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Mechanization of logging work, in addition to its undoubted advantages, such as increased safety

and productivity, lower unit costs of timber harvesting, is also associated with negative conse−

quences, which include adverse effects of noise and exhaust fumes, local oil pollution, damage

to trees and soil. Various solutions are being used to protect forest soils, such as 1. using machinery

that exerts low pressures on the ground, 2. limiting work, especially in the most sensitive habitats

to periods when the soil is dry or protected by snow cover. It is also important to conduct passes

of machinery used for logging and wood extracting along properly planned skid trails. Such man−

agement is now commonplace in most Polish forests. The use of trails provides an opportunity

for effective soil protection. Covering the surface of trails with a layer of branches left over after

limbing trees can further reduce soil compaction. This study aimed to determine the effect of

branch mats in the form of logging residues on the changes in soil compaction along skid trails

during forwarding using a forest trailer attached to a farm tractor. The fieldwork for this study was

carried out on two habitats – a fresh mixed coniferous forest and a fresh mixed deciduous forest.

The forwarding set made five passes along the newly established skid trail. A part of the trail was

protected by a layer of branches with a thickness of about 5 cm and an average weight of 5.0 kg·m–2.

After successive passes of the forwarding set, soil compaction in ruts was measured using an elec−

tronic penetrometer. Control measurements were also made. Cone index values were used to

measure soil compaction, which was found to be linearly increased in both habitats with successive

passes. Results showed that compaction of the protected ground was statistically significantly

lower than that of the unprotected ground. On both habitats combined, after the fifth pass, 

the compaction of the protected ground increased by about 1.4−1.6 times, whereas that of the

unprotected ground increased by about 1.7−1.8 times. A multiple−regression model was constructed

in which soil compaction in ruts depended on the habitat type of the forest, the number of passes

of the forwarding set, and the presence of the branch layer. The presence of branch mats had

the highest effect on changes in soil compaction in ruts. The findings of these analyses recom−

mend the use of logging residue mats during skidding to prevent excessive increases in soil

compaction.
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Introduction

Machinery used in the skidding process is often characterized by high weight and unit pressures

(Więsik, 1996; Kormanek and Dvořák, 2021). Thus, it can adversely affect forest soils, causing

an increase in their density, formation of ruts, and soil displacement, among others (Giefing et al.,
2012; Poltorak et al., 2018). One of the ways to protect the soil is to move the machinery only along

skid trails that are lined with a layer of logging residues (Sadowski et al., 2016). In the cut−to−length

logging system, which has become increasingly popular in Poland (Mederski et al., 2016), during

timber processing, a residue layer consisting of branches, tops, and leaves is used in front of the har−

vester (Labelle et al., 2015). Thus, two zones are formed: a trail reinforced by the layer of branches

and wood storage around the trail (Labelle and Jaeger, 2019). This way, the adverse effects of

the machinery used in the logging process on the soil are reduced, and the trail is further reinforced,

which is especially important in areas characterized by soils with low bearing capacity (Poršinsky

et al., 2011). However, sorting composite wood in the storage area makes the extracting process

more efficient. It is presumed that forwarders are more important in soil compaction in mechanized

harvesting as they have a higher weight than harvesters and their technology of work requires

multiple passes along the skidding trail. Hence, most of the research on protecting the soil on

skidding trails using branch mats focuses on forwarders (Partington and Ryans, 2010). However,

this method of soil protection can also be used for other skidding means, such as forest trailers

attached to farm tractors, which is popular in Poland and many other countries of eastern and

southern Europe (Spinelli et al., 2013; Moskalik et al., 2017; Kulak et al., 2023). The magnitude

of soil deformation during forwarding is dependent on soil type and moisture content, as well

as technological factors such as unit pressures exerted by the extracting machine, the number of

passes, and the presence and quality of protective branch mats (Han et al., 2006; Labelle and

Jaeger, 2012). Hence, numerous studies need to be conducted on the effectiveness of protecting

forest soils using branch mats under varying habitats and conditions.

This study aimed to determine the effect of branch mats on changes in soil compaction on

skid trails during forwarding of timber using a forest trailer attached to a farm tractor. The scope

of work was limited to two stands growing on soil type Albic Brunic Arenosols, differing in fer−

tility. 

