
[18]. In this study, the content of extractives ranged from 1.31
to 3.94%. Ash is the inorganic residue remaining after water
and organic matter have been removed, which provides a
measure of the total amount of minerals within a sample. The
ash content of wood biomass can vary between tree species
and tree components [19]. High ash content can decrease the
heating value of biomass [20]. Abdolali et al. [21] reported
the average ash content of hardwood and softwood of less
than 1%. However, in this study, the determined ash contents
were higher and ranged from 0.81 to 1.9%.

The surface chemistry of adsorbents is determined by the
acidic or basic character of their surface, or in other words,
the net charge of the adsorbent surface can play a crucial role
in the interactions occurring during the adsorption process.
The pH at which the adsorbent surface net charge is zero is
defined as the point of zero charge (pHpE). When solution pH
is lower than pHpK the adsorbent surface is positively charged
and can interact with anions, while at pH higher than pHpZCthe
adsorbent surface is charged negatively and can interact with
cations [22]. The pHpzc of all used biosorbents was in the range
from 5.25 to 7.10.

parameter Common Pedunculate Cornish Common I\::;rf:\al- Poplar Etfropea:m Norway European Dot{glas
beech oak oak hornbeam ash silver fir spruce larch fir
C (%) 44.64 - 46.31 46.77 44.51 46.44 - 47.30 47.60 47.40
H (%) 6.38 - 6.33 6.23 5.94 6.29 - 6.35 6.34 6.22
N (%) 0.33 - 0.08 0.16 0.30 0.21 - 0.44 0.31 0.44
Extractives* (%) 1.41 3.48 3.94 1.64 3.18 2.45 1.72 131 1.36 241
Protein (%) 0.66 0.76 0.83 1.00 1.06 0.69 0.41 0.28 0.31 0.24
Ash (%) 1.14 1.12 0.81 1.40 1.50 1.43 1.80 1.90 1.45 1.60
Crystalline celulose (%) 31.66 - 3291 39.89 33.04 40.53 44.27 38.00 32.18 43.06
pHpzc 7.00 5.25 6.51 6.10 6.80 7.10 6.90 5.49 6.25 5.90
* ethanol/benzene (1:1)
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In order to investigate the functional groups present
at the surface of used waste wood biomass, FTIR spectra
were recorded for all samples. The spectrum for poplar
sawdust, as a representative spectrum, is presented in Figure
2. As already mentioned, high contents of lignocellulosic
polymers (i.e. cellulose, hemicellulose and lignin) are mostly
responsible for a large number of hydroxyl groups available
as binding sites for cationic dye molecules, such as MB.
Hydroxyl groups, among others, are those mainly engaged
in adsorption processes [21, 23]. The FTIR spectrum of
poplar sawdust is dominated by the broad band at 3332
cm* representing hydroxyl groups. It can be ascribed to —OH
stretching vibrations of polymers, e.g. cellulose and lignin,
and it indicates free hydroxyl groups at the surface of the
adsorbent. The band at 2899 cm? indicates the presence
of —CH, aliphatic groups stretching. At 2102 cm™ there is
a band that can be assigned to —NH stretching. The bands
from 1505 to 1423 cm™ indicate the presence of branched-
chain aromatic radicals [24]. The intense band at 1028 cm™
is probably representing the polysaccharides, i.e. it could
be ascribed to C-O, C=C and C-C-O stretching in cellulose,
hemicellulose and lignin [25].

Adsorption Studies
A Survey of Waste Biomass of Different Wood Species for
Adsorptive MB Removal

The results of a survey of the waste wood biomass of
different tree species used as biosorbents for adsorptive MB
removal are presented in Figure 3. The concentration of dye
(50 mg-dm) was selected based on the dye concentrations
previously reported in textile effluents that ranged from
10 to 50 mg:dm [26, 27]. The results clearly show that all
used biosorbents showed remarkable adsorptive capability
for MB with high levels of dye removal (over 90% in all runs)
under the applied experimental conditions. The initial stages
of the adsorption process (first 30 min) were characterised
by the higher MB removal rates, compared to later stages
when the removal rate becomes slower (data not shown).
This can probably be explained by the larger unoccupied
surface area available for dye adsorption at the earlier stages
of the experiment [28]. Similar results were reported for MB
removal using different waste lignocellulosic material [25,
29].
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FIGURE 2. The FTIR spectral characteristics of poplar sawdust.
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FIGURE 3. Adsorptive MB removal using different waste wood biomass as biosorbents (dee=50 mg-dm=3, t=120 min, T=298.15
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Adsorption Studies using Poplar Sawdust as Biosorbent

The adsorption process is usually strongly influenced
by the adsorbent concentration because higher adsorbent
concentration ensures higher surface area available for
adsorption. The effect of adsorbent concentration on the
adsorption of MB onto poplar sawdust is given in Figure
4. The results show that the percentage of MB removal
increased from 62 to 97% with an increase of biosorbent
concentration from 2 to 10 g-dm?. However, after the
biosorbent concentration of 4 g-dm=, the percentage removal
remained almost constant over the biosorbent range of 6-10
g-dm?, i.e. the further increase of biosorbent concentration
did not markedly affect the adsorptive capacity. A similar
behaviour was reported for MB removal using meranti
sawdust as biosorbent [7].

100 1 ° ° °
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80 7
70 7
60 -
50 -
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20 4
10 -

% MB removal

Miosorbent (8:dM)

FIGURE 4. The effect of biosorbent concentration on the
adsorption of MB onto poplar sawdust (dee=50 mg-dm?,
t=120 min, T=298.15 K, pH=7, 150 rpm).

The effect of contact time on MB adsorption is given
in Figure 5. As already mentioned, the MB removal is rapid
during the first stages and then gradually slows down until
the equilibrium is reached. The equilibrium was achieved
within 90 min and did not change with further contact time
increase.
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FIGURE 5. The effect of contact time on the adsorption of

MB onto poplar sawdust (y, =50 mg-dm?,y, . =4 g-dm?
t=120 min, T=298.15 K, pH=§, 150 rpm).
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Figure 6 shows the effect of the initial MB concentration
on MB adsorption onto poplar sawdust.
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FIGURE 6. The effect of initial dye concentration on the

adsorption of MB onto poplar sawdust (v, ....=4 §dm?
t=120 min, T=298.15 K, pH=7, 150 rpm).

The amount of MB removed at equilibrium increased from
2.41t021.90 mg-g* when the initial MB concentration increased
from 10 to 100 mg-dm=3, which indicates that MB removal using
poplar sawdust as biosorbent is concentration-dependent.
This is in agreement with other studies using different waste
lignocellulosic biosorbents, such as meranti sawdust [7],
walnut sawdust [30] and modified Indian Rosewood sawdust
[31]. Furthermore, the experimentally obtained adsorption
capacities in this study are comparable to those reported by
other authors, which can be seen from Table 2.

TABLE 2. Comparison of experimentally obtained adsorption
capacities of various biosorbents for MB.

Adsorption capacity

Sorption Reference
P (mg-g?)
Formaldehyde treated 11.8 (50 mg-dm= MB) (33]
rosewood sawdust 46.1 (250 mg-dm= MB)
Chemically treated 12.49 (50 mg-dm™ MB) (33]
rosewood sawdust 51.4 (250 mg-dm= MB)
Walnut sawdust 18.8 (100 mg-dm= MB) [32]
Pyrrole modified T
walnut sawdust 33.2 (100 mg-dm= MB) [32]
Mansonia sawdust 28.89 (120 mg-dm= MB) [34]
. -3
Walnut sawdust 5 (50 mg:dm MB) [35]
Cherry tree sawdust 5 (50 mg-dm= MB) [35]
. -3
Oak sawdust 5 (50 mg-dm MB) [35]
. -3
Pitch pine sawdust 5 (50 mg:dm MB) [35]
Meranti sawdust 98.4 (200 mg-dm= MB) [7]
Poplar sawdust 21.9 (100 mg-dm= MB) This study
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One of the important parameters affecting the
adsorptive removal of different contaminants from aqueous
solutions (e.g. the complex matrix such as wastewater) is pH.
The effect of pH on the amount of MB adsorbed onto poplar
sawdust at equilibrium was studied over the pH range from 4
to 9 and the results are presented in Figure 7.
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FIGURE 7. The effect of pH on the adsorption of MB onto
poplar sawdust (dee=50 mg-dm?, y, =4 g:dm?, t=120
min, T=298.15 K, 150 rpm).
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The results show that the minimal amount of MB
adsorbed was at pH=4, that it increased with pH and
remained almost constant over the pH range of 7-9. Similar
trends have been reported by other studies of MB removal
using lignocellulosic materials [25, 34, 35]. The unfavourable
effect of low pH on MB removal can probably be attributed to
the presence of positively charged H* ions that compete with
MB cations for adsorption sites. Furthermore, pHpzc of poplar
sawdust was found to be 7.1, so at pH higher than 7.1 its
surface will be charged negatively and interact more readily
with cationic dye MB.

Adsorption Behaviour of Poplar Sawdust (Isotherm Studies)

The adsorption isotherms describe the distribution of
the adsorbate between the liquid and solid phase at the
adsorption equilibrium at a constant temperature. They also
offer insight into the adsorption capacity of the adsorbent
for the removal of adsorbate from an aqueous solution. In
this study, linear forms of Langmuir and Freundlich isotherm
models were used to quantify the adsorption capacity of
poplar sawdust.

Langmuir isotherm model is the most frequently used
model and it presumes the occurrence of adsorption at
specific adsorbent homogenous sites as a monolayer, single
adsorption mechanism, uniform adsorption energy along the
adsorbent surface and no interaction between the adsorbed
molecules of the adsorbate [36]. The linear form of the
Langmuir isotherm equation used is given by the following
equation:

120 SEEFOR9(2): 115-122

where y_ (mg-dm?) is the equilibrium concentration, q,
(mg-g?) is the amount of adsorbed dye per unit mass of
adsorbate, q_(mg-g?) is the maximum amount of adsorbed
dye (monolayer adsorption capacity) and K_(dm*mg?)
is the Langmuir constant related to the free energy of
adsorption. g and K, can be determined from the plot of ve/
q, against y_ (Figure 8A). The Langmuir isotherm parameters
are given in Table 3. The dimensionless constant called
equilibrium parameter R indicates the type of isotherm to
be unfavourable (R >1), favourable (0<R <1), linear (R =1) or
irreversible (R =0) [7]. It can be calculated as follows:

1

Rj= ———
14+ K, -7,

where y, (mg-dm?) is the highest initial dye concentration.
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FIGURE 8. Langmuir (A) and Freundlich (B) isotherms of MB
adsorption onto poplar sawdust at 298.15 K.

