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Abstract

The properties of biomass-based fuel and combustion tests showed that logging residues are promising renewable
energy sources. The data used in this study were collected from four clear-felling areas in Jérvselja Training and
Experimental Forest Centre, Southeast Estonia in 2013—-2014. Logging was carried out by harvesters in Scots pine
(Pinus sylvestris L.), Norway spruce (Picea abies [L.] Karst.), silver birch (Betula pendula Roth.) and black alder (Alnus
glutinosa L. Gaertn.) dominated stands with a small admixture of other tree species according to the cut-to-length
method and logging residues were placed in heaps. The aim of this research is to assess different characteristics of
logging residues (quantity, moisture content, energetic potential, ash content and amount) in clear-felling areas. The
highest load of slash was measured on the birch dominated study site, where the dry weight of the logging residues
was 29 tha™'. Only the branch fraction moisture content on the black alder dominated site (35.4%) was clearly differ-
ent from respective values on other sites (21.6-25.4%). The highest calorific value of the residues was assessed with
the residues from the birch dominated site, where in moist sample it was 365 GJ ha™! and in dry matter 585 GJ ha™'.
The heating value of the fresh residues is highest in coniferous trees. The highest ash content in branch segments
was registered for the black alder dominated site. Jarvselja data indicate higher quality in conifer dominated sites,

yet a higher load of logging residues in broadleaf dominated stands.
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1. Introduction

Public demand for ecosystem services is limiting a more
extensive use of forests although wood consumption is
increasing globally. Intensive forest management and
deployment of underutilized resources (e.g. stumps and
logging residues) on clear-felling sites are expected to
ease the contradicting needs. The utilization of logging
residues can improve also the economics of forest man-
agement as there are now available, efficient technologies
for collecting residues from logging areas. At the same
time, a market is slowly developing for logging residues,
since geographically scattered local power plants have
ahigher demand for solid biofuels, including wood chips
from logging residues. Substitution of fossil fuels by
forest biomass as a CO,-neutral energy source is a com-
mon policy target in many countries, including Northern
Europe (Olsson et al. 1996; Stupak et al. 2007; Routa et
al. 2012; Rytter et al. 2016).

Around two thirds of current renewable energy is pro-
duced mainly from solid biomass (90.8 Mtoe; mega tonne
of oil equivalent is a unit of energy defined as the amount

of energy released by burning one tonne of crude oil) fol-
lowed by liquid (14.4 Mtoe) and gaseous (13.5 Mtoe) bio-
mass sources (Sustainable and optimal... 2017). Switch-
ingtorenewable energy sources has been quite successful
in Estonia, e.g. the share of electricity generated from
solid renewable sources in total electricity consumption
has been increasing from 6% in 2009 to 18% in 2017
(Statistical Yearbook of... 2017). The share of energy
produced from wood constituted 50% of electricity and
75% of heat energy production from renewable sources in
2016 (Statistical Yearbookof... 2017). However, logging
residues from forest management operations should be
considered and used more widely for energy production
in Estonia (Muiste et al. 2004; Muiste & Kakko 2004; Uri
etal. 2015). Analyses in the past and the potential for the
future indicate that the availability of suitable wood for
energy production in Estonia is several times higher than
current consumption (Hepner et al. 2010).

There are different technologies available for efficient
harvesting of forest biomass. The whole-tree harvest-
ing technology can have short and long-term negative
impacts on forest ecosystems (Malkonen 1976; Egnell
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& Leijon 1997; Jacobson et al. 2000; Helmisaari et al.
2011; Wall 2012; Persson 2017). Intensive harvesting
of forest biomass (utilization of whole-tree biomass,
logging residues, stumps and roots, etc.) increases the
mineralization of organic material and the removal of
nutrients from the ecosystem compared to the traditional
stem-wood harvesting (Meller 2000; Olsson et al. 2000;
Palviainen 2005; Raulund-Rasmussen et al. 2008; Saar-
salmietal. 2010). If nutrient-rich parts of trees (needles,
branches) are also harvested from the forest ecosystem,
nutrient loss is considerably amplified. There is also a sig-
nificantrisk of changes in soil chemical properties (acidi-
fication, leaching out of nutrients, etc.) upon intensive
harvesting of forest biomass in conifer stands (Staaf &
Olsson 1991; Saarsalmi et al. 2010; de Jong et al. 2017).
The exchangeable aluminium content increased and
the calcium/aluminium ratio was significantly lower on
the whole-tree harvesting sites than in the conventional
harvesting area (Saarsalmi et al. 2010). The removal of
macro- and microelements during intensive biomass
harvesting should be compensated for on acid soils; the
return of wood ash might prevent deficiency (Raulund-
Rasmussen et al. 2008).

The aim of the current study is to assess different
characteristics of logging residues (quantity, moisture
content, energetic potential, ash content and amount)
on clear-felling areas in Jarvselja (Southeast Estonia).

2. Material and methods

The data used in this study was collected from four clear-
felling areasin Jarvselja Training and Experimental For-
est Centre, Southeast Estonia (Table 1). Before clear-
felling, the study sites were Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies [L.] Karst.), silver birch

(Betula pendula Roth.) and black alder (Alnus glutinosa
L. Gaertn.) dominated stands with a small admixture of
other tree species (Table 2). Admixture species included
Norway spruce, silver birch and small-leaved linden
(Tilia cordataMill.) on the sites. Logging was carried out
on all study sites in 2013-2014 by harvesters according
to the cut-to-length method and logging residues were
placed in heaps. In the clear-felling areas all the trees
were harvested, except the retention trees (up to 5% of
stand volume). The heaps included treetops, branches
and unconditional logs, and they covered 15-35% of the
logging area on different sites. The maximum height of
heaps was 0.6 m.

All study sites were measured and samples collected
in the late autumn of 2014 as logging residues were left
to dry during the summer at the sites. This method pro-
vides logging residues with low amounts of needles and
leaves, as requested by the energy-converting industry
(Nilsson et al. 2013). At each study site, all heaps were
mapped and logging residue plots (LRP) were distrib-
uted evenly on the heaps. Five LRPs were established at
sites A, C and D (on each site), and three LRPs at site
B. The length of an LRP was 10 m and the width was
the actual width of the heap. After the establishment of
an LRP, the branches without foliage and billets were
torn apart, separately piled and weighed. The samples
of branches and billets were taken from each LRP for
laboratory tests in November 2014 (birch, pine, spruce)
and in April 2015 (alnus).

Laboratory tests were carried out at the laborato-
ries of the Estonian University of Life Sciences where
the moisture content, calorific value and ash content of
the samples were determined according to standards
(CEN/TS 14774 2004; CEN/TS 14775 2004; CEN/TS
14918 2005).

Table 1. Basic information on the study sites. Site types are according to Lohmus (2004).

Study site Area ha Site type Coordinates Elevation [m a.s.L.] Logging time

A 1.92 Myrtillus 58°15’38” N, 27°19’32”E 41 Feb 2014

B 0.30 Oxalis-Myrtillus 58°1712”N,27°17’52”E 34 Apr2013

C 0.67 Aegopodium 58°18'12” N, 27°18'08” E 32 Dec2013

D 342 Eutrophic fen 58°17°31” N, 27°21’04” E 33 Oct 2014

Table 2. Tree stand characteristics before clear-felling.

Study site Tree species Alyears] N [treesha™'] H[m] D,,[cm] G[m*ha] V[m?ha'!
Scots pine 120 531 25 25 26.0 296
Norway spruce 120 4 26 26 0.2 3

A Norway spruce 40 303 7 5 0.7 3
Silver birch 30 50 6 6 0.1 1
All species 888 27.0 303
Norway spruce 75 252 27 33 21.6 277

B Scots pine 75 35 28 30 2.5 31
All species 287 24.1 308
Silver birch 60 618 27 24 28.0 343

C Norway spruce 40 260 10 12 29 18
Small-leaved linden 40 27 13 12 0.3 2
All species 905 31.2 363
Black alder 70 461 23 23 19.2 197

D Silver birch 70 163 23 22 6.2 66
Norway spruce 40 89 9 10 0.7 4
All species 713 26.1 267

A~ age, N-stem number, D, ,—diameter at breast height, H - height, G - basal area, V - stem volume.



V. Kurvits et al. / Cent. Eur. For. J. 66 (2020) 3-11

A

4000
5
E 3500
S 3000
= 2500
Z 2000
1500
1000

o

olun

-

— : — — —

— ———

wn
=
S

Thousand m? of solid v

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

mmm—| ()5 e o Smalllogs e Pulpwood e=s e Fuelwood Residues

6000
5000

Thousand m? of solid volume
~EEEE8
000 ]
001 D]
002 ]
003 D]
UL —
005 ]
007 ]
008 I ]
L s m— |
U s —
I E—
P S —
R s E—
F s E—
R S —
(O s I
[ — |

S &8 8 8 &8 &8 8 8 8 8 88 8888 a8a

@Firewood OWood chipsandwaste  m Wood briquettes and pellets*

2500

2000

1000
500 I I
0
R

)
=]
S

Thousand m? of solid volume

Fig. 1. Fellings by assortments (A), gross inland consumption (B) and export (C) of wood fuels in 2000—2017 in Estonia (Year-
book Forest 2013, 2014; Statistical Yearbook of... 2017).* 1,000 tons; ** accounting of assortments has changed since 2009.

Over the last five years, wood pellets have become an
important fuel on the Estonian energy market (Fig. 1).In
2010-2015 the consuption of pellets has increased more
than seven times. The increasing of regeneration fellings
proportion during last years is promising for using resi-
dues (Fig. 1).

Statistical analysis was implemented using Statistica
10.0 software. Analysis of variance (ANOVA, Tukey’s
test and Tukey’s Unequal N test) was used to test the
equality of the means on the study sites.

3. Results

3.1. Quantity, moisture content, energetic
potential and ash content of logging residues

The highestload of slash was measured at the birch domi-
nated study site (C) in Jarvselja Training and Experimen-
tal Forest Centre, where the dryweight of thelogging resi-
dues was 29t ha! (Table 3). Based on the load, the next
site was Scots pine dominated site (A) where 25 t ha!
(Table 3) oflogging residues were measured. The spruce
dominated site (B) and black alder dominated site (D)
yielded with an almost comparable load, 12t ha™! and
16t ha! of logging residues, respectively (Table 3). The
weight consisted of an approximately double amount of
residues from billets in comparison to branches in the
case of pine and alder study sites; for birch an opposite
result was observed (Fig. 2). The dry weight of birch
branches differed statistically significantly (p <0.05) in
comparison to branches from the alder dominated site

(Fig. 2).

Analyses indicate that the moisture content of resi-
dues on different sites with different dominating tree
species is different (Table 3). The moisture content of
alder site branches was statistically significantly higher
(p <0.05) in comparison to the moisture content of
spruce and birch branches (Fig. 2). In general, no statisti-
cally significant difference was measured in the moisture
content between the sites or between different fractions
on the same site (Fig. 2). Only the branch fraction mois-
ture content on the black alder dominated site (35.4%)
was clearly different from respective values on other sites
(21.6-25.4%), being 1.6 times higher (Fig. 2).

The calorific value of the residues was expressed as
the calorific value of dry matter per kilogram and hec-
tare and calorific value of moist samples (Table 3; Fig. 3).
The highest value was assessed with the residues from
the birch dominated site where in moist sample it was
365GJha'andindrymatter 585 GJha™! (Table 3). Arel-
atively close result was obtained from the pine dominated
site where the moist sample resulted in 332 GJ ha™! and
dry sample 497 GJ ha! (Table 3). The result from the
spruce dominated site must be considered separately,
since it included only branches and resulted with lowest
calorific value, where in moist samples it was 164 GJ ha™!
and in dry sample 242 GJ ha! (Table 3). The heating
value of coniferous species varied from 13.3 MJ kg~ to
14.7 MJ kg of fresh mass and heating value of broadleaf
species varied from 11.0 MJ kg to 13.8 MJ kg! of fresh
mass (Fig. 3).

From the samples the ash content was obtained sepa-
rately for branch and stem segments. The highest ash
content in branch segments was registered for the black
alder dominated site, where average ash content was
1.9%. This was followed by birch and spruce dominated
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Table 3. Different characteristics of residues (mean * standard deviation). Different letters indicate a statistically significant
difference between parameters within tree species in the Tukey test p <0.05.

Characteristic Scots pine Norway spruce® Silver birch Black alder
Fresh weight [tonnes] 31.8419.8° 4.742.2% 13.747.6° 42.5£16.5
Dryweight [tonnes] 23.5£13.1° 3.541.5% 9.615.6 217.0£10.0°
Dry weight [t ha!] 24.5+10.3 11.74£5.0° 28.619.1° 15.844.2°
Moisture content [%] 23.946.5° 23.3+4.0° 30.3£1.8° 36.045.0™
Heating value [MJ kg ']
Fresh residues 14.041.5° 14.140.8° 12.5¢1.4 11.311.3°
Dry residues 20.4+0.4° 20.6+0.2° 20.4+0.4° 20.4+0.4°
Energetic potential [GJ ha™!]
Fresh residues 332+142° 164163* 365+113¢ 179156*
Dry residues 497+208° 2421106 5851185 321186
Ash content [%] 0.4810.25° 1.4310.37° 1.0£0.50¢ 1.3540.69
Ash amount [t ha™] 0.10£0.04° 0.17£0.07 0.3240.12° 0.19£0.06°
*The data on Norway spruce contain only the characteristics of branches.
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Fig. 2. The dry weight (t ha™') (A) and moisture content of residues (%) (B) (mean * standard deviation).
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Fig. 3. The heating value of fresh (A) and dry residues (B) (MJ kg™') (mean + standard deviation).

sites with 1.4%, where the branch ash content was sta-
tistically significantly (p <0.05) higher than in the pine
dominated site (0.7%) (Fig. 4). For the stem segments
the highest ash content was also registered from the
samples of the black alder dominated site (0.8%) and it
was followed by birch (0.6%) and the pine dominated
site 0.3% (Fig.4). There were no stem residues left on the
spruce dominated site. It appeared that not related to the
species specific site difference the ash content in branch
segments was statistically significantly (p<0.001) higher
(onaverage 2.5 times) than in stem segments (Fig. 4). In
conclusion, the amount of ash in available logging resi-
dueswas (.1 tons per hectare on the pine dominated site,
0.2 tons per ha on spruce and black alder dominated sites
and 0.3 tons per ha on the birch dominated site (Fig. 4).

4, Discussion

Living and dead branches, foliage, unmerchantable
stemwood with bark, extracted stumps, small-diameter
trees from early thinnings, also understory and broken
pieces on the ground after harvesting merchantable
wood are considered as primary forestry residues and
have become a major source of bioenergy (Rdser et al.
2008). The annual amount of felling residues reaches
atotal of 71 million m?in the Nordic and Baltic countries,
with a potential of 44 million m? of residues (contain-
ing 6 million m? of stump wood) for energy production
(Roseretal. 2008). Large differences existin the amounts
of residues of different species per hectare, depending
mainly on the species- or mixture-specific shade toler-
ance, thickness of branches and bark, endurance of foli-
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Fig. 4. The ash content of residues (%) (A) and the amount of ash (t ha™) (B) in the clear-cutting area (mean * standard devia-

tion).

age, durability of dead branches, the form and shape of
the stem and the basic density of the different biomass
components of a tree. Thinning of young pine stands was
a long-time priority in Finland, because the territory of
pine dominated forests was 80% of the total area of young
forests (Vesisenaho & Nousainen 1997). During the last
20 years, the situation has changed in Finland — the total
logging residue potential has risen from 8 million m? to
9.2 million m®— Norway spruce formed 5.6 million m? of
the total potential, Scots pine 2.4 million m* and broad-
leaf species (mainly birches) 1.2 million m? (Raisénen
& Athanassiadis 2013). Annual yield surveys of Esto-
nian forests in 2002—2012 indicated that an average of
1.2 million m? of slash are generated every year, which
amountto an average of 16.3% oflogging residues of the
total annual yield (Yearbook Forest 2014 2015). Aver-
age annual residues by tree species in 2008-2012 col-
lected from different site types of Estonian forests are
33% spruce, 22% birch, 19% pine, 10% aspen, 7% grey
alder, 6% black alder, and 3% other species.

In Estonia, 46% of heat energy is produced from bio-
mass; it is possible to produce up to 2/3 of heat energy
fromlocal biomass (Statistical Yearbook of... 2017). The
properties of biomass-based fuel and combustion tests
showed that logging residues prove a promising renew-
able energy source, and their addition as surplus fuel to
oil shale, the main local fuel in Estonia, could make the
production of electricity from fossil oil shale more envi-
ronmentally friendly and reduce the CO, emission from
power plants (Kask et al. 2011). The use of low-quality
wood for electricity production has reduced impacts on
the environment: in 2011, the use of renewable biofuels
decreased CO, emissions by 350,000-380,000 tonnes,
and the amount of oil shale ash decreased by 180,000
tonnes (Eesti Energia 2012).

Potential quantities and the energetic value of the
logging residues from fellings are high in Estonia, but
logging residues from final fellings and first thinnings are
still underutilized (Rosenvald 2001; Muiste et al. 2004).
In 2000-2015, firewood fellings in Estonia amounted
from 3 to 4.5 million solid cubic metres, of which the
wood chips and waste proportion has changed from
47% to 66% (Yearbook Forest 2017 2018). Tree stumps

removal is a novel potential source for renewable energy
in Estonia (Urietal. 2015).1n 2013, only 33% of the total
volume of potential residues was taken into use (Annual
Report 2014). The sale of wood chips and residues col-
lected from Estonian state forests has decreased from
330,000 m?3 in 2011 to 183,000 m3 in 2016, forming
5-11% of the total volume of sold timber (Annual Report
2014, 2016; Yearbook Forest 2017, 2018). At the end of
2017, the demand for biomass for renewable energy pro-
duction increased significantly (Yearbook Forest 2017,
2018). Wood pellets have become an important fuel type
on the energy market in Estonia: in 2010—-2015 the con-
sumption of pellets increased more than seven times.

The volume of harvesting residues is very variable,
depending mainly on the site type quality and species
composition (Padari et al. 2010; Rytter et al. 2016).
The technical biomass potential of forestry residues in
Germany is between 37.9 and 61.8 million Mg (DM);
energetic use ranges from 17.7 to 25.2 million Mg (DM)
(Brosowski et al. 2016). Sweden demonstrated that
increasing the use of harvesting residues by 2.5 times
can be sustainable: the energy potential ranged from 40
PJ yr! (least intensive biomass harvest) to 155 PJ yr!
(most intensive biomass harvest) (de Jong et al. 2017).
Depending on the forest site type the oven dry weight
of harvesting residues per m? of the stem varies from
22 m3ha! (raised bog site type) to 144 m*>ha! (alder fen
site type), the volume of stumps maybe up to 130 m*ha-!,
and the share of harvesting residues of the volume of the
stand varies from 4.4 to 28.8% (Padari et al. 2010; Uri
etal. 2015).

Nurmi (1993) states that the quality and moisture
content of fuelwood are much more important factors
than the species from the users’ point of view. Seasoned
logging residues had the lowest dry matter loss, while
the logging residues harvested and piled in autumn had
the highest loss (Filbakk et al. 2011). The results of our
study show that the dry weight of residues (billets and
branches) was lower in the coniferous (pine and spruce)
residues collected during spring than in the broadleaf
species dominated stands (birch and alnus) where resi-
dues were collected in late autumn. Spruce dominated
stands are considered the best sites for logging residue
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removal due to high yield — for instance Scots pine domi-
nated stands produce ca half of the harvestable crown
biomass of spruce dominated stands (Réisdnen & Atha-
nassiadis 2013; Yearbook Forest 2014, 2015). In our
study the low quantity of spruce residues is due to the
collecting of branches only.

The key question is how different handling and stor-
age methods affect fuel properties (moisture content,
dry matter losses, etc.) (Filbakk et al. 2011). The mois-
ture content of logging residues is the most important
quality factor affecting significantly the calorific value
of woody biomass and transport costs (Pettersson &
Nordfjell 2007). Weather and forest conditions have
a greater impact on the moisture content of residues than
the handling method (Nilsson et al. 2013), depending
also onvarying shapes of piles, differences in the material
type and storage conditions, etc. (Pettersson & Nord-
fjell 2007; Kizha & Han 2017). Pettersson and Nordfjell
(2007) reported that the moisture content fell to 18.2—
20.7% for the covered and 18.8—24.9% for the uncovered
material. The moisture content of tree tops and branches
from broadleaf and coniferous forests mayvaryonalarge
scale from 25% to 60% (Garcia et al. 2015). Summer-
time, when the vapour pressure deficit of the ambient
air is low, is usually the best season for open air drying
of woody residues (Pettersson & Nordfjell 2007). Our
study results show that the moisture content of conifer-
ous (pine and spruce) residues collected during spring is
lower (22—-26%) than the moisture content of broadleaf
species (birch and alnus) residues (25-37%) collected
in late autumn. Thus, coniferous residues air-dried and
achieved a moisture content equivalent to the moisture
content of fire wood dried in the open air (approximately
20-25%) (Vares et al. 2005). The moisture content of
pine and spruce branches is quite equal (22—23%) in our
study area, but Hakkila (1989) observed a higher mois-
ture content in fresh Scots pine branches (55%) than in
Norway spruce branches (45%). The moisture content
affected significantly dry matter loss (1-3% per month),
with the highest dry matter loss being found in the sam-
ples with the least favourable drying conditions and in
spruce bundles rather than in pine bundles (Filbakk et
al. 2011).

Differences in the calorific value of logging residues
depend on the chemical composition of different tree
species and tree components (stem, branches, foliage,
etc.) (Pettersson & Nordfjell 2007). Differences in the
chemical composition are mainly due to the differences
in cellulose and hemicelluloses in lignin, resin, terpenes
and waxes that result in higher calorific values (Nurmi
1993). The net calorific value in the crown mass of young
Norway spruce and Scots pine varies from 19.2 MJ kg!
of dry mass for the foliage to 19.7 MJ kg~! for the stem
wood, respectively (Nurmi 1993). Corresponding values
for Scots pine and Silver birch are 21.0 and 20.0 MJ kg™!
and 19.8 and 18.7 MJ kg™!, respectively. The results
of our study shows that the calorific value varied from

8

20.1 MJ kg! (billets) to 20.7 MJ kg! (branches) of dry
mass. The heating value of the stem, branches and roots is
highestin coniferous trees. The results of our study shows
that the calorific value of coniferous species varied from
13.3 MJ kg! to 14.7 MJ kg of fresh mass and calorific
value of broadleaf species varied from 11.0 MJ kg~! to
13.8 MJ kg! of fresh mass. The potential of residues from
spruce dominated stands can reach 100 m?® ha-'equal to
1008 GJ ha!, and during forest harvesting the possible
share of obtained residues suitable for use is 50-75%
(Muiste et al. 2004). The potential energy content of
harvested spruce stumps amounted to 290 MW h ha!
(Urietal. 2015). The average energy content of residues
from final felling is 522 GJ ha~! (maximum 831 GJ ha!
inabirch and alder mixed stand) and from thinning 151
GJ ha™! (maximum 259 GJ ha~'in a pine stand) (Muiste
et al. 2004). Results from our study area indicate that
the energetic potential of fresh residues varies on alarge
scale: from 70 to 250 GJ ha! (fresh residues) and from
123 t0 377 GJ ha™! (dry residues).

