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Abstract
In November 2004, the windstorm Alžbeta damaged over 12 thousand ha of forests in the High Tatra Mts. It was 
the largest wind disaster in the modern forestry history of Slovakia. The process of forest regeneration at the post-
disturbance area has to be monitored together with the effectiveness of implemented forestry measures. Therefore, 
we focused on tree measurements at 90 monitoring plots (MP) in 1 × 1 km net placed in the post-disturbance area 
in the Tatra National Park. We recorded tree species, number of trees (density) and tree heights. Besides that, stem 
diameters of trees with breast height diameter over 7 cm were measured. The field work was performed in the growing 
season of 2019, i.e. about 15 years after the wind disturbance. In total, 20 tree species, 15 broadleaves and 5 conifer-
ous ones, were recorded at MP. The most frequent (28.9% of all trees) species was Norway spruce followed by silver 
birch (18.6%), rowan (16.9%) and goat willow (15.2%). Four species, i.e. European larch, wild cherry, grey alder 
and common alder contributed to the total number of trees between 1.8 and 4.8% each. Share of all other species 
together was about 5%. Tree height frequency was left-sided for the whole sampling set (all species together), as well 
as for individual species. Most of young trees were less than 1m high, but some of them exceeded 10 m. Further, tree 
density of over 100 individuals per are (100 m2) was found at 1/3 of all MPs. As many as 25% of MPs were character-
ized with tree densities between 61 and 90 individuals. At 23% of MPs, the number of trees was up to 30 individuals 
per are, and 20% of MPs had between 31 and 60 small trees per are. The results suggested that the post-disturbance 
forest stands in the High Tatras would be more resistant to wind storms and very probably also to bark beetles after 
reaching maturity than those, which were destructed and declined at the beginning of 21st century.
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1. Introduction 
Both historically and recently, wind storms have become 
the most serious destructive factor in the prevailing part 
of boreal and temperate forests in Europe (Seidl et al. 
2014). Risk of wind disturbance in forests is increasing 
not only with the rising severity of the harmful agent (due 
to inherent phenomena of climate change) but also with 
the status of forest stands, specifically their stability. 
i.e. resistance to destruction. The risk of disturbance 
increases with the increase of tree aboveground biomass 
stock, at the same time, more wood volume per hectare 
can be damaged during a single episode (Mitchel 2013). 
It is generally known that standing stocks of forests have 
been substantially increasing especially in the regions 
of Western, Central and Northern Europe for the last 
five decades (Gregow et al. 2017). For instance, stand-

ing stock of Slovak forests almost doubled between the 
years 1980 and 2018 (Ministry of Agriculture and Rural 
Development of the Slovak Republic 2019). 

As for the conditions of Slovakia, two extremely large 
windstorm disturbances happened in the 21st century – 
the first one on November 14th, 2004 (Alžbeta) and the 
second one on May 14th and 15th, 2014 (Žofia). Both 
windstorms destroyed prevailingly spruce-dominated 
mature stands with the epicentre in the Tatra National 
Park (TANAP). The windstorm Alžbeta uprooted or 
broke trees in the TANAP on the area of over 12 thousand 
ha (Koreň 2005). In fact, it was the largest wind disas-
ter in the modern forestry history, specifically regarding 
forestry evidence available since 1960 (Konôpka et al. 
2016). In the TANAP, the windstorm damaged mostly 
stands aged between 61 – 120 years, which practically 
dominated among local forests. These forest stands were 
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fact, only a few works focused on development of young 
forests following wind or other kinds of natural distur-
bances (e.g. Homolová et al. 2015; Szmyt & Dobrow-
olska 2016; Diaci et al. 2017; Fidej et al. 2018; Orman 
et al. 2018). Very probably, a generalization of findings 
on post-disturbance forest development would require 
a huge bulk of results that consider a variety of factors, 
including a type (e.g. wind, bark beetles, fire) and a size 
(large-scale, small-scale, scattered etc.) of disturbances.       

The goal of the paper was to analyse current tree 
density, species composition and tree height structure 
in young forest stands of the TANAP, which were estab-
lished after the windstorm in November 2014.

2. Material and methods

2.1. Study area
Field survey was carried out in the TANAP (represented 
by the High Tatra Mts. and a part of Tatra Foothill) 
region. The substantial portion of the forests (cca 13 
thousand ha) in this area was destroyed by a devastat-
ing windstorm called “Alžbeta” in November 2004. Main 
parts of  damaged forests were located between 700 and 
1,200 m a.s.l, while trees were more often uprooted than 
broken. Undamaged trees or stands remained within 
the area only sporadically. The Revitalization Project 
(Jankovič et al. 2007) was elaborated to ensure forest 
regeneration of disturbed area. The technical proposal of 
natural and artificial regeneration of the project included 
a recommendation to implement monitoring of revitali-
zation process.

rather unstable since they were composed mostly by Nor-
way spruce, which represented about 80% of the standing 
stock at the end of the last century (Vološčuk et al. 1994). 
The windstorm Alžbeta had huge negative conse-
quences on fulfilling a variety of ecosystem services in 
forests including carbon storage (Fleischer et al. 2017). 
Besides ecosystems services, biodiversity of plants and 
animals are the most valuable properties of forests and 
contributes to quality of life for human beings (Diaz et al. 
2018). Biodiversity of forests is much influenced by dis-
turbances whether immediately or in short time periods 
after destructive episodes. However, while consequences 
of natural disturbances to carbon balance in forests are 
evidently negative ones (e.g. Seidl et al. 2014), their influ-
ence on biodiversity is less known and need to be studied 
further in future.

Restoration of broad range of ecosystem services 
in forests of the TANAP depends on continuous and 
undisturbed processes of forest regeneration. Although, 
most destroyed sites were expected to be regenerated by 
natural processes, especially zones with higher degree 
of nature conservation, some places had to be promoted 
by foresters in the form of artificial or combined (com-
bination of natural and man-made) reforestation (Šebeň 
et al. 2010a,b). At the same time, the process of forest 
regeneration had to be monitored to evaluate the suc-
cess of forest regeneration and also the effectiveness of 
forestry measures, which were implemented in the area. 
This kind of monitoring must cover not only quantita-
tive characteristics such as number of trees per hectare 
and their size, but also qualitative features especially 
tree species composition (Šebeň & Konôpka 2019). In 

 

Fig. 1. Wind-damaged forests (episode in November 2004), undamaged forests and monitoring plots in the TANAP.
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Therefore, between years 2007 – 2008 specialists of 
the National Forest Centre (NLC) established a finan-
cially exigent and a time-consuming network of moni-
toring plots (MP) in a regular grid of 0.5 × 0.5 km. The 
MPs were located not only in the wind calamity area, but 
also in the neighboring, i.e. undamaged forest stands. In 
total, 924 MPs were established.  The area was about ten 
thousand hectares. This bases have been used later also 
for the selection of our monitoring works. 

For repetitive measurements in the year 2019 we 
selected only the plots in spacing 1 × 1 km from the basic 
grid of MPs. Hence, a number of our MPs was 90 (Fig. 1).

Fig. 2. Each monitoring plot (MP) was composed of central 
circular plot and four circular satellites, i.e. sub-plots (SP). 

2.2. Field measurements
Field survey was conducted in spring and summer of 
2019. We followed initial field survey methods and 
monitoring guidelines (see also Kulla et al. 2007). Our 
attention was focused on regeneration, i.e. young trees 
growing after the disturbance in 2004. 

The basic sampling unit of the monitoring system is 
a circular MP with a constant area of 200 m2. The centre 
of the MP was permanently stabilized with an iron tube. 
The first step was to identify the MP centres in the field 
based on their coordinates using a GPS device with an 
accuracy of 3 – 5 meters. The second step was to find the 
stabilization iron tube using a metal detector.

We distinguished two categories of young trees grow-
ing after the disturbance: so called “small trees” with a 
diameter at breast height (DBH) up to 7 cm, and thicker 
trees named “ingrowth trees” with DBH ≥ 7 cm. For each 
tree we recorded: tree species, height (with an accuracy of 
0.1 m), and for ingrowth trees also DBH. Ingrowth trees 
were recorded at a whole MP with a radius of 8 m. Small 
trees were measured and recorded at sub-plots (four 
satellites at each MP). The reason for this design was to 
obtain a better estimation of variability in tree number, 
sizes and species at micro-sites. Thus, four circular sub-
plots (SP), each with a radius of 3 m, were placed around 
the centre of MPs in the azimuths to the north (0°), east 
(90°), south (180°) and west (270°). Horizontal distance 
of each sub-plot from the MP centre was 8 m (Fig. 2). At 
each SP, all trees with a height of over 0.1 m were con-
sidered. 

2.3. Data processing
and statistical calculations
The data from the field survey were checked with regard 
to the completeness and accuracy as well as the logical 
context. The design of four subplots was dedicated to 
small trees (each subplot with an area of 28.27 m2) and 
a total area of MP (cca 200 m2) was utilized for ingrowth 
trees measurements and subsequent calculations. The 
data from both survey designs were converted to the same 
area unit (are or hectare) and subsequently further cal-
culation was made for all trees together. Next to evalu-
ation direct measured parameters, as tree number or 
tree heights, we calculated derived basal area (BA) from 
measured diameter of breast height (DBH), but only for 
ingrowth trees. 

The results of the survey were expressed as average 
values for sampling units (i.e. MP or SP). Variability was 
described using standard deviation (SD). Another result 
is share of selected trees or MP, calculated as contribution 
of selected category to total amount (%). Results were 
expressed for trees species from tree numbers, basal area 
and high categories.

3. results
Analyses of the data showed that MPs were established 
at altitudes from 697 to 1,388 m a.s.l. Most of the plots 
(27.8%) were located in the altitudinal range between 
801 and 900 m a.s.l. (Table 1). The most frequent (30.0%) 
aspect was south-east. There were nearly no MPs with a 
northern aspect and very few MPs were oriented to north-
west and west. The MPs were most common (18.9%) 
on slopes between 8% and 9%. Slopes of over 10% were 
recorded only at 1/5 of all MPs.   

Table 1. Basic terrain characteristics for the monitoring plots 
(MP).
Altitude 
[m a. s. l.]

Share of MPs  
[%]

Aspect 
[°]

Share Slope Share
[%]

below 700 1.1 N (338–22°) 0 0–1 8.9
701–800 16.7 NE  (23–67°) 8.9 2–3 26.7
801–900 27.8 E (68–112°) 23.3 4–5 17.8
901–1,000 17.8 SE (113–157°) 30.0 6–7 10.0
1,001–1,100 16.7 S (158–202°) 22.2 8–9 18.9
1,101–1,200 8.9 SW (203–247°) 11.1 10–11 7.8
1,201–1,300 7.8 W (248–292°) 3.3 12–13 6.7
over 1,300 3.3 NW (292–337°) 1.1 >14 3.3

Considering all MPs together (each with an area of 
200 m2), mean height of small trees was 2.05 m, mean 
number of small trees was 87 individuals and mean 
number of species was about five (Table 2) at a plot. As 
for the SP (an area of about 28.7 m2), mean height of 
small trees was 2.02 m, mean number of small trees was 
22, and number of species was about three. A different 
situation was found for ingrowth trees, which were meas-
ured and also expressed exclusively on the whole area 
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of MP. Specifically, mean height of ingrowth trees was 
6.6 m, mean number of ingrowth trees about 11 and mean 
number of species per MP was slightly over two.

Table 2. Basic tree characteristics for the monitoring plots 
(MP; area of about 200 m2) and subplots (SP; area 28.27 m2).
Tree category Tree characteristics Mean ±SD Min. Max.

Small trees*

Mean tree height [m] at SP 2.02 ±0.90 0.28 5.30
Mean tree height [m] at MP 2.05 ±0.65 0.66 3.65
Number of trees at SP 22.2  ±19.5 0 97
Number of trees at MP 87.3 ±58.7 3 291
Number of tree species at SP 3.1 ±1.4 1 7
Number of tree species at MP 5.3 ±1.7 2 9

Ingrowth trees**
Mean tree height [m] at MP 6.6 ±2.1 0 12.5
Number of trees at MP 10.7 ±9.1 0 42
Number of tree species at MP 2.2 ±1.1 0 5

*Small trees – all individuals with DBH < 7 cm 
**Ingrowth trees – all individuals with DBH ≥ 7 cm.

In total, we recorded 20 tree species, 15 broadleaved 
and 5 coniferous ones at MPs (Table 3). The most frequent 
(28.9% of all small trees) species was Norway spruce fol-
lowed by silver birch (18.6%), rowan (16.9%) and goat 
willow (15.2%). Four species, i.e. European larch, wild 
cherry, grey alder and common alder, contributed to total 
number of trees with a share between 1.8 and 4.8% each. 
Share of all other species together was about 5%. In the 
case of ingrowth trees, Norway spruce contributed with 
44.7% and silver birch with 21.9%. This means that the 
two species made up as much as 2/3 of all ingrowth trees. 
Interesting information was found for rowan and goat 
willow that had a high share (both together 32.1%) in 
small trees, but only a small share (6.4%) in ingrowth 
trees. On the other hand, a reverse situation was recorded 
for Scots pine with a contribution of only 1.1% to small 
trees but 10.6% to ingrowth trees.

Further, our results showed that the density of small 
trees of over 100 individuals per are (100 m2) was found 
at 1/3 of all MPs. As many as 25% of MPs were character-

ized with tree density between 61 and 90 individuals (Fig. 
3a). At the same time, 23% of MPs had up to 30 individu-
als of small trees per are and 20% of MP between 31 and 
60 small trees per are. On the other hand, maximum three 
ingrowth trees per are were recorded at nearly 1/2 of MPs 
(Fig. 3b). Only 10% of MPs had ten and more ingrowth 
trees per are.      

If we consider small trees (although this situation is 
more-less the same for all trees together, i.e. small and 
ingrowth individuals), 5 – 6 tree species occurred at 
nearly 1/2 of all MPs (Fig. 4). Nine and more tree spe-
cies were recorded only at 5% of MPs. Ingrowth trees 
were most frequently represented by 1 – 2 species (58% 
of MPs) and 3 – 4 species (33% of MPs).      

The results showed sharp left-sided distribution of 
tree heights by species (Fig. 5). Spruce dominated among 
coniferous in all height classes. Interestingly, number of 
trees of three broadleaved tree species (birch, rowan and 
willow) in height classes between 1.1 and 5.0 m was very 
similar. Comparison of tree height classes by species in 
ingrowth trees showed that spruce dominated in classes 
up to 9.0 m and birch in classes of over 9.0 m (Fig. 6). 

Further, we expressed percentage contribution of tree 
species to total number of trees in height classes (Fig. 7a). 
Clearly, contribution of willow and rowan decreased with 
an increasing height. The reverse situation was found 
for birch. Contribution of spruce was evident mainly in 
height classes between 1.1 and 8.0 m. A decreasing trend 
with increasing tree height classes was recorded not only 
for the number of trees (from 3,392 to 63 individuals) but 
also for the number of species (from 18 to 11 species; Fig. 
7b). Although contribution of other broadleaved species 
increased with tree height classes, a reverse trend was 
found for the number of species in this group (there were 
as many as eight broadleaved species in the height class 
up to 1.0 m, but only three in the height class of over 9 m).       

Table 3. Tree species recorded at the monitoring plots (number of individuals per hectare; tree species are in the descending 
order of the density of small trees).

Species Latin name

Small trees 
(i.e. DBH <7 cm)

Ingrowth trees 
(i.e. DBH ≥7 cm)

All trees 
together

Number Share Number Share Number Share
n [%] N [%] N [%]

Norway spruce Picea abies 2,364 28.9 203 44.7 2,567 29,7
Silver birch Betula pendula 1,527 18.6 99 21.9 1,626 18.8
Rowan Sorbus aucuparia 1,384 16.9 16 3.5 1,400 16.2
Goat willow Salix caprea 1,243 15.2 13 2.9 1,256 14.5
European larch Larix decidua 391 4.8 28 6.1 418 4.8
Wild cherry Padus racemosa 358 4.4 2 0.4 359 4.2
Grey alder Alnus incana 182 2.2 7 1.5 188 2.2
Common alder Alnus glutinosa 176 2.2 7 1.6 183 2.1
Sycamore Acer pseudoplatanus 145 1.8 6 1.3 152 1.8
Silver fir Abies alba 116 1.4 6 1.2 122 1.4
Aspen Populus tremula 113 1.4 18 4.0 131 1.5
Scots pine Pinus sylvestris 90 1.1 48 10.6 138 1.6
Downy birch Betula pubescens 45 0.6 0 0.0 45 0.5
White willow Salix alba 29 0.3 0 0.0 29 0.3
Common ash Fraxinus excelsior 8 0.1 0 0.0 8 0.1
European beech Fagus sylvatica 7 0.1 1 0.1 7 0.1
Wych elm Ulmus glabra 6 0.1 0 0.0 6 0.1
Small-leaved lime Tilia cordata 2 0.0 0 0.0 2 0
Norway maple Acer platanoides 1 0.0 0 0.0 1 0
Arolla pine Pinus cembra 1 0.0 0 0.0 1 0
All Total 8,187 94.7 454 5.3 8,641 100.0
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Fig. 4. Frequency of MPs with regard to number of tree species at MP (an area of 200 m2). Small trees and ingrowth trees are 
shown by separate bars. 

Fig. 3. Frequency of MPs with regard to number of trees per are (100 m2). Small trees and ingrowth trees are shown in separate 
graphs. 

Fig. 5. Height distribution of small trees separately for a) coniferous and b) broadleaved species. Cumulative results for all MPs 
together.
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Fig. 6. Height distribution of ingrowth trees separately for (a) coniferous and b) broadleaved species. Cumulative results for all 
MPs together.

Fig. 7. Tree species composition in height classes considering a) percent contribution of tree species, and b) number of trees 
(y–axis and lower-placed numbers) together with number of species (higher-placed numbers). Cumulative results for all MPs 
together.
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Finally, contribution of tree species (here only 
ingrowths were included because DBHs of small trees 
were not measured) to total number of trees (Fig. 8a) 
and total basal area (Fig. 8b) was analyzed. The high-
est contribution to either of the two characteristics was 
found for spruce, followed by birch, pine and larch. While 
the contribution of some species (pine, larch and willow) 
was the same from the point of number of trees and basal 
area, other species (especially spruce, birch and rowan) 
had a contrasting contribution to number of trees in com-
parison with their contribution to basal area. Specifi cally, 
spruce: 45% versus 41% (number of trees against basal 
area), birches 22% versus 26% and rowan 4% versus 2%. 
This points out at evident differences between species in 
their stem size.

4. Discussion

4.1. Tree height structure 
Our results showed that fi fteen years after the distur-
bance episode, young forest stands in the TANAP were 
still composed by prevailingly small trees with heights 
up to 1.0 m. This was expected and corresponds with fre-
quently occurred pattern for tree height distribution in 
young forest stands especially from natural regeneration 
(e.g. Landsberg & Sands 2011). The statement, that is 
needless to say, would be related rather to total number of 
trees than to total tree biomass. Frequency of tree heights 
was markedly left-sided. Number of dominant and best 
growing (as for actual height) trees was very low. This 
pattern was evident not only for all trees regardless of 
species but also for nearly all tree species recorded at the 
post-disturbance area. Sharp left-sided distribution of 
heights is very typical in young growth stages of forests 
(e.g. Bondarchuk 2015) and a height lag of the major part 

Fig. 8. Tree species composition calculated from a) total number of trees b) total basal area (only data of ingrowth trees were 
used for the calculation). Cumulative results for all MPs together.
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of trees in comparison to highest individuals might be 
related to a variety of internal and external factors (see for 
instance Landsberg & Sands 2011). For instance, Szmyt 
& Dobrowolska (2015) found lowest values of height 
variability in severely disturbed forests, while highest 
variability was in moderately disturbed stands.    

Based on knowledge shown in a book of Kacálek et 
al. (2017), we expected that so called pioneer tree spe-
cies (especially aspen, birch, rowan and willow) would 
overgrow coniferous ones (Norway spruce, European 
larch and Scots pine). However, this phenomenon was 
not clear due to a number of reasons. Potential differences 
in actual tree heights or tree heights frequencies between 
“fast-growing” and “slow-growing” tree species can be 
diminished by timing of seed germination, competition 
by weed, browsing by deer or micro-site variability in soil 
moisture and fertility (possibly also altitudinal gradient). 
Therefore, we can not make any exact statement as for 
inter-specifi c difference in height frequency in our post-
disturbance forest stands. On the other hand, we can 
make a conclusion for stem volume or quantity of above-
ground biomass. Our results based on trees with DBH 
exceeding 7 cm showed that the birch trees contributed to 
number of trees by 22%. At the same time, their share to 
basal area was as much as 26%. This difference between 
contribution to total number of trees and to basal area 
indicates that birch trees had thickest stems, and possibly 
also the largest aboveground biomass of all tree species. 