The R value in this study was 0.045, confirming that MB
adsorption onto poplar sawdust under the studied conditions
was a favourable process. When experimentally obtained
Uy erp values were compared to the A e values calculated
based on the given Langmuir equation, a discrepancy could
be seen. However, as already mentioned, experimentally
obtained adsorption capacities (q, Exp) in this study are
comparable to those reported by other authors (Table 2).
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TABLE 3. Isotherm parameters for the removal of MB by
poplar sawdust at 298.15 K.

Isotherm model 298.15 K
Langmuir
q, o (Meg?) 21.900
q, . (Mgg?) 42.373
K, (dm*mg?) 0.213
R 0.049
R? 0.893
Freundlich
K. (mg-g")(mg-dm?)*" 0.075
n 0.744
R? 0.979

The Freundlich isotherm model assumes the non-
ideal adsorption on heterogeneous surfaces and multilayer
adsorption and interaction between the adsorbed molecules
[37]. The linear form of the Freundlich equation is given as:

1
Ing.= InK; +— InYe
n

where q_(mg-g?) is the amount of dye adsorbed at equilibrium
andy, (mg-dm?)is the equilibrium concentration of dye in the
solution. Freundlich isotherm constants K, and n indicate the
adsorption capacity (K) and whether the adsorption process
is favourable or not (n). The Freundlich constants are given
in Table 3. The values of n indicate that the adsorption is
linear when n=1, n<1 indicates that adsorption is a chemical
process, while n>1 indicates favourable adsorption that is a
physical process [38]. The results given in Figure 8B and Table
3 indicate that the adsorption of MB onto poplar sawdust is

favourable and can be described in terms of the Freundlich
isotherm model.

CONCLUSIONS

Waste wood biomass of ten tree species used in this
study proved to be effective for the removal of synthetic dye
methylene blue (MB) from an aqueous solution, achieving
high removal percentage ranging from 93.25 to 98.50%.
Poplar sawdust, the most effective of all tested tree species,
was used in further adsorption experiments. The results
showed that the percentage of dye removalincreased with the
increase of biosorbent concentration and contact time. The
amount of MB removed at equilibrium increased from 2.41
to 21.90 mg-g™* with the increase of initial dye concentration
(10-100 mg-dm=). The effect of pH was investigated over the
pH range from 4 to 9, whereas the minimal amount of MB
adsorbed was at pH=4. After that, it increased up to pH=6
and then remained constant. The obtained equilibrium data
were fitted to Langmuir and Freundlich isotherm models,
and it was shown that the MB adsorption process could be
interpreted in terms of both adsorption isotherms. However,
the equilibrium data seem to be somewhat better fitted
with the Freundlich isotherm equation. The overall results
suggest that waste wood biomass represents a low-cost
lignocellulosic adsorbent that has a potential to be used as
an alternative to costly conventional adsorbents. However,
further research should be undertaken to investigate the
possibility of adsorption capacity improvement by different
modification techniques, as well as the MB removal from
synthetic and real wastewater samples.
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ABSTRACT

Background and Purpose: Capital budgeting is the process in which a business determines and evaluates potential large
expenses or investments. These expenditures and investments include projects such as building a new plant or investing in
a long-term venture. In the case of poplar plantations in Serbia, a prospective project's lifetime cash inflows and outflows
can be assessed in order to determine whether generated potential returns meet a sufficient target benchmark, also known
as "investment appraisal". The purpose of this study is to show relative profitability of alternative courses of action in
poplar plantations.

Material and Methods: The investigated plantations were established from Populus x euramericana cl. I-214 on different
soil types, situated in north-western part of Serbia, with planting spacing 6x3 m, differently aged, mainly for technical wood
production. The data used in this study were collected from the management and materials books of the "Vojvodinasume"
Public Forest Enterprise , which is the official owner of these stands. All of the plantations are state-owned. At the end the
supply chain of poplar wood production is presented. Different capital budgeting techniques and different discount rates
are employed to determine which types of poplar plantations, treated as separate projects, will or not will yield the most
return over an applicable period of time.

Results and Conclusions: The financial effects for sample plot plantations were first evaluated with an external funder
prerequisite of 12% discount rate, and continued with different investment appraisal discount rates. For the discount rate
r=12%, all tested areas had a negative net present value (NPV). Average internal rate of return (IRR) is 5.63% and payback
period is acceptable for the investor at 6% and less. The average benefit-cost analysis amount is 0.36 for all stands with a
discount rate of r=12%.

Keywords: capital budgeting, strategy, discount rate, poplar, costs, revenues

INTRODUCTION Yield classesin hybrid poplar plantations (P. xeuramericana
cl. 1-214) are high in Serbia [6]. Preparation of the ground
and soil for afforestation is the most expensive operation
in the production cycle [7]. High costs are encountered
at the stage of plantation establishment (chipping of tree
stumps, ploughing, planting, protection, etc.) [3]. Major cuts

in plantations of clone poplars belong to the group of clear

Financial appraisals in forestry are based on standard
investment appraisal techniques. In such analysis we take
into account the frequently long time period lapsing between
initiating forest activities and obtaining returns from trees [1].
Forestry schemes are generally characterized by heavy initial

costs, low recurrent costs (an advantage which will tend to be
discounted relative to initial costs) and delayed benefits [2].
Poplar rotation is one of the shortest in European forestry, and
production of poplar wood requires rational and well-planned
management [3].

Capital budgeting is used to show the relative profitability
of alternative courses of action [4]. The poplar plantations
have been chosen because of the relatively short rotation
period compared to other tree species [3, 5].

felling [8]. "Marking of trees for cutting in restoration is carried
out along the border line that is included in the area of clear
cut. Harvesting is realized at a time when there is no risk of
sudden arrival of high water, to effectively protect produced
assortments during floods. When performing cuts there must
be taken into account that felled trees do not intersect and the
stump height does not exceed % of diameter. Cutting of felled
timber is adapted to market conditions, to achieve maximum
financial effects (greater participation of technical wood in

© 2018 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the terms

of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0).
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relation to the physical, waste is minimized) and performed by
a qualified stuff" [9].

Costs are a very important element of an investment.
When there is a significant lapse of time between the start
of costs being incurred and the end of the period, such as
in poplar plantations, in which all costs and benefits arise
from the original expenditure, this is considered to be an
investment [10]. "Structure of costs of major felling in cultures
of clone poplars in Ravni Srem is composed of two segments of
direct costs: costs of felling and work up and costs of extracted
assortments. The costs of felling and work up are related to
chainsaw and labor force. The second segment consists of the
costs of extraction of produced assortments" [7].

The goals of the work reported in this paper were: (i)
to apply capital budgeting to poplar plantations, based on
the analysis of the present value of costs and revenues over
a different time period, and (ii) to present the supply chain
of poplar wood production and test the sensitivity of these
values to possible changes in the levels of costs and revenues.

MATERIAL AND METHODS

There are four main groups of values identified in forestry:
forestry values which derive from forest-related activities
by forest managers and the upstream and downstream
connections with other parts of the economy arising from
such forestry activities; 'shadow' values arise as a result of
other economic activities benefiting or experiencing loss
as a result of forestry; non-market values are the external
effects associated with forests and woodland; and social
values [1, 11]. Critics of standard investment criteria based on
discounting have argued that these introduce a bias in favor
of investment projects which impose high private or social
costs in the future, or after a long delay, but have lower capital
costs at the present time or in the near future [2]. Forestry
projects of all kinds will be disfavored relative to other types
of projects of shorter term because of the inherently long
gestation period involved in tree growth [13]. Generally, final
goal of investment process is to maximize stakeholder wealth
or value of the firm, making capital budgeting part of long
term investment appraisals [14].

This paper identifies a number of different kinds of
investment decisions in which a long-time horizon is involved
and for which the application of the conventional, relatively
high discount rates used in less developed countries creates
problems.

The aim of the study was to conduct an analysis of
costs and receipts of artificial poplar plantations on different
fluvisols considering a span of rotation between 25 and 42
years, as well as in different discount rates (4-12%) [3]. The
primary methods used are dynamic methods of investment
calculation [15, 16]. These methods include net present value
(NPV), internal rate of return (IRR), payback period (PBP), and
cost-benefit analysis (R) [14, 17, 18].

The data used in this study were collected regarding costs
duringyears0-5 (soil preparation, planting, care and protection,
etc.) obtained from the archives of "Vojvodinasume" Public
Forest Enterprise, the forest enterprise which managed the
studied plantations, according to the age established at the
plantation [3, 5, 6] and expressed per unit area of 1 ha at the
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prices in force in January 2016. Land value was not taken into
account since the objective of the study was not to determine
optimal treatments and rotations for poplar [8, 19].

The investigated plantations were established from
Populus x euramericana cl. I-214 in the north-western part of
Serbia, with planting spacing of 6x3 m (555 trees per ha), used
for technical wood production. Thirteen study plots, i.e. 55
stands, aged 24-42 years, with a total area of 331.05 ha were
assessed. The data collected are linked to different types of
soil belonging to site classes I-V [3, 5, 6].