Together with the rising interest towards the resource
potential of harvest residues, there is a rising need to
enhance the stand residues predictive capabilities of our
forest biomass models (Eastaugh et al. 2013). Which
general or site-specific equations are more accurate for
estimating branch biomass, allometric studies could be
give answer (Fortier et al. 2017). The young Norway
spruce trees growing on soils with higher C/N ratio are
more likely to have higher branches biomass (Dutcé et
al. 2014). The strong environmental effect on the allom-
etric relationship between diameter at breast height and
compartment biomass have been observed (Forrester et
al. 2017). Smaller diameeter at breast height trees had
lower humidity content and lower proportion of branches
(Fortier et al. 2017). Our results shows that from smal-
ler average diameter at breast height stands with higher
number of trees per hectare were collected higher amount
of branches.

Investigations observed that the harvesting of resi-
dues will have positive and negative effects on the envi-
ronment (soil and water quality, climate regulation,
biodiversity, etc.) and ecosystem services (Jonsell 2008;
de Jong et al. 2017; Ranius et al. 2018). Harvesting of
Norway spruce stumps did not increase soil respiration
intensity (Urietal. 2015). CO, emissions decreased with
anincreasing rotation length: the highest annual biomass
production was obtained with arotation length of 40—60
years (Scots pine) and 80—100 years (Norway spruce)
(Routa et al. 2012). Whole-tree clear cutting affected
markedly the total amounts of carbon and nitrogen on
the more fertile sites (Saarsalmi et al. 2010). Depending
on harvesting intensity, the levels of macro- (N, P, K, Ca,
Mg, S) and micronutrients (Mn, Zn, Cu) in forest soil
and plants change, which either decreases or increa-
ses site productivity and biodiversity (Grenflaten et al.
2008; Jonsell 2008; Pyttel et al. 2015). Slash extraction
has a stronger effect because the base cation contents,
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charge-balancing organicacid anions, are much higherin
needles and branches compared with those in the stumps
(deJongetal.2017). One way to compensate for nutrient
loss is to return the ash from woody biomass burning to
forest lands (Saarsalmi et al. 2005; Ingerslev et al. 2014;
deJongetal. 2017). Ash content of logging residues was
in the range of 1.6—2.2% (mainly Norway spruce) and
1.0-1.2% foryoung trees (mainly downy birch) (Petters-
son & Nordfjell 2007). Our research results show that
the ash content of branches (0.7-1.9%) was more than
2 times higher than the ash content of billets (0.3—0.8%);
the ash content of birch and alnus billets ranged from
0.6 t00.8%. According to the residual biomass collected
from our study areas the total amount of ash formed was
5.5tonnes: 1, 0.1, 1.1 and 3.3 tonnes from pine, spruce,
birch and alder sites, respectively. Based on the quanti-
ties of ash used in Scandinavia (2—-3 tonnes per hectare in
mineral soils or 4-5 tonnes per hectare in organic soils),
ca 1-2hectares of forests could be fertilized with ash from
our study areas.

In the changed European security environment,
concrete investments are required in the production of
distributed renewable energy, because renewable energy
solutions have proven their effectiveness while being
the only sector of the energy industry with rapid innova-
tions (Renewable Energy Yearbook 2016). Estonia has
considerable renewable energy resources in the form of
logging residues. This research only explored the use of
logging residues as these are the main fuel for all heating
power stations and combined heat and power plants hea-
ted with wood. In the middle of the 1990s, the transition
of heating power stations to wood heating was started
in Estonia with the support of the World Bank and other
financial resources. Combined heat and power plants
heated with wood have been built since 2009. All these
additional facilities have increased the consumption of
wood fuels. For the planned production of energy ca 4.6
million cubic metres of residues were needed (Hepner et
al. 2010). Hence, the development of environmentally
friendly and sustainable energy will require constantly
increasing utilization of renewable energy sources in the
future. However, the specific weight of logging residues is
low and their distributionin a cutting area is widespread,
and for this reason, collecting and processing them is
labour-intensive and the used equipment are expensive
(Vares et al. 2005). Logistics optimization is of great
importance (selection of appropriate sites for chipping
of residues, etc.) for assuring the economic feasibility
of collecting logging residues. Taking into account the
effects of implementing different technologies (intensive
whole-tree harvesting, including stumps, thinning of only
above-ground biomass, etc.) for collecting harvesting
residues, which have been discussed in numerous stu-
dies, the future direction in Estonian conditions should
be the cutting of above-ground biomass (stems and
branches) exclusively. Compared to the production of
forest chips, producing fuel from stumps requires using

a completely different method, for example a special
gripper attached to an excavator for uprooting, wood
crushersinstead of chippers for grinding stumps, and the
obtained fuel, which has a high ash content, can only be
burnedinlarge CFB boilers. Neither economic norecolo-
gical analyses support the practice of uprooting stumps;
moreover, the latter lack a sufficient market in Estonia
and there seem to be no current political or commercial
interests in developing one. Although there is currently
no interest in Estonia in such a fuel, the situation may
change, because according to the framework convention
on climate change which was adopted by several count-
ries, carbon emissions have to be significantly reduced
and alternatives to oil shale energy found.

5. Conclusions

The utilization of logging residues as fuel is a relatively
affordable source of renewable energy. The quality (calo-
rific potential and ash content) together with the mois-
ture content of fuelwood are more important factors than
the species from the users’ point of view. Still the quality
depends on the species-specific properties of the logging
residues as well as on the species-specific chemical com-
position of the residues. Jarvselja data indicate higher
quality in conifer dominated sites, but a higher load of
logging residues in broadleaf dominated stands. The
moisture content of birch, pine and the spruce branch
fractionwassimilar (21.6—-25.4%); onlyontheblack alder
dominated site the moisture content (35.4%) was clearly
different. The heating value of the billets and branches
is highest in coniferous trees: the heating value of conif-
erous species varied from 13.3 MJ kg to 14.7 MJ kg™!
of fresh mass and heating value of broadleaf species
varied from 11.0 MJ kg~! to 13.8 MJ kg™! of fresh mass.
It appeared that regardless of the species specifics and
site differences, the ash content in branch segments was
statistically significantly higher than in stem segments.
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Abstract

The goal of the present research is to analyze parameters of a bundle of logs for various models of forwarders in the
Pryazha division of forestry of the Republic of Karelia. The investigated parameters were mass and volume of abundle
of logs, stacking factor of the bundle and the number of wood assortments in the bundle. The following models of
forwarders have been investigated: John Deere 1210E, John Deere 1110E, Ponsse Elk, Ponsse Wisent, Amkodor
2661-01, Rottne F13D, Rottne F15D, Rottne F18D. We estimated the parameters of bundles formed from spruce
sawlog 6.1 m long and bundles formed from spruce pulpwood 4 m long. Data on stem forms from harvester record-
ers have been collected to assess the parameters of a bundle of logs. Parameters of bundles have been determined
based on computer experiment. The experiment consists of the following steps: random selection of the stem from
the database; simulation of the cut-to-length process; simulation of log stacking process; calculation of parameters
of a bundle of logs. We found that parameters of bundles vary to a quite substantial extent. Average variability of
abundle of logs formed of 6.1 m long spruce sawlog is 4.5 t, variability of the volume is 5.8 m?, and variability of the
number of wood assortments in a bundle is 49 pcs. For a bundle made up of 4 m long spruce pulpwood variability of
mass is on average 2.8t, that of volume — 2.09 m?, that of the number of wood assortments — 57 pc. The presented
results can inform transportation of wood on cutting areas, planning timber harvesting, as well as development new
logging machines.

Key words: simulation study; computer experiment; mass of bundle; volume of bundle; number of logs in a bundle;
load capacity

Editor: Tomas Hlasny

1. Introduction

Cut-to-length wood harvesting method has been widely
practiced in Europe (Proto et al. 2018a). In Nordic coun-
tries, harvesting is mainly performed with fully-mech-
anized cut-to-length wood harvesting system. (Tufts &
Brinker 1993; Vossbrink & Horn 2004; Gerasimova &
Sokolov 2014). Such a system includes harvester and
forwarder (Talbot et al. 2003; Wang et al. 2005; Cambi
etal. 2017; Proto etal. 2018b). Fully-mechanized cut-to-
length harvesting system has also become increasingly
used in the European North of Russia, in particular, in
the Republic of Karelia (Gerasimov et al. 2012). When
practicing cut-to-length wood harvesting, operations
performed by forwarder are the most labour-consum-
ing and expensive ones (Mousavi 2009). Therefore, it is
a timely task to upgrade the design of such machines,

increasing their reliability.

Thereisagreat number of publications relating to the
study of various aspects of forwarder operation (Proto et
al. 2018a). The efficiency of forwarder depends on mul-
tiple factors, and the most important one is the distance
of transportation. (Sever 1988; Ghaffarian et al. 2007).
The productivity of forwarder relies heavily on the param-
eters of truck load (Nurminen et al. 2006; Proto et al.
2018b). Therefore, increased distance of transportation
nfluences the parameters of a bundle of logs (weight, vol-
ume, number of wood assortments) on forwarder pro-
ductivity grows. (Raymond 1989; Tiernan et al. 2004).
However, research of bundle parameters has yet received
little attention, what can decrease the accuracy and sig-
nificance of the obtained results.

Productivity of forwarders depends on the number of
wood assortments in abundle, which defines the number
of cycles of aloader duringload and discharge (Tufts and
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Brinker 1993; Tufts 1997; Manner et al. 2013). Minette
et al. (2004) point that collection and discharge of logs
consume most of the process cycle time of the forwarder
operation. The negative impact of the forwarder on the
soil is determined by the truck load parameters (Labelle
& Jaeger2019; Sirénetal. 2019). Many publications deal
with ecological aspects, in particular, fuel consumption
rate, energy efficiency and exhaust emission (Klvacet al.
2012; Lijewski et al. 2017). Fuel consumption rate and,
consequently, exhaust emission depend on the param-
eters of a bundle of logs.

Research of the parameters of forwarder’s bundle
is important in order to assess terrain crossing capacity
(Voinash & Vonash 2011) and to ensure machine design
reliability (Golyakevich & Goronovskii 2017). Overload-
ing of the machine negatively affects running gear parts
and leads to their premature failure.

Therefore, the assessment of parameters of a bundle
of logs to be transported is an important task related to
various aspects of forwarder’s operation. The solution of
this problemwill allow logging enterprises to increase the
efficiency of logging management. In addition, for manu-
facturers of logging equipment, this will allow to choose
the optimal combination of transmission parameters and
components of the running gear parts for certain operat-
ing conditions.

The aim of this study was to analyze the parameters
of abundle of logs for various models of forwarders in the
Pryazha division of forestry of the Republic of Karelia.
In the study, analysis of the parameters of a bundle of
logs was performed by using computer experiment. The
objective was to assess the variability of mass and volume
of a bundle of logs, stacking factor of the bundle and the
number of wood assortments in the bundle. The addi-
tional objective was to establish the relationship between
load area cross section of a forwarder and parameters of
abundle of logs. We have also compared load capacities
of considered forwarders with simulated loaded bundle
massvalues to determine compliance of their load capac-
ity with operating conditions.

2. Materials and methods

2.1. Study region

This research was conducted in the Pryazha division of
forestry of the Republic of Karelia situated in the north
of the European part of Russia (Fig. 1). The republic
borders with Finland in the west and by the White Sea
in the north-east. Pryazha division of forestry is located
in the southern part of the Republic of Karelia between
Lake Ladoga and Lake Onega. Total estimated timber
volume in the Republic of Karelia is 980 mln. m? includ-
ing Pryazha division of forestry where timber volume
is 58 mIn. m?. In the Republic of Karelia, the volume of
mature and old growth forests, where harvesting opera-
tions are mainly performed, is 289 mln. m3. The volume

of mature and old growth forests is 10 mln. m? in the
Pryazha division of forestry. Felling volume in Karelia is
8.2 mIn m? with 11.5 mln m? of annual allowable cut. In
the Pryazha division of forestry the forestry is character-
ized by the largest extent of annual allowable cut —82% of
max allowed cut. Actual felling volume is 665 thous m?.
The road network for logging of the Pryazha division of
forestry is one of the most developed in the Republic of
Karelia. In the Pryazha division of forestry average vol-
ume of stem is 0.198 m? and average timber volume is
132m?ha™. Forest taxation data of the areas from which
the material has been accumulated, are typical for south-
ern part of Karelia.

the Murmansk Region

Northern part

Pyaozerski
division of forestry Central part

=
]
| southern part
[ |

Northern Ladoga area

Kalevala State border

division offorestry

IS MUM

Borders of division of
forestrys and
neighboring

regions of Russia

O | Data collection points

Sosnovetskoye
division of forestry

Kostomukshskoe
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the Arkhangelsk
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Medvezhiegorsk
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Pudozhskaya
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the Vologda
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Lake Ladoga the Leningrad
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Fig. 1. Map of the Republic of Karelia and the location of sites,
where data from forest forwarders were collected.

2.2. Material

Inorder to assess the parameters of abundle of logs, data
on stem forms have been collected. The data have been
collected in the Western part of Pryazha division of for-
estry where logging is most intensive (Fig. 1). Records
downloaded from harvester computers have been the
source data in this study. These files contained the data
about the processed stems in the cutting areas located
in the study region. The data included tree species, stem
length (length tree without tip), stem volume, diameter
values every 10 cm of stem length. We have collected the
data about 53 911 stems. Based on the data, a database
was formed. The results of statistical processing of the
data contained in the database are shown in Fig 2.
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Fig. 2. Statistical characteristics of the collected data. A is distribution of stems by species, B is distribution of stems by breast
height diameter, C is distribution of stems by height, D is distribution of stems by volume.

2.3. Investigated machines

We investigate abroad range of machine type which ena-
ble robust inferences and are relevant for the Republic of
Karelia. Table 1 gives the technical characteristics of the
evaluated machines.

Table 1. Specifications of the evaluated models of forwarders.

Name of model Load capacity [t] Load area cross section [m?]
John Deere 1210E 13 4.0
John Deere 1110E 12 4.0
Ponsse Elk 13 4.5
Ponsse Wisent 12 4.5
Amkodor 2661-01 12 4.4
Rottne F13D 14 4.7
Rottne F15D 15 4.8
Rottne F18D 18 4.8
2.4. Methods

2.4.1 Study outline

We estimated the parameters of bundles formed from
spruce sawlog 6.1 m long (No 1) and bundles formed
from spruce pulpwood 4 m long (No 2). Evaluation of
variability of parameters of forwarder’s bundle of logs
requires a great number of measurements (hundreds of
measurements per one characteristic). For this reason,
we used a computer experiment based on the here devel-
oped simulation model.

The simulation model is implemented in form of
a program (MS Windows application) using the syntax
of C#language. The process of forming a bundle consist-
ing of the given type of logs has been simulated by means
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of this model. The following input data have been used for
the computer experiment: stem forms properties, param-
eters of wood assortments to be loaded (species, length,
diameter limits in upper and lower cuts); load platform
characteristics; loading mode, distance from the pro-
tective guard of load area to the nearest woodbunk. The
computer experiment has been carried out 10 000 times
for every combination of the input data.

The experiment consists of the following steps:

1. random selection of the stem from the database;

2. simulation of the simulation of cut-to-length

process of the selected stem;

3. simulation of log stacking process;

4. calculation of parameters of a bundle of logs.

Stages 1-3 have been repeated until a bundle was
fully loaded, i.e. the forwarder load area was loaded to
the height of wodbunks stands.

At the stage 2, the cut-to-length process was simu-
lated, consisting of determining parts of the selected stem
satisfying the parameters of the assortment (log No 1 or
log No 2). Assortment parameters were length, limits in
lower cut, limits in upper cut. We used different algo-
rithms to simulate of cut-to-length process for log No 1
andlog No 2. The algorithm forlog No 2 did not allow it to
be obtained from butt-log portion. Thisis due toitis usu-
ally not allowed to saw pulpwood from butt-log portion.

The received log (part of the selected stem) has been
represented as a number of perfect frustums of cone with
10 orless cm height for the cones situated on the edges of
the log. The number of cones and the diameters of their
bases have been the characteristics of the log. The log vol-
ume withbark (Q,,, mass (M, ), diameter inlower (d,

DWZI')
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and in upper (dupper) cut have been calculated on stage 2.

Table 2 defines parameters used during calculation of
Qlog and Mlag, and Table 3 — mathematical expressions.

Table 2. Designation of values used during calculation of Qe

andM, .

Eg
Symbol Explanation
n number of frustums of cone accounted for log
di; diameter of lower base of the i-th frustum of cone, for i=1, n
i diameter of upper base of the i-th frustum of cone, for i=1, n
h height of the i-th frustum of cone (h;= 10 cm, except for limit

cones in log for which value h;is defined by interpolation)
Qbark volume of bark in log

Quood log underbark volume

I distance from butt of the selected stem to lower base of the first
! frustum of cone in log

| distance from butt of the selected stem to upper base of the last
: frustum of cone in log

L distance from butt of the selected stem

pL) average density of fresh spruce wood at L distance

Do average density of fresh spruce wood bark

k double thickness of bark

di diameter over bark

aand b coefficients of linear equation for calculation of k

w moisture content of wood

A, B, Cand D coefficients of equation for calculation of p(L) value

Table 3. Expressions used for calculation of Q,ﬁg and MIQ‘g .

Equation Equation
number
Crth(d2+ dy dy i+ 4
Quog = ;” (di, X 2 30) [1]
2 mhy dy ;-k)? dy i - k))(dy i -k dy; -k)?
Qbark = Qiog -Z (( i 12))( )+ ) ) [2]
Quood = Qiog = Qark [3]
J2pydL
Miog = Quood - ljl —7—F Po-Qoark [4]
2 1
k=a+bd [5]
o(L)=1.0262. (1+0.01W). (AL} + BL2+CL+D) [6]

In order to calculate value under expression [5] the
following coefficient values were found suitable for the
study area a=0.206 and b =0.0356. Expression [5] and
values of coefficients a, b have been taken from state
standard GOST 32594-2013 “Roundtimber. Methods
of measurements”. This standard considers main regula-
tions of European standard EN 1309-2:2006 “Round and
sawn timber — Method of measurement of dimensions —
Part 2: Round timber — Requirements for measurement
and volume calculation rules”.

Expression [6] comes from the studies of Polubo-
yarinov (1976), Bogdanov et al. (1981) and Borovikov
et al. (1989). Coefficients A, B, C and D for freshly-
felled spruce at average moisture content of 91% were
0.000105, —0.005, —0.35, 380. Density of bark was set
to 1239 kg m=3 (Tsyvin 1973).

During stage 4 mass (M) and volume (Q) of fully
loaded bundle, number of logs in a fully loaded bundle
(N), stacking factor of a fully loaded bundle (K ) have
been determined. Values M and Q have calculated as
a sum of values Q, and M, of all the logs contained in
the formedbundle. Value K, hasbeen determined accord-
ing to the expression:

Q
Ke = Sk.L 7]
where S _—load area cross section, L — length of wood
assortment.

Forwarder’s bundles of logs have been formed from
one type of wood assortment. In order to assess the pos-
sibility of collecting a bundle of assortments we have
introduced a coefficient K :

Kp :N/Ns‘tem [8]

where N _is number of generated stems accounted for
a bundle of assortments.

2.4.2 Simulation of log stacking process

Forwarder load area is a half-frame on which a protective
guard and woodbunks are installed (Fig. 3). The volume
oflogs transported in theload area is defined by the height
of the woodbunks stands. Configurations of load area
woodbunks of the considered models are shown in Fig. 4.

Lo} >

bsm

o 1

=
—
!

Fig. 3. Forwarder scheme: 1 — half-frame, 2 — protective
guard, 3 —woodbunk stand.

(ALALAL
LALIL)

Fig. 4. Shapes of forwarder woodbunks: a — John Deere
1210E and 1110E, b — Amkodor 2661-01, ¢ — Rottne F18D,
d — Ponsse Elk, e — Rottne F13D, f — Rottne F15D, g — Ponsse
Wisent.

Simulation of the process of log stacking into the load
area (stage 3) was realized on a 2-dimensional space
(Fig. 5). Technically, a woodbunk is represented as an
assembly of components characterizing its outer shape
asitisshowninFig. 6. The following elements have been
used to describe awoodbunk shape: “wall” (vertical seg-
ment); “floor” (horizontal segment); “plane” (inclined
segment); “point” (point of joining the elements). Each
element has assigned coordinates in a Cartesian coordi-
nate system. Elements were selected so as to best fit the
size and shape of the woodbunk.
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Fig. 5. Graphic display of log stacking process simulation.
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Fig. 6. Woodbunk scheme used in the simulation of log stack-
ing process.

The logs (parts of the selected stems) were repre-
sented by their cross sections. The parameters of logs
were obtained in stage 2 (simulation of cut-to-length
process). We used the cross section of the log at distance
o from the log edge (Fig. 3). Value has been defined as
adistance from the protective guard to the nearest wood-
bunk for the respective forwarder model. The value of a
was laid either from lower end of the log, or from the top.
We alternated the log edge. However, for logs obtained
from one stem, the edge did not alternate.

Log has been represented by a “dynamic” element
and marked by the center coordinates (x, x,), diameter
(d,) and circumference defined as (x —x))*+ (y -y ,)*>=

d?,/4. Characteristic d has been defined by the cross sec-
tion diameter of log situated at the given distance from
its edge (o).

Simulation of log stacking process has involved log
cross section (“dynamic” element) move within the
woodbunk representation layout. Loading has been
simulated piece by piece. We used the algorithm which
ensured balanced load of the woodbunk layout. Simu-
lation has been carried out with step Ay = 1 mm. To
describe the interaction of elements, we used the equa-
tions obtained on the basis of analytical geometry and
laws of theoretical mechanics. These equations charac-
terized three types of interaction of an “dynamic” element
with system elements (elements describing woodbunk
shape and “old dynamic” elements): collision condition,
separation condition, equilibrium condition.

The collision condition was to check for availability of
common points between “dynamic” element and other
elements. On each simulation step the collision condi-
tions have been checked in the following consequence:
“floor”, “point”, “plane”, “old dynamic”. If the collision
condition was fulfilled, then the “dynamic” element
moved along the element it encountered with step Ay.
Otherwise, the element “dynamic” moved along the y—
axis.
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The separation condition was to check for the loss of
common points between the “dynamic” element and the
other element. If the separation condition was satisfied,
but the interaction condition not, then the “dynamic”
element moved along the y axis. The equilibrium con-
dition was test of the possibility of movement of the
“dynamic” element in its interaction with more than one
system element. Here we considered constraining forces
on the “dynamic” element and used laws of theoretical
mechanics.