4.2. Tree species composition 
Our results showed rich tree species composition in 
young forest stands at the studied mountain sites. Specifi -
cally, as many as twenty species, fi fteen broadleaves and 
fi ve coniferous, were recorded at the monitoring plots. 
Six tree species occurred at more than 50% of monitoring 
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plots and eleven species at more than 10% plots. Unfor-
tunately, we have no exact scientific data on tree species 
composition in the TANAP forests before the wind distur-
bance to perform inter-temporal comparisons. Existing 
forest management plans show only main tree species, 
those with low contribution to standing stock are usu-
ally omitted. However, according to the estimates of 
Vološčuk et al. (1994), as much as 80% of standing stock 
in Tatra forests was made up by Norway spruce at the 
end of the 20th century. The rest (nearly 20%) was rep-
resented prevailingly by European larch and Scots pine. 
Similarly, our previous analyses (Konôpka et al. 2019) 
based on forest management plans from 1996 showed 
that Norway spruce contributed to standing stock by 
about 75%, while Scots pine and European larch made 
over 20% of standing stock, and the contribution of other 
tree species was under 5%. These values suggest that 
other, especially broadleaved species, had a very small 
contribution to standing stock. They were just sparsely 
scattered in forest stands and mostly grew suppressed 
under the main canopy. Therefore, we can state that 
the current post-disturbance tree species composition 
is evidently richer than the one existing before the wind 
disturbance. Michalová et al. (2017) presented research 
from the same post-disturbance area in TANAP with 
regard to tree regeneration. They compared managed and 
unmanaged sites. Spruce dominated at both site types, 
and larch and rowan were often admixed, but they found 
only seven tree species in total. However, their design of 
measurements did not cover the whole post-disturbance 
area in the TANAP, but only 100 ha of it. We confirm a 
dominance of Norway spruce, but we found richer tree 
species composition with higher proportion of birch and 
other broadleaves over the whole post-disturbance ter-
ritory (about 10 thousand ha). Spruce, pine and birch 
belong to typical pioneer tree species, they often grow 
on wind post-disturbance areas in Central Europe (e.g. 
Szmyt & Dobrowolska 2015) However, their occurrence 
depends also on the structure of remaining (undamaged) 
parts of forest stands. For instance, removal of canopy by 
10 – 30% promotes regeneration of prevailingly shade-
tolerant tree species (Diaci et al. 2017). 

Our finding that the number of tree species decreased 
with increasing height classes might be hypothetically 
explained at least in two ways. First, it can be related 
to diminishing probability of a variety of tree species 
to occupy new micro-sites with increasing time period 
after the disaster. Another possible explanation might 
be gradual elimination of some tree species, especially 
light demanding or slow-growing ones, due to inter-spe-
cific competition. We suppose that the first mentioned 
assumption would be more probable under the actual 
conditions in the High Tatra Mts. because inter-specific 
tree competition seems to be still rather small (with a 
few exceptions especially in the case of dense spruce-
dominated clusters).           

In general, effects of forest disturbances on flora and 
fauna biodiversity, including tree species diversity is not 
clear and might be manifested in contrasting ways. Tree 
species diversity is perhaps related both to the extent of 
disturbed area (e.g Ilison et al. 2007) and time period 
after the episode (Allen et al. 2012). The effects of dis-
turbance (certainly not instantaneous but after a couple 
of years) on biodiversity were often positive (Thom & 
Seidl 2016). In fact, this phenomenon, often named as 
“disturbance paradox”, has been mentioned in several 
works for a variety of ecosystems (e.g. Wilkinson 1999; 
Thom & Seidl 2016). On the other hand, a meta-analy-
sis revealed frequent conflicting or insignificant conse-
quences (Mackey & Currie 2001). We expect no further 
increase of tree species diversity in the future, but its grad-
ual decline in TANAP. Most likely, frequency of some 
trees species, especially aspen, goat willow, and rowan 
will be reduced by intensive deer browsing (Merganič et 
al. 2009; Pajtík et al. 2015). In the long run, i.e. in the hori-
zon of 4 – 5 decades, we assume a reduction in the share 
of short-living trees species, namely birch, rowan, goat 
willow, and eventually other broadleaved species. On the 
contrary, long-living species (especially spruce, pine and 
larch or other deciduous trees) will form a "frame" of old 
stands in the future.

5. Conclusions
We may conclude that although the current tree species 
composition in young stands is richer than in the old pre-
disturbance stands, future forests in the TANAP might 
converge to composition of the stand which grew here 
before November 2004. The reason is that contribution of 
short-living trees species (e.g. birch, rowan, goat willow, 
and eventually other broadleaved species) in stand com-
position will be gradually decreasing. Hypothetically, we 
might assume that potential improvement of ecological 
stability and resistance of the forests stands to harmful 
agents (especially wind and bark beetles) in future might 
be determined by spatial and height structure of forests 
rather than by tree species composition. Unfortunately, 
accurate long-term prediction on development of these 
forest properties is not possible by using recently avail-
able tools (e.g. growth simulators). Hence, our assump-
tion can not be proved by any scientific arguments. On 
the other hand, continuous long-term monitoring of 
the stands in the TANAP would through more light in 
knowing processes of post-disturbance succession of 
forest ecosystems.
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Abstract
The research paper with character of case study deals with the influence of amelioration on soil as well as the Norway 
spruce nutrition and growth, with the focus on dolomitic limestone and combined fertilizer applications. The study 
was performed in the 7-year-old forest stand (Nízký Jeseník Mountains, Czech Republic, 100% Norway spruce, 
podzol, mor humus form, slightly undulated slope, 770 m a.s.l.). The soil properties (soil reaction, nutrient status, 
C/N ratio and cation exchange capacity), the plant nutrition, the plant biomass production and the health status 
were measured. Neither the expected significant increase in pH due to liming in the root zone nor the increase in 
calcium and magnesium in the soil was confirmed. In the dolomitic limestone treatment, the highest hydrolytic acidity 
reaching 260 mmol+/kg, the worst development of assimilatory organs, the growth and health status of individuals 
were ascertained one year after the usage. The application of combined fertilizers resulted in the highest response 
in the needle biomass production (0.35 g/100 needles compared to less than 0.30 g/100 needles in the dolomitic 
limestone treatment), in the potassium and phosphorus nutrition status (suboptimal 4–4.5% of potassium in dolo-
mitic limestone and the control treatment compared to optimal 5.5–7.5% in the combined fertilizers treatments) and 
simultaneously to the optimization of the health status. Specifically, in forest stands, the effect of dolomitic limestone 
is rather overestimated and furthermore, chemical amelioration requires the detailed knowledge of the forest site.
Key words: forest soil; acidification; reclamation practice; plant nutrition; nutrient antagonism

1. Introduction
Soil acidification, defined as the decrease in the neutrali-
zation capacity (Merry 2009), is the process by which the 
base cation content is reduced and the acidic cation con-
tent is increased (Singh & Agrawal 2008). The alteration 
in soil chemistry originates from the contradictory effect 
of acidifying or alkalizing factors and the soil buffering 
capacity (Huang et al. 2014). In humid climate, in par-
ticular, soil acidification occurs through various natural 
mechanisms (Hruška & Ciencala 2005; Merry 2009). 
Numerous authors have attached minimal importance 
to natural acidification mechanisms in comparison with 
anthropogenic acidification (Ingerslev 1999; Ingerslev 
& Hallbäcken 1999), associated with the forest dieback 
linked to the acid deposition of atmospheric pollutants 
(Bäck et al. 1995) and inappropriate woody species com-
positions (Augusto et al. 2002).
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Over the past several decades, the elimination of 
anthropogenic acidification in the Czech Republic has 
been predominantly based on aerial liming of forest 
stands (Klimo and Vavříček 1991; Kuneš 2003; Vavříček 
et al. 2005; Novotný et al. 2008; Kulhavý et al. 2009; Baláš 
et al. 2010; Šrámek et al. 2012). 

However, the outcomes of the liming measures have 
frequently been inconsistent due to the specificities of 
forest habitats and forest soils in general (Kreutzer 1995; 
reviewed for Central-European conditions by Hruška & 
Ciencala 2005) and many authors have been concerned 
with the use of combined fertilizers rather than large-
scale aerial liming (Lomský et al. 2006; Vacek et al. 2006) 
for the soil environment and mainly forest stand health 
and nutrition status improvement. Some of the studies 
mention a risk joined with forest soil amelioration and 
only short-term effectiveness in regards to forest pro-
duction and health status, especially in large scale area 
applications. 
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The application of combined slow-release mineral 
fertilizers on an individual basis to each transplant 
has been implemented by several authors (Kuneš et al. 
2013; Pecháček et al. 2017). These fertilizers have dem-
onstrated the impact on the optimization of the nutrient 
and health status of plants and the soil environment. The 
effect of fertilizers can be accentuated by using growth 
regulators (Simpson 1986; Seaby & Selby 1990), such 
as NAA Na+, SNP Na+ and IBA K+.

The scientific treatise reflects on the effect of forest 
soil amelioration on the soil and the forest stands at the 
juvenile stage of planted Norway spruce (Picea abies [L.] 
H. Karst), focusing on a comparison of different amel-
iorative materials including combined fertilizers and 
dolomitic limestone. The hypothesis was based on the 
mentioned presumptions that dolomitic limestone is the 
less effective ameliorative material for soil amelioration, 
the plant growth as well as the health and nutrition sta-
tus optimization compared to combined fertilizers. We 
presumed weak amelioration effect of the dolomitic lime-
stone in contrast to combined fertilizers in the Norway 
spruce conditions with regards to pH and base saturation 
improvement nor nutrient status optimization.

 
2. Materials and methods
The case study study was performed in the 7-year-old 
forest stand (100% Norway spruce; Nízký Jeseník 
Mountains, Solná hora Mountain, Czech Republic; GPS 
coordinates 50.2095833N, 17.4506389E). The effects 
were tested for the presence of compound fertilizers with 
a specific composition of macronutrients (Table 1) and 
growth regulators and dolomitic limestone, compared to 
the control treatment.

Site Description (Table 2): The soil was covered by 
100% with dominance of Calamagrostis epigejos (80%), 
Avenella flexuosa (30%), Senecio Fuchsii (10%) and bryo-
phytes. The soil taxonomical unit was Entic Skeletic 
Podzols (Loamic) (IUSS Working Group WRB 2014) 
with the mor humus form of 6–8 cm thickness; 770 m 
a.s.l.; slightly undulated slope; N–W exposition (azimuth 
285°); slope inclination 21%; annual mean precipitation 
800 mm; mean air temperature 6.8 °C; annual mean soil 
moisture at 8 and 20 cm depth 27.8 % vol. and 27.4% 
vol., respectively; annual mean soil temperature at 8 and 
20 cm depth 6.7 °C and 6.8 °C, respectively.

The soil is characteristic of the dominant podzoliza-
tion soil-forming process on the shallow soil forming sub-
strate of carboniferous graywacke mixed with clay shale 
partially metamorphosed to argillaceous schist inclined 
in angle of 60–75° to the soil surface with stoniness of 
80–90% in the soil forming substrate, 50–70% in subsoil 
and 30–50% near the soil surface, which is very substan-
tial for water regime and water drainage of the habitat in 
relation to water, as well as nutrient availability. 

The rectangular research plot (120 × 150 m) was par-
celled out to obtain six identical zones with the dimen-
sions of 20 × 150 m containing 180 to 200 regularly 
distributed individuals per treatment. The treatment 
distribution on the plot was performed randomly. 160 g 
of the ameliorative material was applied individually to 
the soil surface within the crown projection on the indi-
vidual basis (cca 80–120 cm in diameter which is cca 0.50 
– 1.13 m2 which would correspond to doses of 1.4–3.2 t 
of the ameliorant per ha) of each treated spruce in April 
2014 and 2015.

The data collection was conducted in October 2015 
via (1) mixed soil samples: 5 replicates per treatment 
(from the root zone under organic horizons; sampling 

Table 1. Overview of the treatments and the composition of the tested ameliorative materials.

Treatment symbol Trade mark / form1
Nutrient concentration 

[%]
Plant growth 

regulators3

N P K Mg Ca S [%]
C
SR50_s2
SR_s
SR
SA_s2
DolLim

(Control)
Silvamix®R50+s2
Silvamix®R30+s
Silvamix®R30
AGLUFORM®90+s2
Dolomitic limestone

—
14.5 1

10.0 2

10.0 2

19.0 2

—

—
3.08
3.08
3.08
3.08

—

—
14.94
14.94
14.94
9.13

—

—
3.0
4.5
4.5

2.88
11.22

—
—
—
—
—

22.9

—
1.3
4.3
4.3
4.0
—

—
0.17
0.35

—
0.17

—
1 55% of N as urea-formaldehyde;
2 34% of N as urea-formaldehyde;
3 when 0.17%: NAA Na+ 0.025%; DA-6 0.07%; SNP Na+ 0.05%; IBA K+ 0.025%;
when 0.35%: NAA Na+ 0.15%; DA-6 0.10%; SNP Na+ 0.075%; IBA K+ 0.025%.

Table 2. Properties of the soil profile in FS Solná hora Mountain within the different soil layers. 

Soil layer characteristics Sampling depth 
[cm]

Nutrient Content
CEC 

[mmol+/kg] 
BSpH Corg Nt C/N P Mg Ca K

H2O KCl [%]  [mg/kg] [%]
Organomineral 12–17 3.93 2.94 8.17 0.40 20 29 306 864 31 379.3 18.2
Eluvial 19–25 4.01 3.21 5.41 0.28 19 30 162 384 25 312.9 10.6
Spodic 34–44 4.21 3.72 5.16 0.27 19 73 75 216 20 271.5 6.4
Soil forming substrate 60–80 4.37 4.10 2.35 0.14 17 71 41 182 9 154.3 8.2

2390* 21819* 46862* 19540*
Corg – organic carbon; Nt – total nitrogen; CEC – cation exchange capacity; BS – base saturation; *total element content in substrate horizon using hydrofluoric acid.
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depth 8–12 cm; below the crown projection); each rep-
licate was composed of 3 individual samples; (2) mixed 
samples of needles: 3 replicates per treatment (from the 
upper third of the crown; from last two shoot year-classes 
separately as one-year-old and two-year-old needles); 
each sample was comprised of needles from 10 to 15 
individuals; and (3) biometric data: 50 individuals per 
treatment.

The soil was analysed to assess the soil reaction (pH/
H2O and pH/KCl) in the soil: the eluent ratio of 1:2.5 
(w:v); H+ concentration [mmol+/kg] using dual pH meas-
urement (Adams & Evans 1990); available mineral nutri-
ents (Ca, Mg, K) [mg/kg] from Mehlich II leachate (Meh-
lich 1978); P content [mg/kg] using spectrophotometry 
in a solution of ascorbic acid, H2SO4 and Sb3+; organic 
carbon (Corg) [%] content spectrophotometrically in 
a chromosulphuric acid; total nitrogen (Nt) [%] content 
using the Kjeldahl method in % (Kirk et al. 1950); sulphur 
content [g/kg] using Regulation (EC) 2003/2003; mobile 
Al3+ content [mmol+/kg] (Sokolov 1939); cation exchange 
capacity (CEC) [mmol+/kg] using a summation method; 
base saturation (BS) [%] using the equation BS = (Ca2+ 
+ Mg2+ + K+) / CEC; the particular cation content using 
the equation Cmmol = Cmg / (M/Oxn), where Cmmol 
is the nutrient concentration in mmol+/kg; Cmg is the 
nutrient concentration in mg/kg; M is the element molar 
mass, and Oxn is the nutrient oxidation number; the total 
element content in the soil substrate using mineralization 
in hydrofluoric acid. The total nutrient amount in the soil 
sample was reduced when Corg content exceeded 7.25% 
(12.5% of humus) using the equation Sn = SN-anal / {1/
[(100–Hox)/Hox]·7}, where SN-anal is the nutrient content  
in mg/kg; Hox is the humus content (Corg · 1.724) and 7 is 
the empirical value (Vavříček & Kučera 2017). The cation 
ratio in molar mass was used to obtain the Ca/Al and Bc/
Al ratios where the Bc is the sum of base cations.

Biomass was analysed to assess the contents of 
macrobioelements [N in %; P, K, Ca, Mg, S in g/kg] 
(Strížová 2014). The nutrient ratio was used in one-
year-old and two-year-old needles separately to obtain 
the Ca/Mg, K/Mg, Ca/N and Mg/N ratios. Biometry was 
assessed for annual height increment [cm], weight of 100 

needles dried at 105 °C [g] and health status (1 – the best 
to 5 – the worst).

Data processing was performed with R software, ver-
sion 3.6.2 (2019-12-12) and RStudio, version 1.2.5033. 
As graphical tools, we used the boxplot graphs (the boxes 
show medians and quantiles 0.25 and 0.75) and plot-
ting with 95% confidence intervals in case of parametric 
multiple comparison, using ´plotmeans´ function from 
package ´gplots´ version 3.0.1.2. We applied the para-
metric and nonparametric analyses of variance (ANOVA, 
Kruskal-Wallis test, respectively), the parametric and 
nonparametric post-hoc analyses (Tukey HSD and non-
parametric multiple comparison – nonparametric rela-
tive contrast effect with “Tukey” type of contrast, respec-
tively). The normality was tested using Shapiro-Wilk test 
with a = 0.05. The Principal component analysis (PCA) 
was performed with the ´vegan´ package version 2.4-3 
after data standardization.

The abbreviations used in the graphical figures are 
as follows: Soil_C_N – C/N ratio; Soil_pH_H2O and 
Soil_pH_KCl – active and exchangeable soil reaction, 
respectively; Soil_Ca, Mg, K, P, S, Nt, H – element con-
tent in soil; Soil_BS – base saturation; Soil_CEC – cat-
ion exchange capacity; Nutr_P, Mg, Ca, K, N, S, CaMg, 
KMg – nutrient content in needles and the nutrient ratio; 
HundrNeedl – weight of 100 needles; GrowAnn – annual 
height increment; Health – health status. The individual 
treatment variants in the experiment are labelled accord-
ing to Table 1.

3. Results
The high variability of the soil properties resulted in the 
use of the nonparametric tests, which revealed the dif-
ferences among all the parameters.

The soil reaction was strongly acidic for all the treat-
ments, with the lowest acidity observed in C (Fig. 1; see 
also Table 3). The soil exchangeable reaction was the 
lowest for the DolLim, which also had the most variable 
values. 

Based on Table 3, merely the control treatment (C) 
was typical of the statistically different (higher) values of 

Fig. 1. Physical-chemical soil parameters in the individual treatments in the organo-mineral soil horizon (for the abbreviations, 
explanations see Materials and Methods Section and Table 1).
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the active soil reaction while the exchangeable reaction 
was more diverse (the lowest in DolLim and the highest 
in SR_s). However, the values of pH/H2O in the control 
treatment correspond with the natural situation in the 
soil (cf. with Table 2) while in other treatments the soil 
reaction was lower and close to the natural situation in 
the treatments SA_s2 and SR in case of pH/KCl. 

Base saturation was the lowest in SR but statistically 
equal with C, DolLim and SA_s2 while the BS of the treat-
ments SR_s and SR50_s2 was even above 10%. In all 
the treatments the BS was markedly lower than in the 
natural soil. 

Using fertilizers, the nutrient content in the soil 
(Fig. 2, Table 4) was optimized or even supraoptimized 
in case of K and partially also for P while the Mg and 
Ca contents were  suboptimal neither in the natural soil, 

typical of medium or high values nor in mineral (eluvial) 
horizon. The nitrogen content was the highest in DolLim 
(not significantly) and the lowest in SR – in all the treat-
ments in high levels, which can be related to the elevated 
organic carbon content in the whole soil profile (Table 2), 
bonding nitrogen, as well as other nutrients via cation 
exchange. The C/N ratio was in the optimal values which 
could even seem to be untypical of the forest soil with 
Norway spruce. ANOVA revealed significantly higher 
C/N ratio in the treatments with DolLim and SR50_s2 
which are still in the optimal values. Such high nitrogen 
content is probably due to high stoniness and organic 
matter infiltration to the depth, being characteristic of 
leptic soils. Acid cations, both H+ as well as Al3+, are highly 
concentrated with the significant differences in all the 
treatments with the highest values surprisingly in Dol-

Table 3. Mean values and results of statistical testing of the physical-chemical soil parameters in the individual treatments in the 
organo-mineral soil horizon. 

Parameter Units C DolLim SA_s2 SR SR_s SR50_s2 Test Type p–valuemean
pH/H2O — 3.91a 3.70b 3.63b 3.61b 3.65b 3.70b aov *
pH/KCl — 3.02ab 2.84b 2.92ab 2.96ab 3.16a 3.00ab aov ***
CEC mmol+/kg 387.2a 417.1a 337.9b 386.2a 366.8b 314.7b aov ***
Bc mmol+/kg 33.0b 36.0b 30.0b 29.4b 49.4a 43.4b K-W *
BS % 8.5b 8.7b 8.9b 7.6b 13.4a 13.9a K-W **

Superscripts following the mean values denote mutual statistical differences at a=0.05 on the basis of the post-hoc multiple comparison (test type: “aov” – parametrical ANOVA; “K–W” – Kruskal-
Wallis test; p–values: “ *** ” < 0.001; “ ** ” 0.001–0.01; “ * ” 0.01–0.05; “ . ” 0.05–0.1). For the abbreviations, explanations see Materials and Methods Section and Table 1.

Table 4. Mean values and results of statistical testing of the nutrient content, the C/N ratio, the acid cations content and the Ca/Al
and Bc/Al ratios in the individual treatments in the organo-mineral soil horizon. 