Methods 

This study was carried out in the territory of the Staszów Forest District, in two stands growing

on the same soil type – Albic Brunic Arenosols, developed on sands and loamy sands, but with

different habitat types of the forest. Soils dominated by sand accompanied the poorer habitats

– fresh mixed coniferous forest (BMśw), and soils with a higher share of fine fractions accom−

panied the more fertile habitats – fresh mixed deciduous forest (LMśw). Timber forwarding

was carried out in these sites using a John Deere 3300 farm tractor with a weight of 3425 kg,

which was equipped with a Palms 8S forest trailer with a weight of 1920 kg. Loads were pine

logs with a volume of 3.4−4.2 m3 and a weight of 2516−3108 kg. The fieldwork was carried out

in autumn, during a period without precipitation, with an average temperature of about 10°C.

Soil compaction was measured using an Eijkelkamp 06.15.SA Penetrologger electronic penetrom−

eter (Eijkelkamp Agrisearch Equipment, Giesbeek, Netherlands) equipped with a 60° cone

with an area of 1 cm2. The cone index (CI) (ASAE EP542) can be determined using this device,

which is the average soil compaction from the depths of 0.01, 0.15, 0.30, and 0.45 m. CI values

were determined while evaluating soil compaction using a penetrometer when the cone reaches

a depth of 0.45 m. A new skid trail was established in each habitat, along which a forwarding set
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with a load was driven. On each trail, 5 test plots were established one after the other, every 10

meters. Along plot No. 1, the forwarding set drove once. Along plot No. 2 the forwarding set

drove twice, and so on, and along plot No. 5 it drove five times. Each test plot was divided into

two sections 10 m long, with a 2 m gap between them. The first section was uncovered, and 

a layer of branches about 5 cm thick and with an average weight of 5.0 kg·m–2 was lined on the

second section. Based on the methodology described in the literature (Pszenny, 2020), on each

section, after the planned number of passes, along the axis of the ruts, compactness measure−

ments were taken with a penetrometer every 1 meter (10 measurements in the left rut and 10

in the right rut). In addition, 50 comparative measurements were taken off−trail, along the test

plots, at a distance of 2 meters from the ruts.

A total of 500 penetrometer punctures were made. Statistical analyses were conducted using

the Statistica 12 package (StatSoft Inc., 2014) at a significance level of �=0.05. The normality

of CI index distributions was evaluated using the Shapiro−Wilk test. The significance of differ−

ences in CI indices from sites protected using branch mats and unprotected sites was analyzed

using the Mann−Whitney U test. Using multiple regression analysis, the parameters of the equa−

tion showing the relationship between the CI indices, and the number of forwarding set passes,

habitat type and presence of branch mats were estimated. The significance of individual inde−

pendent variables was assessed using Student’s t−test, and the entire models were assessed

using Fisher’s test (Stanisz, 2007).

Results

CI values were not normally distributed. This was confirmed by the Shapiro−Wilk test per−

formed for indices characterizing the soil compaction of the mixed coniferous forest habitat

(W=0.969, p=0.006) and for those of control measurements (W=0.903, p=0.000). Similar results

were obtained for the mixed deciduous forest habitat, with W=0.963, p=0.002; and W=0.906,

p=0.000. Therefore, for further analysis, nonparametric statistics were used.

CI values on both analyzed habitats after successive passes of the forwarding set (Figs 1

and 2) increased almost linearly. Control measurements, taken off trail, showed that the soil on

Fig. 1.

Changes in soil compaction after successive passes on the fresh mixed coniferous forest (BMśw) habitat 
numbers 1 to 5 – numbers of successive passes, N – unprotected soil, B – soil protected with a layer of branches
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the BMśw habitat was characterized by slightly lower CI values (me=0.925 MPa) than the soil

on the LMśw habitat (me=1.150 MPa). The first pass of the forwarding set increased ground

compaction in the mixed coniferous forest habitat to 1.02−1.40, depending on whether the trail

was protected using a branch mat or not. After the final fifth pass, soil compaction increased to

1.46−1.65 MPa, respectively. In the mixed deciduous forest habitat, the change in the increase

in soil density was higher, from 1.39 to 1.55 MPa after the first pass to 1.63 MPa after the fifth

pass on a trail protected by a layer of branches and up to 1.93 MPa for an unprotected trail.

