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Abstract: in this study, we explore the effect of soil compaction on the growth of seedlings of scots pine Pinus sylvestris l., 
european beech Fagus sylvatica l. and pedunculate oak Quercus robur l. on the experimental plots, ground contact pressures 
ranging from 0 to 250 kPa was applied on the soil. the applied pressure resulted in an increase in soil compaction between 1.02 to 
1.19 g cm–3, which reflected pressures exerted by the undercarriage of vehicles used in logging. We then measured the seedlings 
as well as the dry weight of the roots and the above-ground parts. Using this data, we calculated the following quality indicators 
for each seedling: SQ – sturdiness quotient, S/R – shoot to root dry mass, DQI – Dickson quality index. For pedunculate oak, 
the SQ value significantly improved with increasing soil compaction, whereas no differences in the other two indicators were 
observed. in case of the european beech, the best value of SQ and DQI were observed at a soil density of 1.11 g cm–3, whilst 
no significant difference for the S/R coefficient could be found. Completely different results were obtained for Scots pine. The 
most favorable growth was observed when no pressure was applied. however, the SQ and S/R ratios even exceeded the values 
commonly considered acceptable. Our results therefore indicate that the values of seedling quality indicators are indeed influenced 
by soil compaction. at a soil compaction of 1.11 g cm–3, the share of seedlings with the SQ value below the critical level was the 
highest, but a similar relationship could not be confirmed for the other indicators. The response of the seedlings to compaction is 
likely to be species specific.
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1. Introduction

excessive soil compaction as a result of logging is con-
sidered to be an important factor that can affect the natural 
regeneration of the forest (Ulrich et al. 2003). alexander’s 
research (2012) showed that even 40 years after harvesting, 
soil compaction in areas where the machines moved was 
significantly higher compared to areas where they were ab-
sent. according to Basset et al. (2005), excessive soil com-
paction can cause weaker development of seedling roots by 
limiting the availability of oxygen as a result of decreased 
porosity and the lack of connections between pores, hinde-
ring the process of gas, water and heat exchange and also 
inhibits the growth of horizontal roots. such changes were 
observed both within the skid trail and in its immediate vi-

cinity (Whalley et al. 1996; von Wilpert, schäffer 2006). 
the natural regeneration of the forest under such conditions 
can be limited, with the additional negative aspects of ero-
sion and the runoff of the most fertile soil layer (cambi et 
al. 2015). the research conducted by sohrabi et al. (2019) 
showed that the negative effects of soil compaction are still 
visible 20 years after skidding, as shown by lower porosi-
ty and higher compaction, which hinder the penetration of 
roots into the deeper layers of the soil profile.

there is little information on the tolerance of the natural 
regeneration of forest trees to soil or substrate compaction. 
national studies have shown that an increase in ground con-
tact pressure on the soil in the range of 50 to 250 kPa has 
a negative impact on the growth parameters of pine, beech 
and oak (Kormanek, Banach 2012; Kormanek et al. 2015a). 
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a similar dependence was shown in studies of other forest 
species (Brais 2001; Fleming et al. 2006). a smaller number 
of emerging regeneration in the area of skidding trails was 
also observed compared to the area outside these trails (De 
armond et al. 2019; sohrabi et al. 2019). 

research has mainly focused on changes in the growth 
parameters of natural renewals or nursery-produced seedlin-
gs due to a change in soil compaction (Jordan et al. 2003; 
alameda, Villar 2009; Kormanek et al. 2015a,b; Jourgho-
lami et al. 2016), but there is no information on the quality 
of the renewals. In this study, three coefficients were used 
to assess the quality of pine, beech and oak renewals gro-
wing in soil with different levels of compaction, which are 
usually used to assess seedlings grown in forest nurseries 
(Thompson 1985; Olivo Buduba 2006; Hasse 2007; Ivetić et 
al. 2016; skrzyszewska et al. 2019). the performed analyses 
investigate hypothesis about the lack of influence of com-
paction on the size of the quality indicators of the grown 
experimental material.