The level of the discount rate is of paramount importance
in forestry owing to the large effects of a small change in
rate when used to discount values over long periods of time
[4]. The discount rate used in the public sector generally is
related to the rate of return on capital in the private sector
of the industry and commerce [20]. Discount rates of 3, 5 and
7% have been employed in an attempt to cover the range
of real rates of return likely to be available from alternative
investments open to private investors in forestry [10, 21, 22].
First in this research the discount rate of 12% was chosen, a
traditional common choice for developing countries according
to Gittinger [23]. Poplar plantations are not profitable at
discount rates in the range of 10-15%, as it was still used some
time ago in assessing funding opportunities in the economies
of developing and transition countries [24]. The National Bank
of Serbia discount rate was in 2005 at 8.8%, while today it is
at 3.0%. Dinar loans for long-term lending of non-financial
corporations nowadays are around 6%. Since the interest
rates have decreased considerably since the financial crisis, in
forestry it is most convenient to account for investment risk
by adding a risk premium to the risk-free discount rate when
computing present values of expected revenues which are
uncertain [25]. After a review of the literature on the discount
rate in economics and forestry, it is most useful to use IRR,
while the opportunity cost of capital is considered in the
establishment of a shadow price of investment [26].

Sensitivity Analysis is the calculating procedure used for
prediction of the effect of changes of input data on output
results of one model [27]. This procedure is often used
in investment decision making, in the example of poplar
plantations in this case, related to the investment project
evaluation under conditions of uncertainty [28]. In this
case sensitivity analysis [29] is a common way to consider
uncertainty (by changing input variables and evaluating the
effects on target variables) in poplar plantation studies.

RESULTS AND DISCUSSION

The financial effects for sample plot plantations were
estimated using different discount rates (Table 1). For a
discount rate r=12%, all tested areas had a negative NPV
from -1 585.84 to -2 134.80 €:ha?, regardless of age and site
quality. The discount rate of 6% can be accepted by shorter
production cycles in younger stands (to the age of 28 years) on
better sites (alluvial semigley) [3, 5]. The value of assortments
by the price list of "Vojvodinasume" Public Forest Enterprise,
which manages these forests, ranges from 11.088 to 23.676
€ha! [9]. Cost, revenue and profit are three most important
factors in determining the success of management in poplar
plantations [30].
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Input values:

Output values of criteria:

Costs
Revenues NPV = -1585.84 to -2161.99 €-ha
Ages
Discount rates IRR=5.63
Area =
Plant denisty PP = 19 years
Soil type R=0.36
Calculating values: Sensitivity
_— NPV, IRR, PBP, R e analysis
FIGURE 1. Calculation of individual criteria using input and output values.
TABLE 1. Capital budgeting on poplar plantation on sample plots in Serbia
pT;::ZJ. Tsy(:;:e élat:s (yﬁifs) el p=122‘6P(‘€/-ha‘1) IRRI %) for p=Z‘}BGP(years) R
1. RC/HGL \ 24 25.00 —1743.02 5.20 19 0.421
2. AS/ASG | 26 36.75 -1 838.60 6.94 19 0.349
3. AS/ASG | 26 2.33 -1700.41 5.83 19 0.467
4. AS/ASG | 26 9.87 -1585.84 6.18 19 0.407
5. AS/ASG | 26 1.32 -1746.22 6.12 19 0.430
6. AS/ASG I 28 32.57 -1813.10 5.41 19 0.373
7. AS/ASG | 29 28.82 -1872.78 5.84 19 0.351
8. LC/HFL ] 29 33.81 -1877.35 4.32 19 0.388
9. LC/HFL ] 29 51.49 -1791.41 5.36 19 0.390
10. LC/HFL Il 31 58.15 -1 940.66 5.35 19 0.323
11. ASG | 37 5.80 -1999.57 6.10 19 0.310
12. ASG | 42 6.62 -2161.99 5.51 19 0.240
13. o/ B-B gley v 42 38.52 -2134.80 4.43 19 0.242
AT/‘:;Z . 331.05 036

RC - fossil hydromorphic black soil (humosemigley) on loess-alluvium; HGL — humogley; ASG - alluvial semigleyfossil hydromorphic black soil on loess-alluvium;
HFL — humofluvisoil: a / B-B glev: o - discount rate: NPV - net present value: IRR - internal rate of return: PBP — pavback veriod: R — benefit- cost analvsis.

TABLE 2. Sensitivity analysis of NPV in relation to relative changes of T, - costs and P, - revenues (p=4 and 6%)

Study Ui=I6% L=l Acceptable or not
plot for investment
number T, a T, ) in r=6 and 4%
1. -0.24 -0.24 0.94 0.94 +/-
2. -0.41 -0.41 0.78 0.78 +/-
3. 0.58 0.58 2.39 2.39 +
4. -0.09 -0.09 1.29 1.29 +/-
5. 0.10 0.10 1.60 1.60 +
6. 0.08 0.08 1.86 1.86 +
7. -0.34 -0.34 1.06 1.06 +/-
8. -0.36 -0.36 1.02 1.02 +/-
9. 0.06 0.06 1.76 1.76 +
10. -0.40 -0.40 1.14 1.14 +/
11. -0.12 -0.12 2.05 2.05 +/
12. -1.10 -1.10 0.31 0.31 +/
13. -1.03 -1.03 0.42 0.42 +/
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By applying sensitivity analysis (Table 2) it can be
concluded that "investment under calculation discount
rate of 4% was financially justified in all study cases. The
discount rate of 6% can be accepted by shorter production
cycles in younger stands (up to the age of 26-29 years)
on better sites (alluvial semigley)" [31]. That is directly
connected to IRRs values. The results clearly show an
inverse relationship between the IRR and plantation age,
and also a direct proportion with the soil type, i.e. IRR are
higher for plantations grown (Table 2) on stands suitable
for poplar production (alluvial semigley) and for shorter
rotations and vice versa [5].

IRRs varied in the range of 4.32-6.94% (average
5.63%). Internal rates were higher for plantations on good
quality soil types and for shorter rotations, and vice versa.
"The results clearly show the inverse proportion between
discount rate and the age of the plantation, and also
direct proportion with soil type, i.e. that discount rates are
higher for plantations which are grown on stands suitable
for poplar production (alluvial semigley) and for shorter
rotations, and vice versa. Stands with higher IRR have
priority in investment, and this research includes younger
plantations, which refer the investors in poplar production
to invest in stands with shorter rotations." [5, 32].

Based on the application of sensitivity analysis of IRR
it was concluded that the most unfavourable situation
is found in sample plots which are over-matured stands
on unfavorable soil type for poplar production. On the
other hand, the most favourable situation is found in the
stands where the amounts of IRR are not considered to
be higher than 12% in the observed changes of costs and
receipts, and they are realized on the level below 70%
of costs or above 130% of realized receipts [32]. There
are commercial banks in Serbia, where one can get a
loan with an interest rate of 5%. Private owners can be
advised to invest in such a production of poplar wood.
On the other hand, the state has interest regarding
poplar plantations. Plantations are very efficient in
CO, consuming, as shelterbelts, for flood control, etc.
Therefore, the state can stimulate forest owners to
invest in poplar production in river banks in the future.
Plantations grown on more quality soil types such as
alluvial semigley are more profitable [3, 5, 6, 32].

The analysis showed that PBP is practically unaccep-
table for the investor under the discount rate of 6%.
The most favourable situation is with a discount rate of
2% in younger plantations. The conditions for having
rotations up to over-aged stands are utterly unfavorable
regarding the payback period, so the credit cannot
be repaid under any conditions. This fact supports
the conclusion that the production cycle period in
poplar plantations should be shortened. In younger
stands, the situation is fairly more favorable, so under
special conditions the credit should be repaid [33].
Based on the sensitivity analysis for the method of
payback period, it can be concluded that the change in
receipts and costs in 5% steps can be represented by an
exponential function and that PBP is between 1.3 and 4.6
years. For p=2% this ratio is the most favorable both in the
case of the changes in receipts and the changes in costs
[5, 6, 33].

126  SEEFOR9(2): 123-130

Applying the method of cost-benefit it can be
concluded that the average amount of R was 0.36 for
all studied plots at 12% discount rate (Table 1) [5, 6, 34].
This means that the costs at a discount rate of 12% are
about 2.8 times higher than the receipts. Based on the
sensitivity analysis of the cost-benefit method, it can be
concluded that cost benefit ratio for p=8-12% is below 1
within the study range of changes in costs and receipts,
while for p=4-6% there are cases when this ratio is above
1, at certain degrees of decrease in costs, i.e. the increase
in receipts [5, 34]. Nowadays, with the higher awareness
of human impact on the environment, benefit/cost
analysis is increasingly applied in the evaluation of forest
social functions, wildlife conservation, impact on water
resources (water supply, acidification and erosion control),
landscape management, and greenhouse effect reduction.
Forestry is often unable to valorize all of its products on
the market, and therefore the social community should
support forestry in a way, especially in the realization of
the projects dealing with plantation forestry. One of the
forms of support could be to enable the use of beneficial
interest rates on the means invested in the establishment
of new plantations, which are considerably lower than
those in other production fields [34].

Based on the results presented above, it is clear
that, in practice, it is necessary to improve the position
of producers in getting the deficient financial means for
investment in poplar cultivation, so as to stimulate the
establishment of artificial poplar plantations, especially
in the private sector (on private lands, which are
unattractive for agricultural production). The investments
can be directed to more efficient soil preparation (stump
chipping, deep ploughing, etc.), the improvement of inter-
row tilling, better plant protection against insect pests
and phyto-pathogenic fungi (Figure 2) [31, 32].

Forest Management Plans prescribe the rotation
period in poplar plantations on 25 years and thus also
a certain time of the major harvest, the main income in
the cultures of clone poplars. Major cuts in plantations
of clone poplars belong to the group of clean felling, i.e.
removing all trees from the selected area. The marking
of trees for cutting in restoration is carried out along
the border line that is included in the area of clean cut.
Harvesting is realized at a time when there is no risk of
sudden arrival of high water to effectively protect the
produced assortments during floods. When performing
cuts it must be taken into account that felled trees do not
intersect and that stump height does not exceed % of its
diameter. Cutting of felled timber is adapted to market
conditions to achieve maximum financial effects (greater
participation of technical wood in relation to the physical,
while waste is minimized) and performed by qualified
staff. The assortments are brought out via forest roads, in
the shortest possible time, to the forest stock where wood
material is stored in an accessible place and is kept safe
from flooding. Technical wood is exported to the forest
road by machines (expenses of machine forwarder), while
the cellulose wood carries the costs of loading, unloading
and stacking (machine expenses - tractors and manpower
- loader) [8].
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Income attheend [ |
of rotation
(n years)
Schematic thinning income
Costs of establish
plantation
a
a, a, a, a, a, a, i b,, b,
1 ——+—
012 3 475 7 8 9 1011 1P n years
am+1 am+2 am+3 am+4 an

m m+l m+2

Period of raising of
plantation m

Raising income e

Use of plantation

FIGURE 2. Developed model of investment in the establishment of multiannual plantations (Source: [34]).