After each pass, the unprotected ground showed higher compaction than the protected

ground. Mann−Whitney U tests showed that in both habitats and after each tractor pass, CI indices

were statistically significantly higher for the unprotected ground (Table 1).

Changes in soil compaction in control measurements after successive passes were also

summarized (Table 1). Branch mats showed their ability to protect the soil of the skidding trail

from compaction due to forwarding set passes. In both habitats combined, after the fifth pass,

the compaction of the protected soil increased by about 1.4−1.6 times, whereas that of the

unprotected soil increased by about 1.7−1.8 times. The first pass resulted in significant soil com−

paction, during which the unprotected soil compacted by about 35−51% depending on the habitat,

whereas the protected soil compacted by 11−21%. After the first pass of the forwarding set, the

rate of increase in soil compaction was found to be relatively constant.

A multiple−regression model was constructed, in which soil compaction in ruts depended

on the habitat type of the forest, the number of passes of the forwarding set, and the presence

of a branch layer. The resulting model can be expressed as follows:

CI = 1.53 – 0.194 · H + 0.101 · N – 0.437 · B ±0.293 [MPa] [1]

where: 

CI – the cone index; 

H – the variable indicating the type of habitat: 1 – BMśw and 0 – LMśw; 

N – the number of passes of the forwarding set (0−5); 

B – the variable indicating ground cover: 1 – branch overlay and 0 – no ground cover.

Fig. 2.

Changes in soil compaction after successive passes on the fresh mixed deciduous forest (LMśw) habitat 
numbers 1 to 5 – numbers of successive passes, N – unprotected soil, B – soil protected with a layer of branches
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For the obtained model, R=0.78, and the model was statistically significant (F=251.53; p=0.00),

explaining 60% of the variation in the values of CIs. The magnitudes of the standardized regres−

sion coefficients indicated that the number of forwarding set passes had the highest effect on soil

compaction in ruts (�=0.62), followed by the presence of branch layers (�=0.41), whereas habitat

type (�=0.21) had the lowest but statistically significant effect on soil compaction.

Discussion

In the present study, the CI index, which provides information about the average compaction

of the soil to a depth of 0.45 m, was used to determine the changes in soil compaction due to

forwarding. Measurements covered the entire soil layer that is subject to deformation due to the

movement of the forwarding set, which can reach a depth of up to several tens of centimeters

(Gerasimov and Katarov, 2010; Labelle et al., 2019). Different approaches have been used to

analyze the phenomenon of compaction of forest soils, with some researchers focusing on the top

10 cm of the soil, where changes are usually highest (Porter and Porter, 1998). Other researchers

analyze the changes in soil compaction at higher depths (Cudzik et al., 2011; Kulak et al., 2015),

exceeding 0.5 m (Kormanek et al., 2008), which is reasonable, since – as Pszenny (2020) proved

– changes in the compaction of forest soils can be higher at a depth of 20 cm than in the top

layer.

Logging residues have been used to protect the surface of skidding trails for a long time

(Čižek, 1988; McDonald and Seixas, 1997), but this procedure can be widely used only during

harvesting using a harvester. As a part of the applied technology, branch mats can be created with−

out additional requirements. While logging by other means, especially using a chainsaw, the for−

mation of a layer of logging residue is an extremely labor−intensive task (Sadowski et al., 2016).

The present study confirmed the protective effect of branch mats. On both habitats, after each

of the five passes of the forwarding set, CI values of the soil protected using branch mats were

statistically significantly lower than those of the unprotected ground. In the mixed coniferous

forest habitat, after five passes, the difference in the compaction between the protected and

unprotected soils was 0.2 MPa, whereas in the mixed deciduous forest habitat, it was 0.3 MPa.

Hanet et al. (2006) reported similar results for a branch mat with a slightly higher density (7.5 kg·m–2),

who estimated the differences in soil compaction between protected and unprotected soils as 

a function of depth at 0.19−0.25 MPa.