2. Material and methods

the experiment was located in the back areas surroun-
ding the Kłaj nursery in the Niepołomice Forest District in 
section 296a (49°59’41”n, 20°20’16”e). the study site was 
set up under a forest canopy consisting of 80–100-year-old 
pedunculate oak growing in a fresh mixed forest habitat 
(LMśw) and on rusty soils (RDw). Experimental plots were 
prepared for the three analysed species on which ground 
contact pressure of the following values was exerted: 50 (va-
riant Zg50), 100 (Zg100), 150 (Zg150), 200 (Zg200) and 250 
kPa (Zg250), using a cUWKn-1 device for the static com-
paction of the soil (Kormanek 2011, 2015). For each pressu-
re variant, 6 experimental plots of 25 × 25 cm and 6 control 
plots were prepared, i.e. without pressure-variant Zg0 (0 
kPa). a total of 36 plots were tested. Depending on the gro-
und contact pressure level, soil compaction in the upper soil 
layer changed up to 10 cm deep (compaction was determi-
ned with graduated cylinders of 250 cm3volume), amounting 
to 1.03 g∙cm-3 for variant Zg50, 1.11for Zg100, 1.14 – Zg150, 
1.15 – Zg200, 1.19 – Zg250 and 1.02 g∙cm-3 for the variant 
without compaction – Zg0. the same number of seeds of a 
given species was sown in each experimental plot, i.e. 150 
pine seeds, 100 beech and 50 oak, which amounted to 2,400 
pine, 1,600 beech and 800 oak seeds per 1 m2. the applied 
sowing standard took into account the low sowing value of 
the seeds used. the number of seeds sown in the experimen-
tal plots, although not occurring under conditions of natural 
regeneration, is used for full sowing (pine) or partial sowing 
(beech, oak) for cultivating nursery seedlings. after sowing, 
the seeds were covered with soil and the germination and 

growth of the seedlings was controlled. the plots were wa-
tered by sprinkler irrigation during longer periods without 
natural rainfall. after six months, the grown seedlings were 
obtained by digging out the whole experimental plot, softe-
ning the soil lumps and separating out individual seedlings. 
their growth characteristics were measured to determine: 
height, root collar thickness, length of the root system and 
dry mass. a more detailed description of the methodology 
of establishing and conducting the experiment is presen-
ted in the study by Kormanek and Banach (2012), and the 
methodology of determining compaction – in the study by 
Kormanek et al. (2015a). the results of the analysis of the 
growth characteristics of one-year regeneration of pine, 
beech and pedunculate oak depending on the applied unit 
pressure are presented in the study by Kormanek and Ba-
nach (2012). Using the results of measurements from those 
studies, we performed additional analyses of the quality of 
the regeneration grown in conditions of variable soil com-
paction, calculating and analysing three indicators used to 
assess the breeding suitability of seedlings grown in nurse-
ries. For each cultivated specimen, the following attributes 
were calculated: sturdiness quotient (SQ), shoot to root dry 
mass (S/R) and the Dickson quality index (DQI).

the sQ of seedlings is calculated analogously to the 
slenderness coefficient of trees, with the difference that root 
collar thickness is used instead of diameter at breast height 
(1). a high SQ indicates that the seedlings are flaccid, and 
a low SQ indicates that the seedlings are sturdy. at a low 
SQ, the seedlings have a higher resistance to adverse abiotic 
factors and, as a result, a better survival rate. the maximum 
SQ value is 70 for pine and 65 for beech and oak, which are 
the result of converting the limits of quality classes i and 
ii seedlings contained in the Pn-r-67025 (1999) standard.

SH
  SQ = –––––– × 10                              (1)

                                      RCD

where: 
SH – seedling height [cm], 
RCD – root collar diameter [mm].

Using dry mass (d.m.), the s/r was calculated as the ratio of 
the d.m. of the above-ground part to the d.m. of the root system 
(2). this ratio determines the balance between the transpiration 
area (shoot + needles) and the water absorption area (roots). 
its size for seedlings grown in the ground should not exceed 
a value of 3:1 (iverson 1984; thompson 1985; haase 2007):

         SNDM
S/R = –––––––                                (2)

                                           RDM

where: 
SNDM – dry mass of the shoot with assimilation apparatus[g], 
RDM – dry mass of the root system [g].
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the last index used, the DQi, determines the plant’s poten-
tial for survival and growth (3). higher DQi values indicate a 
potentially better adaptation of the seedlings after planting in 
the field (Dickson et al. 1960;Olivo, Buduba 2006):

         TDM
 DQI = ––––––––––––––                           (3)

                                    SH       SNDM
                                  ––––– + ––––––
                                  RCD      RDM 

where: 
TDM – total dry mass of the seedling [g], 
SH – seedling height [cm], 
RCD – root collar diameter [mm], 
SNDM – dry mass of the shoot with assimilation apparatus [g], 
RDM – dry mass of the root system [g].