Parameter Units C DolLim SA_s2 SR SR_s SR50_s2 Test Type p–valuemean
P

mg/kg

18.0b 23.5b 25.6b 20.4b 46.7a 68.8a K–W ***
Mg 105.5b 158.9a 108.2b 94.3b 237.7a 263.7a K–W **
Ca 446.7a 421.4b 377.4b 348.8b 328.1b 358.7b aov *
K 76.6b 70.0b 90.8b 158.8ab 522.2a 155.5ab K–W ***
N % 0.34a 0.41a 0.31a 0.27b 0.34a 0.32a K–W .
C/N — 18.7b 23.1a 20.3b 20.2b 15.3b 23.3a aov ***
H+

mmol+/kg 199.0ab 226.9a 206.8a 187.5b 189.2b 184.5b K–W *
Al3+ 155.2a 154.4a 101.0b 169.5a 128.2ab 86.6b K–W ***
Ca/Al — 0.14b 0.14b 0.19a 0.10b 0.13b 0.21a aov ***
Bc/Al — 0.21b 0.23b 0.30a 0.17b 0.39a 0.52a K–W ***

Superscripts following mean values denote mutual statistical differences at a=0.05 on the basis of post-hoc multiple comparison (test type: “aov” – parametrical ANOVA; 
“K–W” – Kruskal-Wallis test; p–values: “ *** ” < 0.001; “ ** ” 0.001–0.01; “ * ” 0.01–0.05; “ . ” 0.05–0.1). For the abbreviations, explanations see Materials and Methods 
Section and Table 1.

Fig. 2. Exchangeable nutrients content (Mehlich II) in the soil in the individual treatments in the organo-mineral soil horizon 
(for the abbreviations, explanations see Materials and Methods Section and Table 1).
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Lim, and rather equal in all the variants with the lowest 
in SR50_s2, respectively.

The response of the trees within the treatments was 
marked more in the plant nutrition than in biometrics. 
The annual growth was evaluated as almost being equal 
(Table 5), nevertheless, the highest in SR_s and SR50_
s2 treatments and the lowest in DolLim followed by the 
control. Needle biomass was diversified in one-year-old 
needles with the most massive biomass in SR_s and the 
least massive in DolLim. The DolLim treatment was also 
distinctive to the worst health status (decolouration, mul-
ticoloured needles, etc.). 

Compared to the soil nutrient content, the plant 
nutrition was specific for rather normal data distribution 
(Table 6) and the significant differences among the treat-
ments. In two-year-old needles the lowest and the highest 
content of P was in DolLim and SR50_s2, respectively. 

Among the macrobioelements which were mostly 
contained in the optimal concentrations (mainly Mg, Ca), 
S and K occurred in the low limit values. The sulphur 
content was markedly lower (on the lower optimum limit) 
in one-year-old needles in C and DolLim treatments while 
potassium was deeply below the optimal values in both 
needle years in the treatments. The nitrogen content was 
the lowest in C and DolLim in both years of needles – in 
two-year-needles even below the optimum limit in Dol-
Lim. The nutrient ratio is rather in the optimal values 
except for DolLim in Ca/Mg due to the extremely low 
Ca content and except for C and DolLim in K/Mg due to 
the extremely low K content. The proportions of Ca/N 
and Mg/N were found as optimal, however significantly 
differentiated according to the treatment.

4. Discussion
Chemical amelioration, namely liming, substantially 
affects organic horizons especially on humus-rich sites 
(Nilsson et al. 2001; Hruška & Ciencala 2005). The 
alterations are performed mainly in soil organic layers 
in the sense of intensive mineralization and related bio-

logical/biochemical processes. In our study, we reached 
the lower pH values in all the treatments compared to the 
control one. The phenomenon of the distinct soil chem-
istry is not necessarily grounded in the treatments. How-
ever, we applied either alkaline or physiologically acidic 
ameliorative materials which can lead to the decrease 
of pH below surface organic layers for different reasons 
(Huettl & Zoettl 1993). As we sampled the soil in the 
rooting zone typical of the wide range of natural reasons 
for soil acidification, such as root exudates and nutrient 
uptake or also stimulation of plant metabolism using 
phytostimulants, which lead to lower pH/H2O values. 

The mean values of the soil exchange reaction proper-
ties showed the least favourable state in the DolLim, even 
with the respect to base saturation which was the highest 
in SR_s and SR50_s2 treatments. The nutrient contents 
in the soil (Fig. 2 and Table 4), as well as in needles (Fig. 
3) indicated the antagonism of bivalent cations with 
potassium, which was significantly suppressed. Despite 
the assumptions stated in the literature (Formánek & 
Vránová 2003), the concentration of acidic protons and, 
notably, aluminium (Al3+) was not reduced; this finding 
was accompanied by very strong hydrolytic acidity.

Our results demonstrated that there was an increased 
concentration of protons bound to the soil sorption com-
plex (see also Fig. 1 and Table 4), which occupied over 
90% CEC. After displacement from the soil sorption 
complex, these protons moved downwards into the root 
zone of the soil profile, increasing the risk of elevated 
aluminium mobility (see also Matzner 1992).

With regard to excessive soil chemistry alterations 
caused by chemical amelioration, the issues related to 
potassium are fundamental, yet little is known about 
them (Sardans & Peñuelas 2015). The presence of potas-
sium in the soil can particularly be ensured by a targeted 
supply of fertilizers (cf. Fig. 2), and, in contrast, a high 
susceptibility to leaching by antagonistic bases can cause 
an imbalance in the soil trophic state in the root zone. 
This finding was also confirmed in the DolLim treat-
ment, which had a significant excess of Ca2+ and Mg2+ 
and in SA_s2 due to the excessive dosage of a monova-

Table 5. Mean values and results of statistical testing of shoot biomass and the health status of the individuals in the individual 
treatments. 

Parameter Units C DolLim SA_s2 SR SR_s SR50_s2 Test Type p-valuemean
Annual growth cm 54.3 48.0 57.9 55.9 62.2 62.1 K–W .
Health — 2.0a 2.7b 1.9a 1.6a 1.8a 1.7a K–W ***
100 needles (1st yr) g 0.30b 0.28b 0.32b 0.31b 0.36a 0.31b aov **
100 needles (2nd yr) g 0.39 0.41 0.38 0.38 0.42 0.37 aov > 0.1

Superscripts following the mean values denote mutual statistical differences at a=0.05 on the basis of the post-hoc multiple comparison (test type: “aov” – parametrical ANOVA; “K–W” – Kruskal-
Wallis test; p–values: “ *** ” < 0.001; “ ** ” 0.001–0.01; “ * ” 0.01–0.05; “ . ” 0.05–0.1). For the abbreviations, explanations see Materials and Methods Section and Table 1.

Table 6. Results of the variance analysis of the nutrient content and the ratio in assimilatory organs separately for one-year-old 
and two-year-old needles of the individuals in the individual treatments at a = 0.05.
Needle Age Parameter P Mg Ca K N S Ca/Mg K/Mg Ca/N Mg/N

1st yr Test Type aov aov aov K–W aov aov aov K–W aov aov
p–value *** *** *** *** *** *** *** *** *** ***

2nd yr Test Type aov aov aov aov aov aov aov K–W aov aov
p–value *** *** * *** ** * *** *** ** ***

(test type: “aov” – parametrical ANOVA; “K–W” – Kruskal-Wallis test; p–values: “ *** ” < 0.001; “ ** ” 0.001–0.01; “ * ” 0.01–0.05; “ . ” 0.05–0.1). For the ab-
breviations, explanations see Materials and Methods Section and Table 1.
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lent ammonium ion (NH4
+) with comparable lyotropic 

properties.
The Ca/Al and Bc/Al ratios contribute to the optimum 

level of soil chemistry in addition to absolute concentra-
tions. These ones are at very low levels (far below 1, even 
below 0.2) in most cases, which has already been consid-
ered a significant environmental risk (Cronan & Grigal 
1995; Vanguelova et al. 2007). 

Nevertheless, the growth and nutritional responses 
of the stand are differentiated, although this ratio had not 
been significantly differentiated by any measure. On the 
contrary, the biomass production and the health status 
are the most favourable at treatments with combined 

Fig. 3. Content of the nutrients in one-year-old needles (a) and two-year-old needles (b) in the individual treatments, expressed 
as the post-hoc multiple comparisons with the mean values and 95% confidence intervals. (for the abbreviations, explanations 
see Materials and Methods Section and Table 1).

fertilizers supplemented with the growth regulators. 
However, it should be noted that a considerable number 
of the literature (including that one listed here) operates 
with the Ca/Al and Bc/Al ratios in the soil solution, not 
the soil sorption complex. Nonetheless, according to the 
ratio law (Schofield 1947 in White 2006), it is also pos-
sible to take this ratio into account as a guideline for the 
assessment of soil chemistry. 

The higher nitrogen content in values up to the 
supraoptimal concentration (Table 4) for DolLim can 
result in its accelerated mineralization and loss from the 
root zone not only of nitrogen, but also to equivalent loss 
of Mg, Ca and K (Huettl & Zoettl 1993). In soil chemistry 
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with the C/N ratio lower than 30 and ammonia nitrogen 
form dominance, mineralization and nitrification lead 
to the increase in H+ concentration and acidification of 
lower soil parts and heavy metals mobilization. Hence 
the amelioration on one side can be interlinked to the risk 
of nitrogen leaching (Huettl & Zoettl 1993; Vesterdal & 
Raulund-Rasmussen 2002), on the other side, it can pre-
cede nitrogen immobilization via biological fixation when 
the C/N ratio higher than cca 30–35 (Kai et al. 1969; 
White 2006).

The growth responses were not significantly different 
in the annual growth (Table 5) but showed the lowest 
effect in the DolLim treatment, which corresponded with 
the lowest vitality. The lowest biomass production in one-
year-old needles was in DolLim treatment and the highest 
in SR_s treatment; in two-year-old needles the needles 
biomass production was not under the direct influence of 
the treatments as the needles developed before the experi-
ment commencement.

The effect of treatments on the assimilation organ 
development was documented in the factorial plane (Fig. 
4); in one-year-old needles, the vector of the HundNeedl 
categorical variable evinced a slight negative relation in 
DolLim, while in two-year-old needles, the same vector 
manifested no relation with the treatment.

The element content in biomass and nutritional 
balance were highlighted in Table 6 and Fig. 3, with 
a detailed representation of the graphical display of the 
PCA (Fig. 4). The cumulative proportion of explained 
variability with the first two principal components was 
53.02% and 53.76% for dataset with one-year-old and 
two-year-old needles, respectively. In one-year-old 
assimilation organs (Fig. 4a), the Mg nutrient concen-
tration was relatively unresponsive to Ca, and its intake 
was bound to the Silvamix compound fertilizers. In the C 
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and DolLim treatments, potassium was at the lower opti-
mum limit, especially in the two-year-old needles. In the 
two-year-old needles (Fig. 4b), the K/Mg nutrient ratio 
was completely antagonistic; Mg was forwarded at the 
expense of K, and Mg was distributed to a younger needle 
year-class (da Silva et al. 2011) while presenting a defi-
ciency due to a suboptimal intake during the dry period 
throughout the vegetation. In connection with the initial 
natural  (soil) conditions, the question is the legitimacy 
of forest ecosystem subsidy with magnesium, which was 
in the optimum values in the soil within the particular 
area and yet did not enter into nutrition due to the limited 
income in relation to its hydration requirements (Gran-
see & Führs 2013) that manifest during the short-term 
drought in the growing season. Thus, Mg is still within 
the optimum range in one-year needles while it is below 
the limit of deficiency in two-year needles. Furthermore, 
when using combined fertilizers, the K/Mg ratio was 
more optimized than C and DolLim.

Based on herein results and other works, fertiliza-
tion and amelioration of forest ecosystems still seem to 
be questionable measures and many research studies 
provide contradictory interpretations, depending on for-
est management, as well (Podrázský 1994; Nilsson et al. 
2001; Sjöberg et al. 2004; Remeš et al. 2005; Vacek et al. 
2006; Vavříček et al. 2010; Šrámek et al. 2012). Com-
pared to agrosystems, where liming is an essential part of 
the soil environment care (Goulding 2016), the overhead 
humus forms that are typical of forest soils (Klinka et al. 
1990) represent a significant buffering factor (James & 
Riha 1986), as well as an important nutrient reservoir. 
From this perspective, it seems to be auspicious to repeat 
the investigation in the longer time horizon. 

Soil buffering is a significant factor affecting the lim-
ing efficiency, especially treatments targeting elevated 

Fig. 4. PCA ordination graph illustrating the relation between categorical variables and the individual treatments (a): concern-
ing the nutritional status of one-year-old needles; (b) concerning the nutritional status of two-year-old needles (for the abbrevia-
tions, explanations see Materials and Methods Section and Table 1).



mountainous locations with a naturally acidic soil reac-
tion (pH/KCl even < 3.0) in the podzol soil zone. In 
organo-mineral and mineral horizons, the buffering 
capacity extends to the exchange zone and even down 
to the aluminium zone (Matzner 1992). Liming of these 
habitats results in conflicts related to the paradoxical 
application of the carbonate buffering zone in the natu-
rally occurring buffer zone of iron and aluminium. Based 
on the frequently contradictory standpoints, the posi-
tive effect of liming (especially the air largescale) is not 
unquestionable. Hence, beside the routine soil param-
eters (pH, exchangeable nutrient content, base satura-
tion), the nutritional status of the stand, the forest floor 
vegetation and site conditions should be individually 
examined.

5. Conclusion
The combined fertilizers use in the forest ecosystems 
was more effective for soil chemistry, the plant growth, 
as well as the nutrition status compared to the dolomitic 
limestone. Liming negatively affected the nutrient status 
of the soil and plants in comparison with the effects of 
compound fertilizers and caused disproportionate nutri-
ent levels on soil colloids and nutritional imbalances. 

Liming can significantly impact ion exchange proc-
esses in the soil sorption complex, the soil chemical status 
and, consequently, biological activities, mineralization 
processes, humus conditions, the plant nutrition and 
health statuses.

Soil chemistry, nutrition status and biometrical 
parameters of the Norway spruce individuals were posi-
tively affected using combined fertilizers. In addition to 
liming, there are alternative amelioration methods, e.g. 
the application of compound fertilizers containing a wide 
range of macrobioelements using nanotechnologies, 
such as growth regulators, for improving tree vitality, 
metabolism, nutrient uptake and root system develop-
ment.

Individual application of ameliorative materials is 
optimal method for stands with juvenile development 
stage.
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Cutting practices in mature stands of Tilia cordata Mill.

Rida Sultanova*, Maria Martynova, Svetlana Konashova, Elvira Khanova, Vasilina Yanbaeva

Federal State Budgetary Educational Institution of Higher Education “Bashkir State Agrarian University”, 50-letiya Octyabrya 
St., 34, Ufa, 450001, Russia

Abstract
The right timing for replacing mature and over-mature forest stands with a young generation of trees is evident as 
it ensures continuity in forest management. The study aimed to assess the efficiency of cutting practices in mature 
stands of Tilia cordata Mill. Mono-dominant and poly-dominant, even- and different-aged linden tree forests in the 
southern Urals were studied. The study found that in the first years following the small scale forest cutting practices 
(the Murakhtanov method), retention trees of Tilia cordata Mill. showed longer crowns (by 0.3 ± 0.01 m) and higher 
crown diameter indices (by 0.11 ± 0.04 m). A single selection showed that nectar secretion potential was 2.1 ± 
0.06 mg/flower in the first assessment year, the index was 1.8 ± 0.03 mg/flower in the control forest area where no 
trees were cut. In the third assessment year, nectar secretion potential rose to 4.1 ± 0.04 mg/flower, while the index 
fell to 2.0 ± 0.01 mg/flower in the control forest area. The comparative analysis of the shoot growth capacity in stools 
of different diameters showed that shoots regrew from 82% of stumps. Shoots did not regrow from stumps affected 
by rot, those ones destroyed in the cutting process, and also from stumps of 59 – 62 cm in diameter. 
Key words: coppice shoots; nectar-producing tree; regeneration; small-forest cutting; Tilia cordata Mill.
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1. Introduction
Forest stands of Tilia cordata Mill. (henceforth referred 
to as TC) make up the bulk of the primary deciduous for-
ests (Bauhus et al. 2010). In temperate forests, TC is the 
most widespread (Bauhus et al. 2010; Samsonova 2012; 
Kulakov 2013) among the four species of the Tilia genus 
growing naturally in Europe. Growing in less than 5% of 
forests (Forest Peoples Program 2017), the species popu-
lation varies significantly across Europe (Bauhus et al. 
2010; Harmon et al. 2013). TC grows in a wide range of 
environments. In Northern Europe, the species grows as 
far as Central Sweden and southern Norway (Svejgaard 
2003; Pigott 2012). In the south, the species prevails in 
forest stands as far as Northern Greece and the Northern 
Iberian Peninsula. TC stands extend from Northern Ire-
land to the TransUrals (Gellini&Grossoni 1998; Pigott 
2012).

Compared to other deciduous woody plants, TC is less 
sensitive to temperatures and soil fertility (Konashova 
et al. 2018; Sultanova et al. 2019). Broad adaptability of 
the species is recognised by most researchers (Hölscher 
et al. 2005; Bréda & Badeau 2008; Popescu et al. 2014; 
Gilman et al. 2016; De Jaegere et al. 2016; Lundmark et 
al. 2017). Due to its high shade tolerance when young 

and thanks to its advantageous vegetative reproduction, 
TC can be considered a competitive species. The shade 
tolerance varies from moderate (Popescu et al. 2014) to 
high (Pigott 2012) in the species. This feature mainly 
depends on the growth stage, climatic aspects, and geo-
graphical location (Diekmann 1996). A relatively high 
occurrence of the linden tree may be accounted for by 
its vegetative origin as the species grows through cop-
pice shoots and root suckers. TC produces more cop-
pice shoots than oaks and hornbeams. Also, the linden 
coppice shoots have higher length and diameter growth 
indices (Pigott 2012; Sultanova et al. 2019). Due to the 
aspects mentioned earlier, the linden tree is widely used 
in protection forests, urban greening practices, and for 
commercial wood and nectar-related purposes. 

Among all Tilia species, TC is of the highest value 
due to its full ecological range and numerous silvicultural 
advantages, when growing in mixed forest stands in par-
ticular (Pigott 2012). TC can prevail in the canopy for-
mation, often mixed with genera such as Quercus, Acer, 
Betula (Tóth et al. 2012; Beaune et al. 2013). The TC 
shows good growth indices when mixed with Carpinus 
betulus L., Picea abies (L.) Karst, Abies alba Mill. and 
Pinus sylvestris L. (Jaworski et al. 2005). In the southern 
Urals, the TC stands build a complex dynamic system 
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characterized by population-related, environmental, 
geographical, and biocenotic features. TC grows in the 
area of 1148.4 thousand hectares on the territory of the 
Republic of Bashkortostan (henceforth referred to as 
RB), occupying 22% of the forest-covered lands with a 
total reserve of 209.3 thousand m3.

The area of 157.7 thousand hectares is devoted to 
the ‘nectareous linden’ working circle in RB. The effi-
cient application of TC for honey-related purposes can 
be reached through forming a composite, uneven-aged 
forest stand with two and more layers. Uneven-aged for-
est stands ensure continuous production for commercial 
wood and nectar-related purposes and increase the nec-
tar secretion period in the trees. 

The principal objective of successful forest manage-
ment is to enhance productivity, improve the age and 
quality structure in TC stands, appropriately use wood 
resources as well as ensure regeneration of linden trees. 
There are many forest management practices aimed 
at obtaining efficient and continuously productive TC 
stands. Priority is placed on various cutting practices 
as they have a long term effect (Ministry of Natural 
Resources and Ecology of the Russian Federation 2016, 
2017; Sultanova et al. 2019). Cutting practices ensure 
the rapid growth of stool coppice shoots. The coppice 
method is a crucial factor in the successful regeneration 
of deciduous forests (Popescu et al. 2014; Sultanova 
et al. 2019). The selection of trees for cutting is based 
on several factors, such as economic, qualitative, and 
bio-ecological characteristics of wood species. The key 
point in determining the cutting practice parameters 
is the selection of trees for cutting, taking into account 
their environmental biological and qualitative character-
istics (Crecente-Campo et al. 2009; Ministry of Natural 
Resources and Ecology of the Russian Federation 2016, 
2017). The following criteria are employed by some 
researchers to assess the efficiency of cutting practices: 
the forest standing volume, growth, stand density, and 
tree growing area (Gellini & Grossoni 1998; Crecente-
Campo et al. 2009; Li et al. 2017). 

Although TC is widely distributed in Europe, few 
studies described its growth and productivity. The stud-
ies focused on growth aspects in various environments. 
For example, Böckmann (1990) presented growth stage 
tables reflecting changes in the forest stand volume to 
the growing area and geographical location in Germany. 
Many data are available on linden tree regeneration based 
on various cutting methods. However, most of the stud-
ies considered the self-reproduction of linden tree forest 
stands without regard to the parent canopy structure. 
The issue of forest productivity with the prevailing TC 
has not been adequately addressed. With that in mind, 
it is crucial to determine optimal parameters and cutting 
methods ensuring productive linden tree forest stands for 
commercial wood and nectar-related purposes.

The study aims to assess the efficiency of cutting 
practices in mature TC stands. The practices ensure the 

growth of continuously productive linden tree forest 
stands and improve their production indices. 

Long-term comprehensive studies on the efficiency 
of cutting practices in mature TC stands were conducted. 
There are three hypotheses put forward in the study. In 
essence, the age of the mother stand and the cutting area 
determine the efficiency of the small-scale cutting in the 
nectar-producing part of the forest stand (1); the season 
of the narrow-strip clear-cutting in linden forests (sum-
mer, winter) determines the composition of the next 
regeneration (2). The third hypothesis (3) of the vari-
ability in TC nectar productivity was particularly crucial 
for the study. 