Fresh mixed Fresh mixed 
Pass

coniferous forest (BMśw) deciduous forest (LMśw)
change in compaction change in compaction

compared with the compared with the 
significance significance

control measurement [%] control measurement [%]
of CI differences of CI differences

branch branch
unprotected unprotected

mat mat

1 151.4 110.8 U=4.0; p=0.002 134.8 120.7 U=6.5; p=0.003

2 166.2 129.7 U=14.5; p=0.002 152.2 121.7 U=7.0; p=0.010

3 170.3 147.4 U=16.5; p=0.023 150.0 120.7 U=23.0; p=0.006

4 178.4 148.6 U=24.0; p=0.011 165.2 129.4 U=17.0; p=0.006

5 179.5 158.1 U=18.0; p=0.007 167.4 139.1 U=21.5; p=0.026

Table 1.

Changes in soil compaction after successive passes of the forwarding set and the significance of differences in
CI indices between the soil protected using branch mats and the unprotected soil (Mann−Whitney U test) 
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The resulting changes in soil compaction during forwarding are characteristic of forests. 

In previous studies, the first pass of the forwarding set causes the highest soil compaction, reaching

up to several tens of percent of the maximum compaction achieved after 10 passes (Moskalik

and Sadowski, 1998; Han et al., 2006). In the present study, the first pass of the forwarding set

resulted in 70−86% of the maximum soil compaction achieved after five passes depending on the

variant. The same was also observed after forwarding carried out on a layer of logging residues.

Subsequent passes of the forwarding set further increased soil compaction linearly. Numerous

studies have reported similar relationships during multiple passes of forwarding sets or forwarders

(Solgi et al., 2018; Pszenny, 2020). With numerous skidder passes, changes in soil properties with

successive passes are sometimes modeled using a logarithmic function. Such a relationship was

observed, for example, in the highly wet soils of Karelia during as many as 100 skidding cycles

of the track skidder (Piskunov, 2019).

In the present study, after analyzing the five passes of the forwarding set, soil compaction

increased in the unprotected ground, depending on the habitat, by about 170−180% compared with

control measurements. Similar values – an increase in soil compaction of 170% – were reported

in an earlier study (Kulak et al., 2015) in a pine stand in which forwarding was carried out using

an Ursus C−360 farm tractor equipped with a cart with hand loading. Zastocki (2003) observed

similar results, who found a 180% increase in ground compaction in a thinned pine stand where

skidding was conducted using a farm tractor. Under similar conditions, but using skidding

implemented with a farm tractor, Paschalis and Porter (1994) observed a slightly higher increase

in soil compaction, exceeding 200%.

Soil compaction can be estimated using multiple regression models, based on variables such

as forest habitat type, the number of forwarding set passes, and the presence of a soil protection

layer by means of a logging residue layer. Only a few studies have considered the simultaneous

influence of multiple factors on the degree of soil compaction. One of them (Solgi et al., 2018)

demonstrated that soil compaction is statistically significantly affected by the number of skidder

passes, the slope of the terrain, and the thickness of the branch mat. The majority of the studies

have discussed the influence of individual factors on changes in soil compaction. For example,

Zastocki (2003) analyzed soil compaction after extracting of timber via different means in a fresh

coniferous forest and a fresh mixed coniferous forest. Several studies have considered the number

of extracting passes as a factor influencing the degree of soil compaction, which, under varying

field and technological conditions, have proved significant relationships between changes in

soil compaction on skidding trails and the number of passes of different tractors (Labelle and

Jaeger, 2012; Solgi et al., 2018; Pszenny, 2020). Studies analyzing the relationship between using

branch mats and the size of their layer, and the degree of soil disturbance have usually concluded

that using branch mats is effective depending on the density and composition of the branch layer

(Labelle et al., 2019; Ring et al., 2021).

Conclusions

In this study, soil compaction in ruts increased after each of the five passes of the forwarding set

consisting of farm tractor with a forest trailer. The protective layer used, logging residues with

a thickness of about 5 cm, proved to be sufficient to reduce the degree of soil compaction in both

BMśw and LMśw habitats, and after each pass, soil compaction of the trail unprotected by the

branch layer was found to be statistically significantly higher. By applying the multiple regres−

sion model, soil compaction was measured using independent variables, such as habitat type,

the number of passes, and whether a protective mat of logging residues was used. Based on the
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findings of this study, the use of logging residue mats during extracting can be recommended

to protect the soil from excessive soil compaction.
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Streszczenie

Skuteczność maty gałęziowej w ochronie gleby leśnej podczas
nasiębiernej zrywki drewna 

Celem badań było określenie wpływu mat gałęziowych powstałych z pozostałości pozrębowych

na zmiany zwięzłości gleby na szlakach operacyjnych podczas nasiębiernej zrywki drewna za po−

mocą ciągnika rolniczego John Deere 3300 wyposażonego w przyczepę samozaładowczą Palms 8S.