2.4.2 Data analysis

The result of the computer experiment were values of
mass (M) and volume (Q) of a fully loaded bundle of logs,
stacking factor of the fully loaded bundle (K ) and the
number of wood assortments in the fully loaded bundle
(N) for investigated forwarders. Computer experiment
data were statistically processed. We estimated mean
observation, minimum value, maximum value and sam-
plerange. Frequency distribution curves and cumulative
distribution functions (F(M)) for each value have been
constructed. Values M which with probability 0.9 and
0.99 willnot be exceeded (value M at F(M)=0.9 and 0.99)
were determined based on the cumulative distribution
functions. Additionally, we determined arithmetic mean
values of M, Q, N between all the forwarders for 4, 4.2,
4.5,4.7,4.8 m?load area cross sections.

Variability of M, Q, N, Kq values was estimated by
analysis of mean observations, sample ranges and fre-
quency distribution curves. To determine compliance
of load capacity the considered forwarder models with
operating conditions, comparison of mean observation,
maximum value, minimum value of mass, mass at F(M)
=0.9 and 0.99 with load capacity was carried out. To
establish the relationship between load area cross sec-
tion of a forwarder and parameters of a bundle of logs,
we achieved analytical models using the arithmetic mean
values of M, Q, N. The analytical models are based on
classical least squares.

3. Results

3.1. Variability of fully loaded bundle
characteristics

Table 4 contains mean, minimum and maximum values
of a fully loaded bundle of logs (M) derived from simu-
lated data. Sample range is 4.0 — 5.7t for the bundles
made oflogs of type No 1; 4.5 t on average for all the con-
sidered models. For the bundles formed from the logs of
type No 2, sample range is 1.4 — 1.8t (1.6t on average).
Average value of mass of a bundle formed from the logs
of type No 1 is 1.5 times greater than that of a bundle
made of the logs of type No. 2. Depending on the model of
forwarder, the variability of mass of abundle formed from
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logs of type No 1 has been 2.3 — 3.4 times (on average
2.8 times) larger than the variability of mass of a bundle
formed from the logs of type No 2.

Table 5 contains mean, minimum and maximum val-
ues of a fullyloaded bundle of logs (Q) derived from simu-
lated data. For the bundle of logs formed from the logs
of type No 1 samples range has been within 5.2 — 7.4 m?
(5.85 m? on average, in respect to all the considered
models). For the bundles formed from logs of type No 2,
samplesrange has been within the interval of 1.9—2.3 m?
(2.09 m* on average). For all the studied forwarder mod-
els the average volume value of a bundle formed from
logs of type No 1 is 1.5 times higher than the average
volume value of a bundle formed from logs of type No 2.
The variability of volume of bundle formed from logs of
type No 1 has been larger than the variability of volume
of bundle formed from wood assortments of type No 2,
for all the considered forwarder models — by 2.3 — 3.4
times (by 2.8 times on average).

Table 6 provides the mean observations, the mini-
mum values, the maximum values of the wood assort-
ments number of a fully loaded bundle (V) derived from

Table 4. Variability of fully loaded bundle mass.

simulated data. For bundles of logs formed from logs
of type No 1 sample range has been within 46 — 51 pcs
(49 pcs on average for all the studied models). For bun-
dles made up of wood logs of type No 2, sample range has
been within the interval 52— 62 pcs (57 pcs on average).
Average assortments number of a bundle formed from
logs of type No 2 is 2.1 times higher than average assort-
ments number of abundle made up of logs of type No 1 for
all the models of forwarders. Variability of assortments
number in a bundle formed from logs of type No 2 has
been 1.0 — 1.3 times greater (1.8 times on average), of
the variability in a bundle formed from logs of type No 1
for all the studied models of forwarder.

The mean observations, the minimum values, the
maximum values of stacking factor of the fully loaded
bundle (Kq), obtained on the basis of simulation, are pre-
sented in Table 7. For bundles of logs made up logs of type
No 1 the sample range has been within 0.20—0.25 (0.21
on average for all the considered models). For bundles
formed from logs of type No 2, sample range has been
within 0.10 — 0.12 pcs (0.11 on average). In the mean,
the difference in value between bundles formed fromlogs

Forwarder models Load area crzoss section Load capacity [ton] : Mfor No 2 [ton] : Mfor No 1 [ton]
[m?] min mean max min mean max
John Deere 1210E/1110E 4 13/12 9.36 10.13 10.86 13.00 15.09 17.13
Amkodor 2661-01 4.4 12 10.22 11.07 11.89 14.21 16.48 18.76
Ponsse Elk 4.5 13 10.42 11.21 11.96 14.20 16.69 18.68
Ponsse Wisent 4.5 12 10.42 11.32 12.18 14.97 16.86 19.08
ROTTNE F13D 4.7 14 10.95 11.71 12.46 15.01 17.43 19.41
ROTTNE F15D 4.8 15 10.97 11.90 12.66 14.71 17.75 20.38
ROTTNE F18D 4.8 18 11.10 11.92 12.73 15.54 17.73 19.61
Table 5. Variability of fully loaded bundle volume.
QforNo2 QforNo1

Forwarder models Load area cross section [m?] [m?]

min mean max min mean max
John Deere 1210E/1110E 4 12.15 13.15 14.10 16.91 19.63 22.28
Amkodor 2661-01 44 13.26 14.37 15.43 18.49 21.44 24.41
Ponsse Elk 45 13.53 14.56 15.53 18.48 21.71 24.29
Ponsse Wisent 45 13.54 14.69 15.80 19.47 21.93 24.86
ROTTNEF13D 47 14.21 15.20 16.17 19.50 22.67 25.27
ROTTNE F15D 438 14.26 15.45 16.42 19.14 23.08 26.52
ROTTNE F18D 4,8 14.41 15.47 16.52 20.22 23.06 25.51
Table 6. Variability of wood assortments number of a fully loaded bundle.
Forwarder models Load area cross section [m?] - Nfor No2 [pes] - Qfor No1 [pes]

min mean max min mean max
John Deere 1210E/1110E 4 138 163 192 52 78 98
Amkodor 2661-01 4.4 155 178 207 60 85 106
Ponsse Elk 45 154 180 214 62 86 112
Ponsse Wisent 45 156 182 209 59 87 109
ROTTNE F13D 47 161 189 223 64 90 112
ROTTNE F15D 48 162 192 221 65 91 114
ROTTNE F18D 48 159 192 220 62 91 113
Table 7. Variability of stacking factor of the fully loaded bundle.
Forwarder models Load area cross section [m?] - Kafor No2 [pes] - Kqfor No 1 fpes]

min mean max min mean max
John Deere 1210E/1110E 4 0.737 0.797 0.855 0.675 0.784 0.890
Amkodor 2661-01 44 0.742 0.804 0.863 0.681 0.790 0.899
Ponsse Elk 4.5 0.738 0.794 0.847 0.664 0.780 0.873
Ponsse Wisent 4.5 0.732 0.794 0.854 0.693 0.781 0.885
ROTTNE F13D 4.7 0.743 0.795 0.846 0.672 0.781 0.871
ROTTNE F15D 4.8 0.735 0.796 0.846 0.649 0.783 0.900
ROTTNE F18D 4.8 0.737 0.791 0.845 0.681 0.777 0.859
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of type No 1 and bundles made up logs of type No 2 is
minor and equal to 0.014. Variability of value for bundles
formed fromlogsoftype No 1 hasbeen on average 2 times
greater than in bundles formed fromlogs of type No 2 for
all the considered models of forwarders.

Coefficient K, value for abundle formed from type No
1logshasbeen varied between 0.27—-0.91 (0.46 on aver-
age). For a bundle made up of No 2 type logs, K, coeffi-
cienthas averagelybeen 0.98 varied between 0.66 —1.44.

We showed here that with forwarder load area cross
section of 4 m?mass of a fullyloaded bundle of logs formed
from 6.1 mlong spruce sawlogison average 15.09t, vol-
ume—19.63 m?, number of wood assortments in a bundle
—78 pcs. With forwarder load area cross section of 4.8 m?
mass of abundleis onaverage 17.74 t, volume—23.07 m?,
number of wood assortments in a bundle— 91 pcs. With
forwarder load area cross section of 4 m? mass of a bun-
dle formed from 4 mlong spruce pulpwood is on average
10.13t, volume —13.15 m3, number of wood assortments
in a bundle — 163 pcs. When increasing forwarder load
area cross section up to 4.8 m? mass of a bundle is on
average 11.91t, volume — 15.46 m3, number of wood
assortments in a bundle— 192 pcs.

In the mean mass of abundle formed from 6.1 mlong
spruce sawlog and its volume is 1.5 times greater than
the respective parameters of a bundle formed from 4 m
long spruce pulpwood. Number of wood assortments in
a fullyloaded bundle made up of 4 m spruce pulpwood is
onaverage 2.1 times greater than number of assortments
in a bundle from 6.1 m long spruce sawlog.

Average variability of a bundle of logs formed from
6.1 m long spruce sawlog is 4.5 t, that of volume 5.8 m?,
and that of the number of wood assortments in a bundle
49 pcs. For a bundle made up of 4 m long spruce pulp-
wood variability of massison average 2.8 t, that of volume
— 2.09 m?, that of the number of wood assortments — 57
pc. On a practical level such significant variability of the
truck load parameters is supposed to cause fluctuation
of the machine’s productivity. Besides, it indicates the
irregularity of loads the machine experiences during
operation.

The results illustrates that stacking factor depends
almost not at all onload area cross section. In addition to
it, in the mean difference between the values of stacking
factor for abundle made of 6.1 mlong spruce sawlog and
for a bundle formed from 4 m long spruce pulpwood is
minor and equal to 0.014. Averagely stacking factor for
a bundle made up of 6.1 m long spruce sawlog is 0.782,
and for 4 m long spruce pulpwood — 0.796.

Fig. 7 shows frequency distribution curves of masses
of bundles forthe investigated forwarder models obtained
on the basis of simulation. The frequency distribution
curves are roughly symmetrical and unimodal. Increase
ofload area cross section has resulted in shifting the vari-
ation curve to the right (Fig 7A, 7C). Shape of the fre-
quency distribution curves of different forwarder models
with similar values of load space cross section has been
differed (Fig. 7B, 7D). Frequency distribution curves for
Q and N values have been similar to the frequency distri-
bution curves for M value.
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3.2. Comparison of load capacity forwarders
with simulated fully loaded bundle mass
values

Fig. 8 presents the results of comparison of load capacity
values of the investigated forwarder models with mini-
mum, maximum values of the simulated samples for M
value. Values of mass of bundles of logs with F(M) =
0.9 and F(M) = 0.99 are shown as well. For the bundles
formed from the logs of type No 1, load capacity values
havebeenless than minimum value of the samples, except
for models Rottne F15D, Rottne F18D (Fig. 7A). For the
bundles formed from the logs of type No 2 load capacity
values have exceeded maximum values of the samples for

all the considered forwarder models. (Fig. 7B).
3.3. Influence of load area cross section on
average fully loaded bundle parameters

Dependences of mean volume of a bundle of logs, mean
mass of a bundle and average number in a bundle from
forwarderload area cross section have been of linear type
(Fig.9). We showed here that the parameters (M, Q, N) of
fully loaded bundle formed from 6.1 m long spruce saw-
log change greater than the parameters of fully loaded
bundle formed from 4 m long spruce pulpwood with the
same change of load area cross section.

T T T

max ™ min W Loadcapacity = forF(M)=0.9 —— forF(M)=0.99
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Fig. 8. Comparison of forwarder load capacity with maximum value of simulated fully loaded bundle mass, minimum value,
simulated mass at F(M) =0.9 and 0.99 (F(M) — cumulative distribution functions): A — bundles formed from the logs of type No

1, B —bundles formed from the logs of type No 2.
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4, Discussion

4.1. Agreement between simulated and
observed load capacity values

Comparison of forwarder load capacities and results of
the computer experiment showed that all the studied
models of forwarders have sufficient load capacity to
transport a bundle formed from 4 m long spruce pulp-
wood. However, forwarders Amkodor 2661-01 and Pon-
sse Wisent showed poorer performance in this regard.

The limitation of this study is that all the calculations
have been carried out for spruce wood. The density of
spruce is less than that of pine, birch or aspen; and the
density of fresh wood during the wettest season can
increase (Poluboyarin 1976). Therefore, mass of a bun-
dle, when transporting wood assortments of other spe-
cies, can exceed the values obtained during the computer
experiment.

Allthe considered forwarder models have insufficient
load capacity to transport a fully loaded bundle formed
from 6.1 m long spruce sawlog. Even minimum value of
mass of a bundle under the received samples is higher
than theload capacity of most of the studied models. Such
bundles are always transported due to safety margin of
aconstruction. Theresults indicate considerable variabil -
ity of parameters of a fully loaded bundle of logs in the
investigated dataset, aswell as of insufficient load capac-
ity of the studied forwarder models during transportation
of a fully loaded bundle made up of 6 m long logs.

4.2. Effect of forwarder woodbunk shape on

bundle characteristics

The obtained results have not allowed drawing a firm
conclusion about the influence of load area woodbunks
shape on the parameters of a bundle of logs. On the one
hand, the results indicate that load area woodbunks
shape does little for the average characteristics. On the
other hand, differences in shapes of frequency distribu-
tion curves for forwarder models with similar load area
cross sections point to the fact that woodbunks shape
can have certain influence. This indicates that for certain
forest stems there is a shape of woodbunks that allows
decreasing to some extent the irregularity of parameters
of a fully loaded bundle of logs.

4.3. Modeling uncertainty

Thereceived evidences about variability of bundle param-
eters agree quite well with results of the researches con-
ducted in other regions of Europe (Danilovi¢ et al. 2014;
Panduretal. 2015; Protoetal. 2018a,2018b). The results
do not contradict the studies earlier performed in the
Republic of Karelia. For instance, Katarov et al. (2012)
investigated the influence of Ponsse Elk forwarder on soil
in Medvezhiegorsk division of forestry were conducted.
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The authors recorded the average mass of truck load of
13 t. Our studies have shown that on average mass of
afullyloaded bundles formed from4 mlonglogsis 11.2t,
and those formed from 6.1 m long — 16.7 t. In general,
average parameters of a fullyloaded bundle according to
theresults of our researches are comparable to the values
recorded by the researches done in other regions (Slamka
& Radocha 2010; Manner et al. 2013; Danilovi¢ et al.
2014; Pandur et al. 2015; Petaja et al. 2018; Proto et al.
2018a, 2018b).

The proposed simulation model has some disadvan-
tages. First, simulation of logs loading were conducted in
a2-Dspace. Therefore, curvature of logs, various flaws,
knots, as well as physics of interaction of logs along the
overall length, influencing final position of log in load
area, are not considered. This may leads to the overesti-
mation of the calculated parameters of a bundle of logs.

Second, the model does not consider forces of iner-
tia and gravity, which provoke additional compaction of
logs in forwarder load area and the increase of bundle’s
stacking factor.

Stem forms in the research have been based on the
harvesters’ recorders data. Therefore, the third reason of
the calculation uncertainties is related to measurements
errors of harvesters’ recorders. For example, the require-
ments in Finland stipulate that the measurement error
shall be within £ 4% (Nieuwenhuis & Dooley 2006).
However, with proper calibration the present day harvest-
ers’ measurement systems can ensure accuracy within
+ 2% (Gingras 1995). The researches conducted in Ire-
land indicate that measurement accuracy is mainly within
+ 5%, however, cases when the accuracy was beyond +
7% have been registered (Nieuwenhuis & Dooley 2006).
In Russia regulatory documents allow measurement
deviations and errors when determining round timber
volumes within + 5%.

Additional errors in defining parameters of fully
loaded bundles based on harvester recorders are related
tothe specific character of diameter measurement. When
measuring the diameter, if its value is greater than the
value measured at the previous moment of time, then the
value of the previous measurement is to be recorded. It
allows neutralizing bumps on the stem and swells in
places where knots grow, when defining the volume of
log. However, these elements influence stacking factor
of a bundle when putting logs into the load area.

The fourth reason of errors in calculations is associ-
ated with the determination of density of wood and log
bark. The wood density varies not only depending on
a tree height, but also on its diameter (Poluboyarinov
1976). Our researches have not taken into account wood
density variation depending on diameter. An average
value on a respective tree height has been used. Besides,
density depends on moisture content of wood that can
vary greatly depending not only on the period of time,
but also on the place, where a tree grows in forest stand.
We have used average moisture content of fresh wood as
areferencein our studies. We have not taken into account
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variation of bark density as per stem length. An average
value has been used.

The fifth reason is caused by the limitedness of the
used the database that is unable to totally describe the
whole variety of stem shapes of the trees on the territory
under consideration.

4.4, Territorial applicability of results

Purpose of the research has been to assess the parameters
of a bundle of wood assortments for Pryazha division of
forestry of the Republic of Karelia. The results mostly
describe the conditions of southern part of the Republic
of Karelia (Fig. 1). For northern part of Karelia it can be
expected that the obtained values for the parameters of
bundles of logs would be in some way greater than those
actually observed. It can be explained by the fact that the
treesin the stands of northern part are smaller in size than
in Pryazha division of forestry. The trees in the stands of
Northern Ladoga area are bigger in size than in Pryazha
division of forestry. This suggests that the parameters
of bundles of logs received during from the computer
experiment would, probably, be less than the actual ones
for the conditions of Northern Ladoga area.

5. Conclusion

Theresearch has presented the results of the evaluation of
parameters of fully loaded bundles of logs from Pryazha
division of forestry of the Republic of Karelia. This study
was based on computer experiment and considerable
amount of empirical data on tree stems. The results can
be used by forwarder operators, producers of logging
machines, harvest planners.

The study has shown substantial variability in the
investigated parameters of bundles. The longer the
assortments, which form a bundle, the greater the vari-
ability of parameters. Load capacity of the all investigated
forwarder models, when transporting bundles formed
from logs with length above 6 m, is insufficient. We rec-
ommend forwarder operators loading the load area by
3/4 at the most, when making up a bundle of 6 m long
assortments. It will reduce the risk of load capacity excess.

For designers of logging machines, we recommend
ensuring load capacity of at least 16t with load area
cross section of 4 m?, and with the area of 4.8 m? - 19t.
Intermediate values can be found by interpolation. These
values of load capacity do not consider the margin, which
is usually 20-30%.
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Abstract

Norway spruce (Picea abies [L.] Karst.) and silver fir (Abies alba Mill.) are main tree species of Central Europe
that are currently highly vulnerable in times of global climate change. The research deals with the effect of climate
and air pollution on radial growth of silver fir and Norway spruce in mixed age-varied (56 — 146 years) forests in
the Jeseniky Protected Landscape Area, the Czech Republic. The objectives were to evaluate biodiversity, structure
and production, specifically interaction of radial growth of fir and spruce to air pollution (SO,, NO,, tropospheric
ozone) and climatic factors (precipitation, air temperature). Concentration of SO, and NO, had negative effect on
radial growth of fir, while radial growth of spruce was more negatively influenced by tropospheric ozone. Fir showed
higher variability in radial growth and was more sensitive to climatic factors compared to spruce. On the other hand,
fir was relatively adaptable tree species that regenerated very well when the pressure of stress factors subsided (air
pollution load, Caucasian bark beetle, frost damage). Low temperature was a limiting factor of radial growth in the
study mountainous area, especially for fir. Fir was significantly sensitive to late frost, respectively, spruce to winter
desiccation and spring droughts with synergism of air pollution load. Generally, older forest stands were more nega-
tively influenced by air pollution load and climatic extremes compared to young trees.

Key words: silver fir; Norway spruce; tree-ring dating; stand structure; biodiversity; Central Europe
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m a.s.l. (Hejny & Slavik 1997). Particular attention has
been paid to the importance of fir in silviculture and to
the consequences of its decreasing numbers in Europe
since the 16th century (Cramer 1984; Larsen 1986). In
the course of the last century, the reduction in numbers
continued in many places (Gomory et al. 2004) and today,
both natural and anthropogenic stresses often contribute
to the mortality of fir individuals (BoSela et al. 2014). In
spite of that, fir and fir-mixed forests make up an impor-
tant part of the central and south-eastern European
landscape (EEA 2006; Bosela et al. 2018). On the other
hand, Norway spruce has a continuous distribution in
Northern Europe and islet in the mountains of Central

1. Introduction

Silver fir (Abies alba Mill.) and Norway spruce (Picea
abies [L.] Karst.) are the most productive of native
European coniferous tree species (Korpel et al. 1982).
Silver fir is a tree species currently growing in Central
and Southern Europe (Korpel et al. 1982). Its range is
relatively small, rather local, more or less coinciding
with the distribution of mountain massifs and zones. Fir
is predominantly a mountain species that, in the north-
ern part of its area, descends to the hills or, marginally,
lowlands (Hejny & Slavik 1997). In warm climate areas
it moves to higher altitudes (Musil & Hamernik 2007).
It is a species of oceanic climate with mild winters and

with demands for sufficient moisture during the year
(Bernadzki 2008). Silver fir suffers from strong winter
frosts. Long-lasting low temperatures result in the forma-
tion of false heart (Uradnicek et al. 2001). In the Czech
Republic, fir concentrates in lower mountain areas. Its
optimum is on gleyed and waterlogged soils at S00-900

*Corresponding author. Zdenék Vacek, e-mail: vacek@fld.czu.cz

and Southern Europe (Auders & Spicer 2012; Farjon &
Filer 2013). In the Czech Republic, spruce occurs in the
Hercynian-Carpathian region, where it grows in almost
all the mountains at 700—-1350 m a.s.l. (Uradnicek et al.
2009). Spruce grows predominantly on poor soils of pod-
zol and cambisol (Binkley & Fisher 2013), where, how-
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ever, nitrogen deposition has increased forest growth in
recent decades (Viet et al. 2013; Meunier et al., 2016).
Spruce is very sensitive to air pollution (especially SO,)
and droughts (Godek et al. 2015; Vacek et al. 2017,
2019). Significant disturbances in spruce stands are also
caused by windstorms and bark beetle outbreaks (Cada
et al. 2013; Vacek et al. 2015), especially in the context
of the advancing global climate change (Hanewinkel et
al. 2013).

Global climate change puts pressure on forest eco-
systems (Bonan 2008; Usbeck et al. 2010; Cater & Diaci
2017), with tree growth most affected by rising tem-
peratures and drought (Frank et al. 2015; Hartmann
et al. 2015). In general, these factors make trees more
vulnerable to forest insects and pathogens (Choat et al.
2012; Anderegg et al. 2013). Consequently, a number of
studies supply evidence that climatic factors also signifi-
cantly affect the growth of silver fir (Gentilesca & Todaro
2008; Koprowski 2013). In many areas, withering of firs
is directly ascribed to climate change (Hanewinkel et
al. 2013; Boettger et al. 2014; Kondpkova et al. 2018).
Accordingly, some authors suggest that fir can achieve
greater productivity in mixed stands (Toigo et al. 2015)
and also that fir growth sensitivity to summer droughts is
lower in mixed stands (Metz et al. 2016; Vitalietal. 2017).