The statistical significance of differences between ave-
rage quality indicator values was determined with the sin-
gle-factor variance analysis (fixed model) using Statistica 
13.3 (tiBco software inc. 2017). For the SQ and S/R coef-
ficients, the number of seedlings below and above the ma-
ximum allowable value was calculated, and the results are 
shown in the figures.

3. Results

For all analysed species, the difference between average 
sQ values for individual variants of ground contact pressu-
re was statistically significant at the level of p<0.05. the 
average SQ of pine specimens was very high, significantly 
exceeding the value assumed as the maximum (SQ=70) and 
ranged from about 141.8 for variant Zg150 to 197.8 for Zg50. 
this feature differed for both analysed deciduous species. 
For beech and oak, the average SQ was below the maximum 
value (SQ=65) in each of the variants of ground contact 
pressure. For beech, SQ reached a value of 50.2 for variant 
Zg100 to 60.9 for Zg250, while in the case of oak, a gradual 
decrease of this indicator was observed, from a value of 42.4 
for variant Zg0, i.e. with no pressure applied, to 28.4 for 
variant Zg250 (table 1).

the share of seedlings meeting the sturdiness criterion, 
i.e. with SQ below the maximum value for the species, was 
highest at Zg100 ground contact pressure and amounted to 
13% for pine, 84% for beech and 100% for oak. regardless 
of the pressure variant, the highest number of individuals 
with SQ < maximum occurred for oak – 96% in total, and the 
lowest for pine – 4% (Fig. 1).

the analysis of the S/R emphasised large differences be-
tween pine and both deciduous species. in all experimental 
variants, the average S/R ratio of pine trees significantly ex-
ceeded the critical level of 3:1, and particularly high valu-
es were obtained for specimen sin Zg100 (12.2:1) and Zg50 

(10.6:1) ground contact pressure plots. in the case of beech 
and oak, the mean S/R values in each experimental variant 
did not exceed the limit value, and the differences between 
the variants proved not to be statistically significant. For 
beech, the index value ranged from 1.8:1 (Zg0, Zg100 and 
Zg200) to 2.3:1 for Zg50. the S/R ratio for oak in almost all 
variants was 0.6:1, except for variant Zg200 – 0.7:1 (table 1).

the share of seedlings meeting the s/r criterion, i.e. with 
S/R below the maximum value of 3:1, was 100% for oak 
and 88% for beech, while for pine, it was 16% on average, 
ranging from 4% for variant Zg250 to 30% for variant Zg150 
ground contact pressure (Fig. 2).

the DQI values varied and depended on the analysed 
species. on average, the lowest DQI values were obtained 
for pine, ranging from 0.002 to 0.004 for Zg0. in the case of 
beech, this index varied from 0.068 (variant Zg50) to 0.99 
(Zg100). the highest DQI was characteristic of pedunculate 
oak, ranging from 0.115 (Zg250) to 0.141 (Zg100). the ob-
tained differences between the average DQI values for in-
dividual ground contact pressure variants were statistically 
significant at p<0.05 (table 1) for only pine and beech trees.

4. Discussion

Many scientific studies have shown a relationship be-
tween soil or nursery substrate compaction and the para-
meters of seedlings of different forest tree species (Jordan 
et al. 2003; alameda, Villar 2009; Kormanek et al. 2015b; 
Jourgholami et al. 2016). increased compaction affects the 
properties of the soil (nursery substrate), reducing porosity 
(Kormanek et al. 2015b; sohrabi et al. 2019), hindering the 
growth of the root system (Kozlovsky 1999; von Wilpert, 
schäffer 2006; cambi et al. 2017) and mineral uptake (Jor-
dan et al. 2003; cambi et al. 2017), resulting in worse plant 
growth. considered separately, growth parameters (height, 
root collar thickness, dry mass, etc.) do not always reflect 
the actual value and adaptability of seedlings – a better solu-
tion is to combine them into a single index (thompson 1985; 
haase 2007). in other words, a tall seedling planted in a crop 
field or grown from natural renewal will not always grow 
well or even survive if other parameters are low.