One of the most significant changes in the paradigm
of modern business management is that individual com-
panies no longer compete as solely autonomous entities
but rather as supply chains [35]. In Figure 3 the supply
network structure, the supply chain business process, and
the management process for poplar wood in Serbia are
presented. In the Serbian market there is a strong need for
F-class assortment of poplar and RllI-class, which can lead
to the conclusion that wood processingis oriented towards
the production of various products of poplar wood, so the
range of products from poplar wood expands, as directed
for export and for domestic purposes [36]. All wood
processing companies are privately owned in the sector
of poplar production. All capacities on average amount
to about 17,300 m3-yr? (3,000-100,000 m3yr?), and the
utilization of the installed capacities is approximately
66% (30-90%) [36]. Wood processing companies are
oriented towards the production of multiple products at
the same time, such as: timber, boards, lumber, crates
and veneer, fiberboard and particleboard [37], and
produce approximately 350,000 m* of poplar wood per
year [6]. Figure 3 shows the supply chain of the analyzed
companies in poplar wood processing, from the purchase
of raw materials, through the processing and sale of the
final product.

In the future wood-processing organizations should
be directed to better adapt to their operational and
development plans of production in accordance with
the planned cuttings in forestry and widening capacities.
Plantations should be established to meet the demands
of the market of poplar wood, especially in Serbia, and
the markets in the region. For a long time there has been

https://www.seefor.eu

a great demand on the market for a veneer logs and saw
logs, since the producers as a goal have the provision of
these assortments [37].

CONCLUSIONS

Based on the analysis it is clear that it is necessary
to improve the position of poplar production in Serbia
in the soil types and age which are suitable for such a
production, with appropriate site and climate conditions.
It is both important for the public and private sector. Also
in the future it would be useful to influence investments
in cost reduction in poplar production on the one hand,
and small and medium enterprises in the sector of wood
production to intensify production of final products of
poplar wood on the other hand. This is in line with the
Common Agricultural Policy of the European Union and the
endeavours of the Government of the Republic of Serbia
to develop the bioenergy sector [36]. Market analyses are
very important, particularly in the field of market supply. In
that way they should direct influence production of wood
in poplar plantations and shorten the rotation period.
The obtained results are not very optimistic when a discount
rate of 12% is applied, but by applying sensitivity analysis
the circumstances in which such a production is profitable
are emphasized. During the past decade, the interest rates
have decreased considerably since the Financial Crisis of
2007-2008, also affecting Serbia. On the other hand, poplar
plantations are very efficient in flood control and shelterbelt
and in that way have not just an economic, but also an
ecological function.
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ABSTRACT

Background and Purpose: Genetic diversity is the basis for adaptation and survival of tree species under changing
environmental conditions, representing the key issue of stability and productivity of forest ecosystems. This paper studies
the marginal population characteristics and stand dynamics of aspen tree (Populus tremula L.) in natural, pure and mixed
forest stands with Scots pine (Pinus sylvestris L.). These populations were observed on founding sites between Timarli
Valley and Timan Plateau located in Pasinler in the Erzurum Province in Turkey.

Materials and Methods: Three replicated sample sites were established according to a randomised block design with a
spacing of approximately 200 m in altitude starting from 1,890 m, which is the natural distribution area of P. tremula, up
to 2,460 m, above which this species can no longer thrive. Timarli Valley, Pasinler Erzurum Province, which is the area of
research, is located enroute to Timan Plateau, where Scots pines form the alpine tree line ranging up to 2,680 m a.s.l.
Results: In this context, aspen trees in this region are the second closest tree species to the tree line after Scots pine,
which are found in the subalpine and war zones. In addition, as a result of this study, it has been found out that this
species, notwithstanding its natural area of occupancy across Turkey, could thrive up to 2,460 m in altitude and extent of
occurrence.

Conclusions: A new marginal natural population related to aspen has been found in Pasinler in the Erzurum Province,
Turkey, which at the same time indicates that the timberline value in the vertical natural distribution of these species should
be updated. Aspen trees, which as pioneer trees play a vital role in the rebuilding or restoring of the ecological balance
in forests that over time become degraded because of excessive cutting of trees and erroneous silvicultural interventions
should be used in the reclamation of broadleaved and mixed forests in a planned manner. Genetic resources that represent
marginal and peripheral populations, both within and outside the natural distribution area, should be established and
protected.

Keywords: Aspen, Scots pine, stand characteristics, natural distribution, elevation, marginal population

INTRODUCTION variation according to their natural distribution inclinations
in different ecological conditions [2, 3]. The most prominent

According to the latest statistics, forest area in Turkey species in this wide geographical variation is aspen (Populus
covers up to 22.7 million ha [1]. It has been observed that ~ tremula L.). This tree species has a wide distribution area
many broadleaved and coniferous forest tree species in across Europe, West Asia and North Africa. P. tremula trees
a forest area of this size have formed a wide geographical have cylindrical trunks, dense branches and wide conical

© 2018 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0). SEEFOR 9 (2): 131-139 131
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crown, and they can grow up to 25 metres in height [4,
5]. Being one of the many pioneer species, aspen trees
demonstrate fast growth followed up by strong root
suckers. Although there are not many studies about aspen
trees in Turkey, this species is reported to have a natural
range all around Turkey where it forms mixed forests with
broadleaved and coniferous species such as Scots pine, larch
and fir at 2,000-2,350 metres a.s.l., excluding the steppes of
Southeastern and Central Anatolia [4, 6]. Previous research
on P. tremula also indicated that there are pure stands of
this species across regions of Canakkale-Yenice, Sarikamis,
Gole, Lake Van, Kayseri-Erciyes Mountain, Kahramanmaras
and Isparta. [7-9].

The limited number of studies conducted in Turkey,
literature on forest trees in Europe, and especially
EUFORGEN programme concerning the natural distribution
area of these species did not record any information
regarding aspen trees forming pure or mixed stands with
Scots pine between 1,890-2,460 metres in the area of
Timarh Valley and Timan Plateau located in Pasinler in the
Erzurum Province (Figure 1). In this research, the aim was
to determine the stand characteristics of the marginal
populations of pure and mixed forest stands with Scots pine
of aspen trees found in Timarli Valley and Timan Plateau.
Additionally, a new natural distribution area of the aspen
tree has been discovered.

MATERIALS AND METHODS

Material

The research was carried out in Timarli Valley and Timan
Plateau, on an altitude ranging from 1,890 to 2,460 m a.s.l.
in Pasinler in the Erzurum Province. Coordinates of the
investigation area are as follows: 40° 04' 25" - 41° 43' 45" and
40° 08' 24" - 41° 44' 45" (Figure 2).

The long-term climate data of 50 years of the research
site have been analysed. As a result of the analyses, it was
found that the lowest temperature at the research site was
-23.6°C in January and the highest temperature 27.9°C
in July. In addition, precipitation at the research site was
measured as 69 mm in August (lowest) and 658 mm in
May (highest). Vegetation period of the research site is five
months (May-September) [10]. When the soil structure of
the study area was examined, it was determined that the
geological structure was formed mainly of metamorphic
rocks from the Triassic-Cenomanian periods with varying
age ranges. The stoniness rate of the surface of the research
site is rather high with 73.2%, and the soil is of medium
depth. Limestone is very common in this area and the rate
of organic matter in the soil is rather low. Furthermore, the
structure of the area is detrital and the soil texture is clayey-
sandy-loamy. Both the soil consolidation and surface flow
rating are higher on topsoil in this area [11].
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FIGURE 1. Natural distribution area (extent of occurrence, marked with red ellipse) of Populus tremula in Turkey [4].
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FIGURE 2. Investigation area.

Method

The structural characteristics of both pure and mixed
aspen - Scots pine stands have been investigated on four
different altitudes, starting from Timarli Valley at 1,890
metres and ending with Timan Plateau at 2,460 metres
in Pasinler in the Erzurum Province. In this context, three
replicated sample sites, which consisted of pure P. tremula
and mixed stands with Scots pine, were established
according to randomised block design at 200 m intervals
with 25x40 m spacing. The locations of the trees sample
sites were determined with GPS devices and stand profile
was prepared using Vector Packet Program. On the other
hand, the physiographic conditions such as elevation,
slope and aspect of stands on the sample sites were also
determined with GPS devices. Furthermore, both aspen and
Scots pine trees on the sample sites were measured with
digital tree callipers and metres. Canopy cover value in the
sample sites was measured with a spherical densitometer.

The frequency of stands, site index and volume values were
determined with the help of volume tables for aspen and
Scots pine, presented by Bayburtlu [12] and Pehlivan [13]
respectively. The increment core of one of the trees in the
middle of the sample sites was removed just above the
ground level to estimate the average age of the species (tree
rings). Three replications in each altitude level were applied
to determine tree age.

RESULTS AND DISCUSSION

During the research conducted in the investigation area,
detailed data were collected from the sites. Table 1 presents
the collected data of the four established sample sites with
specific characteristics of both pure aspen and mixed forest
stands with Scots pine.

TABLE 1. The characteristics of pure aspen and mixed forest stands with Scots pine in Pasinler in the Erzurum Province.

5 o Average q
Altitude Slope Stand Site : Tree number Diameter Mean volume

Sermpln S e (m) R (%) Cencny density index tree(::)elght (trees-ha™) (cm) (m3-ha?)

st.
1% Pure 1800 NW 356 06 05 6.2 4,123 14.8 23.9-90.7
Aspen

2": Pure Aspen 2,100 NE 47.2 0.7 0.5 1l 4.7 3,080 12.8 21.8-43.2
3 Mixed 4.2 8.3 14.6-20.2
Aspen & 2,270 N 45.7 0.5 0.3 1l 2,976
Scots pine 5.6 11.7 21.8-49.4
4": Mixed 45 6.7 9.2-14.3
Aspen & Scots 2,460 N 41.6 0.8 0.7 1l 3,150

pine 53 9.2 28.6-62.5
https://www.seefor.eu SEEFOR 9 (2): 131-139 133
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The first sample site designated for this research
consisted of pure stands of aspen trees formed at 1,890
metres (Figure 3). This stand was located on a middle slope
position. It was a single layered stand, and the average age
of even-aged aspen individuals was 23.