2. Materials and methods

2.1. Research design 
Experiments were conducted in the PTA of the Nurly for-
est district to evaluate vegetative regeneration potential 
in linden trees. The forest stands affected by winter and 
summer cutting operations in 1993 were studied. The 
full forest quality assessment was conducted to evaluate 
the regeneration processes. Based on the study measure-
ments, forest indices of the linden tree were analysed, 
natural regeneration processes were assessed, and sta-
tistical indices of the tree stands were calculated. 

2.2. Study sites
Mono-dominant and poly-dominant, even- and differ-
ent-aged linden tree forests of the southern Urals were 
studied. An experimental study was conducted in 1986-
2018. The study encompassed forest assessment, nec-
tar production, regeneration indices based on the cut-
ting practices, timber production aspects in mature and 
over-mature TC stands. The experiment used seventeen 
permanent trial areas (PTA). The trial plot areas ranged 
from 0.5 to 2.7 ha.

Trial area establishment was performed based on 
the regulatory requirements under the Russian industry 
standard 56 – 60 – 83 ‘Trial areas for forest management. 
The establishment method included the optical meas-
urement in determining bio-morphological indices (for 
instance, trunk diameter, trunk height, crown width and 
length). The natural regeneration on summer and winter 
clear-cuts was analysed to specify the number of shoots 
in the coppice, their height, and the diameter at the root 
collar. The visual assessment of the trees used indicators 
of the crown length including flowers and the number 
of generative organs in the crown layers. The Abney 
level was used to measure the crown height and length. 
The quantitative study of flowering was conducted on 
the type trees (done in the North-South and West-East 
directions), the crown of the type trees was divided into 
two-meter segments along the length. Blotting up with 
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filter paper, or washing and rinsing procedures were used 
to extract the nectar from the linden flowers. 

The trial was performed in goutweed type forests of 
Gafuri and Ufa districts of RB, Russia. 

Natural regeneration establishment was analysed on 
the sites where winter and summer clear-cut operations 
were performed within the goutweed linden tree stand 
aged 70 years of the Nurly forest district. Long-term 
experiments were performed in the Krasnoyarsk and 
Tabyn forest districts to assess the efficiency of small 
scale forest cutting (the Murakhtanov method). Small-
scale forest cutting is performed under the following 
technical parameters: the length of the cutting strips does 
not exceed 1,000 m, the width is 50 – 100 – 150 m, and 
the number of the retained nectar-producing linden trees 
is 50 – 75 – 100 per 1 ha (Murakhtanov 1972).

2.3. Equipment used
Textolite calipers, Suunto optical height meter, Bitterlich 
angle gauge, and a tape measure were used in the meas-
urement operations.

2.4. Statistical analysis
Methods of variational statistics, the correlation, and 
regression analysis, as well as Microsoft Excel and Sta-
tistica 6.0 application packages, were employed to proc-
ess experimental data. The Student’s t-test was used to 
compare the same-named properties. The coefficient of 
variation (V, %) was calculated to assess the variation 
of properties.

2.5. Limitations of the study
Currently, there is insufficient objective evidence for pro-
viding a rationale for forest cutting practices and opera-
tions used in linden tree forest management for particular 
purposes. 

3. results
Small scale forest cutting practices aim to preserve nec-
tar-producing potential of linden tree forest stands and 
prevent the death of trees. The study performed in the 
Krasnoyarsk forest district established the efficiency of 
the small-scale forest cutting practice (the Murakhtanov 
method). The cut areas were located close to an apiary 
farm. The cutting area varied from 0.5 to 3 hectares. 
While harvested, 100 TC trees with the best growth and 
flowering indices were retained as nectar-producing trees 
on each site.

Experimental site inventories conducted in the first 
decade after felling revealed that the retained TC trees 
produced 1.4 times more flowers in the good blooming 
years than in the stand unfelled (Table 1).

However, 20 years after cutting, the nectar trees 
stopped producing, and the study areas were overgrown 
with the hazel (Fig. 1).

The first decade showed dieback of 8 – 22% retained 
nectariferous trees; in the second decade a 52 – 69% rate 
with the crown broken in 26% of the trees were reported. 
Currently, 8 – 20 dying trees with regular breaks have 
remained out of 100 seed trees on the study forest sites. 
A more significant number of seed trees have remained 
on the sites with an area of up 2 ha.

Similar experiments were conducted in the Tabynsky 
forest district of Gafuri forest area. The small-scale forest 
cutting was performed in the forest stand made up of 6L 
– 2B1Ewe – 1As (see Table 1 for explanation) (aged 75 
years old) with growth class 3, 0.6 forest stand density 
in 1.2 ha area. Sixty flowering linden trees were retained 
after cutting.

Over the three years after the small-scale cutting, all 
of the retention trees demonstrated longer and wider 
crowns (by 0.3 ± 0.01 m in length and by 0.11 ± 0.04 m 
in diameter). A single selection showed higher nectar 
secretion potential accounting for 2.1 ± 0.06 mg/flower 
in the first assessment year, compared to the 1.8 ± 
0.03 mg/flower in the control forest area where no trees 
were cut. In the third assessment year, nectar secretion 

Fig. 1. The mortality rate in nectar-producing linden related to the cutting area.
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potential rose to 4.1 ± 0.04 mg/flower, while the index 
fell to 2.0 ± 0.01 mg/flower in the control forest area. 
The Student’s t-test was used to assess the difference 
in nectar production potential between the seed trees 
of the control forest site and the cut area. The first year 
demonstrated a statistically insignificant difference. The 
third assessment year showed significant variations in 
the nectar amount secreted by tree flowers in the cut 
areas and the control site. tfact = 2.36 ≥theor = 2.04 (P = 5%,
n1 + n2 = 37). At the end of the tenth period, the retention 
trees started dying.

Forest cutting practicon, particularly on the coppice 
type cutting performed in linden forests. The findings are 
confirmed by robust vegetative regeneration of linden 
trees resulted from rapid coppice shoot growth (Matula 
et al. 2012; Sultanova et al. 2019).

Regeneration processes were analysed to show that 
forest cutting practices significantly encouraged vegeta-
tive regeneration of the TCs. A year later, coppice shoots 
density was considerably higher on the winter clearings 
compared to the regeneration indices of the summer-
cleared glades. The comparative analysis of the shoot 
growth capacity in stools of different diameters showed 
that shoots regrew from 82% of stumps. Shoots did not 
regrow from stumps affected by rot, those ones destroyed 
in the cutting process, and from stumps of 59 – 62 cm 
in diameter. The most significant number of shoots was 
observed on stumps of 30 – 42 cm in diameter (Table 2).

The study found that the cut areas mainly featured cop-
pice shoot regrowth for 25 years. Ulmus laevis and Acer 
trees prevailed in the summer cut areas. TC and Ulmus 
laevis trees prevailed in the winter cut areas (Table 3).

Table 2. Biometric indices of TC coppice shoots

Stump diameter 
[cm]

The number of shoots 
[pcs.]

Root collar diameter 
[cm]

Shoot height 
[m]

average minimum maximum average minimum maximum
Summer cutting

32 3±1.4 2.73±2.00 1.2 5 1.83±1.44 1 3.5
35 9±1.1 2.33±0.94 1 3.5 1.72±0.23 1.5 1.8
40 7±1.8 2.67±0.25 1 4.2 1.99±0.51 0.4 2.8
42 3±2.0 2.53±0.83 1.6 3.2 1.97±0.15 1.8 2.1
46 4±1.1 2.68±0.36 2.4 3.2 2.00±0.08 1.9 2.1

Winter cutting
16 5 4.70±0.51 2 6 3.58±0.30 2.2 4.1
18 3 4.67±0.21 4.5 5 3.27±0.15 3 3.7
20 5.4±1.5 3.40±1.16 1.1 7 3.12±0.52 1.7 5.1
22 4±1.1 2.38±0.63 1.5 5.1 2.57±0.11 1.5 3.6
26 7±3.1 3.93±0.58 1.5 5.9 3.13±0.42 1.7 5.2
28 11 3.27±0.69 1.5 6 2.91±0.57 2 4.5
30 8.5±3.1 3.23±0.77 1.3 6 3.10±0.40 1.5 5.6
36 9.4±3.8 3.34±0.78 1.5 7 2.99±0.53 1 4.6
40 9.5±3.1 3.17±0.67 1.1 6.8 3.31±0.29 1 4.7
42 6.5±4.9 3.69±1.12 2 6.5 3.83±0.67 3.2 5.1
46 10±3.3 3.19±0.56 1 5.5 3.31±0.29 1.7 5
50 9±2.9 2.67±0.53 1 5.2 2.97±0.41 1.5 4.5
56 12 4.46±1.60 2.5 6.1 3.36±0.44 2 4.6
60 12.6±5.7 3.31±0.59 1 8 3.09±0.29 1.5 5.2

Table 3. Regeneration indices in the cut areas to the cutting 
season (1995 and 2018 inventory years. 

Cutting season Wood 
species

Height [m] Number
average maximum thousand trees/ha %

1995 inventory

Winter
1993

L
M

Ewe

1.20
0.35
1.20

2.30
0.50
1.75

36.6
5.1
0.2

87.3
12.2
0.5

Total 41.9 100
Summer
1993

M
L

0.40
1.00

0.50
2.00

5.8
2.3

71.6
28.4

Total 8.1 100
2018 repeated inventory 

Winter
L

Ewe
M

3.31
2.75
2.43

6.70
4.90
4.69

1.100
1.100
0.100

47.8
47.8
4.4

Total 2.300 100

Summer
L

Ewe
M

2.41
2.98
2.63

5.30
3.42
4.70

0.300
3.200
0.200

8.1
86.5
5.4

Total 3.700 100
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Repeated forest inventory of linden tree regeneration 
in the study areas showed that distribution in natural 
diameter class varied significantly (Fig. 2): A multimodal 
curve with a left side asymmetry (Ka = 0.15) reflected the 
summer cut area. The winter cut area was represented by 
a similar multimodal curve that had a distinct asymmetry 
(Ka = −3.88).

The analysis of the linden coppice shoots distribution 
resulted in the following findings. In essence, TC stands 
mixed greatly with Acer platanoides and Ulmus glabra 
were represented by multimodal curves with an asym-
metry reflecting smaller diameters due to the species 
competition. Statistical data of linden tree assessment 
are presented in Table 4.



Table 4. Statistical indices of linden tree regeneration.

Statistical indices Cutting season
summer winter

Diameter [cm]
Mean diameter [cm] 7.1 7.9
Standard error [cm] 0.3 0.2
Coefficient of variation [%] 28.7 18.4
Asymmetry 0.15 -3.88
Minimum [cm] 0.5 0.5
Maximum [cm] 11.1 12.9
Selection volume 75 229
Reliability level 1.24 0.77
Height [m]
Mean diameter [cm] 2.41 3.31
Standard error [cm] 0.07 0.07
Coefficient of variation [%] 0.2 0.1
Minimum [m] 0.5 0.5
Maximum [m] 5.3 6.7
Reliability level 0.03 0.01

The statistical analysis showed that the calculated 
coefficient of variation indicated a significant devia-
tion from the mean values for the summer cut area (V 
= 28.7%), and a moderate deviation for the winter cut 
area (V = 18.4%).

4. Discussion
To choose the practice and procedure of cutting for 
higher productivity indices is crucial to deciduous forests 
in European countries (Bürgi 1999; Pukkala et al. 2014; 
Jacobsen et al. 2018). Many forest researchers point out 
the need to adjust forest harvesting operations based on 
the forest site specifications and biological features of 
the species harvested. So cutting operations should be 
more adapted to  specific conditions (Matula et al. 2012; 
Konashova et al. 2018; Sultanova et al. 2019). Our study 
showed that experimental small-scale forest cutting prac-
tices in linden tree forest stands did not ensure the nectar-
producing continuity. The failure to ensure the continuity 
is due to the death of the seed trees (nectar-producing 
trees) and the lack of the linden tree undergrowth. Low 
economic outcomes after ten years resulted from some 
aspects related both to the cutting technology and cutting 
procedures. The selection of trees for cutting is based on 

the economic, qualitative, and biological and ecological 
characteristics of the wood species (Li et al. 2017).

The study revealed that TC regenerates rapidly 
through coppice shoots. The number of shoots decreases 
with time due to competition and external factors. Similar 
findings have been obtained when characterizing the lit-
tle leaf linden tree in a changing climate (De Jaegere et al. 
2016). The study demonstrates that TC has an increased 
potential for vegetative reproduction. Therefore, the 
species can outnumber other tree species. About 90 % 
of mature and over-mature linden tree forest stands in 
the Bialowieza National Park have a coppice shoot origin 
(De Jaegere et al. 2016).

As expected, we have found that the stump diameter 
has a significant effect on the shoot growth and its char-
acteristics. Similar studies were conducted in Central 
Europe (Matula et al. 2012). The studies found that the 
stump diameter had a diverse effect on the initial shoot 
growth in different tree species. The number of shoots 
grown from the stump increased significantly with the 
stump diameter in oak trees. The stump diameter in the 
linden tree caused changes in the number of shoots, shoot 
height, and diameter.

Cutting practices have a considerable effect on the 
stand structure, but changes in the horizontal distribu-
tion are quite slow. More notable changes might be found 
in the vertical structure with the intensive natural regen-
eration (Vacek et al. 2018).

Several studies on the natural forest regeneration deal 
with the vegetative structure and specific composition, 
and some are concerned with environmental factors (Fay-
olle et al. 2105; Gilman et al. 2016; Poorter et al. 2016). 
We have studied the natural regeneration as related to 
the season when the cutting practice is performed. The 
experimental study has established that cutting opera-
tions in TC forest stands should be regulated by the sea-
sons, taking into account the higher efficiency of winter 
cuttings for regeneration processes. Our findings demon-
strate that there is rapid height growth observed in linden 
trees during the first years after cutting. For instance, two 
years after cutting, the linden tree reached 2.3 m in height 

Fig. 2. Linden coppice shoots distribution in diameter classes (2018 inventory).
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Abstract
In the conditions of Central Europe, silver birch (Betula pendula Roth) has so far not been an important species 
for commercial purposes but might be relevant from ecological point of view. For instance, prompt succession by 
birch and other pioneer tree species at large-scale post-disturbance areas is necessary to compensate for previous 
carbon losses by natural disasters. Therefore, our attention was focused on 14-year-old birch trees growing at the 
wind-thrown area in the High Tatra Mts. (northern Slovakia). We sampled aboveground biomass of 20 silver birch 
trees representing four classes of crown competition: 0 – competition free crowns, 1 – crowns under mild competi-
tion, 2 – crowns under moderate competition, 3 – crowns under severe competition. We studied biomass allocated 
to stems, branches and foliage, and basic properties of stems and foliage. The crown-competition free birches were 
nearly 13 m high, and their aboveground tree biomass was 150 kg. The biomass of birches under severe competi-
tion was five times lower. Crown competition modified biomass ratios of foliage to branch as well as of branch to 
stem. Our results showed that birches under severe competition stress invest more in height than in diameter. At 
the same time, crown competition modified foliage weight and specific leaf area (SLA), which was clear mostly in 
the upper part of the crowns. However, foliage area was influenced by crown competition only to a negligible extent. 
Our main finding is that foliage position (upper, middle or lower third of crown) affected foliage properties more 
than intraspecific crown competition. Finally, we pointed out that silver birch is a rather productive species that is 
not ecologically demanding. Therefore, it might be a prospective tree species under the ongoing climate change and 
the present period of intensification in renewable resources utilisation. 
Key words: post-disturbance area; Tatra National Park; tree components; crown competition; young stand; specific 
foliage area  
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1. Introduction
Birches (Betula sp.), especially silver birch (Betula pen-
dula Roth) and downy birch (Betula pubescens Ehrh.), 
are short-lived broadleaved species occurring in most 
European regions but mainly in Scandinavia and Rus-
sia (San-Miguel-Ayanz et al. 2016). In the conditions of 
Central Europe, either silver birch or downy birch are not 
important for commercial purposes but are ecologically 
relevant (Kula 2011). On the other hand, in Scandinavian 
and Baltic countries birch is an economically relevant 
species, since its contribution to forest stock is about 
16% in Finland and Norway, 11% in Sweden, over 20% 
in Estonia and Latvia, and 17% in Lithuania (Hynynnen 
et al. 2010). In the northern countries birch trees repre-

sent commercially the most important source of hard-
wood and an important part of coniferous plantations, 
especially Scots pine (Pinus sylvestris L.) and Norway 
spruce (Picea abies L. Karst; see also Kurvits et al. 2020).            

Birches have often been studied with regard to soil 
amelioration via their foliage litter (e.g. Cotrufo et al. 
1995; Schua et al. 2015; Kacálek et al. 2017). Since the 
species are relatively resistant to emissions, they were 
frequently planted on sites deteriorated by noxious sub-
stances, for instance in Czechia (Kula 2011). Moreover, 
the species often occupy post-disturbance areas and 
together with other pioneer species, especially common 
aspen (Populus tremula L.), goat willow (Salix caprea 
L.), rowan (Sorbus aucuparia L.) create favourable 
conditions for other climax tree species (Konôpka et al. 
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2019). Birch is  much less attractive for game as forage 
than other pioneer species, and thus, it is rarely damaged 
by browsing (Finďo & Petráš 2007). Therefore, in regions 
exposed to red deer it has a higher survival rate than other 
pioneer species. Moreover, on post-disturbance or former 
agricultural lands birch is usually more productive than 
most other forest tree species (e.g. Zasada et al. 2014; 
Konôpka et al. 2019). 

Martiník et al. (2018) suggested birch as an alter-
native trees species in the beech vegetation zone of the 
north-eastern part of the Czech Republic after spruce 
decline. Valkonen and Valsta (2001) presented an anal-
ysis on the economics of the two-storied birch-spruce 
mixture in Finland. Their results indicated that in Finn-
ish economic and technical conditions it is profitable 
to grow a birch over-storey in a spruce plantation up to 
commercial volume. The main aim of growing downy 
birch is to produce pulp wood and fuel wood with low 
costs (Hynynen et al. 2010). Wood of pioneer tree spe-
cies, including birch, grown on disturbed areas might be 
a source of wood for renewable energy production (Stark 
et al. 2013). The size or quality of birch stems is often too 
poor for veneer and saw logs, especially when growing 
on infertile or wet sites (Hynynen et al. 2010). Moreover, 
birch can play an important role in carbon sequestration 
on sites where other tree species can not grow or develop 
very slowly.          

Most papers on birch biomass come mostly from 
northern parts of Europe, specifically Finland (Lehto-
nen et al. 2004; Repola 2008), Sweden (Claesson et al. 
2001; Johansson 2007), and Estonia (Uri et al. 2007). 
Recently, a couple of works focused on birch biomass 
and wood production in Central Europe (e.g. Bronisz et 
al., 2016; Jagodzinski et al. 2017; Martiník et al. 2018). 
Their mutual motive has been great growth potential of 
birch in terms of biomass production. At the same time, 
the authors pointed out that intentional or spontaneous 
replacement of herbaceous vegetation on former agri-
cultural land by forest trees, especially birch, can signif-
icantly contribute to carbon fixation and conservation. 
Prompt reforestation of large-scale post-disturbance 
areas (by both pioneer and climax tree species) is nec-
essary to compensate previous carbon losses by natural 
disasters (e.g. Seidl et al. 2014; Konôpka et al. 2019).

While a number of papers focused on birch biomass 
models or estimates, fewer works studied biomass alloca-
tion patterns or components traits in terms of ecological 
conditions or biological aspects (just partly met in papers 
Uri et al. 2007; Jagodzinski et al. 2017). Our review of 
Central European literature focusing on birch indicated 
neglected interest in this genus. In general, understand-
ing the patterns of biomass partitioning of a variety of 
species is of high importance in the field of tree phys-
iology and plant ecology, and has also applications for 
forestry management (Mensah et al. 2016). Consider-
ing a variety of tree species, many works studied biomass 
allocation and foliage traits with regard to competition 

(e.g. Hommel et al. 2016; Zhou et al. 2018; Yang et al. 
2019). Some authors (e.g. Shipley 2006; Milla et al. 2008) 
used the ratio between foliage and total dry plant biomass 
(leaf mass ratio) or between foliage area and total plant 
dry biomass (leaf area ratio) to describe ecological and 
production interactions.  

The Slovak National Inventory data showed that 
while birch contributed to growing stock in forest lands 
only by about 1%, much larger contribution (about 6.5%) 
was estimated for non-forest (prevailingly former agricul-
tural) lands (Šebeň et al. 2017). In Slovakia, the inventory 
data suggest that birch is more frequent in young stands 
than in older ones. This is partly caused by large-scale for-
est calamities that occurred in the last two decades (see 
for instance Kunca et al. 2019) followed by reforestation 
with high share of spontaneous natural regeneration of 
pioneer species. Hence, the contribution of birch to forest 
standing stock on both forest and former non-forest land 
might increase in near future due to its biomass accu-
mulation over time and increasing frequency of forest 
disturbances (Seidl et al. 2014). 

Therefore, the main aim of our paper was to quantify 
the aboveground birch biomass (i.e. dry mass expressed 
in kg) allocated to individual tree components in a young 
mixed stand growing at a post-disturbance site 14 years 
after the wind damage. We hypothesised that crown 
competition stress influences aboveground biomass 
allocation patterns as well as stem and foliage traits of 
birch trees.