in the presented study results, applying values of ground 
contact pressure in the range of 50 to 250 kPa was aimed 
at mapping the actual value of the pressure exerted by the 
undercarriage of the machines used in logging operations 
and its relation to seed germination and plant growth. an 
earlier analysis of growth and dry mass (Kormanek, Banach 
2012) showed the highest values of these parameters for se-
edlings grown on uncompacted soil, which rapidly deterio-
rated at the lowest level of applied pressure (50 kPa). For 
oak seedlings, all analysed parameters decreased in their 
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values except for root collar thickness. the highest value 
of thickness at the maximum applied pressure can be inter-
preted as compensation for weaker growth in height (Kor-
manek, Banach 2012). this resulted in a clear improvement 
of the sturdiness factor (SQ) as soil compaction increased, 
thus increasing resistance to unfavourable abiotic con-
ditions that may occur during the initial years of renewal 
growth. The factor whose influence was not determined in 
that experiment, and which could probably be significant in 
the context of the obtained seedling parameters, was their 

compaction in the experimental plots. however, despite the 
large number of seeds sown, the number of seedlings obta-
ined was much lower, with the yield ranging from 7% for 
oak to 20% for pine (Kormanek, Banach 2012), which does 
not deviate from the yield obtained in seedling production 
using the uncovered root system in outdoor nurseries. ho-
wever, no significant differences were obtained between the 
applied ground contact pressure variants for the other two 
indicators (S/R and DQI). This confirmed a similar lack of 
correlation between the s/r indicator and soil compaction, 

Table 1. average values of quality indicators of seedlings of analyzed species in different variants of ground contact pressure (homogeneous 
groups determined by tukey's test, p=0.05)

species
Variant of ground 
contact pressure 

soil compaction
[g∙cm–3]

Mean value of quality index (± se)

SQ S/R DQI

Pinus 
sylvestris

Zg0 1.02 170.2 ± 6.8 ab  6.2 : 1 a 0.004 ± 0.000 a

Zg50 1.03 197.8 ± 11.5 b  10.6 : 1 bc 0.002 ± 0.000 b

Zg100 1.11  173.6 ± 11.4 ab 12.2 : 1 c 0.002 ± 0.000 b

Zg150 1.14 141.8 ± 6.1 a    6.9 : 1 ab 0.003 ± 0.000 b

Zg200 1.15 277.9 ± 21.7 c     7.0 : 1 abc 0.002 ± 0.000 b

Zg250 1.19 197.5 ±   6.3 b    6.8 : 1 ab 0.002 ± 0.000 b

F-test (p – significance level)
17.25 

(p<0.001)
5.06 

(p<0.001)
10.91 

(p<0.001)

Fagus 
sylvatica

Zg0 1.02  53.5 ± 2.4 ab 1.8 : 1 a  0.078 ± 0.011 ab

Zg50 1.03  60.0 ± 1.8 ab 2.3 : 1 a 0.068 ± 0.011 b

Zg100 1.11 50.2 ± 2.5 a 1.8 : 1 a 0.099 ± 0.010 a

Zg150 1.14  54.8 ± 2.7 ab 2.0 : 1 a 0.098 ± 0.009 a

Zg200 1.15  55.9 ± 1.9 ab 1.8 : 1 a 0.093 ± 0.006 a

Zg250 1.19 60.9 ± 2.7 b 1.9 : 1 a  0.086 ± 0.007 ab

F-test (p – significance level)
2.53 

(p=0.029)
2.01 

(p=0.076)
2.97

(p=0.012)

Quercus 
robur

Zg0 1.02 42.4 ± 2.6 b 0.6 : 1 a 0.134 ± 0.011 a

Zg50 1.03  38.6 ± 2.4 ab 0.6 : 1 a 0.121 ± 0.020 a

Zg100 1.11  40.2 ± 3.4 ab 0.6 : 1 a 0.141 ± 0.030 a

Zg150 1.14  37.4 ± 5.0 ab 0.6 : 1 a 0.137 ± 0.016 a

Zg200 1.15  39.3 ± 2.9 ab 0.7 : 1 a 0.116 ± 0.014 a

Zg250 1.19 28.4 ± 2.5 a 0.6 : 1 a 0.115 ± 0.023 a

F-test (p – significance level)
2.59 

(p=0.030)
0.75 

(p=0.585)
0.31 

(p=0.904)
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which was found for other oak species, i.e. Quercus casta-
neifolia c.a.Mey. (Jourgholami et al. 2016) and Q. ilex l., 
Q. canariensis Willd. and Q. pyrenaica Willd., whereas for 
Q. coccifera l. and Q. faginea lam., this indicator changed 
with the change in compaction (alameda, Villar 2009). the 
SQ value of almost all analysed stems of the oak seedlings 

was below the maximum level, except for a slightly lower 
value for the 150 kPa pressure variant. For beech, a slightly 
different picture of variability was obtained. the best ave-
rage value of the SQ indicator, as well as for the DQi, was 
obtained in the 100 kPa pressure variant. a similar result, i.e. 
a significant effect of compaction on the growth characteri-