Mean volume of pure aspen stands with poor yield
rating in a similar sample site with extreme habitat
conditions located in Norway at 1,910 metre altitude was
reported to be between 19.8-126.7 m3-ha [14]. According
to this comparative analysis, the state of development of

the pure aspen stand studied in this research area at the
mentioned altitude level, notwithstanding the prevailing
extreme habitat conditions of the area, could be said to be
satisfactory.

The second sample site designated for this research was
established at 2,100 metres, 200 m higher in altitude than
the first sample site (Figure 4). This stand was located on a
steep slope position on north-east aspect (Table 1). It was
a single layered stand, and the average age of even-aged
aspen individuals was 15 years.

12 4
11 4

10

Populus tremula

Height (m)

Altitude (m) = 1890
Canopy = 0.6

Density = 0.5

Aspect = NW

Mean Height (m) = 6.2
Mean Diameter (cm) = 14.8

FIGURE 3. Profile of pure Populus tremula stand at the first altitude level (1,890 m.a.s.l.).
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121
11

104

Populus tremula

Height (m)
1 - 1 1

oo

Altitude (m) = 2100
Canopy =0.7

Density = 0.5

Aspect = NE

Mean Height (m) = 4.7
Mean Diameter (cm) = 12.8

FIGURE 4. Profile of a pure Populus tremula stand at the second altitude level (2,100 m.a.s.l.).

The average volume of aspen trees in a research
conducted in Russia at 2,165 metres altitude was reported
to be between 17.4-56.7 m*-ha’. According to this research,
high winds in the mentioned altitude and a large portion
of snowfall in the region caused the trees to split and fall
on. Therefore, they had intense negative effects on the
remaining aspen stand in the sample site [15]. Similar to this
research, it has been found that in the current sample site,
above 2,000 m, especially at 2,100 m, there was a significant
increase in the number of fallen trees. In addition, a sudden
decline in the soil depth has been observed, and the parent
material has been found too close to the surface at many
points. Even in these negative circumstances, the protection,
resistance and vitality of the pure aspen stand was found to
be very satisfactory. Even though the volume of this stand is
rather low, it plays a vital role in the prevention of landslides,
erosion and avalanches that might occur at 2,100 m a.s.l.,
considering the high slope of the terrain.

https://www.seefor.eu

The next sample site was established at 2,270 m a.s.l.
(Figure 5).

Scots pine trees form a mixed stand with aspen trees
on an individual basis starting from 2,180 m. However, the
altitude at which they join up with aspen trees as clusters
and groups at a rate of 10% or higher is at 2,270 m. The
stand was located on a medium slope position. Average
ages of the aspen and Scots pine trees were 18 and 24
years, respectively. The mean number of Scots pine in the
site was 1,584 (Table 1). It was as double layered stand with
Scots pine on the top, and aspen trees in the intermediate
layer. The volume of aspen trees at this altitude level was
measured between 14.6-20.2 m*-ha. The volume of Scots
pine trees at the same site was between 21.8-49.4 m*-ha.
This indicates that aspen trees, while being among pioneer
species, have started to lose their dominance to Scots pine
in the mixed stand. Moreover, a research conducted in the
forests mixed with European spruce trees (Picea abies (L.)

SEEFOR 9 (2): 131-139 135
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124

11

10-

Pinus sylvestris

Height (m)

Altitude (m) = 2270
Canopy = 0.5

Density = 0.3

Aspect =N

Populus tremula

Mean Height (m) = 4.2
Mean Diametar (cm) = 8.83
Pinus sylvestris

Mean Height (m) = 5.6
Mean Diametar (cm) = 11.7

Populus tremula

FIGURE 5. Profile of Populus tremula and Pinus sylvestris stands at third altitude level (2,270 m a.s.l.)

Karst) in Lithuania has shown that the number and density
of aspen trees decreased significantly at 2,300 m and at
higher altitudes when they became part of a mixed stand
with European spruce trees. The average number of aspen
trees were reported to be between 2,856-3,579, lesser than
that of European spruce trees. The research in question
has also revealed that in regions where double-layered
structures were often predominating, the European spruce
trees started to gain dominance over other trees from an
early age, thanks to their fast growth rate [16].

The last sample site was established on Timan Plateau
at 2,460 m a.s.l. (Figure 6).

The highest and last altitude, at which a sample site
was established according to 200 m altitude intervals
determined within the context of this research, was 2,460
m. It was located on a high slope position (Table 1). Average
tree ages of aspen and Scots pine were 13 and 19 years,

136  SEEFOR9(2): 131-139

respectively. The mean number of aspen and Scots pine at
the site was 1,016 and 2,134. It was structured as a double-
layered stand with Scots pine on top, and with aspen trees
in the intermediate layer. Scots pine trees alone form the
alpine tree line on Timan Plateau, at 2,680 m.

In this context, the aspen trees in this region are the
second closest tree species to the tree line after Scots pines,
which are found in the subalpine and war zones. Indeed,
according to a number of studies concerning the silviculture
of trembling aspen trees, it was reported that this species of
aspen trees, thanks to their resilient nature, are able to form
tree lines in their natural distribution areas or grow up to
subalpine layers [17-19]. Similarly, a research carried out in
Canada concerning a forest with broadleaved trees at 2,532
m has shown that aspen trees are able to thrive in war zones,
and that they could grow up to the subalpine layer. The
number of aspen trees per ha in this region was reported to

https://www.seefor.eu
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be between 897 and 1,153. In this research, as is the case in
our research as well, aspen trees were found to retreat into
the intermediate layer, and their trunk and top structures
began to deform [20, 21]. In the light of these evaluations, a
new natural distribution area of trembling aspen trees, one
that has no mention in literature concerning this specific
species in Turkey, has been discovered in the area between
Timarh Valley and Timan Plateau, at varying altitude levels.
Stand statistics and stand profiles of pure and Scots pine
mixed stands of aspen trees in this new natural distribution
area were drawn.

8 Pinus sylvestris

Height (m)

Populus tremula

As a result of this study, a cross-section of pure aspen
and Scots pine mixed stands of aspen trees between Timarli
Valley and Timan Plateau has been made (Figure 7).

As it can be seen in Figure 7, aspen trees form pure
and Scots pine mixed stands all around the sample site. In
addition, when the literature on aspen trees in Turkey is
analysed, it can be seen that the vertical altitude level of
these species is between 2,200 (lowest) and 2,350 (highest)
[4, 5, 22]. Also, as a result of this study, it has been found
out that aspens, notwithstanding their natural distribution
areas across Turkey, could thrive up to 2,460 m in altitude.

Altitude (m) = 2460
Canopy =0.8

Density = 0.7

Aspect =N

Populus tremula

Mean Height (m) = 4.5
Mean Diameter (cm) = 6.7
Pinus sylvestris

Mean Height (m) = 5.3
Mean Diameter (cm) = 9.2

FIGURE 6. Profile of Populus tremula and Pinus sylvestris stands at fourth altitude level (2,460 m.a.s.l.).
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This shows that a new marginal natural population related
to aspen trees has been detected in Pasinler in the Erzurum
province, which at the same time indicates that the upper
limit value in the vertical natural distribution of these
species should be updated. In this context, an important
contribution has been made to updating the research-
based information concerning aspen trees [23, 24], which
is an important forest tree species in Turkey, and which
has important features such as fast growth and strong root
shoots, as well as being one of the pioneer species.

CONCLUSIONS

As a result of this study, a new natural distribution
area of aspen, one that was not mentioned in previous and
recent research in Turkey, has been discovered in the area
between Timarli Valley and Timan Plateau in Pasinler in
the Erzurum province. Furthermore, the upper limit of the
altitude, where this specific species of aspen could thrive,
was updated to 2,460 ms. Considering the insufficient
forest percentage in the region, the extreme climate
and conditions of the habitat and landslide, erosion and
avalanche risks that may arise therefrom, the use P. tremula
is of utmost importance for the protection of residential

and agricultural areas in the region, and for ensuring the
conservation and continuity of aspen trees. In this context,
it can be seen that P. tremula, which has a wide geographic
variation, is a very robust species of aspen that can thrive
in arid areas as well as wetlands. The widespread use of
aspen trees in afforestation endeavours in habitats with
extremities, mainly semi-arid, arid and steppe areas, will
be beneficial for the reproduction of new forests across
Turkey. Although they are not as resilient against the early/
late frosts as birch (Betula spp.) and Scots pine trees, aspen
trees have shown extraordinary resilience against frost in
areas with extreme winter conditions, such as at the sample
site. Aspen, which as a pioneer tree plays a vital role in the
rebuilding or restoring the ecological balance in forests that
have over time become degraded because of excessive
cutting of trees and erroneous silvicultural interventions,
should be used in the reclamation of broadleaved and
mixed forests in a planned manner. In areas where forest
degradation has taken place due to fires, snows and storms,
aspen trees, due to of their fast growth and strong root
shoots, should be used to restore the forest structure
that has been damaged. In addition, genetic resources
that represent marginal and peripheral populations, both
within and outside the natural distribution area, should be
established and protected.

2000 .

Populus tremula
1900 .
1800
1700
1600 |
1500
1400
1300
1200 |

1100

1000 '

Pinus sylvestris Populus tremula

FIGURE 7. Cross-section of pure and mixed stands of aspen along the altitude levels (whole area).
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ABSTRACT

Background and Purpose: Eucalypt is an important raw material source of several industrial purposes. However, some
eucalypt essences are still underutilized, possibly due to the lack of more embracing information about their properties.
In this way, Eucalyptus maidenii species has presented a wide potential, and its lumber utilization is somewhat interesting.
Nevertheless, a complete determination of its physical and mechanical properties, as carried out in this paper, certainly
could encourage its popularization in construction.