2. Material and methods
Our attention was focused on the High Tatra Mts. (the 
Tatra National Park) situated in northern Slovakia. 
The bedrock of the region is predominantly formed by 
sediments of granodiorites. Forest soils are prevailingly 
lithic leptosols and podzols. The climate is cold (annual 
mean temperature is nearly 5.0 °C) and moist (annual 
precipitation total of over 1,000 mm), and snow cover 
lasts between 110 – 130 days (e.g. Vološčuk et al. 1994). 
The main part of the territory belongs to the post-dis-
turbance area arisen after the large-scale windstorm on 
19th November 2004. The wind destroyed spruce-dom-
inated forests with epicentre at elevations between 700 
and 1,400 m a.s.l. The damaged area resembled a con-
tinuous belt, which was 3 – 5 km wide and nearly 35 km 
long (Konôpka et al. 2019). The forest stands inside this 
belt were nearly completely destroyed (mainly uprooted 
less stem-broken), except for few forest clusters typical 
with preponderance of European larch (Larix decidua 
Mill.) and at a few sites also of Scots pine (Pinus sylv-
etris L.). The area of the damaged forests covered almost 
10,000 ha. The post-disturbance area was managed in 
three ways regarding the degree of nature protection: 
from processing all amount of merchantable wood, 
through partly-processed calamity wood (30 – 60% of 
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merchantable wood), up to excluding wood processing 
with exclusive natural succession. The main part of the 
calamity wood was processed during three years after the 
disturbance (2005 – 2007). As for forest regeneration, 
different approaches were implemented with respect to 
the degree of nature protection. While natural regenera-
tion was preferred, combined natural and artificial refor-
estation occurred at many sites, and only very few sites 
were reforested exclusively by planting. 

Our field activities were performed during the second 
half of the growing season in 2018, i.e. 14 years after the 
wind disturbance. Aboveground biomass sampling and 
measurements of birch were done around our permanent 
research transect “Danielov dom” (Konôpka et al. 2017). 
The sampling site is located about 450 m south from the 
road No. 537 (well-known as “the Road of Freedom”) 
and 2.0 km southwest from the Tatranská Polianka vil-
lage. The altitude is between 985 and 990 m a.s.l., south-
ern inclination. The forest stand was composed of silver 
birch, Norway spruce, European larch, rowan, Scots 
pine and some other broadleaved species. Number of 
trees per ha was nearly 9 100 individuals (considering 
trees with height over 10 cm), mean (Lorey´s) tree height 
was 4.6 m, mean diameter measured at stem base was 
6.7 cm. While European larch was planted at the site, 
all other tree species originated from natural regenera-
tion. Previous measurements (see Konôpka et al. 2017) 
showed that the main part of stand biomass was accu-
mulated in silver birch, Norway spruce and European 
larch. Although Norway spruce had much more individu-
als per spatial unit than silver birch, main stand canopy 
was built exclusively by silver birch. In spite of about the 
same tree age, birches overgrew the other tree species. 
Thus, inter-tree competition of silver birches in the main 
canopy was either non-existing (scattered individuals) or 
only intra-specific (birch clusters). 

We selected 20 individuals of silver birch (all were 
14-year-old that was proved later on discs at stem bases) 
equally divided into four different competition classes 
(i.e. five trees per class), specifically (Fig. 1):
0 – competition free crowns: the upper half of crown 

without any competition from neighbours,
1 – crowns under mild competition: the upper half of 

crown influenced by crown neighbours from one side,
2 – crowns under moderate competition: the upper half 

of crown influenced by crown neighbours from two 
sides,

3 – crowns under severe competition: the upper half of 
crown influenced by crown neighbours from at least 
three sides.    
The selected trees were felled with a chain saw at 

ground surface. For a detailed analysis of foliage, we 
randomly sampled 5 leaves from the upper, middle and 
lower third of the crown, totalling 15 leaves from the 
whole crown (i.e. 300 leaves from all sampled trees). 
Leaves were packed in labelled (tree code and position 
in crown) paper envelopes. Afterwards, branches with 

foliage were cut off from the stems and packed in labelled 
(tree code) paper bags. The stem length (tree height) as 
well as stem diameters at breast height, i.e. 130 cm from 
the ground level (DBH), at 25% and 75% of tree height 
(D25% and D75%, respectively) were measured. Stems were 
cut into 1-m-long sections and packed in marked bags. 
All tree samples were transported to laboratory. 

Bark was manually removed from stems using a knife, 
and foliage was removed from branches with fingers. 
Individual tree components, i.e. stem wood, stem bark, 
branches and foliage, of each tree were packed in paper 
bags and oven-dried under 95 °C till their weight stabi-
lised (i.e. foliage for circa 24 hours, bark for 48 hours, 
branches for 72 hours and stems for 96 hours). All com-
ponents were weighed with a precision of 0.1 g.          

Foliage subsamples taken for the detailed analysis 
were stored in a refrigerator till further processing. Each 
leaf was scanned and its area was calculated using the 
Easy Leaf Area software (Easlon & Bloom 2014). The 
leaves were oven-dried (under 95 °C for 12 hours) and 
weighed with a precision of 0.001 g. 

The following variables were recorded for each tree 
and used for further calculations: tree height, DBH, D25% 
and D75%, area of individual leaves (from three vertical 
levels of crown) and their dry weight, i.e. leaf biomass, 
total foliage biomass, branch biomass, stem wood and 
stem bark biomass.  

From these variables we derived biomass models 
for individual tree components using the following two 
equations:

 

Fig. 1. Examples of the competition classes in sampled silver 
birches (dark colour indicates a target tree) recorded in the re-
search site, specifically: 0 – competition free crown (scheme 
A), 1 – crown under mild competition (scheme B), 2 – crown 
under moderate competition (scheme C) and 3 – crown un-
der severe competition (scheme D). The position of the trees 
and their crown projection were measured by the Field-Map 
technology (used exclusively for illustration of four competi-
tion classes). 
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Bi = aDBHb [1]
Bi = ahb  [2]

where:
Bi – the biomass of the i-th component in kg (i is the tree 

component, i.e. – stem divided into wood and bark, 
branches, foliage, or above-ground biomass),

DBH – the breast height diameter in cm,
h – the tree height in m, and
a, b – parameters of the equation.

The total leaf area (LA) for each tree was calculated by 
multiplying the weight of all tree foliage and the average 
Specific leaf area (SLA; expressed in cm2 per g):

LA = BfoliageSLA [3]

The average tree-level SLA was determined as an 
arithmetic mean of 15 leaf samples that were taken from 
the individual tree.

The two-factor analysis of variance and the Fischer 
LSD test were used to create homogeneous groups to 
determine the dependence of leaf weight, leaf area and 
SLA of individual trees on the position of leaves in the 
crown (upper, middle and lower crown) and the competi-
tion class. Based on this test, homogeneous groups were 
also formed when testing the dependence of proportions  
and  on the competition class of trees.

All statistical analyses were performed in Statistica 
10.0 and R program (R Development Core Team 2012).

3. results 
Heights of silver birch sampled trees varied between 
6.3 m and 12.4 m and DBH between 6.4 cm to 23.1 cm 
(Fig. 2). It means that the variance of DBH was nearly 
double of that in tree height. Both tree height and DBH 
varied between the competition classes. Specifically, tree 
heights in class 0 were from 9.6 to 11.7 m, in class 1 the 
interval was 9.1 – 12.4 m, in class 2 it was 6.7 – 10.7 m and 
in class 3 it was 6.3 – 10.3 m. As for DBH, the intervals 
were as follows: tree category 0 from 18.3 to 23.1 cm, 
tree category 1 between 13.9 and 22.0 cm, tree category 
2 from 10.7 to 14.5 cm and tree category 3 between 6.4 
and 10.9 cm (see also Table 1).

Table 1. Mean tree height, diameter DBH, D25% and D75% for 
the sampled silver birches in the separate competition classes 
(0 – competition free crown, 1 – crown under mild competi-
tion, 2 – crown under moderate competition, and 3 – crown 
under severe competition). Values in brackets are standard 
deviations. Different index letters within columns indicate 
significant differences between the competition classes sepa-
rately for each tree characteristics (LSD test with a = 0.05).       

Competition 
class

Tree height 
[m]

Diameter DBH Diameter D25% Diameter D75%

[cm]
0 10.80 (0.80)ab 21.4 (1.9)a 17.2 (1.5)a 4.4 (0.8)a

1 11.08 (1.34)a 11.08 (1.34)a 14.0 (2.5)b 4.2 (0.7)a

2 9.09 (1.62)bc 9.09 (1.62)bc 10.8 (1.5)c 3.6 (1.2)a

3 8.24 (1.47)c 8.24 (1.47)c 7.5 (1.5)d 3.4 (0.8)a

Our models (Table 2) expressing biomass of specific 
tree components, total aboveground biomass and total 
foliage area showed that DBH was a better explanatory 
variable than tree height due to a closer relationship with 
biomass (see values of p, R2, and mean square error in 
Table 2). The largest biomass proportion was allocated 
in stem biomass, followed by branches and foliage (Fig. 
3). For instance, while biomass of birches with DBH of 
10 cm contained about 12 kg of stem, 4 kg of branches 
and 1.5 kg of foliage, birches with DBH of 20 cm made 
up 60 kg of stem, 30 kg of branches and 7.5 kg of foliage. 
It means that trees with DBH of 20 cm had about three 
times larger biomass (around 90 kg) than those with 
DBH of 10 cm (30 kg). As for total foliage area (Fig. 4), 
birches with DBH of 20 cm had nearly three times higher 
values (about 115 m2) than individuals with DBH equal 
10 cm (35 m2). 

Further we focused on intra-specific influence on 
stem shape, specifically slenderness ratio (Fig. 5 top) 
and taper ratio (Fig. 5 bottom). Both indicators reached 
the lowest values in trees with no crown competition and 
the highest values in the case of trees under severe crown 
competition. This means that trees without crown com-
petition had a more converging stem shape (a cone-like 
stem) than trees under severe crown competition (with 
a cylinder-like stem). 

Crown competition modified not only stem shape but 
also allocation of biomass to tree components (Table 3). 
Specifically, birches with severe crown competition had a 
higher ratio of foliage biomass to branch biomass (0.344) 
than competition-free ones (0.179). At the same time, 
the ratio of branch biomass to stem biomass was higher 
in crown competition-free birches (0.603) than for the 
birches under severe crown competition (0.352). Moreo-
ver, the comparison of crown competition-free birches to 
those under severe competition (i.e. tree categories with 
contrasting statuses) showed very different relative con-
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Fig. 2. Tree heights and breast height diameter (DBH) of sam-
pled silver birches with indication of the specific competition 
classes (0 – competition free crown, 1 – crown under mild 
competition, 2 – crown under moderate competition, and 3 – 
crown under severe competition). 
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Table 2. Allometric relations for biomass of stem (over or under bark), stem bark, branches, foliage, aboveground parts together 
and total foliage area in silver birch. Shapes of formulas are Bi = aDBHb if using breast height diameter (DBH) and Bi = ahb if 
using tree height as independent variable. Abbreviations a and b are parameters, S.E. are standard errors, p is p–value, R2 is coef-
ficient of determination, and MSE is mean square error. 

Tree component [unit)] Independent variable 
[unit[ a     (S.E.)     p b     (S.E.)     p R2 MSE

Stem over bark – biomass [kg] DBH [cm] 0.186  (0.080)  0.032 1.982  (0.143)  <0.001 0.957 44.09
Tree height [m] 0.00516  (0.010)  0.606 3.907  0.788  <0.001 0.710 296.51

Stem under bark – biomass [kg] DBH [cm] 0.106  (0.055)  0.071 2.087  (0.173)  <0.001 0.946 35.87
Tree height [m] 0.00203  (0.004)  0.635 4.189  0.856  <0.001 0.707 195.62

Stem bark – biomass [kg] DBH [cm] 0.118  (0.049)  0.027 1.629  (0.140)  <0.001 0.930 2.81
Tree height [m] 0.00877  (0.014)  0.524 3.063  0.644  <0.001 0.682 12.81

Branches – biomass [kg] DBH [cm] 0.014  (0.012)  0.237 2.633  (0.269)  <0.001 0.931 27.65
Tree height [m] 0.00305  (0.010)  0.753 3.852  1.297    0.008 0.457 218.78

Foliage - biomass [kg] DBH [cm] 0.036  (0.018)  0.063 1.792  (0.169)  <0.001 0.923 0.87
Tree height [m] 0.00125  (0.002)  0.613 3.579  0.805  <0.001 0.640 4.11

Aboveground parts together – biomass [kg] DBH [cm] 0.186  (0.072)  0.018 2.149  (0.127)  <0.001 0.972 83.4
Tree height [m] 0.00921  (0.021)  0.662 3.868  0.931  <0.001 0.627 1109.18

Foliage – total area [m2] DBH [cm] 1.470  (0.788)  0.078 1.462  0.181  <0.001 0.864 316.46
Tree height [m] 0.048 (0.770) 0.540 3.205 (0.666)  <0.001 0.667 773.09

Table 3. Ratio between quantities of particular tree component in silver birch with regard to competition class (0 – competition 
free crown, 1 – crown under mild competition, 2 – crown under moderate competition, and 3 – crown under severe competition). 
Mean values and standard deviations are shown. Index letters indicate statistical differences between tree competition classes 
(separately for each row; LSD test with a = 0.05). 

Relationship between components 
versus competiton class

Competition class All trees0 1 2 3
Foliage biomass [kg] / branch biomass [kg] 0.179 (0.037)a 0.264 (0.069)ab 0.287 (0.090)b 0.344 (0.059)b 0.269 (0.064)
Foliage biomass [kg] / stem biomass [kg] 0.105 (0.024)a 0.116 (0.069)a 0.139 (0.022)a 0.126 (0.076)a 0.122 (0.034)
Foliage biomass [kg] / branch + stem biomass [kg] 0.066 (0.015)a 0.080 (0.016)a 0.091(0.022)a 0.089 (0.043)a 0.081 (0.019)
Branch biomass [kg] / stem biomass [kg] 0.603 (0.115)a 0.453 (0.079)ab 0.542 (0.262)ab 0.352 (0.156)b 0.488 (0.153)
Foliage area [m2] / branch biomass [kg] 2.699 (0.906)a 4.471 (1.298)ab 5.144 (2.092)b 6.252 (1.493)b 4.641 (1.447)
Foliage area [m2] / stem biomass [kg] 1.559 (0.319)a 1.983 (0.564)a 2.434 (0.378)a 2.244 (1.025)a 2.055 (0.671)
Foligae area [m2]/ branch + stem biomass [kg] 0.981 (0.243)a 1.366 (0.370)a 1.597 (0.274)a 1.596 (0.807)a 1.385 (0.424)

Fig. 3. Relationship between breast height diameter (DBH) and aboveground biomass (top left), stem biomass (top right), 
branch biomass (bottom left), foliage biomass (bottom right) of silver birch trees with indication of the specific crown competi-
tion classes (0 – competition free crown, 1 – crown under mild competition, 2 – crown under moderate competition, and 3 – 
crown under severe competition). The fitted formula is: Bi = aDBHb, values of parameters are in Table 2.
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tribution of individual components to total aboveground 
biomass (Fig. 6). While in competition-free birches the 
contribution of foliage, branches and stem was 6%, 36%, 
and 58%, respectively, in the case of birches under severe 
crown competition 8% of aboveground biomass was in 
foliage, 22% in branches and 70% in stem. Moreover, the 
results suggested a higher ratio between foliage area and 
branch biomass in competition severely stressed birches 
(6.25 m2 kg−1) than in crown competition-free trees
(2.70 m2 kg−1, Table 3).

Intensity of crown competition influenced also foliage 
traits, specifically foliage weight (Fig. 7 – top left) and 
SLA (Fig. 6 – bottom), but not much foliage area (Fig. 
7 – top right; see also Table 4). Both, foliage weight and 
SLA, of crown competition-free birches differed from 
those under certain levels of competition stress, mainly 
from severely stressed trees. The results indicated that 
foliage traits were more dependent on foliage position 
along the vertical crown profile than on intra-specific tree 
competition (Table 4). At the same time, differences in 
foliage weight between competition classes (i.e. 0 versus 
1, 2 and 3) were clear in the upper part of crown, and for 
SLA in the upper and middle parts of crown. Statistical 
analyses (ANOVA and LSD test; see Fig. 7 and Table 4) 
suggested that the influence of individual factors (compe-
tition class or foliage position in crown) is stronger than 
their combined effect (competition class and foliage posi-
tion in crown together).

4. Discussion 

4.1. Aboveground biomass allocation 
and crown competition   
Our stand specific biomass models for silver birch indi-
cated that stem diameter, specifically DBH, is a better 
explanatory variable (higher values of p, R2 and MSE) 
than tree height. This result supports previously pub-
lished works (e.g. Johansson 1999; Hochbichler et al. 
2006; Pajtík et al. 2008; Wang et al. 2011) that proved 
stem diameter as the most important independent vari-
able for predicting total tree biomass or biomass of indi-
vidual components. Our paper showed that this principle 
is valid not only for tree biomass but also for total foliage 
area. 
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Fig. 4. Relationship between total foliage area and breast 
height diameter (DBH) of silver birch trees with indication of 
the specific crown competition classes (0 – competition free 
crown, 1 – crown under mild competition, 2 – crown under 
moderate competition, and 3 – crown under severe competi-
tion). The fitted formula is: Bi = aDBHb (values of parameters 
are in Table 2).

Fig. 5. Slenderness ratio (top) defined as a ratio of tree height 
to breast height diameter and taper ratio (bottom) calculated 
from diameters at 25% and 75% tree height in silver birches 
classified in competition classes (0 – competition free crown, 
1 – crown under mild competition, 2 – crown under moderate 
competition, and 3 – crown under severe competition). Dif-
ferent letters indicate significant differences between com-
petition classes (LSD test with a = 0.05). Error bars indicate 
standard deviations.
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The crown-competition free birches reached a height 
of nearly 13 m, and accumulated as much as 150 kg of 
aboveground biomass at the age of 14. The average 
height (± standard deviation) of all sampled trees was 
9.80 ±1.73 m, which coincided with the height of 14-year-
old trees according to several birch tables from Northern 
Europe (Kund et al. 2010). Eriksson et al.  (1997) pointed 
out that birch is typical with rapid early growth, and at 
best sites it can reach a height of up to 24 – 25 m within 30 
years. Similarly, Uri et al. (2007) stressed its fast growth 
and great production potential. However, birches main-
tain their vitality and vigorous growth only when growing 
as dominant trees in a stand with a relatively wide spacing 
and low degree of within-stand competition (Hynynen 
et al. 2010). Our measurements showed that crown 
competition-free silver birches made up approximately 
five times more aboveground biomass than those under 
severe crown competition. Generally, since “European” 
birch species are considered as shade intolerant, lack of 
light can robustly retard their growth (San-Miguel-Ayanz 
et al. 2016). Field experiment conducted in Sweden 

 

Fig. 6. Comparison on contribution of tree components to 
aboveground biomass between contrasting tree competition 
classes, i.e. 0 (competition free crown) versus 3 (crown under 
severe competition).

Fig. 7. Individual dry foliage weight (top left), foliage area (top right) and specific leaf area (SLA; bottom) with regard to com-
petition classes (0 – competition free crown, 1 – crown under mild competition, 2 – crown under moderate competition, and 
3 – crown under severe competition) and position in the crown of silver birches. Different letters indicate significant differences 
between tree competition classes (LSD test with a = 0.05).
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age (e.g. Konôpka & Konôpka 2003; Bošeľa et al. 2014) 
and for timber quality (Oker-Blom et al. 1988). Snowdon 
et al. (1981) explained that the shape of a tree stem (bole) 
could be characterised by at least two basic features: taper 
and form. Stem taper has been frequently expressed as 
a ratio between tree height and stem diameter, usually 
DBH (i.e. slenderness ratio; e.g. Wang et al. 1998; Opio 
et al. 2000; Sharma et al. 2016). Stem form was stud-
ied rather occasionally, mostly as a ratio between stem 
diameters measured at two different sections of the bole, 
mostly at 25% versus 75% of tree height (e.g. Wiklund et 
al. 1995). The previous papers showed that the stem taper 
changes not only due to tree competition but is also ruled 
by soil conditions, i.e. both nutrients and water status 
(Wiklund et al. 1995), and stand age (Bošeľa et al. 2014).

Experiments focusing on initial tree spacing and/or 
thinning intensity (tree reduction) in forest stands proved 
that the values of slenderness ratio always increased with 
stand density (e.g. Mäkinen et al. 2002; Harrington et al. 
2009). At the same time, stand density is closely related to 
tree competition occurring between neighbouring indi-
viduals and involves the competition for light resources 
as well as for aboveground space in canopy, and/or for 
soil water and nutrients and for the room in soil between 
belowground root systems (Song et al. 2012). Nilsson 
(1993) suggested slenderness ratio as a reasonable 
indicator of competition intensity. Significant increase 
of slenderness ratio due to competition stress has been 
proved also in recent works focusing on Larix principis-
rupprechtii (Zhou et al. 2018) and Quercus liaotungensis 
(Yang et al. 2019).