Figure 1. the share of seedlings of the analyzed species below and 
above the limit value of the sturdiness quotient (SQ)

Figure 2. the share of seedlings of the analyzed species below and 
above the limit value shoot-root index (S/R)
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stics of european beech, was obtained by Kormanek (2013), 
who analysed the growth of this species under laboratory 
conditions. For the S/R indicator, no significant differences 
between the pressure variants were observed for the analy-
sed beeches, which is consistent with the results for Fagus 
orientalis lipsky grown from natural regeneration in felled 
areas after skidding machines had exerted different pressu-
res on the soil. the SQ sturdiness coefficient calculated for 
this species in variants with different compaction signifi-
cantly differed from the soil control variant (Picchio et al. 
2019). at a pressure of 100 kPa, the highest share of beech 
(>80%) was obtained below the allowable SQ coefficient 
value, which suggests that compaction of about 1.11 g∙cm-3 
is optimal for the natural regeneration of this species.

Decidedly different results were obtained for scots pine. 
although the differences between the averages of the in-
dicators in the individual variants turned out to be statisti-
cally significant, the values of the SQ and S/R coefficients 
considerably exceeded permissible values. similarly, the 
DQI reached very low values, much lower than those usu-
ally obtained from nursery-grown seedlings (Memisoglu, 
Tilki 2014; Ivetić et al. 2017; Kolevska et al. 2020). The 
best indicator values were obtained for the variant with no 
ground contact pressure, which is consistent with Wäster-
lund’s earlier research (1985), in which the length of the 
coarse roots of common pine was inversely proportional 
to soil compaction. This factor also influenced the much 
weaker growth of the fine roots. A concurrent result for this 
species was obtained by Mickovski (2018), who noted that 
the rate of the root system’s development decreased with 
increasing soil compaction. in addition, it turned out that 
the greatest increase in axial root length occurred at 15°c. 
in this case, the low quality indicator values of the pine 
seedlings could have been affected by its high density per 
unit area. however, this is contradicted by the best values 
of the indicators obtained in the control variant, i.e. with 
no applied compaction, as well as by the large number of 
germinated seeds and the obtained regeneration reported 
by Kormanek and Banach (2012), which could also have 
been affected by the fresh mixed forest habitat that is not 
optimal for pine. on poorer (coniferous) habitats, a lower 
productivity and seedlings with worse growth parameters 
would probably be obtained, as indicated by the results of 
the Dobrowolska study (2010). A significant number of re-
newals on intact soil compared to an area strongly affec-
ted by skidding machines was found by Lucas-Borja et al. 
(2020) for black pine, which, however, did not negatively 
affect its growth. the same trend was noted by sohrabi et al. 
(2019), who analysed the regeneration in intact stands and 
after cutting and skidding. the difference in the number of 
renewals was visible 20 years after harvesting.

generally speaking, soil compaction affects the value of 
the qualitative indicators, but an unequivocal answer cannot 
be made about the direction of the change taking place. the 
reaction is species-specific, which may result from the influ-
ence of various environmental factors (Blouin et al. 2008; 
Bejarano et al. 2010) not analysed in this experiment.

5. Conclusions

the application of different ground contact pressures on 
the soil influenced the size of all the indicators characterising 
the quality of pine seedlings. european beech seedlings were 
found to be significantly influenced by pressure in the SQ and 
DQI, while pedunculate oaks, only in the SQ indicator.

For each of the analysed species, the Zg100 ground contact 
pressure variant, corresponding to a soil compaction of 1.11 
g∙cm-3, turned out to be the variant in which the share of se-
edlings with SQ and S/R values below the critical level was 
the highest, and the DQI value was at its maximum. this 
may indicate a better increase in the renewal of the analysed 
species on soil with a bulk density close to this level.
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