Materials and Methods: Eucalyptus maidenii evaluation included two physical and fourteen mechanical parameters,
regarding standard documents from Brazilian National Standards Organization (ABNT) and American Society of Testing
Materials (ASTM). Thus, a simple comparison was established concerning the moisture content of wood samples, which
were evaluated through two conditions: 30% as the initial level and a standard at 12%. All results were statistically evaluated
by t-test. In sixteen parameters, 310 determinations were carried out.

Results: Half of mechanical properties presented significant changes in their resistances with the analysed moisture
reduction. Modulus of rupture in static bending and in perpendicular compression, modulus of elasticity in perpendicular
compression, strength in tangential cleavage, shear stress, and perpendicular and parallel hardnesses increased their
resistances when the moisture content was reduced from 30% to 12%, that is, from green to dried standard stable point.
Bulk density was also changed in the evaluated condition, decreasing to a smaller value. Volumetric mass density, modulus
of rupture in parallel compression and in parallel and perpendicular tensiles, as well as modulus of elasticity in static
bending and in parallel compression and tensile, and tangential toughness did not show any alteration in their values with
this studied condition.

Conclusions: Lumber for civil construction needs to be suitable for efficient application, with air equilibrium, generally
at 12% of moisture content as international normative documents require. As part of this, mechanical and physical
properties/parameters were studied to characterize Eucalyptus maidenii wood regarding moisture content. The results
obtained indicate the use of this essence from planted forests for structural purposes in construction.

Keywords: Maiden’s Gum, wood density, strength modulus, cleavage, shear stress, hardness, toughness
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INTRODUCTION

Eucalyptus maidenii F. Muell is commercially known as
Maiden’s Gum [1] or eucalypt maiden [2], as well as being
widely recognized as "maidene eucalypt" in Latin American
markets. This species occurs naturally in high-quality closed
forests on sheltered slopes and gullies in good soils [1],
among latitudes 34 and 39 S in altitudes from 230 to 915
meters, and its origin is along the Australian regions of
southern New South Wales and northeastern Victoria [1, 3].
Maiden’s Gum species is also found in Brazil [4, 5], Uruguay
[6, 7], New Zealand [8-10], India [11], Portugal [5], Italy,
Iberian Peninsula, Kenya, Malawi, Burundi [1], Tanzania
[12], Uganda [13], Rwanda [14], etc. Eucalyptus maidenii is
a tall to very tall forest tree usually 30 to 45 meters in height
with a diameter of up to 2.5 meters, whose bark is smooth,
whitish or cream, decorticating in strips to ground level, or
sometimes with a short stocking of undecorticated rough
bark [15]. Maiden’s Gum trees could provide acid oils from
their leaves [16] and their fruits [17] or medicines from
their leaves [11], as well as extracts from their barks [18,
19]. Wood from Maiden’s Gum has sapwood susceptible
to Lyctus borer attack, and its light brown heartwood with
pinkish to orange tints is hard, moderately strong and
durable, coarse, uniform in texture, and with grain that
is sometimes interlocked [1, 15]. Eucalyptus maidenii is
usually applied for fuelwood [12], tannins [20], essential
oils [20-22], pulp and paper [1, 8, 23], etc.

Maiden’s Gum wood presents some good mechanical
properties [24] and for that reason is recommended for
heavy construction [1], products from sawmills, posts
and poles [3]. Due to the Eucalyptus maidenii structural
potentiality as sawn wood, the study aimed to explore
physical and mechanical properties of this wood species
at two different stable moisture contents, 30% and 12%,
evaluating its reduction effect in a point close to the fiber
saturation and other with respect to normative documents
for structural applications.

MATERIALS AND METHODS

The wood species studied here was Eucalyptus
maidenii, whose logs were collected in two Brazilian cities
in Sdo Paulo State to generate the wooden samples used in
the tests (Table 1). A universal testing machine was used to
perform the evaluation of properties.

TABLE 1. Aspects of the Eucalyptus maidenii origin.

To evaluate Eucalyptus maidenii as structural lumber,
sixteen physical and mechanical properties were performed
with small clear specimens, whose selection was based on
defect absence. This testing followed the prescriptions of
Brazilian ABNT NBR 7190:1997 [25] and American ASTM
D-143-14:2014 [26] standards for the following properties:
density (bulk and volumetric mass); perpendicular and
parallel compressions, perpendicular and parallel tensiles,
and static bending (in modulus of rupture and elasticity
parameters); shear stress; cleavage (tangential); hardness
(parallel and perpendicular); and toughness (tangential).
Tangential orientation was selected due to strength in
parallel direction to growth rings, and supported by an
observation by Stolf et al. [27] claiming that there is
no significant difference between radial and tangential
toughnesses for dicotyledonous trees.

Similarly to Lahr et al. [28] and Nogueira et al. [29]
studies, the samples used in these sixteen tests were
prepared and conditioned for stabilization in both
moistures at green (30%) and standard point (12%) in the
Laboratory of Wood and Timber Structures (LaMEM) at the
School of Engineering of Sdo Carlos from the University of
S3do Paulo (USP-EESC), S&o Carlos, Brazil. Furthermore, 310
determinations (or repetitions) were carried out in the
aforementioned sixteen physical-mechanical parameters
for the evaluation of Eucalyptus maidenii.

Ultimately, the obtained results by property were
statistically verified with the analysis of t-test according to
the significance level of 5% (P-value<0.05) to investigate
the moisture content influence in the observed sixteen
physical-mechanical properties of Eucalyptus maidenii
wood. Through the hypothesis formulation, a P-value
higher than the significance level implies accepting the null
hypothesis, whose means of the two groups of moisture are
equivalent, or rejecting it otherwise when the means are
not equivalent.

RESULTS

Physical properties of density were verified and
the obtained results are described in Table 2 with their
respective statistical analyses.

Apart from the physical properties, 14 mechanical
parameters were demonstrated with their statistical
analyses (Tables 3, 4, and 5). Table 3 showed modulus of
rupture results.

Log Amount Bean(!u»:il:l)ount (‘I;g;) Dia(r:\n(;ter Brazilian Region
1 2 28 0.260 Rio Claro (SP)
2 2 28 0.255 Manduri (SP)
3 2 28 0.240 Rio Claro (SP)
4 2 28 0.230 Rio Claro (SP)
5 2 28 0.255 Rio Claro (SP)
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Table 4 indicated the obtained results and statistical cleavage, perpendicular and parallel hardnesses, and
analysis for modulus of elasticity of Eucalyptus maidenii ~ tangential toughness of the studied Eucalyptus maidenii
wood. wood species.

Table 5 showed the obtained results for the last All listed tests were performed, revealing the successful
five strength properties, that is, shear stress, tangential obtaining of sixteen studied properties (Tables 2 to 5).

TABLE 2. Eucalyptus maidenii wood densities.

. MC
Characteristics %) n M, sd P-value
) 30 10 1.19 0.08
Bulk Density (g-cm?) 0.0003
12 10 0.92 0.16
30 10 0.71 0.15
Volumetric Mass Density (g-cm™) 0.6277
12 10 0.74 0.12
TABLE 3. Eucalyptus maidenii wood modulus of rupture.
. MC
Characteristics (%) N M, sd P-value
30 10 43.8 6.4
Parallel Compression (MPa) 0.0978
12 10 48.3 5.0
. . 30 9 1.7 0.3
Perpendicular Compression (MPa) 0.0032
12 10 3.7 1.6
30 9 93.6 24.8
Parallel Tensile (MPa) 0.4731
12 8 83.7 29.9
30 9 3.8 1.2
Perpendicular Tensile (MPa) 0.2537
12 9 4.8 2.2
. . 30 10 92 215
Static Bending (MPa) 0.0000
12 10 225 27.4
TABLE 4. Eucalyptus maidenii wood modulus of elasticity
. MC
Characteristics (%) N M, sd P-value
. 30 10 15564.0 5710.7
Parallel Compression (MPa) 0.6302
12 10 14431.0 4561.4
30 9 169.1 27.7
Perpendicular Compression (MPa) 0.0029
12 10 368.0 156.1
30 9 16845.1 2787.1
Parallel Tensile (MPa) 0.2735
12 8 18932.2 4411.7
A . 30 10 13620.5 3994.8
Static Bending (MPa) 0.1344
12 10 16024.4 2692.2
TABLE 5. Other strength properties of Eucalyptus maidenii wood.
i MC
Characteristics %) n M, sd P-value
30 10 11.7 1.9
Shear Stress (MPa) 0.0010
12 10 17.2 3.7
) 30 10 0.64 0.21
Tangential Cleavage (MPa) 0.0000
12 10 1.16 0.22
) 30 10 7.34 1.62
Perpendicular Hardness (kN) 0.0078
12 10 10.03 2.29
30 10 7.48 3.31
Parallel Hardness (kN) 0.0449
12 10 10.08 1.69
) 30 10 15.3 5.6
Tangential Toughness (N.m) 1.0000
12 10 15.3 5.6
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DISCUSSION

Bulk density results indicated a decrease of 22.69% or
0.27 g:cm? in this property when the moisture contents of
Eucalyptus maidenii samples were reduced from 30% to 12%.
In contrast, the volumetric mass density slightly increased
to 4.05% (0.03 g-cm) with this same situation of moisture
content reduction. With the support of t-test for these
densities, we verified the bulk density and rejected the null
hypothesis of mean equality, because of changes in moisture
content from 30% to 12% showed significant difference in the
obtained means (P-value<0.05). However, volumetric mass
density did not present this null hypothesis rejection, which
is explained by the independence of these means in relation
to this reduction (Table 2). Comparing it with literature for
Eucalyptus maidenii species from New Zealand, McKinley
et al. [10] obtained nominal densities for 11-year-old wood
between 600 and 760. This range is close, but lower, to the
range showed in this study. This was expected, because their
samples were younger than those 28-year-old woods studied
here, that is, almost three times older and thus lightly denser.