In relation to climate variability, changes in the
radial growth of trees and in the sequence of pheno-
logical features and their ecological species amplitude
occur, whereas these changes are affecting the dynamics
of the communities (Rita et al. 2014). Climate change,
however, also indirectly contributes to more frequent dry
seasonsthat are consistent with a potential 4—27% reduc-
tion in precipitation in Europe (Ripullone et al. 2009),
primarily in summer (Gao & Giorgi 2008). In particular,
warm summers and repeated drought significantly affect
the health of fir and spruce (Biintgen et al. 2014; Gazol et
al.2015; Kondpkovaetal. 2018). Thelargest declinein fir
growth hasbeen recorded in the southern part of its area
(Battipaglia et al. 2009; Cailleret & Davi 2010). Hand in
hand with the anticipated increase in climatic extremes
(Coumou & Rahmstorf 2012; Kogan et al. 2013) species
diversity of forest ecosystems is expected to alter in many
places (McDowell & Allen 2015). This is in line with the
fact that climate warming leads to shifts in species areas
in response to a change in their climate optimum, with
major impacts at the margins of the species areas (Davis
et al. 2005; Lenoir et al. 2009; Hernandez et al. 2019).
From this point of view, fir is supposed to be one of the
species that will replace spruce in many places because
fir is more resistant to drought than spruce (Vitali et al.
2018).

Changing climate conditions will, in the future, call
for emphasis on responsible, close-to-nature manage-
ment based on detailed knowledge of species-specific
growthresponses, climate change-induced stimuli (Bolte
etal. 2009; Elliott et al. 2015). Growth responses should
then be investigated through annual ring increments
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of individuals, as annual tree-rings provide detailed
retrospective information on tree growth under previ-
ous conditions of ecosystem environments (Altman et
al. 2017; Sohar et al. 2017) and reliably reflect the link
between growth, climatic and extreme climatic phenom-
ena (Gazol et al. 2016; Bhuyan et al. 2017). The specific
environmental conditions are usually reflected in the
annual rings’ width (Koprowski 2013). Some factors,
such as frost or summer drought, may have an imme-
diate effect on the ring width, while other factors such
as winter drying may affect the rings with delay because
growth tissues are relatively calm during winter months
(Putalovaetal. 2019). The effect of different environmen-
tal factors therefore causes different annual ring widths
and structures that systematically alter the tree’s growth
dynamics (Fritts 1976; Cukor et al. 2019a, b).

In addition to climate, air pollution also has a signifi-
cant impact on radial growth (Elling et al. 2009; Diaci
2011; Boettgeret al. 2014; Bosela et al. 2014), as fir was
considered one of the species most sensitive to air pollu-
tion (Wentzel 1980; Ulrich 1981). A strong air pollutant
load, in particular, decreases the ring width significantly
(Sander & Eckstein 2001; Wilczynski 2006). However,
other environmental stimuli, especially insect pests,
fungal pathogens etc., also influence the variability of
the ring width (Schweingruber 1996). A decline of the
fir during the period of air pollution ecological disasters
was often associated with the damage of fir stands caused
by the Caucasian fir gall aphid (Dreyfusia nordmanni-
anae) and the balsam woolly aphid (Dreyfusia piceae) —
(Mrkva 1994). Pathogenic infections also contributed to
the deterioration of fir health (Brill et al. 1981; Blaschke
1982). These environmental stimuli usually manifest
and pass too quickly to be a reliable indicator of forest
ecosystem degradation (Godek et al. 2015). However,
temporal weather anomalies within growth trends canbe
separated, as they are similar in all stands of the same spe-
ciesinthearea, whether air-polluted or not; it is similar in
the case of biotic pests (Ferretti et al. 2002; Sensuta et al.
2015). Inrecentyears, increased regeneration and recov-
ery of fir growth trend has been observed in a number
of places where pollution has been reduced (Elling et al.
2009; Hauck et al. 2012).

This paper evaluates the effect of climate and air
pollution on the radial growth of fir and spruce mixed
age-varied forest stands cultivated by close-to-nature
methods in the Jeseniky Mts. The objectives were 1) to
determine structure, biodiversity and production param-
eters of fir-spruce mixed forest stands, 2) to compare the
dynamics of radial growth of fir and spruce and their
differences, 3) to describe the effect of air pollution load
(80,, NO,, tropospheric ozone), climatic factors (tem-
perature, precipitation) and pathogenic infections on
growth of both the study tree species and 4) to estimate
the relationship between climate, air pollution and radial
growth of fir and spruce.
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2. Material and methods

2.1. Study area

The area of interest is located in the Jeseniky Protected
Landscape Area, in the east part of the Czech Republic.
The study site belongs to the gene reserve of GZ 160-3
Hofwald silver fir and is located at the foothills of the
Hruby Jesenik mountainrange on 136.4 ha atan altitude
of 625-725 m a.s.l. The area serves for protection and
reproduction of gene diversity of an important popula-
tion of silver fir. The silver fir stands are richly structured,
belonging to special-purpose forests and managed in the
selection and shelterwood system. The annual tempera-
ture of the locality is 6.4 °C, and the annual precipita-
tion varies around 705 mm. The vegetation period lasts
130 days. The geological base consists mainly of phyl-
lites, partially quartzites and sediments. Mesotrophic
cambisols are the predominant soil type, with sporadic
pseudogleys and gleys.

Tree species composition include 40% silver fir and
20% Norway spruce. European beech (Fagus sylvatica
L.), sycamore maple (Acer pseudoplatanusL.), European
white birch (Betula pendula Roth.) and European larch
(LarixdeciduaMill.) are admixed, with black alder (Alnus
glutinosa [L.] Gaertn.) on soils affected by water. The
communities belong to the association Luzulo-Abiete-
tum albae Oberdorfer 1957. Localization of permanent
research plots (PRP) is shown in Fig. 1 and a summary
of the PRP basic data is given in Table 1.

2.2. Data collection

Field-Map technology (IFER-Monitoring and Mapping
Solutions Ltd.) was used to determine the structure of
the tree layer of mixed forest stands on five PRP of 50
x 50 m (0.25 ha) in 2018. The positions of all trees with
diameter at breast height (DBH) > 7 cm were localized.
The height of the live crown base and the crown diameter
were also measured in the tree layer, at least in 4 direc-
tions perpendicular to each other. Diameters of the tree
layer were measured by a Mantax Blue metal calliper
(Haglof, Sweden) with an accuracy of 1 mm and heights
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Fig. 1. Localization of mixed stands of silver fir and Nor-
way spruce on permanent research plots Janovice 1-5 in the
Jeseniky Protected Landscape Area; grey colour indicates for-
est cover.

were measured using a Vertex laser hypsometer (Haglof,

Sweden) with an accuracy of 0.1 m.

Data for radial growth analysis was obtained by tak-
ing cores at a height of 1.3 m by a Pressler borer (Mora,
Sweden) from 20 live dominant and co-dominant fir and
spruce trees. The core samples were randomly (RNG
functionin Excel) taken from trees inupslope/downslope
directionin spring 2019. Annual ring widths were meas-
ured with an accuracy of 0.01 mm by an Olympus bin-
ocular microscope on the LINTAB measuring table and
recorded with TsapWin software (Rinntech).

2.3. Data analysis

The basic structure, diversity and production charac-
teristics of the tree layer were evaluated by the SIBYLA
5.1. forest growth simulator (Fabrika & Dursky 2005).
The stand volume was calculated according to Petras
& Pajtik (1991). The relative stand density index (SDI;
Reineke 1933), the crown closure (CC; Crookston &
Stage 1999) and the crown projection area (CPA) were
observed for each plot. The maximum SDI value was
derived from the model of the yield tables (Halaj et al.

Table 1. Overview of the basic site and stand characteristics of the permanent research plots in 2018 according to Forest Man-

agement Plan.

Altitude -, Slope Forest site . Tree species, proportion Age Stand volume

PRP GPS (m] Exposition [l type Geology Soils (%] vl [mha]
49°56.638'N . .

1 1713515°E 695 SE 7 5K phyllite cambisol AA20,PA50,LD 25,FS 5 146 639
49°56.632’N . .

2 17°13.408°E 710 E 3 5K quartzite cambisol AA15,PA60,LD 24,FS 1 139 605
49°56.573’N .

3 1713.817E 660 SE 3 50 sediment gleysol AA45,PAS50,AG 5 56 387
49°56.604'N .

4 17913.785'F 670 SE 3 50 sediment gleysol AA30,PA65,AGS 60 398
49°56.701’N . .

5 17913.930°F 675 SE 4 5K sediment cambisol AA 40, PA 60 85 501

Notes: forest site type: 5O — Fageto-Abietum variohumidum mesotrophicum, 5K — Abieto-Fagetum acidophilum; tree species: AA - silver fir (Abies alba Mill.) PA - Norway spruce (Picea abies[L.]
Karst.), LD — European larch (Larix decidua Mill.) FS — European beech (Fagus sylvaticaL.), AG - black alder (Alnus glutinosa[L.] Gaertn.).
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1987). Periodic annual increment (PAI) was derived for
a period of 5 years. Diversity was evaluated by species
richness (Margalef 1958), species heterogeneity (Shan-
non 1948), species evenness (Pielou 1975), Arten-profile
index (Pretzsch 2006), diameter and height differen-
tiation (Fiildner 1995), crown differentiation and total
stand diversity (Jachne & Dohrenbusch 1997; Table 2).

In order to date the core samples (16—20 analysed
samples per tree species on each PRP) and eliminate the
errors associated with an occurrence of missing tree-
rings, each incremental series was cross-dated using the
PAST4 statistical tests (Knibbe 2007) and subsequently
subjected to visual inspection according to Yamaguchi
(1991). If a missing ring was found, a ring of 0.01 mm
width was inserted in its place. A 100-year spline in PRP
1and2, 50-year splinein PRP 3 and 4, and 70-year spline
in PRP 5 were used to eliminate the age trend. Detrend-
ing was made in R, in the Dplr package. The main den-
drochronological character indices were calculated, as
described by methodology according to Bunn & Mikko
(2018), focusing on characterising each plot and tree spe-
cies separately. The expressed population signal (EPS)
was calculated for detrended data sets that indicates the
reliability of achronology as a fraction of the join variance
of a theoretically infinite tree population, signal to noise
ratio (SNR) that evaluates the signal strength of the chro-
nology and R-bar inter-series correlation (Fritts 1976).

The analysis of negative pointer years characterizing
extreme low radial growth was done according to Schwe-
ingruber (1996). For each tree the pointer year was tested
asanextremely narrow tree-ring that does not reach 40%
of the increment average from the four preceding years.
The occurrence of the negative year was proved if such
a strong reduction in increment occurred at least in 20%
of trees on the PRP.

Data from air pollution monitoring stations and
meteorological stations were used to derive air pollutant
and climatic factors. An analysis of air pollution situa-
tion by SO,, NO, and the tropospheric 0zone mean and
maximum concentrations in the growing season was
performed using available data from the KoSetice station
(1993-2017; 532 m a.s.l.; GPS 49.5735N 15.0803E).
Tropospheric ozone concentration for forest was charac-
terized by exposure index AOT40F (Werner & Spranger
1996). Climatic factors (air temperature and precipita-
tion) conditions were evaluated on the basis of data from
the Svétla Hora meteorological station covering the years
(1970-2018; 628 m a.s.l.; GPS 50.9448N, 17.2295E).

The development of air temperature and precipitation
conditions was studied on the basis of a mean annual
air temperature, air temperature in (non-) growing sea-
son, air temperature in individual months, annual sum
of precipitation, sum of precipitation in (non-) growing
season and sum of precipitation in individual months.

The standardized (detrended) tree-ring index series
from the PRP were correlated by the Pearson correlation
coefficient with the climate data (precipitation, air tem-
peratures) and air pollution data (SO,, NO, and tropo-
spheric ozone concentrations) in the Statistica 12 (Stat-
Soft, Tulsa). The DendroClim software (Biondi & Waikul
2004) was used to model radial growth depending on cli-
mate monthly characteristics. Unconstrained principal
componentanalysis (PCA) in Canoco 5 (Smilauer & Leps
2014) was used to analyse relationships between growth
of firand spruce on the PRPs, climatic factors and air pol-
lution data in 1993-2017. Data were log-transformed,
centred and standardized before the analysis.

3. Results

3.1. Structure and biodiversity of the stands

The number of live trees ranged between 336 —
816 trees ha ! with the stand density index of 0.62 —0.88
in 2018 (Table 3). The mean basal area was in range
of 43.4 — 53.3 m? ha™™. The stand volume ranged from
486 m3 ha! (PRP 3) to 594 m* ha™ (PRP 5). Fir had the
largest stand volume (74.2 and 54.6%) ontwo PRP (3 and
4),and spruce (65.9, 60.2 and 68.0%) on three PRP (1,2
and 5). Europeanlarch occurred only on two PRP and its
share was marginal (2.2 and 4.3%). The periodic annual
incrementwas 7.7-10.8 m*ha'y ! and the mean annual
increment varied between 8.1-9.9 m*ha 'y

Interms of species diversity, species richness was low
(D0.157-0.298), species heterogeneity ranged from low
tomedium (H “0.256—0.354) and species evenness shows
moderate to very high species diversity (E 0.588—0.968;
Table 4). The vertical structure was relatively variable (A
0.428-0.675), ranging from moderately diversified (PRP
1,2,4,5), consisting of two storeys, up to a substantially
diversified spatial structure (PRP 3) which consists of
3 storeys. Fildner’s index of height (TM, 0.132-0.532)
and diameter (TM,0.252-0.580) differentiation points
to stands with mostly low (PRP 1, 3, 4, 5) to medium
(PRP2) structural differentiation. In terms of total stand

Table 2. Overview of indices describing the stand diversity and their common interpretation.

Criterion Quantifiers Label Reference Evaluation
Species diversity Richness D (Mai) Margalef (1958) minimum D =0, higher D = higher values
Heterogeneity H’ (Si) Shannon (1948) minimum H" =0, higher H" = higher values
Evenness E (Pii) Pielou (1975) range 0-1; minimum E =0, maximum E=1
Vertical diversity Arten-profile index A (Pri) Pretzsch (2006) range 0-1; balanced vertical structure A <0.3; selection forest A> 0.9
Structure differentiation gle‘}'g‘;fttg{ffj‘f' %: Egg Filldner (1995) range 0-1; low TM <(0.3; very high differentiation TM > 0.7
Crown dif. K (J&Di) Jaehne & Dohrenbusch (1997) low K <1; very high differentiation K>3
Complex diversity Stand diversity B (J&Di) Jaehne & Dohrenbusch (1997) monotonous structure B <4; uneven structure B = 6-8; very diverse

structure B>9
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Table 3. Structural and production characteristics on permanent research plots 1-5 in 2018.

PRP Age dbh h v N BA v PAI MAI CC CPA SD1
[v] [cm] [m] [m’]  [treesha’] [m’ha'] [m*ha] [m*ha'y] [%] [ha]
Abies alba
1 146 22.0 11.78 0.465 352 13.1 164 2.6 2.73 44.8 0.59 0.25
2 139 38.8 23.74 1.563 144 16.6 225 3.5 3.75 324 0.39 0.26
3 56 324 23.75 0.902 400 33.0 361 7.5 6.02 70.1 1.21 0.54
4 60 27.4 21.20 0.599 480 28.3 288 71 4.80 78.9 1.55 0.49
5 85 41.3 29.41 1.692 112 15.0 189 3.7 3.15 50.2 0.70 0.22
Picea abies
1 146 436 30.20 1.901 192 285 365 41 6.08 493 0.68 0.38
2 139 425 27.62 1.768 192 26.8 340 4.2 5.67 48.8 0.67 0.37
3 56 30.3 23.24 0.710 176 12.7 125 1.9 2.08 39.7 0.51 0.20
4 60 30.8 23.22 0.711 320 23.8 228 33 3.80 65.6 1.07 0.37
5 85 38.5 27.14 1.330 304 35.2 404 4.1 6.73 75.8 1.42 0.50
All tree layer
1 146 30.5 17.96 0.911 608 43.9 554 6.8 9.23 714 1.49 0.68
2 139 40.7 25.96 1.680 336 434 565 7.7 9.42 65.4 1.06 0.62
3 56 31.8 23.59 0.843 576 45.6 486 9.4 8.10 82.0 171 0.73
4 60 28.9 22.08 0.646 816 533 527 10.8 8.78 93.2 2.69 0.88
5 85 39.3 21.75 1.428 416 50.2 594 7.6 9.90 88.0 2.12 0.72

Notes: Age —mean stand age, dbh—mean quadratic diameter at breast height, h—mean height, v— mean tree volume, N — number of trees per hectare, BA—basal area, V- stand volume, PAI - periodic
annual increment, MAI - mean annual increment, CC — canopy closure, CPA — crown projection area, SDI - stand density index.

Table 4. Biodiversity of tree layer on permanent research plots 1-5 in 2018.

PRP D H’ E A ™, ™, K B
(Mai) (Si) (Pii) (Pri) (Fi) (Fi) (J&Di) (J&Di)
1 0.157 0.354 0.588 0.531 0.300 0.256 1.983 7.320
2 0.298 0.289 0.960 0.488 0.580 0.532 1.720 5.630
3 0.166 0.256 0.850 0.675 0.291 0.176 0.805 3.917
4 0.172 0.342 0.717 0.551 0.300 0.183 0.938 5.236
5 0.161 0.265 0.880 0.428 0.252 0.132 0.784 3.506

Notes: D - species richness index, H' — species heterogeneity index (entropy), E - species evenness index, A - Arten-profile index, TM, — diameter differentiation index, TM, - height differentiation

index, K- crown differentiation index, B — total diversity index.

diversity, PRP 3 and 5 show monotonous structure (B
3.506-3.917), PRP 2 and 4 even structure (B 5.236—
5.630) and PRP 1 shows uneven structure (B = 7.630).
The crown differentiation ranges from fairly low (PRP
3-5) to moderate (PRP 1 and 2). Generally high biodi-
versity was on older (139-146 y) mature forest stands
on PRP 1-2 compared to younger stands (56—85 y)
on PRP 3-5.

3.2. Tree-ring characteristics

Characteristics of dendrochronology analysis are
numerically described in Table 5 that shows basic indi-
cators. Average tree-ring width was the lowest on PRP
1 in spruce (1.63 mm £ 0.69 SD) and on PRP 2 in fir
(1.63 mm £ 0.98 SD) on the oldest PRP, while the high-
est increment was on PRP 3 in spruce (3.84 mm + 1.39
SD). Generally, the higher radial growth was in spruce
compared to fir (except PRP 1). Expression population

signal value shows a high number in PRP 4 (0.944 and
0.903), but EPS was significant (significant EPS level is
0.850) inboth tree species on all PRP except firon PRP 2
(0.849). SNR value shows that best chronology (without
noise) was in fir on PRP 3 and 4 (16.938 and 11.353).
The highest SNR noise was described in fir on the oldest
PRP 1and 2 (3.078 and 5.260). First-order autocorrela-
tion showsvalues ranging from 0.654 t0 0.844 and R-bar
from 0.241 to0 0.504.

3.3. Dynamics of radial growth of fir and
spruce

Significant negative years with low radial increment were
observed in older stands on PRP 1, 2 and 5 and in one
case on PRP 3 (Table 6). Significant decrease in radial
growth was observed especially in fir (35 significant
years) compared to spruce (1-3 significant years). On

Table 5. Characteristics of the tree-ring chronologies of fir and spruce on permanent research plots 1-5.

PRP Species No. of trees SD Mean [mm] arl R-bar EPS SNR
1 SP 18 0.69 1.63 0.762 0.311 0.879 7.265
AA 17 0.97 1.69 0.835 0.267 0.859 5.260
2 SP 18 0.89 1.75 0.784 0.329 0.889 8.001
AA 16 0.98 1.63 0.844 0.241 0.849 3.078
3 SP 20 1.39 3.84 0.723 0.288 0.854 5.830
AA 20 1.29 3.60 0.654 0.405 0.919 11.353
4 SP 19 1.38 3.32 0.773 0.354 0.903 9.302
AA 20 1.17 2.89 0.731 0.504 0.944 16.938
s SP 17 1.23 2.93 0.752 0.380 0.894 8.449
AA 20 1.31 2.65 0.814 0.367 0.899 8.895

Notes: No. of trees — number of analyzed samples, SD - standard deviation, ar1 - first-order autocorrelation, R-bar — inter-series correlation, EPS — expression population signal, SNR - signal-to-

noise ratio.
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PRP1,2and 5, theradial dynamics of fir showed decrease
caused by the Caucasian fir gall aphid in synergism with
air pollution in 1970-1982 (Fig. 2). Significant nega-
tive years with low radial increment of fir in 1929, 1933,
1956, 1962 and 1996 were caused by cold years, when
the assimilation apparatus was damaged by late frosts.
In 1996, the mean coldest temperature from January to
March was measured (=5.3 °Cin 1996, mean -1.5 °C).

Table 6. Significant negative pointer years characterizing
extreme low radial growth of fir and spruce on permanent re-
search plots 1-5.

In spruce, significant negative year 1993 was char-
acterized by the synergism of the highest max. SO, con-
centration (140 pg m=, mean 38 pg m=) in the observed
period and a lack of precipitation (28 mm, mean 52 mm)
onthebeginning of growing season (March—May). More
significant winter desiccation also occurred in the early
spring of 1948 and in 1992-1995. Reduced increment
in spruce in 2004 was caused by low precipitation in the
growing season. In the study period, several increases in
radial growth were observed due to favourable climatic
conditions, but also because of silviculture intervention,
especially inyounger forest stands. For example, on PRP
4 due to strong competition, thinning of 34 m*> ha! was

Negative pointer years Silver fir Norway spruce ) . o
PRP1 1929, 1956, 1962, 1996 1948,1993 carried outin 2006 and the radial increment subsequently
PRP2 1929,1933,1956,1972,1996 1980, 1993, 2004 . :
PRP3 > 1965 increased (Fig. 2).
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Fig. 2. Standardized mean chronology of silver fir (black line) and Norway spruce (gray line) in 1970-2018 expressed by the
tree-ring index on permanent research plots 1-5 (the number of samples in 1970 — PRP 3: spruce 50% and fir 75%; PRP 4:
spruce 58% and fir 75%; PRP 1, 2 and 5 100% of spruce and fir; in 1978 100% of samples on PRP 1-5).
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Generally, the higher variability inradial growthwas 3.4, Effect of climatic factors on radial growth
observed in fir (+ 0.20 SD) in 1970— 2018, while the  of fir and spruce
standardized mean site chronology of spruce was rela- Climati I i1 relation to radial th showed
tivelymore balanced (+0.16 SD) with partial fluctuations tmatic anayses in r_e 2 102 © r_a 1a Browtn Showe
. . e several significant (o = 0.05%; r =-0.34—0.36) months
(Fig. 2). Since 1993 the comparable situation in growth in 1970-2018 (Fig. 3). Radial growth of fir was more
Va“?blhty & 0'_18 SD) has b.een observed n both tree  sensitive to monthly temperature and precipitation com-
species. The variability of radial growth was increasing  pared to spruce. To be precise, on the oldest PRP 1, fir
with age of trees, while the highest fluctuation was on  was the most sensitive to climatic factors (8 significant
PRP 1 and 2 (136-146y; + 0.23 SD) and the lowest on  months) from all variants (PRP and tree species). The air
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Fig. 3. Correlation coefficients of the standardized tree-ring index chronology of silver fir (left) and Norway spruce (right) with
the monthly air temperature (white colour) and precipitation (grey colour) from April to December of the preceding years (capi-
tals) and from January to September of the current year (lower case) on permanent research plots 1-5 in 1970-2018. Only cor-
relation coefficients of statistically significant values are presented (o0 = 0.05%).
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compared to low impact of precipitation. The effect of air
temperature was prevailingly positive on all PRP, while
in spruce on PRP 3 and 4 the effect of temperature was
negative. July (in precipitation) together with February,
March and April (in air temperature) were the most sig-
nificant months in relation to climate-sensitive on radial
growth of fir.