 
4.3 Foliage traits with regard to crown 
competition 
Changes in plant leaf morphology are commonly believed 
to be dependent on growth conditions (Niinemets et al. 
2007). Our results indicated that crown competition 
partly modified foliage weight and SLA. These changes 
were clear in the upper part of birch crowns. Foliage area 
was influenced by crown competition only negligibly 
(Fig. 7). Our main finding is that foliage position (upper, 
middle or lower third of crown) affected foliage proper-
ties more than crown competition among neighbours. 
Interactive effects of intra-species crown competition 
and foliage position on foliage properties were negligible. 
This can be most probably explained  by the strong shad-
ing effect in the lower parts of crowns caused by branches 

(Johansson 2007) showed that in young growth stages 
silver birch is more productive (total biomass produc-
tion) than downy birch. 

Our results showed that competition intensity in 
birch crowns modified aboveground biomass allocation 
pattern. While the proportions of aboveground biomass 
components in competition-free individuals were 6% 
(foliage), 36% (branches) and 58% (stem), these propor-
tions in birches under severe competition were: 8% : 22% 
: 70%. Although proportions between foliage biomass to 
stem biomass as well as foliage biomass to branch + stem 
biomass did not significantly differ between tree catego-
ries, competition stress increased the ratio of foliage to 
branch biomass but decreased the branch to stem biomass 
ratio (Table 3). Changes in biomass partitioning to plant 
organs is an important mechanism to maintain produc-
tivity (Sebastia 2007). Commonly respected the Optimal 
Partitioning Theory assumes that plants allo cate more 
biomass to organs that have limited access to resources 
(Bloom et al. 1985). For instance, in nutrient-limited soil 
conditions, plants decrease biomass alloca tion to foliage 
and increase biomass allocation to roots (Poorter et al. 
2012; Deng et al. 2006). Similar effect has been observed 
in the case of reduced water availability (Hommel et al. 
2016; Friendligstein et al. 1999). Lack of light due to 
e.g. severe crown competition causes the opposite, i.e. 
more biomass is allocated to foliage (Fig. 6; Poorter et 
al. 2012; Konôpka et al. 2016). At the same time, trees 
under intensive competition (light insufficiency) attempt 
to increase allocation to stem to increase their height 
instead of branches (Fig. 6, Wang et al. 2011). Recently 
Yang et al. (2019) showed in Quercus liaotungensis that 
competition intensity decreased ratio between branch 
and stem biomass, but other ratios (foliage to stem and 
foliage to branch) have not changed significantly.

4.2 Stem traits with regard to crown 
competition 
Our results indicated that birches under severe compe-
tition stress attempt to invest more biomass in height 
increment in relative expression to diameter increment 
in comparison to competition-free trees. Consequently, 
more stressed trees have slender and relatively high stems 
with more conic shapes. On the other hand, competition-
free birches have thicker stems and their stem forms are 
closer to a cylinder-like shape. The shape of a tree stem is 
important for tree resistance against wind or snow dam-

Table 4. Statistical characteristics related to tree competition classes (0 – competition free crown, 1 – crown under mild competi-
tion, 2 – crown under moderate competition, and 3 – crown under severe competition) and position in crown to foliage traits in 
silver birch (LSD test). 

Factor versus foliage trait Foliage weight [g] Foliage area [cm2) Specific leaf area [cm2 g−1]
df  (F–value)  p–value

Competition class 3.276  (11.551)  <0.001 3.276  (2.322)  0.075 3.276  (16.553)  <0.001
Position in crown 2.276  (108.41)  <0.001 2.276  (34.614)  <0.001 2.276  (102.11)  <0.001
Compettion class x position in crown 6.276  (0.948)    0.0461 6.276  (0.439)   0.852  6.276  (0.835)  0.543
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and foliage situated in middle and upper portions of tree 
crowns. This effect might be so intense that the additional 
influence from crowns of neighbouring birches did not 
further contribute to the final status of foliage in the lower 
parts of crowns. 

Leaf is the only plant organ with the capacity to cap-
ture energy and drive growth. Foliage responds to growth 
conditions within a stand very sensitively, and has been 
shown to adapt its morphology accordingly (Bussotti et 
al. 2000). Greater SLA with increasing shading is likely 
a plant adaptation to low light conditions that ensures 
light interception (Niinemets et al. 2001). Considering 
the effect of shading on SLA, mean SLA of small (over-
topped) trees is greater than of dominant trees, but the 
value approximates to that of spruce and beech larger 
(dominant) individuals (Konôpka et al. 2016). Higher 
SLA of shaded foliage in young beech stands was recorded 
for instance by Closa et al. (2010). Barna (2004) showed 
lower values of SLA in dominant and co-dominant beech 
trees than in subdominant individuals. 

Our results clearly showed that tree competition influ-
ences not only tree size but also biomass allocation, stem 
shape and foliage properties. Since these kinds of find-
ings were missing for silver birch, the results can throw 
more light on production, physiology as well as ecology 
of this tree species. Enhanced knowledge on the drivers 
of biomass allocation is also helpful for forest growth 
modelling (Merganičová et al. 2019), since allocation 
has been considered as one of the main weaknesses of 
simulation models (Le Roux et al. 2001; Richardson et 
al. 2015). As silver birch is not an ecologically demanding 
species, but it is very productive (although rather short-
living), it would very probably be a perspective species 
in the conditions of the ongoing climate change and 
also in the period of intensified utilisation of renewable 
resources (especially for energy and pulp). Thus, further 
studies of this species are still requisite.
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1. Introduction
The use of remote sensing (RS) data in forest inventory 
has increased the efficiency of managing forest resources 
considerably (Vauhkonen et al. 2014; Ginzler & Waser 
2017). In recent years, data from both active and pas-
sive sensors have been widely applied for estimations of 
biophysical variables such as mean height, mean diam-
eter, standing volume, tree species, basal area (Surový 
& Kuželka 2019).

However, the application of RS data within the 
managing forest resources is still not utilised to its full 
potential. The primary reason is that most of potential 
stakeholders in forestry sector (foresters, forest own-
ers, environmentalist, policy makers, etc.) often lack 
(1) adequate budget to ensure the specific technical and 
data infrastructure, (2) know-how and skills to use the 
specific software and data, and (3) time or motivation to 
learn how to use new methods and techniques.

A web-based visualization technologies present an 
opportunity for providing complex geospatial data and 
findings from RS-based estimations of forest resources 
in simpler manner. In this case, (1) data, users and 
applications work interactively in a distributed environ-
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ment and there is no necessity for installing a specific 
geospatial software, (2) users can interact with the up-
to-date data without relying on the platform, and (3) col-
laborative data analysis is possible as most of the modern 
web browsers support the implementation of visualiza-
tions without requiring any other software installation 
(Cibulka 2012; Ma et al. 2019).

The main goal of this study is to present an inte-
grated framework for web-based visualisation of forest 
resources estimated from RS data in Forest Management 
Unit Vígľaš (Slovakia, Central Europe) covering a total 
area of 12,472 ha. The forest stands variables, such as 
mean height, mean diameter, volume per hectare, and 
trees per hectare, were estimated through an individual 
tree detection algorithm implemented in the remote for-
est land explorer (reFLex) software based on airborne 
LiDAR data and aerial color-infrared images. This tech-
nology concept has previously been verified in different 
types of central European forests (e.g. Sačkov et al. 2016, 
2017a, 2019). The web-map application was developed 
as a single page application primarily using Arcgis API 
libraries for Javascript.

orIgINAl  PAPer http://www.nlcsk.sk/fj/
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2. Materials and methods 

2.1. Study area, datasets and framework
The study was conducted in the territory of the Forest 
Management Unit Vígľaš (Fig. 1) located in central 
Slovakia (approx. 48°32´N, 19°21´E). The total area is 
12,472 ha and forests occupy 3,215 ha from this area. 
The elevation of the study area reaches intervals of 374 – 
978 meters above sea level. Dominant species in the area 
include European beech (Fagus sylvatica L.), Sessile oak 
(Quercus petraea Matusch), and European hornbeam 
(Carpinus betulus L.) with 65% coverage. The area of the 
remaining part is covered by conifers, such as European 
silver fir (Abies alba Mill.) and Norway spruce (Picea 
abies L.).

Airborne LiDAR data acquisition was performed in 
September 2016 using a Leica ALS 70 CM scanner. The 
study area was scanned from an altitude of 1,290 m with 
a 43° field of view, and 282 kHz laser pulse repetition 
rate. The resulting average density of point cloud reached 
26 points m−2. The airborne Lidar-derived digital terrain 
and surface model (DTM and DSM) were interpolated in 
SCOP++ Software environment (Trimble) and vertical 
accuracy was expected to be ±0.2 m. A canopy height 
model (CHM) of 0.5 m resolution was generated as a 
result of subtraction of the DSM and DTM.

Ground reference data were obtained during the leaf-
on season in 2017 within 294 circular plots with radius 
from 7.5 to 20 m (size of plot was dependent on number 
of trees). The position of the plot centre was measured 
using the Global Navigation Satellite System (GNSS) 
and a positional error from 1.44 m to 6.25 was expected 
for all plots (Murgaš et al. 2018). A total of 8,846 trees 

 

Fig. 1. Location of the study area: Forest Management Unit Vígľaš.
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with Diameter at Breast Height (DBH) higher than 7 cm 
were measured for stem position, species, height, diam-
eter, and vitality.

The workflow of integrated framework for RS-
based estimation and web-based visualization of forest 
resources is shown in Fig. 2 and described in detail in 
following sections.

2.2. Estimation of forest resources
The treetops, tree crowns, and tree heights were detected 
from airborne LiDAR data using the reFLex algorithm 
(National Forest Centre, Zvolen, Slovakia). These out-
puts were subsequently exported to point (tree tops) and 

polygon (tree crowns) vector files in an ESRI shapefile 
format (Sačkov et al. 2017b).

Tree species of detected trees were determined at the 
level of identified objects and were classified only into 
general classes of broadleaved and coniferous trees. For 
this purpose, an object-oriented classification of RGB 
and CIR orthophotos with a spatial resolution of 0.25 m 
was used. This classification was processed with the 
eCognition Developer 8 software (Trimble GeoSpatial, 
Munich, Germany).

The DBHs of the detected trees were derived based 
on nonlinear regression models. The model predictor was 
tree height for the selected group of tree species (DBH = 
f(h)). The calibration dataset included 955 broadleaved 
trees and 747 coniferous trees. The statistical significance 
of models was assessed using the F-test at a significance 
level of α = 0.05. The average accuracy for these models 
was 21% at the tree level.



discrete 3D objects, large continuous meshes, 3D vec-
tor points, and point clouds. The LERC format was used 
to create a custom tile layer that displays elevation data.

Application

The server part of the application consists of three inter-
connected servers: (1) Data server: we selected Post-
greSQL object-relational database management system 
because this system is freely distributable and, among 
other benefits, it supports a large part of the SQL stand-
ard and extension, including a spatial database extender 
PostGIS. (2) Map server: we selected ArcGIS Enterprise 
10.7.1 (ESRI) because this system provides many of 
the features needed for mapping, data analysis, data 
visualization, and recent releases include also support 
for publishing 3D objects. (3) Web server: we selected 
Apache with PHP configuration for hosting an applica-
tion because this server is freely distributable and provid-
ing some built-in resources such as databases, caching 
tools and other tools for website optimization.

The client part of the application was created as a 
single page application (SPA) using Arcgis API libraries 
for Javascript as well as through Query, UnderscoreJS, 
Backbone, Bootstrap, and jsPanel. SPA interacts with 
the user by dynamically rewriting the current page 
rather than loading entire new pages from a server. This 
approach avoids interruption of the user experience 
between successive pages. For more realistic 3D visu-

Fig. 2. Integrated framework for remote sensing-based estimation and web-based visualization of forest resources.

The volume for detected trees was derived based on 
the models introduced by Petráš & Pajtik (1991). For 
each remotely detected tree, which included the esti-
mated height, assigned attribute of tree species classes, 
and derived DBH, the volume calculation was applied 
using the adopted model. As only two classes of tree spe-
cies were available, the volume functions of the tree spe-
cies with the highest proportion in the respective growing 
stock were used as a compromise. For the broadleaved 
class, the beech function was used. For the coniferous 
class, the spruce function was used.

Finally, the stand height and stand diameter were cal-
culated as the average of the tree data. The total volume 
was calculated as a sum of the tree volumes.

2.3. Development of Web-map application

Data formats
The functionality of web-map applications strongly 
depends on the format of datasets that are displayed to 
the user via a web browser. The basic requirement is to 
display the required amount of data in the shortest pos-
sible time and in the best possible quality.

In this context, Indexed 3D Scene Layers (i3s) and 
Limited Error Raster Compression (LERC) data formats 
were used for the current version of the application. The 
i3s format was used for streaming large and heteroge-
neous geospatial datasets with 3D content including 
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alization of RS-identified trees, we used a model from 
ESRI 3D Vegetation Library (Peterson 2014). However, 
only conifer model was adopted for current version of the 
application. In this context, we used also the concept of 
“Level Of Detail” (LOD) to increase rendering efficiency 
by reducing (1) number of objects and (2) complexity of 
the 3D object, when the scale is changing.

3. results

3.1. Estimations of forest resources
A total of 968,217 single trees were detected using reFLex 
algorithm. The RS-based approach evaluated the mean 
height at 22.3 m by averaging the detected tree heights, 
the mean diameter at 26.2 cm by averaging the derived 
tree diameters, the volume at 744,732.6 m3 by totaling 
the calculated tree volumes. The differences between 
ground-measured and RS-estimated forest stands vari-
ables reached values of 16.4%, 12.1%, −26.8%, and 
−35.4% for the mean height, mean diameter, volume per 
hectare, and trees per hectare, respectively. Additionally, 
the variability of ground-measured and RS-estimated 
tree height, tree diameter and tree volume is shown in 
Fig. 3.

geology (e.g. geological formation). This panel also 
includes an output from the RS-based estimation of for-
est resources (e.g. RS-identified trees). The visualization 
of the RS-identified trees is changing dynamically with 
respect to the scale. The scales of more than 1 : 20,000 m 
allows a visualization of trees only as raster object in both 
2D and 3D scene (Fig. 5a). The scales from 1 : 20,000 to 
1: 1,000 m allows a visualization of tress as vector object 
(Fig. 5b). The scales less than 1 : 1,000 m also allows a 
visualization of trees with the unified 3D graphics of coni-
fers and moreover, the size of these 3D objects reflects to 
the RS-estimated tree height and crown projection (Fig. 
5c). The web interface of application also contains a set 
of geographic tools. In addition to the basic functionality 
(e.g. zooming, selecting, etc.), the application allows to 
create cross-sections through layers as well as a meas-
urement of transversal, horizontal and direct distance 
between individual 3D objects (e.g. tree tops) (Fig. 6).

An initial experiments showed that the web-map 
application is fully stable and allows real-time visuali-
zation of geospatial data. More specifically, the average 
response time to display page with several hundred trees 
including 3D graphics of conifers (scale <1 : 1,000) 
or several hundred thousand trees (scale 1 : 1,000 –  
1 : 20,000) was about 5.3 seconds.

Fig. 3. Ground-measured (grey box) and remote sensing-estimated (white box) forest stand variables including standard devia-
tion (whiskers).

 

Fig. 4. Visualization of orthophotos (3D background layer) 
and trees (2D point sublayer). The elevation layer is defined 
by digital terrain model.
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3.2. Visualization of forest resources
The application enables the web-based visualization of 
geospatial data in 2D and 3D scene including attribute- 
and location-based querying and 3D data profiling. The 
availability is provided by map servers of State Geological 
Institute of Dionýz Štúr and/or National Forest Centre.

The web interface of application consists of two map 
panels. The first panel contains background layers, such 
as geographic maps, orthophotos, and digital elevation 
models (eg. DTM). In the case of 3D visualization, the 
elevation layer is defined by DTM and all remaining layers 
are consequently rendered based on this elevation layer 
(Fig. 4). The second panel contains sublayers, such as 
thematic maps used in forestry (e.g. forest stand) and 



4. Discussion
A web-based visualization of forest resources estimated 
from RS data represents an effective technology concept 
to support precision forestry. Firstly, advanced RS-based 
techniques allow to estimate forest resources automati-
cally, continuously, with a known accuracy, and at mul-
tiscale level. Secondly, web-map applications allow to 
provide geospatial data to the key stakeholders in forestry 
sector over mainstream web browsers. We have therefore 
developed a framework which integrates (1) an algorithm 
for estimation of forest stand variables based on remote 
sensing data and (2) a web-map application for 2D and 
3D visualisation of geospatial data.

The forest stands variables were estimated through 
an individual tree detection algorithm implemented in 
the reFLex software based on combination of airborne 
LiDAR data and aerial color-infrared images (Sačkov 

et al. 2017). Although only 64.6% of single trees were 
identified, the mean error of RS-based estimations did 
not exceed 16.4% for mean height and 12.1% for mean 
diameter. On the other hand, the volume was underesti-
mated by 26.8%, probably due to problems in detecting 
suppressed and understory trees. This problem could 
be considerably reduced with the area-based algorithm 
(Kandare et al. 2017). Comparing different approaches, 
however, our individual tree detection algorithm provided 
accuracies that were higher or similar to the area-based 
algorithm. For example, Coomes et al. (2017), Zhang et 
al. (2017) or Lamb et al. (2018) reported an accuracy of 
5 – 11%, 10 – 13%, 12 – 28%, 19 – 30% for estimation 
of mean height, mean diameter, standing volume, and 
stem density, respectively.

The developed web-map application displays the 
geospatial data in a user-friendly manner and it is capa-
ble of fast real-time rendering in 2D as well as 3D scene 

Fig. 5. Visualization of geographic map (background layer) and trees in different scales: (a) Scale >1 : 20,000 displays trees as 
raster object, (b) Scale 1 : 20,000 – 1 : 1,000 displays trees as vector object, (c) Scale <1 : 1,000 also allows a visualization of trees 
as 3D object.

Fig. 6. The application allows to create cross-section through trees and interactive measurement of tree height (a) as well as 
distance between trees (b).
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species) and development of various useful geospatial 
tools (e.g., interactive navigation). Furthermore, there 
is a potential for expanding this application which will 
enable the user to download, upload and analyse geospa-
tial data for specific needs.

Acknowledgments
This research was supported by the Ministry of Agriculture and 
Rural Development of the Slovak Republic in the framework of 
the project “Research and development to support the competi-
tiveness of Slovak forestry” (SLOV-LES).

references
Cibulka, D., 2012: Uplatnenie webových služieb pri 

srístupňovaní a spracovaní geodát. Ph.D. disserta-
tion, Bratislava, Stavebná fakulta, STU v Bratislave.

Coomes, D. A., Dalponte, M., Jucker, J., Asner, G.P., 
Banin, L. F., Burslem, D. F. R. P.et al., 2017: Area-
based vs tree-centric approaches to mapping forest 
carbon in Southeast Asian forests from airborne laser 
scanning data. Remote Sensing of Environment, 
194:77–88.

Ginzler, Ch., Waser, L. T., 2017: Entwicklungen im 
Bereich der Fernerkundung für forstliche Anwend-
ungen. Schweizerische Zeitschrift für Forstwesen, 
168:118–126. 

Kandare, K., Dalponte, M., Ørka, H. O., Frizzera, L., 
Næsset, E., 2017: Prediction of Species-Specific 
Volume Using Different Inventory Approaches by 
Fusing Airborne Laser Scanning and Hyperspectral 
Data. Remote Sensing, 9:400.

Lamb, S. M., MacLean, D. A., Hennigar, C. R., Pitt, D. G., 
2018: Forecasting Forest Inventory Using Imputed 
Tree Lists for LiDAR Grid Cells and a Tree-List 
Growth Model. Forests, 9:167.

Lim, E. M., Honjo, T., 2003: Three-dimensional visuali-
zation forest of landscapes by VRML. Landscape and 
Urban Planning, 63:175–186.

Ma, Z., Chen, M., Zhang, B., Wang, M., Shen, C., Yue, 
S. et al., 2019: A web-based integrated modeling and 
simulation method for forest growth research. Earth 
and Space Science, 6:2142–2159.

Marano, G., Langella, G., Basile, A., Cona, F., Michele, 
C. D., Manna, P. et al., 2019: A Geospatial decision 
support system tool for supporting integrated forest 
knowledge at the landscape scale. Forests, 10:690.

Murgaš, V., Sačkov, I., Sedliak, M., Tunák, D., Chudý, 
F., 2018: Assessing horizontal accuracy of inventory 
plots in forests with different mix of tree species com-
position and development stage. Journal of Forest 
Science, 64:478–485.

175

R. Cibula, I. Sačkov / Cent. Eur. For. J. 66 (2020) 170–176

over mainstream web browsers without a plugin. In 
this context, we confirm its full applicability in design 
consisting (1) data formats (i3S, LERC), (2) server 
parts (PostgreSQL data server, ArcGIS Enterprise map 
server, Apache with PHP configuration web server), and 
(3) client part (SPA developed by Arcgis API libraries 
for Javascript). However, there are many other effective 
frameworks of web-map application that are commonly 
used for visualization of forest resources. Lim & Honjo 
(2003) visualized a forest landscape with thousands of 
trees using Virtual Reality Modeling Language. Singh et 
al. (2012) developed a web-map application only by open 
source geospatial systems (e.g. Mapserver, MapScript) 
and observed that this application also enables user to 
view, update, customize, retrieve, inquire and analyse 
data about forest resources. Panizzoni et al. (2015) used 
GeoBrowser 3D, HTML5, WebGL, CSS 3D and Canvas 
element for interactive visualization of the forest model. 
Zápotocký & Koreň (2016) proposed a web-map applica-
tion for visualization of forestry maps based on Microsoft 
SQL Server, ArcGIS for Server, and Microsoft Infor-
mation Server. Wang et al. (2017) used X3DOM and 
HTML5 and developed a workflow for the construction of 
WebGL rendering and interactive visualization of forest 
landscapes from GIS and forest simulation datasets. Stra-
til & Renner (2019) used a Unity Gaming Technology 
to visualize spatial data and allowing the forest owners 
virtually visit their forests. Marano et al. (2019) devel-
oped a flexible web-based operational tool to challenge 
multifunctional and sustainable forestry knowledge for 
planning and management purposes at the landscape 
level, with a demonstration of potential deliveries at high 
spatial detail and for large spatial extent areas.