Modulus of rupture results indicated increases of
9.32% or 4.5 MPa in the parallel compression, 54.05% (or
2 MPa) in perpendicular compression, 20.83% (1 MPa)
in perpendicular tensile, and 59.11% (133 MPa) in static
bending when the moisture contents of Eucalyptus maidenii
samples were reduced from 30% to 12%. Even in this
moisture content reduction, the parallel tensile presented
a decrease of 10.58% (9.9 MPa). By the t-test analysis, we
observed the perpendicular compression and static bending
means and rejected the null hypothesis of equality means,
whereas their means indicated significant difference
when the moisture content was reduced from 30% to 12%
(P-value<0.05). In contrast, parallel compression, and parallel
and perpendicular tensiles did not reject the null hypothesis,
i.e., their means did not present significant difference with
the moisture decreasing (Table 3). In their study for 11-year-
old Eucalyptus maidenii wood, McKinley et al. [10] reached
two times lower modulus of rupture in static bending, likely
due to this younger age and lower density.

Modulus of elasticity results indicated increases of
11.02% or 2087.1 MPa in parallel tensile and 54.05%
(or 198.9 MPa) in perpendicular compression when the
moisture contents of Eucalyptus maidenii samples were
reduced from 30% to 12%. In such modulus, the moisture
reduction caused decreases of 7.85% (1133 MPa) in parallel
compression, and 15.00% (2403.9 MPa) in static bending.
The t-test analysis applied in these modulus of elasticity
showed only perpendicular compression which showed a
significant difference in its means when the moisture content
was reduced from 30% to 12%, due to the null hypothesis
rejection (P-value<0.05). Successively, static bending, and
parallel compression and tensile did not reject this null
hypothesis, and due to these properties did not present
significant differences in their means (Table 4). Thus, as
compared to McKinley et al. [10], for 11-year-old Eucalyptus
maidenii wood also at 12% of moisture content, the obtained
results were one fifth higher than their modulus of elasticity
in static bending, certainly, on account of the difference of
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age and density found in the two studies that focused on this
particular species.

When the moisture content was reduced to 12%
(dried and standard point), other strength property results
indicated increases in tangential cleavage, shear stress, and
parallel and perpendicular hardnesses in the amount of
44.83% (0.52 MPa), 31.98% (5.5 MPa), 25.79% (2.60 kN),
and 26.82% (2.69 kN), respectively. Tangential toughness
remained stable with the same value. The application of t-test
in tangential cleavage, shear stress, and perpendicular and
parallel hardnesses showed that these properties rejected
the null hypothesis of mean equality, in other words, their
moisture content revealed significant differences in their
means when moisture content was reduced from 30% to
12% (P-value<0.05). Only modulus of tangential toughness
did not present this significant difference in its means with
this moisture reduction (Table 5).

In a study about the evaluation of Eucalyptus urophylla
var. maidenii clones, Beltrame et al. [24] studied wood
mechanical properties at 12% of moisture content. From
values of rupture and elasticity modulus (both in static
bending and parallel compression), and shear stress
obtained by Beltrame et al. [24], it could be verified that
this clone is mechanically similar to traditional Eucalyptus
maidenii timber studied here. McKinley et al. [10] evaluated
hardness of Eucalyptus maidenii 11-year-old wood, but did
not evaluate shared specific direction, that is, parallel or
perpendicular. In both cases, the obtained hardness was
superior to that showed in their study, likely, due to their
younger wood samples with lower densities.

Regarding those results that showed no effect with
moisture content reduction, that is, volumetric mass density
(Table 2), tensile strength parallel to fibers (Table 3), modulus
of elasticity at parallel compression to fibers (Table 4), and
tangential toughness (Table 5), these situations occurred
possibly due to the grouped consideration of wood samples
from five different farms (Table 1), that is, four forestry areas
at Rio Claro city and another at Manduri city, both in Sdo
Paulo state, Brazil. This grouping was considered regarding
of the exact age and eucalypt species from these five distinct
plantations from the same Brazilian state region. However,
such regard revealed three negative impacts and a neutral
result (toughness), in contrast to other twelve positive
effects verified with moisture reduction by this grouping.

There are cases, such as the one reported by Duarte [30],
that the rupture can occur in fragile mode, resulting in a lower
influence of moisture content in each studied mechanical
property. In addition, eventual grain deviations are very
common in eucalypts such as in maidenii [31]. Therefore,
these two situations can be acceptable explanations to the
observed negative effects, considering that specific property
improvements were not captured by statistical analysis in
view of these possible anatomical factors and rupture types
from testing.

By adding value to forests by means of timber production
used in prefabricated components employed in low-rise
timber buildings, the reduction of wood utilization from native
areas is required, for example, aiming at positive effects from
forest management, which include the environment, the
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landscape, and the reduction of hydrogeological hazard [32].
At the same time, the popularization and correct utilization
of wood, particularly those species available in planted
forests, such as Eucaliptus spp, should be intensified [33].

Thereby, the study demonstrated that clear timber
without perceptible defects of Eucalyptus maidenii species
could be efficiently applied for lumber-based products and
raw materials for construction, furniture and other structural
uses, because its mechanical properties efficiently complied
with the studied structural stress strengths at standardised
moisture content. Popularization and correct use of wood
from planted forests [32], such as Eucalyptus maidenii,
according to Fragiacomo et al. [33], can contribute to the
reduction of wood utilization from native areas, offering
positive effects on the environment.

CONCLUSIONS

According to the results on clear pieces without
perceptible defects, Eucalyptus maidenii wood species
achieved required goals for its efficient utilization in
structural applications, whereas woods from five forestry
areas in Sdo Paulo state were considered.

This forestry essence is raw material easily obtained from
planted forests, and such eucalypt species demonstrated
improvements in half of their mechanical strengths studied,
when these properties were submitted to moisture reduction
from 30% of fibre saturation point to 12% of air equilibrium
prescribed by international normative documents for wood
application in civil construction.
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ABSTRACT

Background and Purpose: Nowadays selection of resonant raw material in forests is not practically carried out; there
are no standards and samples for a tree with such timber, and, consequently, rational target use of this unique natural
material is not achieved. Thereof a lot of valuable wood remains in forests or is harvested for utilizing as general-purpose
forest products or firewood. The research is focused on the studies of interrelation of resonant properties of wood and its
biomorphological attributes such as crown diameter and height, trunk habitus, branchless zone extension, etc.

Materials and Methods: Test material for the research of dendroacoustic parameters were cross-section radial cores
4.0 mm in diameter selected with an increment borer at breath height from 16 model trees after cutting them down.
Simultaneously, diameters of trunks at relative heights (H) of 0.2H, 0.5H and 0.7H, as well as branchless zone extension
and tree crown parameters (its extension, first alive knot fastening height, etc.) were defined. Then, the interrelation was
revealed between the biometric data of a tree trunk and average sound velocity measured across the trunk with UK-14M
ultrasonic device at different relative heights.

Results: The results submitted in this paper present practical value and assess the accuracy of standing spruce wood
resonant properties' forecasting based on its ‘wood study portrait’ parameters.

Conclusions: Acoustic properties of wood depend on biomorphology of a tree as well. The parameters of stem tapering,
trunk volume and especially branchless zone extension and crown elevation have, to any extent, the greatest practical
value for standing resonant raw material express diagnostics.

Keywords: sonorous spruce, tree biomorphology, the macrostructure of wood, density, acoustic constant, dendroacoustic
parameters identification

INTRODUCTION

Wood quality is initially predetermined by the biology
of a certain tree, including the breed and other hereditary-
genetic, i.e. 'intrinsic' biotic factors. In the process of growth
and development, a tree cannot remain indifferent to the
influence of all external, abiotic factors influencing wood
quality as well. These can be soil-climatic conditions, changes
of light and temperature modes in the action of the planting

itself, consequences of human intervention into the forest’s
life by its thinning, all types of reclamation, etc. After all, wood
quality is formed under the complex action of internal and
external factors [1-3].

Individual-genetic  (hereditary) factors undoubtedly
prevail in wood quality formation in general, not to mention
the features of physical and mechanical properties, macro-
and micro- structure. Despite the substantial polymorphism
of spruce trees, hereditary factors prove themselves as

© 2018 by the Croatian Forest Research Institute. This is an Open Access paper distributed under the terms
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rather stable through external biomorphological attributes
of a tree: type of branching and crown form, bark color and
structure, trunk habitus, etc. [1, 4-8]. It is impossible to find
reliable data on the use of these attributes by Stradivari and
other masters of the Old Italian school in selection of wood
for manufacturing unique musical instruments. However, it is
wrong to exclude this, as later and modern ways of standing
resonant wood quality by visual estimation apply the above-
mentioned attributes.

Other important factors are visual appearance and tree
condition. Among modern masters there is a point of view
that a spruce tree selected for the manufacturing of musical
instruments should meet the following requirements: it
should (a) be absolutely vertical; (b) have symmetric, narrow
and spiry crown; (c) have a trunk with a cylindrical surface and
branchless zone not less than 5-6 meters; and (d) not contain
other visible defects and damages.

Thicker trunks are in demand: if the diameter at breath
height is less than 35 cm, i.e. at the age of less than 100-120
years, the use of such a tree as a source of resonant material
[9] is considered counterproductive [10]. It is not difficult
to guess that such requirements for a 'resonant' tree are
imposed, first of all, by technological and economic reasons,
considering maximal output of industrial assortment and
parameter limits of the assortment for manufacturing decks
of a musical instrument. Grapini [11] specifies more detailed
data for resonant spruce: (a) the crown is in the form of a
column, almost symmetric, gradually decreases from the
basis to the top at an angle of 30-40° and is formed by thin
branches running mainly downwards; (b) the branches from
the third part of the middle and the bottom of a crown are
attached to the trunk at an angle of 30-40°; large branches are
arranged in clusters, and besides there are branches outside
the clusters as well; (c) the second order branches are rather
rare, thin, long, hanging down, ash-gray-green; (d) the third
order branches are also rare, thin, but light green; and (e)
needles are evenly distributed along the branch, but are never
heaped up at the top, as in some forms of spruce. A lot of
individual masters also consider descending branches to be an
attribute of a resonant spruce [7, 8, 11]. Special value is set on
the fact that it 'is not warped'. It is determined by attentive
inspection of the tree from the view point of branch clusters
arrangement, bark cracks, etc., which requires considerable
experience.