In spruce, climate sensitivity of diameter increment
was similar on all PRP (4-6 significant months) com-
pared to high variability in fir (5-8 significant months). In
younger forest stands, the effect of precipitation was pre-
vailing or equable, while radial growth of spruce in older
stands was more affected by air temperature. Diameter
increment of spruce was positively correlated especially
with the precipitation in June and with air temperature
in October of the previous year and March of the current
year (Fig. 3).

3.5. Interactions between radial growth, air
pollution and climate

Maximum and mean SO, concentrations had signifi-
cant negative effect on fir and spruce radial growth in
the oldest stands on PRP 1 and 2 and in fir on PRP 5 (p
<0.05-0.001; Table 7). The highest effect of SO, con-
centration was observed in fir (p <0.01) compared to
spruce (p<0.05). NO, concentrations were in significant
negative correlation with fir radial growth on PRP 1, 2
and 4 (p <0.05-0.01), while no significant effect was
observed in spruce. The mean AOT40F had a similarly
negative effect on fir and spruce radial growth, especially
on PRP 1 and 2. Conversely, maximum value of expo-
sure index was in significant negatively correlation with
spruce growth an all PRP (p <0.05-0.01), while in fir it
was observed only on two PRP. Generally, SO, and NO,
concentrations had higher effect on fir radial growth,
while spruce diameter increment was more influenced
by tropospheric ozone. The effect of air temperature on
fir and spruce radial growth was significant. The highest
effect on radial growth (p <0.001) was exerted by mean

annual air temperature of the current year, especially in
fir. Onthe other hand, precipitation did not have any sig-
nificant effect on the fir radial growth stands (p > 0.05)
compared to two (on PRP 4 and 5) significant correla-
tions (p <0.05) with a sum of precipitation in the growing
season of the current year.

The results of PCA are represented in an ordination
diagramin Fig. 4. Thefirst ordination axis explains 43.3%
of data variability, the first two axes together explain
59.4% and the first four axes 75.2%. The x-axis illus-
trates the mean radial growth of fir stands along with
ozone exposure index (AOT40F) and the second y-axis
represents the sum of precipitation in the current year
and in the growing season. SO, and NO, concentrations
(mean annual and maximum) were negatively correlated
with radial growth of fir and spruce PRP 1 and 2, while
ozone exposure index had prevailing negative effect on
radial growth of spruce and silver fir on PRP 1 and 2. In
relation to air pollution, SO, concentrations contribute
greatly to the explained variability by the first principal
component. On the other hand, precipitation, in terms
of climatic factors, contributes less to the explained vari-
ability compared to air temperature, especially low effect
of precipitation in the non-growing season was observed.
Overall, the effect of air temperature on diameter incre-
ment was more significant in fir compared to spruce.
Conversely, precipitation had higher effect on radial
growth in spruce, both especially in the growing season
in younger forest stands.

4. Discussion

Onthe European scale, increased forest ecosystem incre-
ment has been apparent since the 1970s, having been
often attributed to rising air temperatures in combina-
tion with increased nitrogen deposition and increasing
atmospheric CO, (De Vries et al. 2006; Bontemps et al.
2011). Inthe Czech Republic, however, the increment of
stands has also been significantly limited by a number of
negative factors during this period (Putalové et al. 2019;

Table 7. Correlation matrix describing interactions between radial growth of fir and spruce (on permanent research plots 1-5
and summary), precipitation and air temperature (1970-2018) and concentrations of SO,, NO, and AOT40F (1993-2017).
Significant correlations are designated by * (p <0.05) and ** (p <0.01).

RWI S0, S0, NO, NO, AOT40F AOT40F Temp Temp Prec Prec
mean max mean max mean max ActAnn ActVeg ActAnn ActVeg
Firl -0.49* —-0.51*%* —0.52%* -0.33 —0.58** -0.35 0.61** 0.43* -0.18 -0.01
Fir2 -0.87%* -0.83** -0.26 —-0.51*%* —-0.57*%* —0.58** 0.42*% 0.26 -0.14 -0.03
Fir3 -0.17 -0.20 0.02 -0.19 -0.22 -0.32 0.02 -0.05 0.06 0.13
Fir4 -0.35 -0.39 -0.22 -0.41* -0.39 -0.39 0.14 -0.04 0.16 0.22
Fir5 -0.47* -0.50*% -0.20 -0.20 -0.42*% -0.31 0.34* 0.17 0.01 0.12
Fir® -0.62** -0.63** -0.28 -0.41 -0.50* —0.47* 0.45** 0.25 -0.07 0.09
Sprucel —0.65** -0.60** -0.03 -0.37 -0.56** —0.65** 0.23 0.21 -0.05 0.08
Spruce2 —0.54** -0.48* -0.20 -0.18 —-0.51*%* —0.47* 0.40** 0.35*% -0.07 0.06
Spruce3 -0.31 -0.29 -0.15 -0.22 -0.45*% -0.56** 0.04 -0.12 0.15 0.23
Spruce4 -0.21 -0.17 -0.04 -0.26 -0.34 -0.56** -0.06 -0.09 0.17 0.29*
Spruce5 -0.17 -0.14 -0.07 -0.24 -0.26 —-0.51*%* 0.07 -0.08 0.18 0.34*
Spruce® —0.45* -0.40* -0.09 -0.28 -0.48* —0.61** 0.19 0.10 0.07 0.22

Notes: 8O, (NO,)mean — mean annual SO, (NO,) concentration, SO, (NO,)max — maximum 80, (NO, ) concentrations, mean (max) AOT40F - ozone exposure index, TempActAnn — mean annual
air temperature of the current year, TempActVeg — mean air temperature in the growing season of the current year, PrecActAnn — annual sum of precipitation of current year, PrecActVeg — sum of

precipitation in the growing season of the current year.

30



P. Mikulenka et al. / Cent. Eur. For. J. 66 (2020) 23-36

o
- O 2015
TemActAnn TemActveg
N
TemNonveg  \
Spruce? g— -
Spn.r}'l -l
Spruce®
p ol 9 mu p 2010
Spruced P & '\C)ﬂ!ea'\ \ -
-. a eOMe
Spruces ! SOMax $O02Mean
Spruced Pmnrl.m
V'e—uu.-\nn o)
o 1008
o 1997
-12 1.0

Fig. 4. Ordination diagram of PCA showing relationships be-

tween climate data (Tem — mean air temperature, Pre — sum of pre-
cipitation, Act — current year, Veg — growing season, NonVeg — non-
growing season), ozone exposure index AOT40F and SO, and NO,
concentrations (mean — mean annual concentration, max — maxi-
mum concentration) and tree-ring width for fir and spruce on perma-
nent research plots 1-5 and on average (®); codes @® indicate years

1993-2017.

Vaceketal. 2019). Our results clearly confirm this effect
of various negative factors, both biotic and abiotic, on the
radial increment of fir and spruce on the studied plots.
Climatic factors showed considerable variability over
the studied period: the increment at the beginning of the
period was influenced by cold or frost damage, while at
the end of the period, the effect of higher air tempera-
tures and lower precipitation totals was more prominent,
which is, essentially, in line with the climate change.
Other climate change research led to similar results
(Hanewinkel etal. 2013; Kondpkovéa et al. 2018). Specifi-
cally, fir was affected not only by the climate but also by
the Caucasian fir gall aphid and air pollution in our condi-
tions. This confirms greater variability in radial growth
in fir on the study PRP compared to spruce. Although
after year 1993, the fir showed significant increase and
stabilization in radial growth. Overall, fir proved to be
significantly more sensitive to NO, and SO, concentra-
tions in comparison to spruce, especially in older forest
stands. On the other hand, spruce was more sensitive to
the ozone exposure index. Generally, older stands were
more sensitive to the air pollution load, climatic factors
and changes in comparison to younger forest, in which
radial growth is more influenced by tree competition and
silvicultural intervention.

The mixing of tree species in forest stands also plays
an important role (Vacek et al. 2019). Vitali et al. (2017)
reported lower growth sensitivity to summer droughts
in mixed stands. Mina et al. (2018), in turn, documented
that the increment of spruce and fir trees is higher when
growing together in a mixed stand rather than in mono-
cultures. Similar results are also reported by Toigo et al.
(2015). Forresteretal. (2013) then give reasons for better

increment in mixed stands compared to monocultures by
more efficient use of underground resources rather than
the above-ground. Also, in the case of mixed stands, a
betterlitter ratio and the mineral nutrient cycle in general
may be apositive factor (Block 1997; Augustoetal. 2002).
In the case of mixing fir and spruce, the positive effects
are justified by their ability to create different root sys-
tems (Forrester & Albrecht 2014). It can thus be assumed
that the variability of increment on the PRP studied in this
workwas reduced due to mixing. This statement can also
be supported by results from monoculture stands where
the variability of increment is more diverse (Putalova et
al.2019). Onthe other hand, the positive effect of mixing
on increment strongly depends on climatic and habitat
conditions (Huber et al. 2014). However, the effect of
climate change may not be negative in alpine areas or at
high altitudes (Bolte et al. 2010; Di Filippo et al. 2012).

Climate change effects also depend on tree species
(Rotzer et al. 2017a; Vacek et al. 2018). Pretzsch et al.
(2013) documented that spruce, unlike beech, reacts to
drought by a more pronounced decrease in increment.
However, when comparing the increment of spruce and
fir, our results do not confirm such development unam-
biguously. On the other hand, it is necessary to admit that
a number of various factors affected the studied areas
and, thus, it is hard to single out and quantify solely the
influence of drought on the increment. Accordingly, the
effect of the air temperature and precipitation in the
individual months on the increment of individual tree
species is also highly differentiated. However, it is clear
from the results that climate data have a significant effect
on the increment, which corresponds to the results of
correlation analyses of numerous other works, e.g. Ditt-
mar et al. (2003), Friedrichs et al. (2009) or Hérdtle et
al. (2013). On the basis of long-term research, Vitali et
al. (2018) confirm positive correlation of lower-altitudes
increment with summer precipitation and negative cor-
relation with summer air temperatures, both for spruce
and for fir; this study, though, does not bring significant
higher-altitude correlation neither for spruce nor for fir.
In the study area (660710 m a.s.l.) air temperature had
prevailingly positive significant effect on radial growth,
especially in the first quarter of the year and more in fir
compared to spruce.

Relatively significant differentiation of ourresults can
be explained both by the microhabitat conditions and the
different type of root systems. Trees may also manifest
different incremental responses in the context of a spe-
cies-specific form of water management strategy, where
isohydric species such as spruce close their stomata in
dry seasons to maintain a consistent minimum water leaf
potential to prevent high water losses and water balance
disruptionin the plant (del Rio et al. 2014). However, this
reaction may resultinreduced photosynthetic activity and
overall reduction in increment (Klein 2014; Roman et al.
2015). Also, different drought adaptation strategies vary
from species to species, and can generate better main-

31



P. Mikulenka et al. / Cent. Eur. For. J. 66 (2020) 23-36

tenance of osmoregulatory and hydrological functions
(O’Brienetal. 2014). Moreover, the mixing of deciduous
andindeciduous tree species canlead to better growth by
diversifying sources from the environment, which can
ultimately lead to stress reduction (Pretzsch et al. 2014).
In our case, for example, spruce and fir trees can benefit
from greater amounts of light and water through larch
crown leakage in spring and winter, when larches do not
have needles. Rotzer et al. (2017b) describe anillustrative
example of such profitable relationship between spruce
and beech. Last but not least, a different type of root
system also contributes to increased resource efficiency
in stands (Danescu et al. 2016). Higher spring air tem-
peratures are also favoured by the fir as they reduce late
frosts to which fir is sensitive (Lebourgeois et al. 2010)
and accelerate the onset of cambial activity (Gricar &
Cufar 2008; Swidrak et al. 2014). Similarly, in our study,
high airtemperature in February and March significantly
positively influenced radial growth of fir. Moreover, June
and July (the period when a great part of radial increment
is produced) were confirmed as significant months in the
Jeseniky Mts., such as in other mountain spruce forests
(Kral et al. 2015; Kralicek et al. 2017). Mild winter con-
ditions may also improve the increment (Harrington et
al. 2010). Conversely, correlation between the increment
of fir and precipitation at medium and higher altitudes is
generally not as significant as the air temperature (Rol-
land et al. 1999; Carrer et al. 2010). On the study PRP,
low air temperature was a significant limiting factor of
radial growth of firs compared to low correlation with
precipitation. Significantly higher effect of precipitation
on diameter increment was observed in spruce because
of higher altitude optimum for its growth.

5. Conclusion

The study of radial growth in mixed age-varied fir-spruce
forest stands in the Jeseniky Mts. Protected Landscape
Area documents higher growth variability and sensitiv-
ity to climatic factors and air pollution (SO, and NO,
concentrations) in fir compared to spruce. A significant
reduction in the radial increment of fir in the late 1970s
and early 1980s was induced by air pollution in synergism
with Caucasian fir gall aphid infestation, late frosts and
winter desiccation. Impact of numerous negative factors
is clearly seen on the increment in not only fir, but also in
spruce. Inspruce, itis primarily the impact of air pollution
(especially max. tropospheric ozone concentrations) and
drought. On the other hand, fir is a very flexible tree spe-
cies that regenerates well when the stress factors impact
subsides (air pollution, climatic extremes, pathogens). It
is therefore a perspective stabilizing tree species, which,
evenin the face of global climate change, plays animpor-
tant role in forest ecosystems. What matters is its abil-
ity to be an important soil improving tree species and a
productive part of various mixed forest stand with sun-
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tolerant, semi shadow- and shadow-tolerant tree species.
A support of fir in suitable habitats is further enhanced
by the large-scale decline of spruce, not only in the Czech
Republic but also in all Central Europe.
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Abstract

The study was conducted in pure Scots pine (Pinus sylvestris L.) forests and mixed forests of Scots pine and silver
birch (Betula pendula Roth.) within the Chernihiv Polissya physiographic region of Ukraine. The aim of the study
was a comparative analysis of forest mensuration characteristics and health condition of pine and mixed pine-birch
stands planted on formerly arable lands and cutover areas after pine stands infected by annosum root rot. It was
found that in pine stands planted on formerly arable land, the average diameter of living trees in the root rot disease
focus was 1-6% larger and the average diameter of dead trees was 11-23% larger than those outside the disease
focus. Due to the pathological loss inside the disease foci, the pine stand density was much lower — by 14-38% and
the growing stock volume was 16—35% less as compared to the outside areas. Mixed pine-birch stands (with a pre-
dominance of pine trees), established on the cutover areas after pine stands affected by root rot, had a 20% greater
stock volume and the birch-pine stands (with birch predominance) in the clear-cuts had 18% greater stock volume
than pure pine stands inside the root rot disease area. The pine trees were assessed as “weakened” in the mixed
stands and as “severely weakened” in the pure pine stand inside the disease focus. The birch trees in mixed stands

were characterized as “healthy”.

Key words: Scots pine; health condition; root rot; disease focus

Editor: Andrej Kunca

1. Introduction

About 1 million hectares of forest stands were established
in Ukraine between the 1950s and 1970s on formerly
arable land. Most of the stands were pure crops of pine
(Pinus sylvestris L.). In such stands, the whole complex
of biogeocoenotic relations typically has not formed yet.
Therefore, the conditions of habitat for pine forests are
rather specific and do not correspond to their ecological
needs. The practice of afforestation of the non-forest land
indicates the low resistance of such stands to pathologi-
cal factors, in particular, to the root rot caused by Het-
erobasidion annosum s.l. (Ladeyshchikova et al. 1974;
Sierota 2013).

In numerous studies, the root rot has been described
as the most dangerous and harmful disease of root sys-
tems andbutt part of coniferous plants. It causes the stock
volumereduction in stands (Woodward et al. 1998; Gar-

belotto & Gonthier 2013; Lapitan et al. 2013; Vedmid et
al. 2013; Musienko et al. 2018), predetermines their early
degradation (Vollbrecht et al. 1994), provokes large-
scale pest outbreaks (Lyamtsev 2015), and increases fire
hazard and worsens the soil protection, water conserva-
tion and sanitary functions of a forest (Bendz-Hellgren
etal. 1999). Also, root rot infected trees are non-resistant
to wind damage (Woodward et al. 1998). According to
Asiegbu et al. (2005), the economic losses associated
with the Heterobasidion infection in Europe are esti-
mated at 800 million euros per year.

In Ukraine, the area of coniferous forests affected by
root rot is 13—16% of the total area of conifers in which
pathological processes are detected (Ustsky et al. 2010).
InPolissyazone, the area of forest disease foci (90.9 thou-
sand hectares) has increased by 30% up to 117.3 thou-
sand hectares since 2007. Pine forests infected by root
rotaccount for 72% (84.7 thousand hectares) of the area
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of stands with pathological processes detected (Chudak
2014).

H. annosums.l. iswidespread in the conifer forests of
the Northern Hemisphere, especially in Europe, North
and Central America, Russia, China and Japan (Bendz-
Hellgren et al. 1999; Korhonen et al. 1998; Vasiliauskas
etal. 2002; Dai et al. 2003; Asiegbu et al. 2005; Otrosina
& Garbelotto 2010; Worrall et al. 2010; Wang 2012;
Sierota 2013). Primary infection of trees is initiated by
basidiospores and conidia of the fungus. Basidiospores
are formed in the fruiting bodies, and conidia, through-
out the growing season, on the mycelium in the loci
where rotting is on the surface of infected stumps or
roots (Negrutskiy 1986; Woodward et al. 1998; Garbe-
lotto & Gonthier 2013). Basidiospores are formed when
the average daily temperature exceeds 5°C. They infect
freshly-cut surface of the stumps, from which then myc-
elium develops and infects adjacent trees. During winter
felling, the probability of stump infestation decreases by
95% (Brandtberg et al. 1996).

The leading factors that cause the spread of root rot
in pine forests on formerly arable land are the changes
in physical (Ladeyshchikova et al. 1974), mechanical
and biochemical properties of soil due to long-term
agricultural use (Negrutskiy 1986; Vasiliauskas 1989;
Artyukhovskiy 2000; Ladeyshchikova et al. 2001; Ustsky
2011; Sierota 2013; Lukyanets et al. 2019), as well as
the specific nature of the growth and formation of pure
dense pine stands planted in these conditions (Ladeysh-
chikova et al. 1974; Raspopina et al. 2013). Most often
the fungus attacks pure pine stands of 11-40 years old
growing in fresh infertile and fairly infertile pine site types
(Volchenkova et al. 2012).

Biological methods of plant protection based on Phle-
biopsis gigantea (Fr.) Mass. is known to be the most effec-
tive measure to prevent the spread of root rot (Rishbeth
1963). Forexample, the biological control agent Rotstop
based on Phlebiopsis gigantea is widely used in European
countries (Great Britain, Norway, Switzerland, Finland,
Poland, Latvia, Belarus, etc.) in the form of a suspension
or a dry product (Kenigsvalde et al. 2011; Volchenkova
& Zvyagintsev 2011; Sierota 2013; Kenigsvalde et al.
2016). For the conditions of the eastern part of Ukraine,
the biological product Penioflorin has been developed
based on a spore suspension of the local P. gigantea
strains (Demchenko & Sukhomlin 2000). However,
due to economic difficulties, this agent is rarely used in
Ukraine. Furthermore, since fruiting bodies of H. anno-
sum 8.1. are formed quite rarely in Ukrainian pine forests
and only in years with sufficient precipitation, the spore
infection of the pathogen plays a secondary role. There-
fore, forestry interventions, mainly tending felling and
sanitation felling, remain the primary means to control
the disease. However, these measures are not particularly
effective (Zvyagintsev et al. 2013).

Growing mixed and deciduous stands in abandoned
agricultural land instead of pure pine ones is an effec-
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tive and future-oriented way to prevent the occurrence
and spread of root rot. Such stands are more resistant
to the disease. At the same time, they enable the forma-
tion of the natural composition of soil microbiota. The
following tree species can be used for mixing with pine
in fresh fairly infertile pine sites: Betula pendula Roth.,
Quercus rubra L., Quercus robur L., and Alnus incana
(L.) Moench. Their proportion in these conditions must
be at least 30 % (Alekseev et al. 1981; Negrutsky 1986;
Bilous 2006). To reduce the infection level and to prevent
the spread of root rot and also to form the natural com-
position of soil microbiota in formerly arable land, Peri
et al. (1990), Ladeyshchikova et al. (2001), and Lygis
et al. (2004) proposed to plant silver birch stands as a
pine forecrop in fresh and moist fairly infertile pine sites.
The most resistant are sparse (up to 2.5 thousand stems
per ha) middle-aged mixed planted stands including
shrubs that have rich species composition and grow in
fresh fairly infertile sites in the northern part of Ukraine
(Fedorov 1991). In Scots pine stands that grow on pri-
mary forest soils, the disease occurs relatively rarely and
does not cause significant damage (Vasiliauskas 1989).

Despite the over 100-year history of the root rot
research, the causes of increased Scots pine susceptibil-
ity to annosum root rot in formerly arable land have not
been finally identified and effective practices to control
the disease have not been developed. Therefore, the
study of the root rot impact on the forest mensurational
characteristics and health condition of Scots pine and
silver birch stands within the Chernihiv Polissya physi-
ographic region of Ukraine is extremely relevant as well
as the development of practices that prevent and control
the disease.

The aim of the study was the comparative analysis of
forest mensurational characteristics and health condition
of pure and mixed pine stands established in abandoned
agricultural land and in the clear-cuts after pine stands
infected by annosum root rot.

2. Materials and methods

The studywas conducted in August-October, 2017. Scots
pine and silver birch stands were assessed within the
Gorodnyanske Forestry Enterprise located in the Cherni-
hiv Polissya physiographic region of Ukraine (Fig. 1).
The site of the study is typical for this region.
Chernihiv Polissya physiographic region is a low-
lying undulating plain. The overall flatness of the terri-
tory is disrupted by the valleys of the Dnieper, Desna,
and Snov rivers. The climate of the region is moderately
continental. Annual rainfall is 500-610 mm. There are
many lakes and swamps in the river valleys. The area of
the swamps is 4.5% of the area of Chernihiv Polissya
region. The widespread soils are sod-podzolic, bog, and
gray forest ones. The forest cover of the region is the low-
est compared to other Polissyaregions and is about 18%.
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Fig. 1. Location of the study site (Latitude 51°52°N-51°45’N; Longitude 31°15’E-31°30’E).