5. Conclusions
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Future work should include creation of a more 
detailed visualization of different surfaces (e.g., grass-
land, forest, open water, building) as well as trees (tree 
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Abstract
The time efficiency and principles of ergonomics related to timber skidding are based on the time consumption per 
work cycle as well as on the time consumption per individual work operations. Regarding the demands on the envi-
ronmental requirements and ever increasing cost of work, it is necessary to objectively evaluate the inevitable time 
consumption required for timber skidding using all technologies. The paper summarised the results of time studies 
for skidder technologies. The time study compares the time consumption and productivity of cable skidders and 
cable-grapple skidders, with the main focus on developing time prediction models. The main aim of the study was 
to objectify the skidder time consumption and establish the impact of production factors on the time consumption 
of partial work operations of skidders. Within the time study 231 work cycles were measured, and 53 snapshots of 
work day with using methods continual time study. The overall time consumption of the work cycle and gross pro-
duction rate of the monitored cable and cable-grapple skidders is affected by the following production factors: the 
skidding distance, volume of skidded logs and number of skidded logs. The impact of individual production factors 
on the overall time consumption of the work cycle is different for each group of skidders. Non-operation times of the 
skidder operators’ shifts represent 24.6% with the highest part taken by the technical operation of the work place. 
The mean gross production rate of the monitored skidders varied from 33.3 to 6.91 m3 h−1. 
Key words: time consumption; time study; wheeled skidders; time prediction models; productivity 

1. Introduction 
Tractor technologies belong to the most often used for 
timber skidding in the forests of the Slovak Repub-
lic. According to the Green Report from 2007, tractor 
reached 78% (the last official record) of the technologies 
used, thereof skidders 47.6%. Most of them are cable 
skidders of the types LKT 81 and LKT 81T. However, 
other types of skidders, e.g. grapple and clambunk, are 
used for timber skidding worldwide (Borz et al. 2014a). 

Present day performance standards (PS) for skid-
der technologies published in the proceedings no. 24 of 
the Ministry of Agriculture and Rural Development of 
the Slovak Republic are not current and outdated (last 
issue from 1992). They do not correspond to the current 
development of forestry equipment and requirements 
for modern skidders regarding ergonomics and ecology, 
since various forestry entities (e.g. state enterprise LESY 
SR) use their own internal performance standards and 
rules for wages of workers in logging. The time studies 
into skidders were discussed by many authors in vari-
ous countries with the aim of determining the impact of 
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various production factors on the productivity and the 
amount of costs, or with the aim of comparing various 
skidding methods (winch versus grapple) in various 
terrain and stand conditions (Proto et al. 2018). Abeli 
(1996) in his study compared the productivity and costs 
of three skidders at the Sokoine University. The research 
results have shown that the differences among skidders 
were affected significantly by the size and type of the 
machine, skilfulness of the operators and the stand slope 
inclination. Kluender et al. (1997) studied the productiv-
ity of skidders equipped with cable winch and skidders 
equipped with hydraulic grapple in the pine forests of 
the USA. The study came to a conclusion that grapple 
skidding technology is significantly faster and more 
productive than skidders with a cable winch. The same 
results are presented in the study of Mederski et al. (2010) 
studying the productivity of cable and cable-grapple skid-
ders in the Northern Poland. The results have shown 
that cable-grapple skidder HSM with hydraulic crane 
achieved two times higher productivity when compared 
to the RSG skidder equipped with cable winch. Naghdi et 
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al. (2008) compared the skidding productivity of skidders 
in the conditions of incidental felling and regeneration 
felling in the company Shafaroud. They found out that 
the productivity in the case of regeneration felling was 
higher by 47.7% than in the case of incidental felling. 
Most of the time studies from abroad were focused only 
on one type of skidders (Behjou et al. 2008; Zečíć et al. 
2011; Mousavi 2012a; Mousavi 2012b; Borz et al. 2013; 
Kulak et al. 2013; Nikooy et al. 2013; Marčeta et al. 2014; 
Borz et al. 2015; Proto et al. 2018; Kulak et al. 2019), or 
on several tests carried out using various forestry tech-
nologies and equipment (Bavaghar et al. 2010; Spinelli 
& Magagnotti 2012). Regarding the production factors 
these studies were focused only on the mean volume of 
skidded logs ranging from 1.05 to 5.34 m3 with the mean 
skidding distance up to 400 m (Sabo & Poršinsky 2005; 
Behjou 2010; Ghaffarian et al. 2013; Mousavi et al. 2013; 
Kulak et al. 2017; Proto et al. 2018). In the case of further 
time studies (Zečíć et al. 2010; Lotfalian et al. 2011; Borz 
et al. 2013, Borz et al. 2014b; Borz et al. 2015) the skid-
ding distance was more than 800 m. 

Evaluating the efficiency in timber logging and tim-
ber transportation for various forestry equipment and 
technology is carried out using the time study (Björh-
eden et al. 1995; Acuma et al. 2012), which is conducted 
in order to express the consumed time and carried out 
production related to the relevant impact of factors. From 
the methodological point of view, there are two types of 
time studies: correlation studies and comparative stud-
ies. Correlation studies are carried out in order to find 
out the relationship between the work time consump-
tion and factors determining the work, while the aim of 
comparative studies is to compare the time consumption 
or productivity of various machines or methods of work 
used to complete the same task (Mousavi et al. 2013). 
The results of time studies were mostly used for deter-
mining the extent of production and its rationalisation 
(Björheden 1991; Sarikhani 2001; Nurminen et al. 2006) 
or for assessing various logging methods in order to find 
the most economical one. The aim of the present study 
was to: (i) assess the impact of production factors on the 
time consumption of individual partial work operations 
of cable and cable-grapple skidders; (ii) develop mod-
els for predicting the time consumption of partial work 

operation of skidders; (iii) find out and compare the pro-
ductivity and efficiency of the tested skidders.

 
2. Material and methods

2.1. Study location
Study of the time consumption was carried out in the Uni-
versity Forestry Enterprise of the Technical University 
in Zvolen from 23 May to 25 October 2019 in 20 stands 
mostly beech, beech-fir and beech-oak. During the study 
53 snapshots of the work day were taken and 231 work 
cycles of skidders were measured. Following skidders 
were observed and tested within the study: cable-grapple 
skidders (HSM 805HD, LKT 81 ITL (HC) with hydraulic 
crane, EQUUS 175N) and cable skidders (LKT 81 ITL, 
LKT 81T). Working groups included from two (LKT 81 
ITL, EQUUS 175N) until three members for every skid-
der. Figure 1 and 2 illustrate the tested cable and cable-
grapple skidders. Table 1 presents the characteristics of 
the production factors of forest stands where the timber 
skidding was carried out, while Table 2 describes the 
characteristic parameters of individual monitored skid-
ders analysed within the study.

2.2. Work phase classification
The overall time of the work cycle of skidder operators 
was divided into following partial work operations: 
 – Unloaded travel from the forest landing into the 

stand: the phase begins with the skidder movement 
from the forest landing towards the stand and finishes 
when the skidder reaches the cut stems.

 – Cable releasing: Initiating the subsequent work oper-
ation is preceded by terminating the previous one. 
The operation begins by releasing the cable from the 
skidder winch drum and terminates when the choker 
setter reaches the logs to be skidded. 

 – Collecting time: the operation begins when the choker 
setter fastens the logs to the chokers and finishes 
when he steps back to a safe distance from the log. 

 – Winching the load from the stand to the skidding 
line: this phase starts with winching the cable on the 

Fig. 1 and 2 on the left EQUUS 175N (cable-grapple skidder) and on the right LKT 81 ITL (cable skidder).

178

L. Orlovský et al. / Cent. Eur. For. J. 66 (2020) 177–187



skidder winch drum (cable skidders); in the case of 
chokerless stem skidding the operation begins with 
the skidder movement towards the skidding line and 
finishes when the log reaches the skidding line.

 – Skidder travel to other logs: this work operation phase 
was registered with skidders that carried out cable-
grapple log skidding. The phase begins by placing 
the skidded log on the skidding line and continues 
with the subsequent movement of the tractor to other 
cut stems. The phase is terminated when the skidder 
reaches another cut stem. 

 – Load skidding: the operation starts with skidding the 
load from the skidding line to the forest landing and 
finishes when the skidder stops at the forest landing.

 – Load unhooking: the operation starts by releasing 
the cable from the tractor winch drum and finishes 
by unfastening the load and winding up the cable on 
the skidder winch drum. 

 – Handling by the skidder operator: this work operation 
starts being registered as soon as the skidder operator 
begins carrying out grading the logs, and it is termi-
nated by cutting all logs into selected assortments. 

 – Log piling: this work phase begins after finishing 
the previous phase and terminates after the last log 
is piled on the assortment piling. 

2.3. Data collection
Measuring the time consumption of skidders was car-
ried out using the methods of continual time study, i.e. by 
connecting the work day snapshot with the fluent chro-
nometry. The work day snapshots were used to record 
the occurrence of unit, batch and shift times during work 
shift, e.g. time necessary for preparation and termination 
of work, biological and recreation break etc. Operative 
time of the skidder operator and two further categories 
of time losses, i.e. technical-organisation and personal 
losses were recorded, as well. All unit, batch and shift 
times of skidder operators including time losses were 
recorded throughout the entire shift. 

Dividing the times of the skidder operator shift was 
carried out according to a verified Central European 
methodology published by the authors (Klouda et al. 
1988; Lhotský 2005; Dvořák et al. 2010).

During measuring the time consumption of skid-
der operator shift, the timekeeper did not interrupt the 
work process with work orders and recommended tech-
nological procedures, which could affect the regular 
condition of the production process. Nevertheless, the 
skidder operators were informed that measuring the time 
consumption of the shift was being carried out. Mostly 
operators who were expected to follow all work and safety 
regulations were selected for the study. 

Table 1. Characteristics of production factors of study stands.

Subcompartment Type of skidder Skidding distance Winching distance Slope inclination 
[%]

Volume of skidded stems Mean tree volume
[m³][m]

1318 HSM 805HD 424 21.2 30 53.46 2.10
1322 HSM 805HD 87 8.8 35 24.14 1.55
1315 HSM 805HD 1,099 18.0 35 37.04 2.20
1317 HSM 805HD 467 25.3 30 47.64 1.82
1324 HSM 805HD 1,193 37.8 30 33.19 1.66
1338b HSM 805HD 1,073 11.8 15 31.99 1.23
1291 HSM 805HD 1,356 23.4 60 33.42 0.58
1330 HSM 805HD 1,833 15.5 35 31.51 1.03
1320 HSM 805HD 470 17.4 30 191.16 1.28
1290 HSM 805HD 616 19.4 30 44.08 1.46
721 LKT 81 ITL (HC) 316 21.3 18 40.11 1.82
851c LKT 81 ITL (HC) 618 18.1 20 39.09 0.43
745 LKT 81 ITL (HC) 526 20.5 35 151.79 2.72
581 LKT 81 ITL (HC) 619 16.1 25 163.23 0.90
1091 LKT 81T 150 6.5 35 19.97 1.48
1093 LKT 81T 300 11.3 35 54.50 1.99
234 LKT 81T 1,059 12.3 40 78.09 1.01
1094a LKT 81T 178 9.2 35 31.91 1.03
253 LKT 81 ITL 1,112 17.4 40 291.50 1.89
727a EQUUS 175N 541 18.3 40 359.50 2.00

Table 2. Specifications of the skidders.

Parameter Type of skidder
HSM 805HD EQUUS 175N LKT 81 T LKT 81 ITL (HC) LKT 81 ITL

Engine power [kW] 129 125 74 85 85 
Age of skidder in years 12 1 24 1 3
Number of working day snapshot 15 9 6 16 7
Number of runs 77 34 34 55 31
Composition of the working group 1+2 1+1 1+2 1+2 1+1
Total skidded volume [m³] 527.6 359.5 184.5 394.2 310.1
Number of skidding stems [pcs] 431 199 172 428 185
Equipment of skidder HC, RC, D HC, RC, D, C D HC, RC, D, C RC, D 

HC – hydraulic crane, RC – radio control, C – clam bunk, D – double drum winch.

179

L. Orlovský et al. / Cent. Eur. For. J. 66 (2020) 177–187



The partial phases of work operation of the skidders 
(collecting time, load skidding etc.) were measured using 
the fluent chronometry with accuracy to seconds, and 
subsequently they were transcribed to electronic form for 
keeping the legibility and transparency. 

Besides measuring the time consumption of partial 
work operations, the study was focused also on factors 
which affected significantly the time consumption of this 
technology. Following the results of studies from abroad 
(Howard 1987; Kluender et al. 1997; Behjou et al. 2008; 
Borz et al. 2013; Proto et al. 2018), following production 
factors were selected: the skidding distance, the number 
of logs in a load, wood species, winching distance, mean 
tree volume of skidded logs and work cycle load volume. 

These factors were measured throughout all skidder 
work cycles. The skidding distance and winching distance 
were measured using a digital laser range finder Tru-
Pulse 360B or using a GPS receiver. Mean diameter and 
length of the skidded logs were measured using forestry 
callipers and tape measure, and subsequently the load 
volume in individual skidder work cycles was calculated 
using log volume tables. The number of logs in a load 
and wood species were recorded visually. Professional 
digital stopwatch Fastime 26 was used to record the time 
of partial work operations. Prior to statistical evaluation 
of measuring the time consumption, the time series was 
processed and unreliable and erroneous measurements 
were excluded from the time series. The recorded data 
were subsequently processed using the methods of gen-
eralized linear model (GLM). The statistical analysis was 
performed in the software STATISTICA 12.0 (StatSoft 
2012) and using the programming language R. 

3. results
Table 3 presents the mean time consumption of indi-
vidual monitored phases of a shift of monitored skidder 
operators, as well as the mean time of the shift. The data 
indicate that the operative time is 75.6% on average, and 
the remaining 24.4% covers non-operation time of the 
shift (technical service of the workplace, biological and 
recreational breaks etc.). The highest average percent-
age of non-operation time was recorded with the tech-
nical service of the workplace 8.5%, whereas the lowest 
average percentage is represented by work orders 1.4%. 
Technical and organisational time losses caused mainly 

by skidder operators waiting until the loggers finish their 
work (delimbing etc.) cover 2.83% of the shift on aver-
age. Personal losses represent only 5% of the whole time 
loses and were caused mainly by personal telephone calls 
of the skidder operators and talks with other technical 
staff on extracurricular topics. The average shift length 
of monitored skidder operators in this study represents 
451.2 minutes (7.52 h), being 29 minutes less than the 
length of a standard shift (8 h). Regarding the average 
time for biological and recreational breaks during a 
shift (Table 3), none of the monitored skidder operators 
met the legally determined length of break for rest and 
refreshment, which according to § 91 of the Labour Code 
is at least 30 minutes for work longer than 6 hours. 

Table 4 presents the percentage of individual par-
tial operations of cable and cable-grapple skidders. The 
data show that the highest ratio of the overall work cycle 
of cable-grapple skidders is represented by log piling 
with the average of 28%, followed by winching the load 
(15.3%) and load skidding (13.3%). When analysing 
the work operations of the operators of cable skidders, 
22.5% of the time was taken by two operations – load 
skidding and handling by the skidder operator, followed 
by unloaded travel (17%) and load collecting (11.5%). 
When comparing the percentage of work operations car-
ried out by cable skidder operators (Table 4), it is obvious 
that the most significant differences were recorded with 
unhooking the load and log piling, which can be associ-
ated with more modern equipment of the LKT 81 ITL 
skidder compared to LKT 81T and with the skills and 
experience of the operator. In addition, it can result from 
significantly different representation of work operations 
caused by different average skidding distance (Table 5) 
recorded with these skidders. In the case of cable-grap-
ple skidders, more significant differences in the ratio of 
handling by the skidder operators of individual skidder 
types (EQUUS 175N versus HSM 805HD and LKT 81 
ITL (HC)) were recorded. The higher percentage of this 
operation in the case of EQUUS 175N skidder is caused 
by the division of work within the working group, where a 
part of the handling process (measuring off) was carried 
out solely by the skidder operator without the assistance 
of the logger. 

The average time consumption for partial work 
operations, as well as corresponding average values of 
production factors of the skidders are illustrated in Table 

Table 3. The balance of the average consumption of shift time of skidder operators (Dvořák et al. 2011).

Work shift components HSM 805 HD EQUUS 175N LKT 81T LKT 81 ITL (HC) LKT 81 ITL
[min.]

Work operation (TA1) 338 337 303.5 350 376
Preparation and termination of work (TB101) 8 18 18 12 16
Work orders (TB102) 4 7 8 7 3.7
Technical service of the workplace (TC103) 54 15 78 41 3.2
Technical service of the machine (TC104) 13 10 8 7.6 9
Machine defaults repair (TC105) 17 25.5 20 1.4 1.7
Biological and recreational breaks (T2) 20.5 23 7.5 20 7
Technical-organizational losses (TE) 3 25 8 9 19
Personal losses (TD) 0.5 0.5 1 1 0.4
Average working time (T) 458 461 452 449 436
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Table 4. Time consumption distribution of cable and cable-
grapple skidders.

Work phase

Cable-grapple skidder Cable skidder

HS
M

 80
5

HD

EQ
U

U
S 

17
5N

LK
T 

81
 IT

L 
(H

C)

LK
T 

81
T

LK
T 

81
IT

L

[%]
Travel unloaded 13 11 9 16 18
Cable releasing 0 2 1 4 3
Collecting time 10 13 14 10 13
Winching load 16 11 19 7 6
Travel skidder to other logs 5 7 9 1 1
Skidding load 14 15 12 18 27
Unhooking load 6 4 8 8 3
Handling by the skidder operator 3 11 3 23 22
Log piling 33 26 25 13 7

Table 5. Average time consumption of elements work opera-
tion of monitored skidders.

Elements of work operation

Type of skidder

LK
T 

81
 IT

L 
(H

C)

HS
M

 80
5

HD

EQ
U

U
S

17
5N

LK
T 

81
T

LK
T 

81
 IT

L

[min.]
Travel unloaded 6.68 6.99 7.75 8.24 12.90
Cable releasing 0.38 0.09 1.51 1.61 2.13
Collecting time 10.56 5.14 9.04 4.72 8.85
Winching load 13.85 9.04 8.06 3.17 4.14
Travel skidder to other logs 6.52 2.79 4.96 0.25 0.51
Skidding load 9.12 7.55 9.83 9.65 19.78
Unhooking load 6.00 3.17 3.05 3.75 2.32
Handling by the skidder 
operator 3.41 1.72 8.05 9.25 15.85

Log piling 19.42 18.32 17.66 5.06 5.25
Total cycle time 74.71 54.81 70.16 45.70 69.63

Factors of production
Number of logs in a load [pcs] 7.98 5.59 6.00 5.06 5.68
Load volume [m3] 7.95 6.96 11.27 5.43 9.40
Mean tree volume [m3] 1.41 1.45 1.99 1.38 1.79
Skidding distance [m] 533.68 699.46 530.00 545.85 1,111.51
Winching distance [m] 17.34 17.65 18.56 11.08 15.15

5. The data show that the biggest differences in the time 
consumption between the cable and cable-grapple skid-
der operators were recorded in the case of the following 

operations: releasing the cable into the stand, winching 
the load, skidder travel to other logs, log piling and han-
dling by the skidder operator. When comparing the aver-
age time consumption required for piling the logs, it can 
be seen that the cable-grapple skidder operators needed 
3.5 times more time for this operation than cable skidder 
operators. This significant difference can be explained 
by different procedure of carrying out the operation 
(hydraulic crane versus stacking blade). Differences 
in time consumption of further two operations, cable 
releasing and skidder travel to other logs, between the 
two types of skidders were associated with the working 
method of the operators of cable skidder (using a cable 
winch) and cable-grapple skidders (using a hydraulic 
crane), as well as with applying cable and cable-grapple 
skidding method. The results of comparing the average 
time consumption of winching the load of the two types 
of tractors (Table 5) indicate that cable-grapple skid-
der operators needed on average 2.8 times more time 
than the operators of cable skidders. This fact is prob-
ably caused by the different method of carrying out the 
operation (winch versus hydraulic crane), as well as by 
longer average winching distance by 4.75 m in the case 
of cable-grapple skidders. The average time consumption 
of the operation – handling by the skidder operators is 
by 48% higher in the case of the cable skidders. This dif-
ference is caused by the fact that the operators of cable 
skidders carried out log measuring and log sawing all by 
themselves, without any assistance of loggers, while in 
the case of cable-grapple operators, these activities were 
carried out with the assistance of loggers from the work-
ing groups. Regarding the average number of logs in one 
load, the cable-grapple skidder operators compiled the 
load from a higher number of logs (6.52 pcs) compared 
to the operators of cable skidders (5.37 pcs), what eventu-
ally affected also the final mean volume of the load. The 
mean load volume of cable-grapple skidder operators was 

Table 6. Mean nett and gross production rate and average driving speeds of skidders.