Furthermore, bark structure and color are morphological
attributes of spruce that are often used by masters selecting
the material for manufacturing musical instruments both on
root and in round assortments. However, there is no general
opinion about any specific attribute undoubtedly acceptable
as a diagnostic one. This is probably related to strong variability
of the attributes specified, which also correlate with biological
and ecological features of individual trees [1]. Imperfection
(or even absence) of a uniform method of express diagnostics
of standing wood acoustic properties is caused by the
elements of subjectivity in conclusions based on the results
of observations by different authors, especially regarding
different soil, climatic and geographical environment.

According to Redulescu [12], the bark of a resonant
spruce-tree should be grey and should consist of rather
small and smooth scales. Gavris [4] and Yablokov [13] also

148 SEEFOR9(2): 147-153

recommended the selection of plus spruce trees with smooth
bark forms (lowland, as the authors confirm) as resonant.
Bagayev and Alexandrov [1] believe that smooth-barked
spruce-trees with narrow crown of both Norway and Siberian
species have the best resonant properties.

Sankin [8] conducted a thorough study on the relations
between variability of macrostructure, anatomical structure
of wood, and physical, mechanical and acoustic properties
depending on spruce tree bark appearance in the environment
of the Vologda Region of Russia. Having studied the trees of
two groups (with platy and scaly bark), he came to a conclusion
that spruce with scaly bark is preferable since it possesses
greater genetic plasticity. Meanwhile, the relationship of late
wood percentage and annual ring width with wood density,
dynamic modulus of elasticity and acoustical constant is
equally strongly expressed in both groups.

Basing on such biomorphological preconditions, some
scientists consider that there is a certain phylogenetic biotype
of resonant spruce [11, 13]. To prove this hypothesis it is
possible to recall a well-known fact: not each tree, even of the
same breed and within a particular taxon, possesses necessary
wood dendroacoustic parameters; in other words, 'musicality’
of one tree does not guarantee that all trees of the same
breed in the neighborhood have such wood.

Therefore, studies represent not only theoretical, but
also concrete practical interest for the selection of qualitative
material for manufacturing musical instruments.

MATERIALS AND METHODS

When searching for an objective biomorphological
attribute, we decided upon the seed scales on trunk habitus
and tree crown parameters.

Test material for the research of dendroacoustic
parameters were cross-section radial cores 4.0 mm in
diameter selected with an increment borer at breath height
from 16 model trees of spruce (Picea abies (L.) Karst.) at the
age of 120-140 years. They were selected in the north of
Kirov region of Russia after having been cut. Simultaneously,
diameters of trunks at relative heights (H) of 0.2H, 0.5H and
0.7H, as well as branchless zone extension and tree crown
parameters (its extension, first alive knot fastening height,
etc.) were defined. The method of standing resonant wood
revealing against the cores has been introduced abroad [14]
and in Russia [9] relatively recently.

As a rule, wood structure is different along the length of
a radial core and, accordingly, wood physical and mechanical
parameters in medullar parts and in sapwood are also
different. This distinction is well noticeable even with a naked
eye, first of all, when judging from wood macrostructure:
narrow annual rings are in trunk peripheral zone and wide
ones are close to juvenile central zone (Figure 1a).

Rather homogeneous wood between undercork and
near-core zones is usually taken for deck manufacturing. In
view of this, we studied this part of a trunk along the radius,
conditionally denoted on cores as a 'working' zone (Figure
1b).

Basic physical and dendroacoustic properties of wood —
humidity, density, macrostructure, and ultrasound velocity

https://www.seefor.eu
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FIGURE 1. General view of wood macrostructure according to the trunk zone: a) elements of wood macrostructure (EW - early
wood; LW - late wood; AL - annual ring); b) scheme of core division according to zones (N - near-core zone; W - working zone;

U - undercork zone).

— were defined in laboratory environment. The research was
carried out in the laboratory of resonant wood qualimetry
of the Volga State University of Technology. To ensure the
accuracy of performing ultrasound studies the samples
of wood were kept at standard conditions, i.e. at 20°C and
relative air humidity of 65%. The general order of complex
research is presented in Figure 2.

The macrostructure of wood was studied with an
electronic dendrometer, whose principle of action is based on
the assessment of early (b,) and late (b,) wood zone width in
annual rings according to their microhardness [15].

Sound velocity in wood (C) was assessed by a pulse
ultrasonic method by fixing the time (t) of elastic longitudinal
wave propagation along the sample (I):

c=lfr (1)

It should be noted, that 60 kHz piezoelectric transducer
optimal for wood study was used in the device.

Sound velocity in the material (C), and its density (p)
given, it is possible to assess Young’s dynamic modulus (Edyn),
on the basis of the following known ratio:

1.Moisture content|

(W), %

c ()

E - C.
—lthen Eiwn=C-p
0
It is known that today the acoustic constant of sound
radiation (K) suggested by academician N.N. Andreyev is
accepted as the basic criterion of 'musicality’ of a given
material in many countries:

K

o
Threshold value is K212.0 m*kg*-cm™ for resonant wood
in a longitudinal direction along fibers, and under cross-
section radial measurements K>3.5 m*kg-cm? [16].
Small transformations and joint solution of equations 2
and 3 allow to define the size of acoustical constant K through
Candp:

(3)

K = % c

- C (@)
; /E = K 0
Vo

2. Macrostructure
_ '\(,‘:)1, bz) mm

3

@IIITmD|

. ) e
3.Dimensions (Lxd), cm B.

4 Weight(m), g

FIGURE 2. Principle diagram of experimental measurements.
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Thus, the physical essence of resonant wood represents
combination of incongruous properties, i.e. high parameters
of rigidity, sound velocity and low density.

RESULTS AND DISCUSSION

Over the last years scientists around the world have
become more active in studying acoustic and elastic properties
of coniferous wood, both standing and in assortments [2,
17-19]. However, they do not touch upon the interrelation
between acoustic properties of wood and biomorphology of
atree.

We studied the influence of absolute and relative tree
morphology parameters on average velocity of sound in
a trunk. Tree height, crown diameters in latitudinal and
longitudinal directions and their mean values, branchless zone
extension, height of the first alive knot fastening, alive crown
extension, and alive crown relative extension are submitted
here as input data.

As shown in Table 1, average sound velocity across a
trunk has rather low factors of linear correlation with tree
morphology parameters; besides, their reliability does
not exceed 70%. The factors of linear correlation (Table 1)
characterize the interrelation between sound velocity in stem
wood along fibers and the corresponding biomorphological
parameters. This was obtained by using data correlation
analysis.

Although the correlation coefficient is small, the para-
meter of correlation of sound velocity with branchless zone
extension (r=0.334) and with first alive knot fastening height
(r=0.282) stands out among the presented parameters. Such
tendency corresponds to the rule which masters have used for
a long time, providing the selection of resonant spruce with
highly lifted crown.

Ina certain degree, itis also proved by negative correlation
of sound velocity with relative extension of a crown (r=-0.177).

However, in this case, the opinion of masters regarding
the trees with narrow crowns as the best source of resonant
raw material has not proved to be true; the correlation of
sound velocity with crown diameter appeared positive.

Further calculations showed that rather low values of the
given coefficients are somehow accounted for by nonlinear
character of the relationships under consideration. Therefore,

further analyses are graphically presented on the basis of
quadratic equations. Apart from the tree morphological
parameters listed, we shall also consider the influence of
average stem taper and trunk volume on sound velocity in
wood across fibers.

Here the parameters of branchless zone extension L, and
crown relative extension L /H stand out. Quadratic equations
of their influence on sound velocity appeared significant
among all other parameters of tree morphology and they are
expressed accordingly (Figure 3 and 4).

C=1,800.6 - 187.41L, + 24.42L,? (5)

C=3,735.1-6,451.6L /H + 4,552(L /H)* (6)

The influence of alive knots fastening height (Figure
5) and tree height itself (Figure 6) on sound velocity are of
special practical interest as well.

Stem taper (g, cm'm) as a parameter of its thickness
reduction along the height is calculated against its diameter
D, , according to the formula:

g=D,,/H-1.3 7

Figure 7 shows that influence of stem average taper
on sound velocity across wood fibers is expressed by the
equation:

C=2,233.4-922.06 q +272.41 ¢* (8)

Despite the insignificance of the regression equation
against Fisher's variance ratio, the nature of approximation
line allows to question the weak influence of average stem
taper on cross-section sound velocity in wood.

However, the tendency remains that the less tapering
trunks have relatively better wood from the viewpoint of
acoustic parameters than the more tapering ones. Basically,
this corresponds to standard resonant raw material
selection rule in denser stands where full-bold trunks with
smaller taper are formed.

Trunk volume (V, m®) has the nature of influencing
sound velocity rather close to the diameter; maximum
velocity is observed at its certain interval, outside which,
both increasingly and decreasingly, there is a reduction of
the given acoustic parameter value (Equation 9, Figure 8).

C=1,396.2 + 105.12V- 22.88 \? (9)

TABLE 1. Linear correlation coefficients of sound velocity across the trunk with spruce morphology parameters.

Parameters

Symbolic representation Linear correlation coefficients, r

Tree height

Crown diameter in latitudinal direction
Crown diameter in longitudinal direction
Mean crown diameter

Branchless zone extension

First alive knot fastening height

Alive crown extension

Relative extension of a crown

H 0.179
D, N-S 0.118
D E-W 0.228
D, M 0.191
L, 0.334
H, 0.282
L -0.005
L/H -0.177
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It is necessary to note a sufficiently high degree of data
dispersion, which is presented in the diagrams (Figsures 3-8).
It also characterizes insignificant correlation between sound
velocity and biomorphological parameters. The graphs
were built using computer modelling. The given type of a
regression model was chosen as the one most adequately
describing all the dependences under study.

CONCLUSIONS

Acoustic properties of wood depend on biomorphology
of a tree as well. The parameters of stem tapering, trunk
volume and especially branchless zone extension and crown
elevation have, to any extent, the greatest practical value for
standing resonant raw material express diagnostics.
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