Prace terenowe wykonano w Nadleśnictwie Staszów na 2 siedliskach: boru mieszanego świe−
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żego i lasu mieszanego świeżego. Zestaw zrywkowy wykonał 5 przejazdów po nowo założonym

szlaku zrywkowym. Część szlaku była chroniona warstwą gałęzi o grubości około 5 cm i średniej

masie 5,0 kg·m–2. Po kolejnych przejazdach zestawu zrywkowego wykonano za pomocą elektro−

nicznego penetrometru po 20 pomiarów zwięzłości gleby w koleinie w miejscu osłoniętym matą

gałęziową i 20 pomiarów w koleinie w miejscu niechronionym. Dodatkowo wykonano 50 pomia−

rów porównawczych, poza szlakiem zrywkowym. Łącznie wykonano 500 wkłuć penetrometrem.

Jako miarę zagęszczenia gruntu przyjęto wartości indeksu stożka (CI), będącego uśrednioną

zwięzłością gruntu z głębokości 0,01, 0,15, 0,30 i 0,45 m. Wartości wskaźników CI na obu anali−

zowanych siedliskach po kolejnych przejazdach zestawu zrywkowego (ryc. 1−2) rosły w sposób

zbliżony do liniowego. Pomiary kontrolne wykonane na gruncie niezagęszczonym wykazały, że

gleba na siedlisku BMśw cechuje się nieco niższymi wartościami indeksu stożka (me=0,925

MPa) niż na siedlisku LMśw (me=1,150 MPa). Po ostatnim 5. przejeździe, w zależności od tego,

czy szlak pokryty był matą gałęziową, czy też nie, zagęszczenie gruntu wzrosło odpowiednio do

poziomu 1,46−1,65 MPa na siedlisku borowym i 1,63−1,93 MPa na lasowym. Zmiany zwięzłości

gruntu po kolejnych przejazdach w analizowanych drzewostanach, w zależności od tego, czy

gleba chroniona była warstwą gałęzi, zestawiono również w ujęciu procentowym w stosunku do po−

miarów kontrolnych (tab. 1). Wyłożone maty gałęziowe wykazały swoją przydatność w ochronie

terenu szlaku zrywkowego przed zagęszczeniem wywołanym przejazdami zestawu zrywkowego.

Na obu siedliskach łącznie po 5 przejazdach grunt chroniony matami zwiększył swoją zwięzłość

około 1,4−1,6 razy, podczas gdy niechroniony około 1,7−1,8 razy. Na obydwu siedliskach i po każdym

przejeździe ciągnika zrywkowego wskaźniki CI były istotnie statystycznie wyższe dla wariantu

zrywki po gruncie nieosłoniętym. Dość istotny w procesie zagęszczania gruntu był pierwszy prze−

jazd, podczas którego gleba nieosłonięta uległa zagęszczeniu w zależności od siedliska o około

35−51%, podczas gdy gleba osłonięta matą gałęziową o 11−21%. Po pierwszym przejeździe zestawu

zrywkowego tempo wzrostu zagęszczenia gruntu było względnie stałe. Skonstruowano model

regresji wielokrotnej (wzór 1), w którym zwięzłość gruntu w koleinach powiązano z typem siedli−

skowym lasu, liczbą przejazdów środka zrywkowego oraz obecnością narzutu gałęzi, wykazując

przy tym, że największy wpływ na zwięzłość gruntu w koleinach miała obecność osłon gałęziowych.

Przeprowadzone analizy pozwalają na zalecanie stosowania mat z pozostałości pozrębowych pod−

czas zrywki nasiębiernej w celu ochrony gleby przed nadmiernym wzrostem jej zwięzłości.