S Type of skidder Skidding distance 
[m]

Load volume 
[m3]

Nett 
production rate

Normative work 
performance

Gros 
production rate Empty travel speed Skidding speed

[m3 h−1] [km h−1]
1320 HSM 805HD 470 6.94 7.23 5.16 5.13 3.87 4.51
1318 HSM 805HD 424 8.91 9.04 6.74 6.74 2.73 3.81
1322 HSM 805HD 87 3.02 4.69 3.42 3.33 4.67 5.27
1315 HSM 805HD 1099 7.41 5.97 4.70 4.66 2.54 3.92
1317 HSM 805HD 467 7.94 7.24 6.15 6.15 8.96 8.31
1324 HSM 805HD 1192,5 8.30 8.62 4.29 4.28 7.84 5.62
1338b HSM 805HD 1073 6.40 6.19 4.16 4.16 8.40 5.87
1291 HSM 805HD 1356 6.68 5.40 4.44 4.41 8.99 5.82
1330 HSM 805HD 1833 7.88 5.04 4.28 4.28 5.65 5.41
1290 HSM 805HD 616 8.63 8.88 7.02 6.91 6.47 4.73
721 LKT 81 ILT (HC) 316 8.01 6.31 4.48 4.21 4.45 3.75
851c LKT 81 ILT (HC) 618 5.58 4.36 3.64 3.58 4.29 4.29
745 LKT 81 ILT (HC) 526 11.90 5.80 4.84 4.72 3.42 3.36
581 LKT 81 ILT (HC) 619 6.63 4.38 3.60 3.51 6.35 3.43
1091 LKT 81 T 150 3.33 8.53 6.25 5.97 3.26 3.75
1093 LKT 81 T 300 5.45 7.66 4.07 3.91 4.00 4.05
1094a LKT 81 T 178 6.38 6.22 4.67 4.56 4.35 3.33
234 LKT 81 T 1059 6.01 4.99 3.38 3.38 1.87 2.56
253 LKT 81 ITL 1112 9.40 7.01 6.37 5.97 5.17 3.37
727a EQUUS 175N 541 10.96 7.58 6.38 5.85 4.19 3.22

S – Subcompartment.
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15% higher than the mean volume of the cable skidder 
operators. 

Table 6 presents the mean nett production rate, nor-
mative work performance as well as the gross production 
rate of the skidder operators in individual forest stands. 
In addition, the table contains also the mean speed of 
the skidders with and without the load. The mean gross 
production rate of the monitored skidders varied between 
3.33 and 6.91 m3 h−1 depending on the type of the for-
est stand and the skidding distance. When comparing 
the differences in the nett production rate and the gross 
production rate of the skidders (Table 6), it can be con-
cluded that due to affecting the gross production rate 
by the amount of non-operation shift times, the gross 
production rate is 24.4% lower than the nett production 
rate, which covers the skidding efficiency recalculated 
to the nett time consumption of the skidder operators 
without the non-operation shift times. Normative work 
performance of the studied skidders covering the work 
performance without time losses ranged from 3.42 to 
7.02 m3 h−1. When compared to the gross production rate, 
it represents an increase of 2.83% in work productivity.

The dependence of the gross production rate of the 
skidders on the skidding distance and the mean load 
volume is illustrated in Figure 3. The graph shows that 
the increasing skidding distance and the decreasing load 
volume causes a decrease in the gross production rate of 
the skidders.

Fig. 3. Three-dimensional graphic illustration of gross pro-
duction rate in relation to skidding distance and mean load 
volume.

Tables 7 and 8 illustrate the generalized linear models 
of time consumption calculated for almost all partial work 
operations of cable and cable grapple skidders.

After the gradual regression method based on AIC 
(Akaike Information Criterion) 7 models of partial work 
operations of cable skidders and 8 models of partial 
work operations of cable-grapple skidders including a 
model of overall time of work cycle were created. After 
comparing the models of time consumption for partial 
work operations of the two types of skidders (cable versus 
cable-grapple skidder), it can be concluded that the dif-
ferences in the number and the type of affecting produc-
tion factors were discovered in the following operations: 
load pilling, winching the load, unhooking the load and 
handling carried out by the skidder operator.

 
4. Discussion
Due to different conditions in the forest stands and ter-
rain (forest stand composition, operation and terrain 
conditions) the results of the time study and the mod-
els are applicable only in the situations with the same 
or similar work conditions (Mousavi et al. 2012; Borz 
et al. 2015).

 Non-operation shift times represent on average 
24.4% (14 – 33%) of all monitored skidder operators. 
For illustration and comparison Borz et al. (2015) 
and Borz et al. (2014a) mention a higher percentage of 
non-operation times 29.3% and 28%. Sabo & Poršinsky 
(2005) in their study indicate 32.15% of non-operation 
time for the cable skidder Timberjack 240C, which can 
be compared with the percentage of non-operation times 
of the LKT 81T operator in the present study (33%). The 
highest amount of non-operation times – 51 and 43% for 
cable skidders (TAF 690 OP, TAF 657) are mentioned by 
Borz et al. (2013), whereas the lowest amount of 14% was 
recorded in the study of Nikooy et al. (2013). This data are 
in accordance with the amount of non-operation times of 
the LKT 81 ITL operator monitored in the present study. 
The amount of non-operation shift times of the skidder 
operators monitored in this study is affected mostly by 
the amount of time consumed for the technical operation 
of the workplace, occurrence of repairs and machinery 
malfunctions during the sift, as well as by the technical 
and organisational time losses representing the highest 
ration of all time losses – 95%. These time losses can be 
avoided by planning and organising the work better. 

The model of the partial work operation – travel from 
the forest landing into the forest stand of both types of 
studied skidders depends on the skidding distance (Table 
7 and 8). These results are in accordance with other stud-
ies (Wang et al. 2004; Nurminen et al. 2006; Mousavi 
et al. 2012; Mousavi et al. 2013; Marčeta et al. 2014). 
The operation of cable skidders – releasing the cable is 
affected only the winching distance, presented also in 
the following studies (Mousavi 2012a; Mousavi 2012b; 
Marčeta et al. 2014; Borz et al. 2014a). Generalized lin-
ear models for the time consumption of the operation 
– load winching of the cable skidder revealed that the 

 

182

L. Orlovský et al. / Cent. Eur. For. J. 66 (2020) 177–187



Table 7. Generalized linear model of cable skidders.
Elemental of working operation AIC Nul dev. Residual dev. Coefficient Estimate Standard Error t–value p–value  

Travel unloaded 296.4 1,593.3 321.8
Intercept 1.831 0.623 2.94 0.005 **

LKT 81 ITL −1.793 0.752 −2.39 0.020 *
xsd 0.012 0.001 13.21 0.000 ***

Cable releasing 160.0 76.0 48.3 Intercept 0.300 0.321 0.94 0.353  
xwd 0.115 0.020 5.67 0.000 ***

Collecting time 323.2 1,187.1 485.9
Intercept −0.268 0.861 −0.31 0.757  

LKT 81 ITL 3.541 0.707 5.01 0.000 ***
xn 0.986 0.141 6.98 0.000 ***

Winching the load 243.4 241.8 177.5
Intercept 0.618 0.738 0.84 0.405  

xn 0.266 0.095 2.80 0.007 **
xwd 0.116 0.037 3.12 0.003 **

Skidding load 373.2 4,862.9 1,016.6

Intercept −5.368 1.870 −2.87 0.006 **
LKT 81 ITL −4.449 1.835 −2.43 0.018 *

xsd 0.017 0.002 10.63 0.000 ***
xvl 1.054 0.295 3.57 0.001 ***

Unhooking load 223.5 273.7 104.8
Intercept 0.738 0.399 1.85 0.069  

LKT 81 ITL −1.892 0.328 −5.76 0.000 ***
xn 0.595 0.065 9.08 0.000 ***

Handling by the skidder operator 377.1 2,234.0 1,398.4
Intercept 1.872 2.011 0.93 0.356  

xn 0.844 0.265 3.19 0.002 **
xvl 0.891 0.221 4.02 0.000 ***

Total cycle time 457.4 27,559.0 5,882.6

Intercept 0.090 5.179 0.02 0.986  
xsd 0.026 0.004 5.98 0.000 ***
xwd 0.426 0.249 1.71 0.092 .
xn 2.868 0.649 4.42 0.000 ***
xvl 2.033 0.686 2.96 0.004 **

(xsd – skidding distance, xwd – winching distance, xvl – volume load, xn – number of logs in a load)
Significant codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

Table 8. Generalized linear model of cable-grapple skidders.
Elemental of working operation AIC Nul dev. Residual dev. Coefficient Estimate Standard Error t–value p–value  

Travel unloaded 810.7 2,016.3 1,223.5
Intercept 3.789 0.429 8.84 0.000 ***

HSM −0.988 0.438 −2.26 0.025 *
xsd 0.006 0.001 10.28 0.000 ***

Collecting time 891.8 4,033.7 2,165.4

Intercept 0.758 1.322 0.57 0.568  
HSM −1.779 0.855 −2.08 0.039 *

LKT 81 ITL 1.679 0.882 1.90 0.059 .
xn 0.586 0.084 7.10 0.000 ***
xvl 0.419 0.099 4.23 0.000 ***

Winching the load 1062.6 8,076.8 5,956.2

Intercept 2.939 1.341 2.19 0.030 *
LKT 81 ITL 3.546 1.076 3.29 0.001 **

xn 0.717 0.138 5.21 0.000 ***
xwd 0.102 0.055 1.85 0.066 .

Travel skidder to other logs 727.2 2,461.3 2,065
Intercept 4.048 0.892 4.54 0.000 ***

HSM −2.065 0.744 −2.78 0.006 **
xn 0.351 0.100 3.53 0.000 ***

Skidding load 802.9 3,346.9 1,153.2

Intercept 2.302 0.685 3.36 0.001 ***
HSM −2.795 0.456 −6,13 0.000 ***

xsd 0.009 0.001 15.62 0.000 ***
xvl 0.239 0.066 3.64 0.000 ***

Unhooking load 709,2 1,204.0 660.8

Intercept −0,767 0.705 −1,09 0.278  
HSM 1.053 0.468 2.25 0.026 *

LKT 81 ITL 3.121 0.482 6.48 0.000 ***
xn 0.265 0.046 5.82 0.000 ***
xvl 0.200 0.053 3.79 0.000 ***

Handling by the skidder operator 446.7 1,882.2 1,265.4
Intercept 0.600 1.628 0.37 0.713  

HSM −2,064 0.999 −2,07 0.042 *
xvl 0.738 0.152 4.84 0.000 ***

Log piling 1166.1 14,282.0 10,162

Intercept −1,623 2.725 −0,60 0.552  
HSM 7.242 1.825 3.97 0.000 ***

LKT 81 ITL 5.789 1.880 3.80 0.002 **
xn 0.384 0.176 2.18 0.031 *
xvl 1.510 0.204 7.39 0.000 ***

Total cycle time 1408.2 109, 088 43,688

Intercept 4.839 4.141 1.17 0.244  
LKT 81 ITL 10.799 2.930 3.69 0.000 ***

xsd 0.013 0.004 3.30 0.001 **
xn 2.793 0.393 7.11 0.000 ***
xvl 3.687 0.381 9.69 0.000 ***

(xsd – skidding distance, xwd – winching distance, xvl – volume load, xn – number of logs in a load)
Significant codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
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winching distance and the number of logs in the load 
affected significantly the time consumption of this work 
operation. Same results were confirmed also in further 
studies (Mousavi 2012b; Borz et al. 2013). The time con-
sumption of load winching of the cable-grapple skidders 
is statistically significantly affected only by the number 
of logs in the load. The time consumption of collecting 
time in the case of cable-grapple skidders is statistically 
significantly affected by the volume and number of logs 
in the load. In the case cable skidder only the depend-
ence on the number of logs was statistically significant, 
what is in accordance with the study of Mousavi (2012a). 
Najafi et al. (2007) conducted a time study focused on 
the skidder HSM-904, which found out that the skidding 
time depends on the skidding distance and the number of 
logs in the load. However, Lotfalian et al. (2011) estab-
lished in their study that the skidding time depends on the 
skidding distance and the slope inclination. The present 
study established the skidding distance and load volume 
to be the statistically significant variables affecting the 
time consumption of load skidding for both, cable and 
cable-grapple skidders. These results are in accordance 
with the results presented in the study by Marčeta et al. 
(2014). After comparing the models of time consump-
tion of unhooking the load with the two types of studied 
skidders, the study shows that the number of logs in the 
load and the load volume are statistically significant fac-
tors affecting the time consumption of this operation with 
the cable-grapple skidders. In the case of cable skidders 
only the number of logs in the load affects the time con-
sumption of unhooking the load. Nevertheless, the time 
studies of Mousavi et al. (2013); Proto et al. (2018) did 
not prove any of the studied independent variables to be 
statistically relevant in regard to the time consumption of 
unhooking the load. Wang et al. (2004) found out that the 
time consumption of unhooking the load depends on the 
log diameter, mean merchantable height and the number 
of logs in the load. The overall time of the work cycle of 
the cable-grapple skidder operators is affected by the fol-
lowing factors: load volume, number of logs in the load 
and the skidding distance. Similar results were confirmed 
also in the study of Mousavi et al. (2012). However, dif-
ferent results are presented in the study of Mousavi et 
al. (2013) confirming the dependence of the overall 
time consumption of the HSM-904 skidder work cycle 
only on the number of logs and the load volume. Proto 
et al. (2018) confirmed the dependence of the overall 
work cycle time of the cable-grapple skidder John Deere 
548H on the skidding distance and the load volume. The 
overall work cycle time of the studied cable skidders is 
affected mostly by the skidding distance, number of 
logs in the load, and the load volume was proven to have 
the least impact. The same results are presented in the 
study by Nikooy et al. (2013). However, different find-
ings are presented by Ghaffariyan et al. (2013) indicat-
ing the dependence of the overall work cycle time on the 
skidding distance, winching distance, inclination of the 

skidding line and the load volume. Behjou et al. (2008) 
and Behjou (2010) confirmed in their research studies 
the dependence of the overall work cycle time of skidder 
Timberjack 450C on the skidding distance, winching dis-
tance and interaction between the skidding distance and 
skidding line inclination. Borz et al. (2013) concluded in 
their study that the overall work cycle time of the cable 
skidder (TAF 690 OP, TAF 657) depends on the skidding 
distance and the winching distance, and in the case of 
skidder TAF 657 the number of logs was also another 
statistically significant factor. The partial work opera-
tion – log piling performed by the cable-grapple skidder 
is statistically significantly influenced by the load volume 
and number of logs in the load. This finding is in accord-
ance with the results presented in the study of Mousavi et 
al. (2012). In the case of the same operation performed 
by the cable skidder no dependence on any of the studied 
factors was confirmed. Regarding the proportion, this 
work operation represents 10% on average of the shift 
of the cable skidders. These results can be compared to 
the results of study by Mousavi et al. (2012). The work 
operation – handling by the skidder operator is statisti-
cally significantly affected by the number of logs in the 
load and the load volume in the case of cable skidders, 
whereas in the case of cable-grapple skidders only the 
load volume was determined as the statistically signifi-
cant factor.

Some of the conducted time studies revealed that the 
slope inclination can significantly affect the time con-
sumption of the load winching and the travel from the 
forest landing into the forest stand. It can also influence 
the time distribution of partial work operation within 
a shift (Behjou et al. 2008; Mousavi 2009; Lotfalian et 
al. 2011; Mousavi 2012a; Magagnotti & Spinelli 2012; 
Borz et al. 2014b). In the present study the slope inclina-
tion was not proven as a statistically significant factor 
affecting the time consumption of partial work operation 
– winching the load and travel from the forest landing 
into the forest stand, although the impact of this factor 
on the time consumption of the two above mentioned 
operations cannot be excluded.

In the forest stand conditions of the present study and 
with the studied skidders the time consumption of the 
load skidding was higher on average (Table 5) than the 
time consumption of the travel from the forest landing 
into the stand. This was reflected in the mean speed of 
the tractor travel from the forest landing into the stand, 
which ranged from 3.97 km h−1 to 6 km h−1. On the other 
hand, the mean load skidding speed was lower by 21 % 
ranging from 3.23 km h−1 to 5.56 km h−1. In other stud-
ies the recorded mean speed of travel from the forest 
landing into the forest stand ranged from 4.15 km h−1 
(Behjou et al. 2008) to 8.58 km h−1 (Proto et al. 2018), 
while the recorded mean skidding speed varied from 
1.33 km h−1 (Zečić et al. 2005) to 7.31 km h−1 (Spineli & 
Magagnotti 2012). The speed of skidder travel from the 
forest landing into the stand can be higher or lower than 
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the skidding speed depending on various work condi-
tions. For illustration, the time study of Borz et al (2013) 
can be mentioned, since this study confirmed a higher 
mean speed of a loaded skidder than the mean speed of 
unloaded skidder. Also in the present time study a higher 
mean speed of a loaded skidder travel was recorded in 
the subcompartments (1315, 1318, 1320, 1322, 1091 
and 1093) than the travel speed of unloaded skidder. 
This fact is probably associated with the terrain charac-
ter, soil humidity of the skidding road, as well as with a 
lower volume of skidded load from the given stands in 
the case of LKT 81T skidder. The highest mean speed 
of the skidder travel loaded (5.56 km h−1) and unloaded
(6 km h−1) was recorded in the case of HSM 805HD 
skidder operator. These values are comparable with the 
results presented in the study by Mousavi et al. (2013), 
where the mean speed of loaded skidder HSM 904 was 
5.17 km h−1 and the mean speed of unloaded skidder 
was 5.96 km h−1. When comparing the mean speed of 
the travel of the skidder LKT 81 ITL, the results show 
that both skidders achieve almost the same travel 
speeds whether loaded or unloaded. The differences do 
not exceed 0.39 km h−1 when unloaded and 0.15 km h−1

when loaded, what indicates that the differences in 
speed are probably caused by the differences in the ter-
rain of skidding road and by accidental circumstances. 
The lowest mean travel speed of skidder from the forest 
landing into the forest stand of the studied skidders was 
recorded in the case of LKT 81T skidder tractor operator 
(3.97 km h−1). This can be associated with the lowest 
engine performance (Table 1) when compared with 
other studied skidders. The lowest mean skidding speed 
was recorded with the EQUUS 175N skidder operator 
(3.23 km h−1). This is probably associated with the high-
est mean load volume 11.27 m3 (Table 5) from among all 
the studied skidder operators. 

The mean gross production of cable skidders con-
sidering the type of the forest stand, mean skidding dis-
tance and the type of the skidder, ranged from 3.38 m3 h−1

to 5.97 m3 h−1, and in the case of cable-grapple skid-
ders a comparable mean gross production ranging from 
3.33 m3 h−1 to 6.91 m3 h−1 was recorded. Most of the 
studies from abroad mention higher gross production of 
cable-grapple skidders ranging from 6.1 m3 h−1 (Mousavi 
et al. 2012) to 32.8 m3 h−1 (Zečić et al. 2010). Porter & 
Strawa (2006) in their study established a mean gross 
production of the skidder LKT 81T of 7.15 m3 h−1 in an 
82-year-old fir stand. By comparison, the present study 
recorded lower gross production of the skidder LKT 81T 
of only 5.97 m3 h−1 with the mean skidding distance of 
150 m. When compared to the time study by Borz et al. 
(2013) the gross production of the cable skidders of the 
TAF type is 3.20 and 3.75 m3 h−1 with the mean skidding 
distance (980 and 871 m), which is comparable with the 
production of 3.38 m3 h−1 of the LKT 81T skidder with 
the comparable skidding distance (1,059 m) presented in 
this study. The gross production rate of the studied skid-

ders was affected strongly by the ratio of non-operation 
times within the shift (24.4%) as well as by the mean skid-
ding distance and mean load volume. These results are in 
accordance with the findings presented in the studies by 
Fiedler et al. (2008); Lopes et al. (2017), who concluded 
that the skidding distance and load volume affect the pro-
duction of skidders to the greatest extent. 

5. Conclusion
The submitted paper discussed the time study carried 
out for cable and cable-grapple skidders employed in the 
University Forestry Enterprise of the Technical Univer-
sity in Zvolen. One of the tasks of this study was to pro-
vide data regarding the work time consumption of the 
skidder operators and production and efficiency data of 
individual skidders. The relation between the time con-
sumption of individual partial work operations of cable 
and cable-grapple skidders and independent variables 
was generalized in linear models. The generalized linear 
models indicated that the overall work cycle time of the 
cable and cable-grapple skidders depends on the skid-
ding distance, load volume and number of logs in the 
load. The study results revealed noticeable differences 
in the time consumption and differences in the impact of 
production factors on individual partial work operation 
of the two types of skidders. Time losses of the skidder 
operators represent mean percentage of 2.98% from the 
overall shift time. This can be decreased by improving 
the planning and organisation of work. The results of 
this study can be used to determine the objective costs, 
work rationalisation, work planning and estimate of the 
time consumption. In addition, they can be used as back-
ground for objective evaluation of wages in the logging 
operations, since the time consumption analysis has to 
evaluate objectively the costs for timber skidding using 
skidder technology in various production and technical 
conditions while meeting the principles of economic 
efficiency, work humanisation as well as environmental 
requirements of forest ecosystems.
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