The largest forest areas are located between the rivers
of Dnieper and Desna and Snov and Desna. Scots pine
forests and mixed English oak and Scots pine forests
predominate (Marinich et al. 1985).

To investigate forest mensurational characteristics
and health condition of the annosum-infected Scots
pine stands planted on formerly arable land, seven sam-
ple plots were laid out in the part of the stand containing
infected and dead trees (disease foci, DF). Seven sam-
ple plots were established as a control (C) in a relatively
healthy part (i. e. without signs of deterioration) of the
same stand (the area outside the disease foci) (Table 1).
Also, to compare to the stands planted on formerly arable
land, two sample plots were laid out within the disease

foci and two sample plots outside the disease foci in the
pine stands of the next generation replanted in clear-cuts
after root rot infected stands. To compare the stand char-
acteristics for annosum-infected pure pine stands with
those for mixed ones planted in the clear-cuts after root
rot infected stands, one sample plot was established in a
mixed pine-birch stand and one sample plot in a mixed
birch-pine stand (Table 2). These mixed stands were not
infected by root rot.

The sample plots were established in the fresh fairly
infertile pine sites. The size of the sample plot was deter-
mined, based on at least 200 trees of the main species on
the plot. The trees were recorded by species, determin-
ing their diameters, assessing health condition and Kraft

Table 1. Forests mensurational characteristics of studied Scots pine stands established on formerly arable land.

Totalstand ~ Growing Relative

Sample Age [years]  Part of the stand Group ofthe - Stand denﬂty . Average Average height basalarea stockvolume  density of .Health
plot number trees [stemsha™]  diameter [cm] [m] P 1o : index [
[m?ha™] [m*ha™] stocking ¢
) Tiving 1600 101 84 3.1 57 047
3-DF 2 disease focus dead 753 7.1 74 29 1 0.10 34
living 2563 95 88 19.0 88 0.69
3C control dead 338 62 74 0.9 4 0.03 23
) Tiving 082 182 178 258 214 0.66
4-DF . diseasefocus g, 182 164 171 38 30 010 23
e wontol living 1148 181 183 303 259 0.76 s
dead 52 138 162 0.7 6 0.02 :
) living 913 202 208 297 290 0.66
5-DF p disease focus dead 225 16.0 18.4 45 39 0.10 27
living 1111 20,0 212 348 343 0.76
5C control dead 84 143 171 14 1 0.03 17
) Tiving 775 24 209 76 265 0.61
6-DF 5 diseasefocus g, 290 168 19.5 63 ) 0.14 32
6 wontol living 960 208 2138 327 329 071 24
dead 100 129 19.0 13.0 12 0.03 '
) Tiving Iy 207 266 29.0 353 0.61
7-DF 6 disease focus dead 113 23 242 44 51 0.09 26
living 561 286 273 357 442 0.74
€ control dead 38 182 37 1.0 1 0.02 14
) Tiving 530 77 238 320 346 0.67
§-DF - disease focus dead 125 215 233 59 63 0.13 23
oc wontol living 695 2.5 2% 379 47 0.81 s
dead 3 205 20 1.04 11 0.02 '
) Tiving 541 284 264 339 207 072
9-DF . discase focus dead m 19.2 25 79 83 0.16 32
living 707 277 23 03 517 0.88
-C control dead 3 16.0 206 0.9 9 0.02 21

39



V. Tkach et al. / Cent. Eur. For. J. 66 (2020) 37-48

Table 2. Forests mensurational characteristics of the stands established on clear-cuts after annosum-infected pine stands.

Growing stock

Sample plot Age[years] Composition Species Group of Standdenﬁ:ty .Average Average height volume Relatlvede.:nsny Health index
number thetrees  [stemsha™]  diameter [cm] [m] [ ha '] of stocking Ic
5 living 1123 152 143 134 0.52 26
e o dead 165 119 13.0 12 0.05 ‘
14-DF 90%8p 10%5b g lving 207 101 135 10 0.06 .
29 dead — — — — — :
5 living 1730 15.6 163 255 0.83 6
e 100 dead 67 10.1 14.1 3 0.01 :
14-C 90%5p 10%Sb living 244 12.9 181 28 0.12
Sb p 1.0
ead — — — — —
_ . living 507 226 20.7 228 052
11-DF o 100%Sp Sp dead 113 19.9 208 35 0.08 27
) living 940 22,0 20.5 334 0.80
11-C 100%Sp Sp dead 95 143 17.8 13 0.03 L7
S living 241 25.5 229 129 0.26 23
o <o dead 30 129 170 3 0.01 :
10 48 50%Sp50%Sb g  lving 567 189 202 155 055 4
dead 9 113 153 1 — :
S living 990 171 21.9 231 0.74 s
. dead 74 9.5 165 4 0.02 :
12 49 B0%Sb20%Sp S living 142 196 232 4 0.09 23
P dead 20 15.2 20.7 3 0.01 .

Notes: Sp — Scots pine; Sb — silver birch.

classes. The tree diameters were measured with a caliper
atbreast height (1.3 m above ground) within the accuracy
of 0.1 cm. The average diameter of the trees was deter-
mined by dividing the total basal area of each species by
the corresponding total number of stems. According to
the calculated basal area of the average tree, the average
diameters for all species were determined.

The tree heights were measured in field conditions
using [lU-1M hypsometer. The average height of the spe-
cies predominating in the stand composition was deter-
mined graphically by the average diameter of the trees of
this species. To develop the height curve, we measured
the height of 25-30 trees, which were distributed by
diameter classes in proportion to the total basal areas of
treesin the sample plot. For other species, the height was
measured for 10—15 trees close to a medium-sized tree.

The health condition of the stand was described by
the health condition index I, calculated by the formula
[1] (Tarnopilska et al. 2018):

I = King + Kony + ...+ Kgng [1]
N
where: K, ..., K, — the category of the health condition
of the trees (from 1st to 6th); n,, ..., n,— the number of
trees of the given health condition category; N —the total
number of recorded trees in the sample plot.

We assessed the health condition of the trees using 6
categories, namely: the 1% — trees without signs of dam-
age, the 2" —weakened trees, the 3/ — severely weakened
trees, the 4" — dying trees, the 5% — standing dead trees
died over the present year, and the 6™ — standing dead
trees died over recent years (Table 3).

The root rot disease focus is an area occupied by a
group of severely weakened and dying trees of 3™ and
4t categories of health condition, including gaps result-
ing from the sanitation felling of the trees damaged by
annosum root rot (Fig. 2a). The area outside the disease
foci (control) is a healthy part of the stand, not disturbed
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by the pathogenicloss of trees (Fig. 2b). The disease-pro-
duced loss of forest consists of severely weakened and
dying trees and fresh and old standing dead trees, i.e. the
trees of the 37, 4%, 5" and 6 health condition categories
(Sanitary Forests Regulations in Ukraine 2016). During
the study, the type of dieback in the stands was defined
as follows: focal dieback, when the foci of dying were
formed; diffuse dieback, with individual trees damaged
by root rot and stem pests; and mixed type of dieback,
with the presence of focal and diffuse diebacks (Ladey-
shchikova et al. 2001).

Detection of H. annosum s.l. was carried out using
strainsisolated from Pinus sylvestris by conidiospore ger-
mination. Trees visually damaged by root rot were used
for sampling with cork borer from stump. Isolated strains
grown on Hagem agar (Stenlid 1985) were determined to
intersterility group by somatic incompatibility and PCR
analysis (unpublished data) resulted in detection of H.
annosums.s.

The degree of differentiation of trees in stands was
assessed according to the following Kraft’s classifica-
tion (Avery & Burkhart 2002; Tarnopilska et al. 2018):
1%t class — predominant, exceptionally large trees; their
crowns extend above the general level of the canopy; they

Fig. 2. Planted 71-year-old pine stand inside root rot disease
focus, 8-DF (a) and outside the disease focus, 8-C (b).
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Table 3. Scale applied in the assessment of health condition of Scots pine trees.

Degree of needle development

Health condition

Category of health condition index range Canopy openness % Distrif))‘lll‘:irosl;1 gi ilseedles Needle colour Degree of stand damage
1% —without signs of damage 1.00-1.50 dense canopy 90-100  no signs of deterioration green none
2" weakened 1.51-2.50 open canopy 66-90  nosigns of deterioration green, light-green weak
31— severely weakened 2.51-3.50  muchopencanopy  33-66 concentrated light-green medium
4% — dying 3.51-4.50  much open canopy 33 concentrated yellowish or yellow-green significant
- ) .
3"~ standing dead trees died over 4.51-6.00 — 0 noliving needles  grey, yellow or reddish-brown extreme
the present year
th _ H H
6" - standing dead trees died over 4.51-6.00 — 0 no living needles — extreme
recent years

have the largest, fullest crowns in the stand and thicker
trunks; 2" — dominant trees; their crowns make up the
general level of the canopy; generally, they are shorter
than the predominant trees and have straight trunks;
3 — subdominant trees; they have the same height as
the dominant trees but are relatively weakly developed
and restricted often with other trees, there are some
signs of suppression; 4" — suppressed trees, with crowns
restricted on all sides or on two sides, or with one-sided
development; their tops reach only the lower part of the
canopy of the dominant trees; 5" class — the trees com-
pletely under the canopy of the dominant trees; dying and
dead trees.

The site class of the stands (the productivity indica-
tor depending on the soil fertility or site conditions) was
determined using Orlov’s site class scales developed
on the basis of height, age, and origin of stands (Hrom
2007). Stand basal area (or aquantitative measure of the
degree of crowding within the stand) was found as the
sum of the basal area of all live trees in a stand per hec-
tare (m? ha™). The relative density of stocking of a stand
was calculated as the ratio of the stand basal area to the
basal area of the ‘normal’ stand (Shvydenko et al. 1987).
Growing stock volume was defined as the volume of all
living trees per unit area (m® ha™), and the stand density
as the number of living trees per unit area (stems ha™)
(Hrom 2007).

Peculiarities of the stand structure are described by
the curve of tree distribution in natural diameter classes.
Natural diameter classes are the diameter classes of the
trunks, expressed in decimal fractions of average stand
diameter. The distribution of trees by the natural diam-
eter classesis a generalized variation series describing the

variability of tree diameter within stands and the repre-
sentation of certain diameter classes. In healthy stands
with different composition, the distribution of trees by
natural diameter classes was found to be approximately
the same (Mashkovsky 2015). The skewness and kurto-
sis coefficients for the variational series (Hammer et al.
2001) were calculated to assess the impact of annosum
root rot on the distribution of trees by natural diameter
classes in the infected pine stands (Tables 4, 5).

3. Results

To specify the structure of the part of pine stands in the
root rot foci, the natural diameter classes distribution
within the disease foci was compared to that within the
control plots. The analysis of the distribution of trees by
natural diameter classes (Tables 6, 7) indicated that the
distribution curves were close to normal in the vast major-
ity of sample plots, both in the disease foci and in the
control (Tables 4, 5). The skewness of the distributions
was positive and significant in the sample plots 4-DF,
8—DF, and 6—C. This means that most trees have diam-
eters smaller than the average diameter. The kurtosis of
the tree distrubution was negative and significant in all
sample plots, except for 4—DF, 8—DF, 7-C, and 9—C.

In planted pine stands, the type of the dieback result-
ing from root rot damage was found to depend on the age
of the stand. The distribution of the disease was diffuse
in the young stands up to the age of 35 (3—DF and 4-DF
sample plots) and mixed in the stands up to 50 years old
(5—-DF). In older stands, it became focal (6-DF, 7-DF,
8-DF, and 9-C).

Table 4. Results of statistical processing of the trees distribution by the natural diameter classes in the disease foci.

o Sample plots
Statistical indicator 3-DF 4-DF 5-DF oor 7D 8-DF 9-DF 11-DF
Kurtosis ~1.466 20,061 ~1.589 ~1.017 ~1.037 ~0.368 ~1.498 ~1.288
Critical value of kurtosis (st, ;) 0.863 0.890 0.873 0.863 0.873 0.873 0.873 0.873
Skewness 0.270 0.930 0.440 0.701 0.505 1.009 0.396 0.229
Critical value of skewness (sty.s) 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711

Table 5. Results of statistical processing of the distribution of trees by the natural diameter classes in the control sample plots.

e Sample plots
Statistical indicator 3C 4c 5.C 6-C 7-C 8-C 0_C 11-C
Kurtosis -1.065 -1.798 -1.504 1.197 —0.862 -1.322 —0.584 -1.738
Critical value of kurtosis (st os) 0.863 0.890 0.890 0.873 0.873 0.890 0.873 0.873
Skewness 0.356 0.502 0.428 1.597 0.697 0.406 0.397 -0.112
Critical value of skewness (st ;) 0.711 0.711 0.711 0.711 0.711 0.711 0.711 0.711
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Table 6. Actual distribution of trees by the natural diameter classes in the disease foci (%).

. Sample plots
Natural diameter classes 3-DF 4DF 5-DF 6-DF 7-DF §-DF 9-DF 11-DF
0.1 1.5 0 0 0 0 0 0 0
0.2 2.0 0 0 0.5 0 0 0 0
0.3 6.0 0 0 0 0.8 0 1.3 0
0.4 8.5 0 0.5 5.6 0.8 0 3.1 0.7
0.5 10.0 2.3 33 4.2 7.3 1.2 10 6.6
0.6 9.5 3.1 9.3 7.5 14.6 44 10 8.6
0.7 11.5 12.5 11.5 13.6 13.9 7.6 11.1 104
0.8 7.0 10.2 15.9 9.9 9.8 20.3 11.7 159
0.9 9.5 21.9 14.3 12.2 14.6 21.1 15.1 9.3
1.0 4.5 10.9 12.7 13.1 7.3 16.5 14.7 12.6
1.1 5.5 211 14.9 16.9 9.8 11.5 10.7 11.8
1.2 6.0 7.8 8.8 10.8 6.6 9.6 53 10.7
1.3 9.5 6.3 3.9 1.4 49 3.2 3.7 6.3
1.4 2.5 3.1 1.7 2.8 5.6 1.2 24 3.7
1.5 2.5 0.8 0.5 0.9 0.8 2 0.4 1.8
1.6 1.0 0 2.2 0 1.7 0.6 0 0.7
1.7 1.0 0 0.5 0 1.7 0.6 0.4 0.7
1.8 1.0 0 0 0.5 0 0 0 0
1.9 1.0 0 0 0 0 0 0 0
2.0 0.0 0 0 0 0 0 0 0
Table 7. Actual distribution of trees by natural diameter classes in the control plots (%).
, Sample plots
Natural diameter classes 3C iC 5C 6-C 7C 3C 9.C 1C
0.1 0.4 0 0 0 0 0 0 0
0.2 3.5 0 0 0 0 0 0 0
0.3 2.6 0 0 0.7 0 0 0 0
0.4 10.4 0 0 3.1 0.8 0 1.9 0.5
0.5 8.6 0.3 0.9 3.8 2.3 0 0 3.9
0.6 6.5 2.2 6.2 6.3 5.5 2.2 12.4 9.7
0.7 6.1 6.9 11.5 4.4 11.2 10.9 10.5 14
0.8 11.2 13.4 13.2 12 15.8 21 8.5 13.5
0.9 10.8 18.1 13.2 18.2 19 18.8 11.5 13.5
1.0 4.8 19.6 18.1 23.8 14.3 12.2 20.9 11.6
1.1 8.0 19.6 18.5 10.1 11.8 14.4 10.5 10.1
1.2 4.3 17 12.3 5 8 12.2 15.2 11.6
1.3 7.4 2.2 3.5 7.5 5.5 4.4 6.7 4.8
1.4 3.9 0.3 1.3 2.5 2.3 1.5 1.9 5.3
1.5 5.2 0.3 0 0.7 1.7 2.2 0 1.4
1.6 1.7 0 1.3 1.2 1.7 0 0 0
1.7 1.7 0 0 0.7 0 0 0 0
1.8 0.9 0 0 0 0 0 0 0
1.9 1.3 0 0 0 0 0 0 0
2.0 0 0 0 0 0 0 0 0

3.1. Pine stands planted on formerly arable
land

For pine stands planted on abandoned agricultural land,
a direct relationship was found between the age of the
stand and the average diameter as well as between the age
and average height of the trees, both dead and living. The
average diameter of the living trees in the disease focus
was 1-6% larger compared to the control (outside the
disease focus) because of larger vital space contributing
totheincrease of radialincrement of trees. However, this
difference was not significant.

Inrootrot disease focus, there was dieback of thicker
trees as compared to the control. Also, the difference
between the average diameters of dead trees inside and
outside the disease focus was significant and varied
within 11-23% (Fig. 3). In the disease focus, the average
height of living trees was 2—5% lower in comparison with
the control. On the contrary, the height of the dead trees
inside therootrot focus was up to 8% higher compared to
that outside it asin the disease focus the trees with larger
diameter were dying (Fig. 4).
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In the root rot disease foci, due to the pathological
mortality, the density of the pine stand was much smaller,
by 14-38% and the growing stock volume was 16-35%
lower as against pine stand outside the disease foci (Fig.
5). In the control areas, the growing stock of pine stand
unevenly increased with age, and the number of trees
decreased.

The negative impact of annosumroot rot is evidenced
by the increase in the stock of standing dead trees (Fig.
6). For example, the stock of dead trees in the controls
was small and varied within 4—-12 m*ha™. In the disease
foci, it increased from 11 m* ha'in 21-year-old stand to
83 m?® ha! in 81-year-old one. In the 61-year-old pine
stand, the stock of dead trees decreased slightly to
51 m®hadue to the recent sanitation felling in it, which
insignificantly influenced the general trend.

For pure Scots pine stands planted on formerly arable
land the health condition index varied from 2.3 (weak-
ened stand) to 3.4 (severely weakened stand) within the
disease focus and from 1.4 (healthy stand) to 2.4 (weak-
ened stand) in the control (Table 1).
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3.2. Stands planted on clear-cuts after
annosum-infected pine forests

All mensurational indicators for the parts of the stands
within root rot disease foci showed significantly lower
rates than those outside them, due to the negative effects
of the disease. For example, in the mixed 29-year-old
stand, the average diameter and height within the dis-

ease focus (14—DF) were below the control (14—C) by
3% and 12% respectively for Scots pine and by 22% and
25% for silver birch. The differences in the stand density
inside and outside the disease focus were 35% for Scots
pine and 15% for silver birch, in relative density of stock-
ing they were 37% and 50% respectively; the growing
stock differences were 47% and 64% for pine and birch
respectively. Such differences were due to significant
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Fig. 3. Average diameters of dead and living pine trees inside and outside annosum root rot disease foci depending on stand age.
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Fig. 4. Average heights of dead and living pine trees inside and outside annosum root rot disease foci depending on stand age.
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annosum-induced mortality within the disease focus. In
general, the part of the stand outside the disease focus
had higher site class than the part inside it. The number
of dead pine trees in root rot disease focus was 2.5 times
larger than in the control, and their stock volume was 4
times greater. The degree of pine damage was medium
inside the disease focus and weak outside it. Accordingly,
within the disease focus, the pine part of the stand was
assessed as “severely weakened” by the health condition
(I,= 2.6); in the control, it was “weakened” (I = 1.6).
Thebirch part of the stand in the disease focus and in the
control was assessed as “healthy” (I = 1.0...1.1).

The density of 49-year-old pine stand within the root
rot disease focus (11-DF) was 36% lower than outside
it (11-C) due to the disease-induced mortality. At the
same time, the number of dead trees within the disease
focus was 1.2 times larger. Lower stands density inside
the center caused 3% excess in average diameter and
1% excess in average height. The stock volume of living
trees was 32% lower in the disease focus as compared
to the control. Instead, the stock of dead trees there was
2.7 times larger. The degree of the stand damage was
medium inside the disease focus and weak outside it.
Accordingly, the part of the stand inside the root rot dis-
ease focus was assessed as “severely weakened” (I =2.7)
and the control, as “weakened” (I = 1.7).

The mixed 48-year-old pine-birch stand (sample plot
10) had a growing stock volume of 284 m3 ha. The pro-
portion of Scots pine in the stock was 45% and the part of
the silver birch amounted to 55%. The pine-birch stand
hadbetter health and higher productivity compared with
those in the disease focus in pure pine stands of the same
age (11-DF), planted on the clear-cut after annosum-
infected stand (Table 2).

In mixed 49-year-old birch-pine stand (sample plot
12), the proportion of silver birch trees was 87% and
Scots pine trees made 13%. Among the birch trees, the
healthy ones prevailed (80%). The proportion of dead
ones accounted for only 7% of the total number of trees
in the stand. In the pine part of the stand, healthy trees
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amounted to 48%, weakened and severely weakened
ones were estimated at 15%. In this case, the proportion
of dead pine trees was 12%. As for health condition, the
birch part of the stand was “healthy” (/= 1.5) and the
pine trees were assessed as “weakened” (I, = 2.3).

Thus, the data (Table 2) suggested that in the mixed
pine-birch and birch-pine stands, the birch trees had
“healthy” condition (/ = 1.0...1.5) while pine trees were
assessed as “weakened” and “severely weakened” (I =
1.6...2.6).

4. Discussion

The results of the study showed that the impact of root
rot on the health of the stands can be explained by a set of
factors. The factors caninclude the intensity of pathologi-
cal dieback; types, values, and timing of forest manage-
ment actions; the type and the time of development of
the dieback foci, etc. Over time, the disease progression
leads to a decrease in total increment, the relative den-
sity of stocking and total stand volume. For example, the
average height of living trees in the root rot disease foci
was 2—-5% less and the average diameter was 1-6% larger
compared to the area outside the disease foci. The density
of the part of pine stand within the disease foci was much
less, by 14-38%, due to the annosum-induced mortality,
and the growing stock volume was 16—35% lower than
that outside the disease foci. The health condition index
varied from 2.3 (“weakened stand”) to 3.4 (“severely
weakened stand”) inside the foci of root rot disease and
from 1.4 (“healthy stand”) to 2.4 (“weakened stand”) in
the areas outside them.

The tree mortality in the uninfected part of the stand
can be mainly attributed to the thinnest trees of the 47—
5t Kraft classes. In the disease focus, not only the trees
of the 45" Kraft classes but also the more developed
trees of the 15-3" classes were dying, which are infected
by annosum root rot exactly in the same way (Fig. 3). The
height of the dead trees inside the root rot foci was 0—-8%
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higher compared to that outside them as in the disease
focithe trees with larger diameter were dying. Regardless
of the age of the stands, the average diameter and height
of dead trees were much smaller than that of living ones.
Atthe sametime, in the disease foci, mortality was attrib-
utable to considerably thicker and slightly higher trees, in
comparison with the control. The more intense opening
within the infected part of the stand and, as a result, an
increase in the growing space for the trees remaining in
this part contributed to their greater growth in diameter
and height (Fig. 4).

For the conditions of Ukrainian Eastern Polissya
physiographic region, similar results were obtained
by other authors (Raspopina et al. 2013). There was a
decrease of 20-49% for the density and of 16—37% for
the growing stock volume of the pine stand in root rot
disease foci in comparison with the areas outside the
foci due to the disease- and pest-induced mortality. The
average height of planted Scots pine stands inside the
disease fociwas 3% lower, and the average diameter was
4% larger than those outside them. In the disease focus,
the stand was assessed as “severely weakened” (/_ranged
from 2.6 to 3.4). Intact part of the stand was assessed as
“weakened” (I_was 1.7-2.4).

The investigation in Ukrainian Novgorod-Siverske
Polissya (Lapitan et al. 2013) indicated the decrease in
growing stock volume by an average of 24% and 33%
in root rot disease foci in pre-mature and mature pine
stands respectively. According to the data (Vedmid et al.
2013), the growing stock volume and the value of tim-
ber of pine stands in Eastern part of Ukrainian Polissya
decreased by 1.5—2 times inside the annosum focias com-
pared to the outside part. In the Volyn Polissya region
of Ukraine, the total standing volume and the value of
timber of annosum-infected planted pine stands outside
the disease foci were 42% larger than those inside them
(Musienko et al. 2018).

The pure pine stands of the next generation, planted
on the clear-cuts after annosum-infected pine forests
(sample plots 11-DF and 11-C), were considerably
exceeded by pure pine stands planted on formerly arable
land (sample plots 5—-DF and 5—C) in productivity and
health. For example, in the disease foci, the growing stock
volume in 5—-DF was 21% higher than in 11-DF (Fig.
7). This is attributed to the increasing root rot infection
level for the next generation of pure pine stands in already
infected areas. The health condition for both test plots
was not different during the survey (I = 2.7).

Mixed pine and birch (sample plot 10) and birch and
pine (sample plot 12) stands of approximately equal
age had 20% and 18% higher growing stock volumes
respectively, as compared to the pure pine stand (11-
DF) planted on clear-cut areas after annosum-infected
pine stands. The pine health condition index in the mixed
stands was 2.3 (“weakened stand”) and in the pure pine
stand in the root rot disease focus it was 2.7 (“severely
weakened stand”). The birch parts of the stands were
healthy (I were 1.4 and 1.5).

In summary, the mixed stands planted on the clear-
cuts after annosum-infected pine forests exceeded pure
pine stands of the same age in growing stock volume.
They were more annosum-resistant and had a much
better health condition. Therefore, the addition and
maintenance of broadleaved species, particularly silver
birch, into the stand composition and the timely thinning
of young stands can significantly increase the resistance
of forests to annosum root rot and prevent the infection.
Thus, establishing mixed stands on clear-cut areas after
annosum-infected pine forests is justified from the for-
estry standpoint, due to their higher productivity and
better health condition.

According to the study of Raspopina et al. (2013),
the growing stock volume of root rot infected pine stands
exceeded the growing stock of birch stands by 20%.
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Fig. 7. Growing stock volume and health condition of the investigated pure and mixed stands.
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However, the birch stands had a better health condition
(I =1.6...2.1) ascompared with the infected pine stands
(/,=2.6...2.9).

In the opinion of many researchers (Ladeyshchikova
etal. 1974; Negrutskiy 1986; Vasilyauskas 1989; Peri et
al. 1990; Raspopina et al. 2013), birch stands are more
resistant to root rot damage. It is especially advisable to
grow pure birch stands in fresh and moist fairly infertile
sites on clear-cuts after annosum-infected pine stands,
inorder to prevent the the disease spreading. In formerly
arablelandsin fresh fairlyinfertile pine site type, Alekseev
et al. (1981) and Bilous (2006) suggested introducing
at least 30% of silver birch into the composition of pine
stand. This could accelerate the decomposition of forest
litter and enrich the soil with nitrogen and ash mineral
substances.

In the Chernihiv Polissya physiographic region of
Ukraine, the growing stock volume of mixed pine and
birch stands with 10-20% of silver birch was 10-35%
higher than that of pure pine stands. Studies in north-
eastern Poland showed that, in mixed pine stands, the
growing stock was on average 41% larger as compared
with pure ones (Bielak et al. 2014). In addition, mixed
stands are more resistant to pests and pathogens; they
contribute to the enrichment of biodiversity and the
improvement of aesthetic and recreational values of for-
ests (Felton et al. 2016).

Planting mixed pine and birch stands will enhance
soil and water protection, sanitation, recreation and
other beneficial properties of forests and improve the
biodiversity of land disturbed by long-term agricultural
use (Ladeyshchikova et al. 2001). Additionally, it will
contribute to the formation of the natural composition
of soil microbiota and will provide the opportunity to
grow primary forests in the future.

5. Conclusions

The main threat to the pure pine stands planted on the
clear-cut areas after annosum-infected pine forestsis the
danger of re-infestation of the stands. The mixed stands
established under these conditions are more resistant to
annosum root rot disease and have better health than
pure pine ones. The clear-cut areas after annosum-
infected pine stands should be reforested using mixed
Scots pine and silver birch stands with 30—50% of Scots
pine in the composition.
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Abstract

This study focused on the occurrence of xylophagous beetles and nematodes in the different parts of Pinus sylvestris L.
trees of different health condition in the pure stands in Zhytomyr region (Central Polissya). Stem fragments with thin,
thick and transitional bark, branches and twigs were examined in each of 12 model trees. Xylophagous beetles were
identified by adults or by galleries. Nematodes were isolated from wood samples in the laboratory using the Baermann
method and identified by morphometric characteristics. Among 10 species of xylophagous beetles, Ips acuminatus
(frequency 16.7%; dominance 17.9%) and I. sexdentatus (frequency 11.1%, dominance 54.6%) dominated, which
prefer the fragments with thin and thick bark respectively. No xylophagous beetle was found in the healthy and slightly
weakened trees. Among 15 nematode species, 40% were saproxylic, 33.3% entomophilic, 13.3% phytophagous, and
by 6.7% predators and species associated with fungi. An entomophilic nematodes Cryptaphelenchus macrogaster
f. acuminati was common in all parts of stem and branches (frequency of occurrence 25-33.3%). An entomophilic
nematodes Parasitorhabditis acuminati and a predator Fuchsia buetschlii acuminati had the highest frequency of
occurrence (41.7%) under the thin bark and in the branches. The frequency of these species in colonized with xylo-
phagous insects stem fragments with thin bark was significantly higher than in respective not colonized fragments.

Key words: Ips acuminatus; Ips sexdentatus; entomophilic nematodes; phytophagous nematodes; predator; Bur-
saphelenchus; saproxylic nematode

Editor: Jaroslav Holusa

Another type of harm is technical because it brings
to losses of timber quality and can be caused by insects
inhabiting living, felled, wind-broken or windthrown
trees. Its severity depends on larval galleries and pupal
chambers width and depth, their distribution in stem
parts with thick, transitional or thin bark. Each species
of xylophagous insects is evaluated by a certain score of
physiological and technical harm, as well as by general
harm considering physiological, technical harm and
number of generations per year. It was proved that the
same insect species can be non-harmful, low, moderately
or extremely harmful depending on region, population
density and other conditions (Meshkova 2017).

The presence of pathogenic or parasitic organisms
can play an important role in the harmful consequences
of tree colonization by xylophagous insects. Along with

1. Introduction

Health condition of pine stands worsens in last decades
promoted by climate change and anthropogenic activity,
which increases the vulnerability of trees to different inju-
rious organisms, including xylophagous insects, patho-
genic fungi, bacteria, nematodes, etc. (Wood 1982; Sau-
vard 2007; Pernek et al. 2012; Siitonen 2014; Andreieva
et al. 2018; Meshkova et al. 2018).

Xylophagous insects, mainly bark beetles from
subfamily Scolytinae (family Curculionidae), longhorn
beetles (Cerambycidae), and jewel beetles (Buprestidae)
are the most evident and the most studied agents of tree
decline (Wood, 1982; Sauvard 2007). They develop, at
least the part of their life cycle, inside xylem or phloem
tissues of a tree (Lieutier et al. 2016). The xylophagous
insects, which inhabit living trees and bring to their

mortality at high population density, cause physiologi-
cal harm, which increases due to their maturation feed-
ing inliving trees and pathogen vectoring (Lieutier et al.
2016; Meshkova 2017).

profound researches of blue-stain and wood-decaying
fungi vectoring by bark beetles (Linnakoski et al. 2012;
Davydenko et al. 2014, 2017), considerable attention
is paid to nematodes (d’Errico et al. 2015; Holusa et al.
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2017;Korma & Sigaryova 2017), especially after spread
of pine wilt disease caused by pinewood nematode or
pinewilt nematode’ (PWN) Bursaphelenchus xylophilus
(Steiner & Buhrer 1934) Nickle 1970 (Nematoda: Aph-
elenchoididae) (Motaet al. 1999). This nematode inhab-
itsin the resin canal systems of infected pines, spreading
across the stem, branches, and roots (Mamiya 1983).
This nematode is spread by beetles of the genus Mono-
chamus (Coleoptera, Cerambycidae) through matura-
tion feeding on the bark, particularly Monochamus gal-
loprovincialis (Olivier 1795) (Coleoptera Cerambycidae),
which usually inhabit weakened trees (Meshkova 2017;
Dayi & Akbulut 2018).

Some researchers suspect other nematode species
dangerous to pine trees, especially B. mucronatus (Kulin-
ich & Ryss 2006; Kozlovsky 2016; Ryss et al. 2018). At
the same time research of the nematode spread in the for-
estzone of Ukraine (Polissya) revealed Bursaphelenchus
species only in drying-up trees. No nematode was found
inthe trees, weakened by wood-decaying fungi, aswell as
from the trees, which were not colonized by bark beetles
(Davydenko et al. 2015). If nematode species suspected
to be harmful are revealed only in the drying up trees,
they cannot be the cause of its weakening.

Nematodes associated with trees are subdivided
into different ecological groups. Some of them are
phytophagous nematodes and are vectored by insects
(Dayi & Akbulut 2018). Another group includes the
entomophilic nematodes of xylophagous insect-pests
of living or recently felled trees (Grucmanova & Holusa
2013; Holusa et al. 2017; Takov et al. 2019) and can be
the ground for the production of biological means of tree
protection on the base of entomophilic nematodes. Other
nematodes are associated with insects, whose larvae
develop in decaying wood, with predatory insects living
in the galleries of xylophagous insects or living in tree
sap or on bark surface (Blinova 1982), can be predators,
nematodes associated with fungi and saproxylic species
(Korma & Sigaryova 2017). Unlike xylophagous beetles,
both phytophagous nematodes and entomophilic nema-
todes are less studied in forest stands of Ukraine (Korma
& Sigaryova 2017) than in agrocenoses (Pylypenko &
Kalatur 2015). Therefore, the control measures against
the first group and the use of the second group to control
insect pests are poorly developed. However, due to the
urgency of pine forest decline, it was important to reveal,
if nematodes inhabiting trees can be harmful to a tree or
for bark beetles. Therefore, the research of the spread of
nematodes associated with trees of different ecological
groups together with xylophagous beetles can be also the
ground for elaboration on the measures of forest protec-
tion from phytophagous nematodes.

Contrary to most other pine species, Scots pine pos-
sesses in its youth stage a light-brown smooth bark on
the full stem length. With increasing tree age on the
lower part of stem the bark gradually becomes thick,
scaly dark grey-brown, with deep cracks; flakes of bark
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form irregularly shaped plates. The bark remains thin,
flaky and orange on the upper stem and branches. Such
differentiation goes on during all lifespan of pine. Bark
shape and thickness depends on race and provenance
as well as influenced by forest sites (Schultze-Dewitz &
Koch 2008).

Host selection by xylophagous beetles is based on vis-
ual and olfactory signals from host trees (Wood 1982), as
well as host physical properties like bark thickness (Paine
etal. 1981; Amezaga & Rodriguez 1998; Borkowski &
Skrzecz 2016). Different bark beetles colonize stem parts
depending on bark thickness, which correlates with
phloem humidity and quality as feed resource as well as
provides certain defense in winter (Saarenmaa 1983).
Therefore, a study of stem insects and other organisms’
distribution along the stem provides indirect confirma-
tion of the associations on pine trees.

The aim of this study was to reveal the spread features
of xylophagous beetles and nematodes associated with
trees in the different parts of Scots pine trees of different
health condition.

2. Material and methods

Theresearchwas carried out in the pure Scots pine (Pinus
sylvestris L.) forests of 70 and 100 years old in Stany-
shivske and Levkivske forestries of the State Zhytomyr
Forest Enterprise (Zhytomyr region, so-called Central
Polissya of Ukraine).

The long-term climate characteristics of the region
are following: the length of the growing season is 205
days; annual air temperature is +6.8 °C, minimum
—38 °C; annual rainfall is 552 mm, among which 60% of
precipitation falls during the growing season. The aver-
age freezing depth of soil is 56 cm, maximum 120 cm.
In average permanent snow cover is set on December
15 and melts on March 5. Prevailing types of soils are
fresh and humid soddy podzolic loams and sandy loams
(Buzun et al. 2018).

Prevailing types of forest site conditions in the
region are fresh relatively poor forest site conditions and
humid relatively poor forest site conditions — so-called
‘fresh soubor’ and ‘humid soubor’ according to Ukrai-
nian forest typology (Migunova 1993).

In two forests, four foci of Scots pine forest decline
were chosen as sample plots (Table 1). Three trees of dif-
ferent health condition were felled on May 29, 2018, in
each sample plot. Trees of the 1° (healthy), 3 (severely
weakened), and 4 (drying up) category of health condi-
tion were felled in SP 1 and SP 2. Trees of the 2" (weak-
ened), 3" (severely weakened), and 5t (recently died)
category of health condition were felled in SP 3. Trees
of the 1% (healthy) and 2™ (weakened) category of health
condition were felled in SP 4. Total of 12 trees felled.

Category of tree health condition was evaluated on a
range of visual characteristics (crown density and color,
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Table 1. Characteristics of sample plots.

Latitude,

Sample plots (SP) Locality Plot; subcompartment Longitude Forest site conditions*  Age [years] Height [m] DBH [cm]
SP1 Stanyshivske 33;8.6 S0°23'N humid 70 24 26

y o 28°85°F

. . 50°23’N

SP2 Stanyshivske 33;434 28985 E fresh 70 24 26

. 50°22’N
SP3 Levkivske 30:15 28071’ fresh 70 24 28

. 50°21’N .
SP4 Levkivske 28;1 28077 humid 100 22 32

*Fresh or humid relatively poor forest site conditions (Migunova 1993).

the presence and proportion of dead branches in the
crown, etc.) according to “Sanitary rules in the forests
of Ukraine” (Anonymous 1995).

Parts of a stem with thin, thick and transitional bark,
as well as branches and twigs were examined in each
model tree. In our model trees, the height from the soil
of stem part with thick bark was 5 — 9 m, with thin bark
2.5 —12 m, and with transitional bark 9 — 17.5 m. The
width of thick bark was 20 — 30 mm, of transitional bark
5 — 15 mm, and of thin bark 2 — 4 mm.

For each felled tree in the central part of the region
with a thick, transitional, and thin bark, a fragment 1 m
long was selected for examination. The diameter of frag-
ments with thick bark was 26 — 32 cm, with transition
bark 16 — 24 cm, with thin bark 8 — 14 cm. The length of
examined fragments of branches and twigs was 0.5 m,
and their diameter was 2 —4 cm and 5 — 8 cm, respec-
tively.

From each of 12 trees, 5 fragments were taken: from
parts of a stem with thin, thick and transitional bark, from
abranch and a twig, in total 60 fragments.

In these fragments, xylophagous beetles were identi-
fied directly by adults or by characteristic galleries, and
wood samples were taken from each fragment for nema-
todes isolation.

Wood samples for nematodes isolation were taken as
saw cuts with a saw to a depth of 2 — 5 cm in two places
atadistance of 10 cm from each other and then chipping
off with a chisel and ahammer. The obtained sample was
split with an ax and then was crushed with pruners into
fragments 1-2 cm in size. The twig and branch samples
were sawed and then crushed.

Nematodes were isolated from wood samples in the
laboratory using the Baermann method (Southey 1970).
The crushed wood sample was placed in a funnel with a
diameter of 12 — 15 cm and a tilt angle of 50°. A rubber
tube of the appropriate diameter was put on the narrow
end of the funnel, and a vial was inserted into the free end
of the tube. In the middle of the funnel brass or synthetic
sieve was placed with a hole size of 0.1 mm. The crushed
sample was put onto the sieve and added water so that
the water level was 1 — 2 cm higher.

Active nematodes in water come out of wood and, due
to a greater specific gravity than water, are lowered to
the bottom of the test tube. After 24 hours, the test tube
was disconnected from the hose. The contents of the test
tube were heated in a water bath at a temperature of 50 —

60 °C for 2 — 4 minutes and then fixed with a solution of
TAF (7 mlof 40% formalin, 2 ml of triethanolamine, 91 ml
of distilled water) or 4 — 6% solution of formalin.

Nematodes were identified by morphometric charac-
teristics (Korma & Sigaryova 2017). Their distribution in
different parts of a tree was evaluated as the proportion of
respective samples with the presence of certain species.
The population density of each nematode species was
evaluated as an individuals’ number per sample.

The frequency of occurrence of nematode species was
evaluated as the proportion of samples with the presence
of particular species from all 60 examined samples.

As no beetles and their galleries except Ips acumina-
tus (Gyllenhal 1827) galleries were found in twigs and
branches, and only this species was found in the frag-
ments with thin bark, we calculated the frequency of bee-
tles as the proportion of tree fragments with the presence
of particular species in 36 fragments from 12 trees (12
stem fragments with thin, 12 stem fragments with tran-
sitional bark and 12 stem fragments with thick bark).

Dominance of each beetle species was calculated as
the proportion of stem fragments with the presence of
this species of the total number of populated fragments.

The dominance of each nematode species was calcu-
lated as the proportion of tree fragments with the pres-
ence of this species of the total number of populated
fragments.

Normality tests, summary statistics, one-way analy-
sis of variance (ANOVA), Tukey HSD test with a signifi-
cance level of p<0.05 and Welch F test were performed.
Microsoft Excel software and statistical software pack-
age PAST: Paleontological Statistics Software Package
for Education and Data Analysis (Hammer et al. 2001)
were used.

3. Results

3.1. Xylophagous beetles

Not a single stem fragment populated by any xylopha-
gous beetle was detected in the sample areas SP 3 and
SP 4. The significance of the frequency of xylophagous
beetles in SP 1 and SP 2 was not proved (Welch F test:
F=0.0829; df = 13.4, p=0.7778). In total, 10 species
of xylophagous beetles were identified (Table 2, Fig. 1).
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Table 2. Frequency (%) (£SE) of xylophagous beetles in different parts of Scots pine trees.

Parts of stem
Species thin bark transitional bark thick bark
(N=12)
Cerambycidae
Acanthocinus griseus (Fabricius, 1792) 0.0 8.3£7.98 0.0
Acanthocinus aedilis (Linnaeus, 1758) 0.0 0.0 8.317.98
Arhopalus rusticus (Linnaeus, 1758) 0.0 0.0 16.7£10.76
Curculionidae: Scolytinae
Ips acuminatus (Gyllenhal, 1827) 25.0+12.50 25.0£12.50 0.0
1. sexdentatus (Boerner, 1767) 0.0 8.3£7.98 25.0+12.50
Tomicus piniperda (Linnaeus, 1758) 0.0 16.7£10.76 0.0
T minor (Hartig, 1834) 0.0 16.7+10.76 0.0
Orthotomicus proximus (Eichhoff, 1867) 0.0 0.0 16.7+10.76
Trypodendron lineatum (Olivier, 1795) 0.0 0.0 8.317.98
Crypturgus pusillus (Gyllenhal, 1813) 0.0 8.3£7.98 0.0
All species 25.0£12.50 83.3+10.76 75.0£12.50
—numoer of stem fragments.
. 25
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Fig. 1. Frequency of occurrence of xylophagous beetles in analyzed Scots pine trees (+SE) (the species are arranged in decreas-
ing order of frequency of occurrence; N = 36; stem fragments with different bark).

The highest frequency was found in I. acuminatus
(16.7% of stem fragments) and I. sexdentatus (11.1% of
stem fragments) (Fig. 1).

Thefrequency of occurrence of T. piniperda, T. minor,
0. proximus, and A. rusticuswas 5.6%. The rest 4 species
were found only in 2.8% of stem fragments (see Fig. 1).

Each xylophagous beetle species was confined to
a specific part of the tree (see Table 2). Only 1. acumi-
natus was found in the fragments with thin bark (fre-
quency 25%). However, it has the same frequency in the
fragments with transitional bark (25%). I. sexdentatus
occurredin 25% of fragments with thickbark and in 8.3%
fragments with transitional bark. The both Tomicus spp.,
A. griseus, and C. pusillus were found only under transi-
tional bark. Longhorn beetles A. aedilis, A. rusticus, and
barkbeetles O. proximus and T. lineatum were found only
under thick bark (see Table 2).

Significant differences were absent in the frequency
of occurrence of Ips sexdentatus in the stem parts with
thick and transitional bark (Welch F test: F = 1.158;
df = 18.69; p = 0.2956). The frequency of occurrence
of xylophagous beetles in the total samples from fresh
relatively poor and humid relatively poor forest site
conditions was 72.2 and 55.6% respectively, however,
the difference was not statistically significant (Welch
F test: F=1.663E-06; df = 17.92; p = 0.999). The fre-
quency of most common species I. acuminatus and
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1. sexdentatus was 1.3 and 3 times higher in the fresh
relatively poor than in the humid relatively poor forest
site conditions (Fig. 2), however, the difference was not
statistically significant (Welch F test: F=0.7727; df =
31.65; p=0.386 for I. acuminatus; F=0; df=34;p=1
for I. sexdentatus). Species A. aedilis, T. lineatum, and
C. pusillus were found only in the stem fragments from
fresh relatively poor forest site conditions. The longhorn
beetles A. rusticus and A. griseus were found only in the
fragments from humid relatively poor forest site condi-
tions.

No xylophagous beetle was found in analyzed stem
fragments from the trees of the 1%t and 2" categories of
health condition. In the dead trees, only sporadic long-
horn beetles A. rusticus and A. aedilis were presented
(one beetle of each species). There was no significant
difference (Welch Ftest: F=1.415E-06;df=17.35,p=
0.9991) in the frequency of occurrence of xylophagous
beetlesinthe trees of the 3™ category (severely weakened
trees) and of the 4 category (drying up trees according
to health condition score) (Fig. 3).

By the proportion in the total number of tree frag-
ments, I. sexdentatus dominated (54.6% from all beetles)
(Table 3). The proportion of I. acuminatus, T. piniperda,
and T. minor was 3.1, 4.7 and 6.7 times less in the total
number of samples, than of I. sexdentatus. Obvious domi-
nation of I. acuminatus in the samples with thin bark and
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Fig. 2. Frequency of occurrence of xylophagous beetle species in analyzed Scots pine trees in different forest site conditions
(£SE) (the species are arranged in decreasing order of frequency of occurrence).
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Fig. 3. Frequency of occurrence of xylophagous beetle species in analyzed Scots pine trees of different health condition (+SE)
(3 category — severely weakened trees; 41 category — drying up trees according to health condition score [Anonymous 1995];
the trees of the 1%t and 2" categories of health condition were not inhabited by xylophagous beetles).

Table 3. Proportion of xylophagous beetles in different stem fragments of Scots pine (£SE).

Parts of stem
Species Total (N=36)* thin bark transitional bark thick bark
(N=12)

1. acuminatus 17.943.83b** 100.0 27.9+4.48b 0.0
I. sexdentatus 54.6+4.98bc 0.0 1.6+1.27a 90.61+2.92b
T. piniperda 11.743.22b 0.0 37.744.85b 0.0
T. minor 8.242.74b 0.0 26.2+4.40b 0.0
A griseus 0.5£0.71a 0.0 1.6+1.27a 0.0
A. aedilis 0.5£0.71a 0.0 0.0 0.940.92a
A. rusticus 1.0£1.00a 0.0 0.0 1.7£1.30a
O. proximus 3.6+1.86ab 0.0 0.0 6.0+2.37a
T. lineatum 0.5£0.71a 0.0 0.0 0.9+0.92a
C. pusillus 1.5£1.23a 0.0 4.9+2.16ab 0.0
Berger-Parker index 0.5 1.0 0.4 0.9

Note: * N — number of stem fragments; ** Values followed by the same letter are not significant within column at the 95% confidence level.

1. sexdentatus in the stem fragments with thick bark is
supported by the Berger-Parker index (see Table 3).

3.2. Nematodes

Nematodes associated with trees (15 species) were
revealed in 56.7% of samples (Table 4).

The most of nematodes were saproxylic (6 species,
or 40%) and entomophilic (5 species, or 33.3%). Phy-
tophagous nematodes were in the third place (2 species,

or 13.3%). Predators and species associated with fungi
were represented by one species each (by 6.7%). The fre-
quency of nematode species in the samples from Scots
pine trees from four sample plots didn’t differ statistically
(Welch Ftest: F=1.686;df=30.11;p=0.1911). The fre-
quency of certain nematode species in the samples from
Scots pine trees was from 1.7 to 36.7% (Fig. 4).

Entomophilic nematodes had the highest frequency
of occurrence and the highest species proportion (see
Table 4, Fig. 4).
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Table 4. Nematodes and their belonging to trophic groups in total sample from Scots pine trees.
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Family Species Trophic group
Bunonematidae Bunonema poligraphi (Fuchs, 1930) Sachs, 1949 saproxylic
Rhabditidae Parasitorhabditis acuminati (Fuchs, 1915) Sobolev et Paramonov, 1954 (syn. Rhabditis obtusa acuminati entomonhilic
Fuchs, 1915; Parasitorhabditis obtusa acuminati (Fuchs, 1915) Fuchs, 1937) P
Diplogasteroididae Diplogasteroides sexdentatiVosylyte, 1979 saproxylic
Diplogasteroididae Rhabdontolaimus carinthiacus Fuchs, 1931 saproxylic
Diplogasteridae Tridontus longicaudata Khera, 1965 saproxylic
Diplogasteridae Fuchsia buetschlii acuminatiRuhm, 1956 predator
Cephalobidae Anguilluloides proceraWeingartner, 1954 (syn. Alloionema procerum Weingartner, 1954) saproxylic
Cephalobidae Cephalobus persegnis Bastian, 1865 saproxylic
Contortylenchidae Contortylenchus acuminatiRuhm, 1956 entomophilic
Tylenchidae Ditylenchus striatus Fuchs, 1938 (syn. Anguillonema striata Fuchs 1938) associated with fungi
Aphelenchoididae Laimaphelenchus penardi (Steiner, 1914) Filipjev et Sch.-Stekhoven, 1941 entomophilic
Ektaphelenchidae Cryptaphelenchus macrogaster f. acuminati Ruhm, 1956 entomophilic
Parasitaphelenchidae Parasitaphelenchus acuminatiRuhm, 1956 entomophilic
Parasitaphelenchidae Bursaphelenchus sexdentatiRuhm, 1960 phytophagous
Parasitaphelenchidae Bursaphelenchus eggersiRuhm, 1956 phytophagous
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Fig. 4. Frequency of occurrence and abundance of nematode species in Scots pine trees (£SE)

(Cr. m. f. acuminati —
ditis acuminati; D. striatus — Ditylenchus striatus; L. penardi —

Cryptaphelenchus macrogaster f. acuminati; E b. acuminati — Fuchsia buetschlii acuminati; Pr. acuminati — Parasitorhab-
Laimaphelenchus penardi; Pp.acuminati —

Parasitaphelenchus acuminati; R.

carinthiacus — Rhabdontolaimus carinthiacus; B. sexdentati — Bursaphelenchus sexdentati; C. acuminati — Contortylenchus acuminati; B. eggersi
— Bursaphelenchus eggersi; T. longicaudata — Tridontus longicaudata; C. persegnis — Cephalobus persegnis; B. poligraphi — Bunonema poligraphi;
A. procera — Anguilluloides procera; D. sexdentati — Diplogasteroides sexdentati.

Nematodes were found in twigs, branches, and stem
parts with thin, transitional and thick bark (Fig. 5). Sig-
nificant differences were not proved both in species num-
ber (Welch Ftest: F=0.1197;df=27.44;p=0.9743) and
their abundance (Welch F test: F=0.07535; df = 27.46;
p=0.9891).

The frequency of two nematodes was the highest
in all parts of a tree (Table 5). Entomophilic nematode
Cryptaphelenchus macrogasterf. acuminatihad the mini-
mal frequency of occurrence 25% under the thick bark
and maximal frequency of occurrence under the thin
bark and in branches. Its frequency of occurrence under
transitional bark and in the twigs was 33.3%, which is
the highest for these parts of a tree. The second species
with high occurrence in all parts of a tree was predator
Fuchsia buetschlii acuminati with the frequency of occur-
rence 41.7% under the thin bark and in the branches and
the frequency of occurrence 25% in other parts of a tree.
Anentomophilic nematode Parasitorhabditis acuminati
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had a high frequency of occurrence (41.7%) under the
thin bark and in the branches, frequency of occurrence
25% in twigs and under transitional bark and only 8.3%
under the thick bark.

In general, the frequency of occurrence of ento-
mophilic nematodes was the highest among trophic
groups. In average it was 25% under the thin bark, 23.3
and 20% in branches and twigs, 18.3% under transitional
bark and 15% under the thick bark. Nematodes Bursaph-
elenchus sexdentati and Bursaphelenchus eggersi are con-
sidered as phytophagous nematodes like other members
of this genus. Their average frequency of occurrence was
rather low in all parts of a tree (4.2 — 8.4%), except stem
part with thick bark (15% on average). The frequency
of occurrence of saproxyllic nematodes was 4.2 — 6.9%
in twigs, branches and under thin bark, and only 2.8%
under thick bark.

The number of nematode species was significantly
higher in the trees of the 3™ category of health condition
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Fig. 5. Frequency of occurrence and abundance of all nematode species in certain fragments of Scots pine trees (xSE) (12 sam-
ples of each fragment: twigs, branches, thin bark, transitional bark, and thick bark, 60 samples in total).

Table 5. Frequency of nematodes in parts of Scots pine trees (=SE).

Nematode species Parts of tree
P twig branch thin bark transitional bark thick bark
. . 8.3+ 8.3+
Bunonema poligraphi 7.96a 0 7.96a 0 0
. . o 25.0+ 41.7+ 41.7+ 25.0+ 8.3+
Farasitorhabitis acuminati 12.50b 1423 1423 12.50b 7.96a
+
Diplogasteroides sexdentati 78 936_31 0 0 0 0
. o 8.3t 16.7¢ 8.3+ 8.3+ 8.3+
Rhabdontolaimus carinthiacus 7.96a 10.77ab 7.96a 7.96a 796a
Tridontus longicaudata 8.3 0 16.7 0 0
ontusiongic 7.96a 10.77ab
. 8.3t 8.3t 8.3t
Cephalobus persegnis 7.96a 7.96a 7.96a 0 0
Anguilluloides procera 0 0 0 8.3 8.3
5 b 7.96a 7.96a
Fuchsia buetschlii acuminati 25,0t 47 4T 25,0t 25.0¢
12.50b 14.23b 14.23b 12.50b 12.50b
Ditvienchus striatus 25.0+ 16.7+ 16.7+ 8.3+ 16.7+
L 12.50b 10.77ab 10.77ab 7.96a 10.77ab
L 8.3t 8.3+ 16.7+
Contortylenchus acuminati 0 7.96a 0 7.96a 10.77ab
Laimaphelenchus penardi 25.0¢ 8.3+ 16.7 16.7+ 16.7+
P p 12.50b 7.96a 10.77ab 10.77ab 10.77ab
Cryptaphelenchus macrogaster f. acuminati 33.3t 4L 500 33.3 250t
PP Baster. 13.60b 14.23b 14.43b 13.60b 12.50b
Parasitaphelenchus acuminati 16.7¢ 16.74 16.7 8.3 8.3
P 10.77ab 10.77ab 10.77ab 7.96a 7.96a
. 8.3t 8.3t 8.3+ 16.7
Bursaphelenchus sexdentati 7.96a 7.96a 7.96a 0 10.77ab
. 8.3+ 16.7+ 8.3+
Bursaphelenchus eggersi 7.96a 0 0 10.77ab 7.96a

Note: Values followed by the same letter are not significant within column at the 95% confidence level.

than in the trees of the 2" category (Welch F test: F =
11.16; df =24.99; p = 0.002627). Nematodes number
gradually decreased from the trees of the 3™ to the 5%
category of health condition (Fig. 6).

At the same time, nematode abundance (number of
nematode individuals) continued to increase from the 2™
tothe4™ category of health condition and decreased in the
dead trees (of the 5% category of health condition). The
differences between nematode abundance in the trees of
the 2" and the 3™ categories (Welch F test: F=14.91; df
=25.5;p=0.000688) as well asin the trees of the 3" and

the 5% categories (Welch F test: F=6.343; df=12.13; p=
0.0268) are significant.

Only four nematode species were found in the trees
of the 2™ category of health condition (Table 6). The
frequency of occurrence of Fuchsia buetschlii acuminati
and Cryptaphelenchus macrogaster f. acuminati was the
highest in all living trees, however, these species were
absent in dead trees.

The highest frequency of occurrence of nematodes
of all trophic groups was found in the trees of the 3™ cat-
egory of health condition. Phytophagous nematodes and
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Table 6. Frequency of occurrence of different nematode species in Scots pine trees of different health condition (£SE).

. Health condition category
Species 0 3rd o S
Bunonema poligraphi 0 0 1.6714.05a 1.67+6.41a
Parasitorhabditis acuminati 0 16.719.63a 5.01£6.90a 0
Diplogasteroides sexdentati 0 0 1.6714.05a 0
Rhabdontolaimus carinthiacus 0 1.67£3.31a 0 3.34+8.98a
Tridontus longicaudata 0 0 3.3415.68a 1.6716.41a
Cephalobus persegnis 0 3.3444.64a 1.67+4.05a 0
Anguilluloides procera 0 3.34+4.64a 0 0
Fuchsia buetschlii acuminati 5.0118.25a 13.3618.78a 3.3415.68a 0
Ditylenchus striatus 1.67+4.84a 8.3517.14a 5.01+6.90a 0
Contortylenchus acuminati 0 1.67+3.31a 3.3415.68a 1.67+6.41a
Laimaphelenchus penardi 3.34+6.79a 3.34+4.64a 1.6714.05a 3.34+8.98a
Cryptaphelenchus macrogaster f. acuminati 5.01£8.25a 16.749.63a 5.01£6.90a 0
Parasitaphelenchus acuminati 0 8.35t7.14a 5.01£6.90a 0
Bursaphelenchus sexdentati 0 1.6743.31a 3.34£5.68a 1.67+6.41a
Bursaphelenchus eggersi 0 5.01+5.63a 1.67+4.05a 0
Note: Values followed by the same letter are not significant within column at the 95 % confidence level.
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Fig. 6. Frequency of occurrence and abundance of nematode species in Scots pine trees of different health condition (£SE).

saproxylic species were absent in the trees of the 2™ cat-
egory of health condition, whereas predators and asso-
ciated with fungi species were absent in the dead trees
(see Table 4).

The most common entomophilic nematode — Parasi-
torhabditis acuminati was absent in the stem fragments
with thick and transitional bark which were not colonized
with xylophagous insects (Table 7). The frequency of
Parasitorhabditis acuminatiin colonized stem fragments
with thin bark was significantly higher than in respective
not colonized fragments.

The frequency of another high spread entomophilic
nematode — Cryptaphelenchus macrogaster f. acuminati

didn’t differ significantly in colonized and not colonized
stem samples. The predator nematode — Fuchsia buet-
schlii acuminati was found in both colonized and not
colonized stem samples, however, its frequency was
significantly higher in colonized stem fragments with
thin bark (see Table 7).

4, Discussion

Ten species of xylophagous beetles were revealed in the
sample trees (see Table 2), and their distribution for the
most part of Europe (Davydenko et al. 2015; Lieutier

Table 7. Frequency of occurrence of most common nematode species in Scots pine trees inhabited with xylopha-

gous insects (£SE).

Stem fragment Welch F test
Species colonized with not colonized with F d&

: . p

xylophagous insects _xylophagous insects

Stem fragments with thick bark
Parasitorhabditis acuminati 33.3£19.24 0.0 — — —
Fuchsia buetschlii acuminati 50.0£20.41 16.74£15.23 1.429 9.245 0.2618
Cryptaphelenchus macrogaster f. acuminati 33.3£19.24 33.3£19.24 0 10 1

Stem fragments with transitional bark

Parasitorhabditis acuminati 33.3119.24 0.0 — — —
Fuchsia buetschlii acuminati 33.3£19.24 16.7+15.23 0.3846 9.494 0.5497
Cryptaphelenchus macrogaster f. acuminati 33.3+19.24 16.7415.23 0.3846 9.494 0.5497

Stem fragments with thin bark
Parasitorhabditis acuminati 66.7£19.24 16.74£15.23 3.462 9.494 0.094
Fuchsia buetschlii acuminati 66.7£19.24 16.74£15.23 3.462 9.494 0.094
Cryptaphelenchus macrogaster f. acuminati 66.7119.24 33.3+19.24 1.25 10 0.2897
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et al. 2016; Korma & Sigaryova 2017; Andreieva et al.
2018). Dominance of I. acuminatus and I. sexdentatus
is characteristic for bark beetles’ outbreaks of last years
(Siitonen 2014; Meshkova et al. 2018), because they
have advantages like multivoltinous species (Leutier et
al. 2016; Meshkova 2017).

An absence of Monochamus galloprovincialis (Olivier
1795), which is responsible for vectoring of phytopha-
gous nematodes (d’Errico et al. 2015; Mamiya 1983;
Ryss et al. 2018), in our sample trees can be explained by
sampling more early (end of May) than the swarming of
thislonghornbeetle in the region (Meshkovaetal. 2017).

Not a single stem fragment was populated by xylo-
phagousbeetlesin the sample areas SP3 and SP4. It may
be explained by the fact that the trees of the 1st, 2nd and
Sth category of health condition (healthy, slightly weak-
ened and dead) dominated in the sample from these plots.
Usually, the trees of the 1st and 2nd categories of health
condition are not attractive for xylophagous insects, and
the dead trees are usually abandoned by these insects or
were not colonized in the case of quick drying up (Meshk-
ova 2017).

Confinement of each bark beetle species to the stem
parts with particular bark thickness is connected with
insect adaptation to certain humidity and temperature
level (Sauvard 2007; Borkowski & Skrzecz 2016; Lieu-
tieretal. 2016). For example, I. acuminatus and T. minor
prefer the upper part of the stem with thin bark, and /.
sexdentatus and T. piniperda prefer the lower part of the
stem with thin bark. Recent years I. acuminatus and I.
sexdentatus had the highest frequency of occurrence
and proportion (see Table 2, 3), which is a result of its
outbreak in studied regions (Siitonen 2014; Lieutier et
al. 2016; Meshkova et al. 2018). Due to multivoltinism,
the above-mentioned speciesreplaced T. piniperdaand T.
minorboth in the forest and in the stem level (Meshkova
2017).

Usually, at high density, the bark beetles concen-
trate not only in the preferable part of the tree but also
in the other parts of the tree (Amezaga & Rodrigues
1998; Meshkova 2017). In our research, I. acuminatus
dominates in the stem fragments with thin bark (Berger-
Parker index=1), and I. sexdentatus dominates in the
stem fragments with thick bark (Berger-Parker index =
0.9). The both species together with other xylophagous
insects present in the stem part with transitional bark,
where the Berger-Parker index is 0.4 (see Table 3).

Forest site conditions did not affect significantly the
frequency of occurrence of xylophagous beetles (see Fig.
2), because at high population density they inhabit all
susceptible trees (Wood 1982; Sauvard 2007). Both fresh
and humid forest site conditions are favorable for Scots
pine growth in Ukraine (Migunova 1993), although in
the case of drought the fresh forest site conditions can
be more attractive for xylophagous insects (Meshkova
etal. 2018).

Fifteen nematode species were found in analyzed tree
fragments, no new species for the fauna of Ukraine and
Europe were detected for the first time in this study.

Some species from genera Contortylenchus, Paras-
itylenchus, Parasitorhabditis, Parasitaphelenchus, and
Cryptaphelenchus are mentioned as entomophilic (para-
sitic) nematodes of bark beetles in Europe (Nedelchev
et al. 2008).

However, the distribution of nematodes by ecologi-
caltrophic grouping is somewhat conditional (Korma &
Sigaryova2017). Thelarval stages of parasiticnematodes
may be obligatory or optional parasites of insects, with
a free-living stage under the bark of an affected tree. At
the same time, they can be associated with fungi or be
saprobionts. Conversely, phytophagous nematodes with
a pronounced pathological effect on larval stages may
partially parasitize on the surfaces of insect-vectors or
in the abdominal cavity. Some Bursaphelenchus species
only in certain environmental conditions deal as phy-
tophagous nematodes. They penetrate into plant tissues
and destroy the epithelium of the resin ducts and can kill
the tree (Mamiya 1987; Zhao et al. 2009).

Two identified species of the genus Bursaphelenchus
are considered as phytophagous nematodes (Kulinich &
Ryss 2006). However, they were identified only in the
trees of the 2nd category of health condition (see Table
5), which makes one doubt that all members of the genus
Bursaphelenchus are phytophagous nematodes.

In our study, five identified nematodes have species
name “acuminati” and two nematodes have species name
“sexdentati”, which respects their association with the
most abundant xylophagous beetles —I. acuminatus and
I. sexdentatus and is agree with other authors (Blinova
1982; Grucmanova & Holusa 2013; Yaman et al. 2016;
Slonim et al. 2018). The most abundant entomophilic
nematodes Cryptaphelenchus macrogaster f. acuminati
and Parasitorhabditis acuminati, as well as a predator
Fuchsia buetschlii acuminati are associated with Ips acu-
minatus. Usually, the high frequency of occurrence and
abundance of any entomophagous or entomopathogenic
organism is characteristic of the decline phase of the bark
beetle outbreak (Sauvard 2007). As we know, that an out-
break of I. acuminatus in the region started over 5 years
ago (Davydenko et al. 2015; Meshkova et al. 2018), we
can assume that in the investigated forest the outbreak
of this bark beetle has also the trend to collapse.

The preferences of bark beetles to the parts of pine
stem and forest health condition are rather well-known
(Amezaga & Rodrigues 1998; Sauvard 2007) and are
supported in this study. However, within-tree distribu-
tion of nematodes is studied only for pinewood nematode
(PWN), Bursaphelenchus xylophilus, a serious invasive
and destructive species, is listed as a quarantine pest in
the legislation of more than 40 countries (Zhao et al.,
2009).
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The highest frequency of occurrence of nematodes
in the trees of the 3rd category of health condition and
abundance in the trees of the 4th category of health con-
dition (see Fig. 6) is explained by domination of ento-
mophilic nematodes (see Table 4), which follow their
hosts (Holusa et al. 2017). However, the phytophagous
nematodes also follow bark beetles, which facilitate their
penetration into the tree (Grucmanova & Holusa 2013;
Korma & Sigaryova 2017).

Usually, xylophagous beetles do not attack healthy
trees, however, they can weaken them during maturation
feeding and then attack successfully (Lieutier et al. 2016;
Meshkova 2017). If the beetles colonize the weakened
trees (of the 2nd category of health condition) in April,
then to the end of May (the time of our assessment) these
trees had the 3rd or the 4th category of health condition.
Entomophilic nematodes could penetrate the tree simul-
taneously with bark beetles.

In our study, nematodes were found in all parts of the
stem, branches, and twigs (see Fig. 5). The frequency
of Parasitorhabditis acuminati and Fuchsia buetschlii
acuminati in stem fragments with thin bark colonized
with xylophagous insects was significantly higher than
inrespective not colonized fragments (see Table 6). How-
ever, even these nematodes were sometimes found in the
samples without xylophagous insects.

5. Conclusion

Among 10 species of xylophagous beetles, Ips acumina-
tus and . sexdentatus dominated. Only l. acuminatus was
found in the stem fragments with thin bark and much less
in the fragments with transitional bark. I. sexdentatus
occurred in the fragments with thick bark and much less
with transitional bark. The both Tomicus spp., A. griseus,
and C. pusillus were found only under transitional bark.
Longhornbeetles A. aedilis, A. rusticus, and bark beetles
O. proximus and T. lineatum were found only under the
thick bark. Noxylophagous insect was found in analyzed
samples from the trees of the 1stand 2™ category of health
condition.

Among 15 nematode species 40% were saproxylic,
33.3% entomophilic nematodes, 13.3% phytophagous
nematodes, and by 6.7% predators and species associ-
ated with fungi. An average frequency of occurrence of
phytophagous nematodes Bursaphelenchus sexdentati
and Bursaphelenchus eggersiwaslowin all parts of a tree,
except stem part with thick bark.

The frequency of saproxylic nematodes was 4.2—
6.9%in twigs, branches and under thin bark, and only
2.8% under thick bark. Predators and species associated
with fungi were absent in the dead trees. The absence of
Bursaphelenchus sexdentati and Bursaphelenchus egg-
ersi in the trees of the 2™ category of health condition
makes one doubt that all members of the genus Bursaph-
elenchus are phytophagous nematodes. Confinement of
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these nematodes the lower parts of the stem supports its
association with 1. sexdentatus.

An entomophilic nematode Cryptaphelenchus mac-
rogaster f. acuminati was common in all parts of stem
andbranches. The frequency of Parasitorhabditis acumi-
nati and Fuchsia buetschlii acuminati in colonized stem
fragments with thin bark was significantly higher than
in respective not colonized fragments.
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