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Impact of forest biomass for energy harvesting on soil 

compaction – Irish case study
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ABSTRACT: An assessment of soil compaction caused by machinery used in stump and/or logging residue extraction for 

energy on soils typical of Ireland. We determined unaff ected soil conditions and to fi nd the compaction grade after timber 

harvesting and bundling activities, and to compare those results with stands where timber harvesting was followed by stump 

extraction for energy. Th e investigation was carried out in Ireland on three diff erent locations which had a slightly diff erent 

proportion of stones in their soils. Two of the soils were purely mineral soils, and the third was a mineral soil aff ected by 

anthropogenic activities. To ensure comparable results as much as possible, the moisture content of the soil on wet basis 

was investigated. Each location was purposely treated. Th erefore, on each location plots were identifi ed as follows: plots 

unaff ected by operation (reference area), plots after timber harvesting, plots after timber harvesting and bundling opera-

tion, and plots after timber harvesting and stump extraction operation. According to the experimental design 40 repetitions 

on each of the three diff erent treatments were set. Th e results showed that the compaction of soil occurred on plots after 

timber harvesting, but there was not a signifi cant diff erence between compaction grades with and without logging residue 

bundling operation. However, once the site was extracted of stumps, the soil became too loose and no signifi cant diff erence 

was found compared to unaff ected soil. 
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Management strategies that aim towards the high-

est forest land utilization have been adopted by 

managers in recent years. Historically, only timber 

was frequently utilized, but in many cases strategies 

which also utilize forest biomass for energy can be 

more profi table. A source of this material for energy 

can be found in stumps and root system. As a result, 

stump extraction for energy is becoming increasingly 

popular across the world (Saarinen 2006; Atha-

nassiadis et al. 2011; Berch et al. 2012). However, 

these harvesting activities can aff ect the soil nega-

tively. Changes in soil physical conditions (porosity, 

aeration) may impact on the growth and development 

of root systems. Gebauer (2005) presented the devel-

opment of a spruce root system which had grown in 

compacted soil, and found a signifi cantly lower (38%) 

root system area. Th is is because the root growth in 

soil needs to resist to axial and radial soil pressure and 

soil friction (Greacen 1986).

Rutting is a synergy problem of compaction by 

heavy logging systems passing on strip roads. Usu-

ally mineral soils with high bearing capacity are not 

signifi cantly aff ected by rutting (like in this case). 

However, compaction may activate disturbances in 

gas exchanges in soil. In cases when the exchange of 

gases in soil is reduced, carbon dioxide ventilation de-

creases, and therefore it accumulates (Neruda 2010).  

Together compaction and rutting are mixing the soil. 

Th is aff ects both the activity of soil organisms, which 

is corresponding to soil structure and moisture con-

tent, and the intake of nutrition. 

Soil quality is a topic which is increasingly becoming 

more and more popular. Generally, quality is assessed 

using three main aspects: physical, chemical and bio-
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logical. Th ose aspects are considered to be important 

for assessment of soil degradation or amelioration, as 

well as for the identifi cation of management methods 

to ensure sustainable soil exploitation. According to 

Dexter (2004), soil physical conditions seem to be 

the most important because they have a high impact 

on the chemical and biological processes in soil.

Compaction caused by machinery, number of 

passes, soil type, and moisture content play an im-

portant role. No simple and exact device for mea-

suring the impact of all the above mentioned fac-

tors on forest soils is available.  

As for the most important information required 

of any harvesting system operation, it is the negative 

impact it will have on the soil. Curzon et al. (2014) 

studied the impact of soil compaction on forest pro-

ductivity together with harvest residue recovery. Th ey 

have found a signifi cant infl uence on sandy soils, 

but no negative eff ect on clayey and/or loamy soils. 

Gondek (2014) studied Fluvisol with respect to soil 

compaction and fertilization (on agricultural land), 

Jourgholami et al. (2014) studied soil compaction 

and harvesting systems on brown forest soils, how-

ever mineral soils were not investigated in the above-

mentioned studies. Th erefore the aim of the study was 

to determine the compaction grade on mineral soils 

dominantly occurring in Ireland after three harvest-

ing scenarios: (i) timber harvesting, (ii) timber har-

vesting with logging residue extraction (bundling), 

and (iii) timber harvesting with stump extraction.  

MATERIAL AND METHODS 

Th ree diff erent locations were chosen: Coolbeggan 

West (Site 1), Corrandromaun (Site 2) and Lacken 

(Site 3). Th ese sites are located in the south-eastern 

region of Ireland, close to the small village of Tallow, 

Co. Waterford. All sites are owned and managed by 

Coillte, the Irish state forestry company, and con-

tained mature stands of Sitka spruce (Picea sitchen-

sis), which were clear-felled in 2011. Th e main felling 

method used was a cut-to-length round wood har-

vesting to a top diameter of 7 cm by a Ponsse Bea-

ver and extracted by a John Deere 810D (Deere & 

Company , Moline, USA) forwarder. Where residues 

were extracted, a John Deere 1490D (Deere & Com-

pany, Moline, USA) bundling machine was used, 

and the bundles were extracted using a John Deere 

1110E (Deere & Company, Moline, USA) forwarder. 

Where stump harvesting occurred, the Caterpillar 

tracked excavator fi tted with a Pollari stump extrac-

tion head was used (basic characteristics of the ve-

hicles are presented in Table 1). 

On each of these sites, four treatments (three 

treatments plus reference area) were measured. All 

treatments were purposely designed to be located 

next to each other and on each treatment 40 repeti-

tions were measured according to the experimen-

tal design (treatment A and B, Fig. 1) or randomly 

(treatment C and reference area).

– Treatment A. CTL harvesting and brash removal. 

Timber was harvested by a Ponsse Beaver harvester 

and extracted by a John Deere 810D forwarder and 

the brash mat was collected by a John Deere 1490E 

bundler and bundles were extracted using the John 

Deere 1110E brash bundle forwarder. Measure-

ments were carried out on a moderately used strip 

roads, with no other tracks converging on it.

– Treatment B. CTL harvesting only. Timber was 

harvested by a Ponsse Beaver harvester and 

Table 1. Basic characteristics of applied vehicles 

Weight (kg) Type of chassis No. of wheels (if wheeled chassis)

Ponsse Beaver 17,100 wheeled 6

John Deere 810D 11,500 wheeled 8

John Deere 1490D 23,000 wheeled 8

John Deere 1110E 17,300 wheeled 8

Caterpillar 21,000 tracked

Fig. 1. Sketch of experimental design 
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extracted by a John Deere 810D forwarder. Th e 

brash mats on the strip roads were intact. Mea-

surements were carried out on a moderately used 

strip road, with no other tracks converging on it.

– Treatment C. CTL harvesting & stump remo-

val. Timber was harvested by a Ponsse Beaver 

harvester and extracted by a John Deere 810D 

forwarder. Later the stump extraction was done 

by a Caterpillar tracked excavator fitted with a 

Pallari stump extraction head working between 

strip roads. The disturbed ground was made 

even by the excavator, so no tracks or holes 

were visible.

– Reference area. No harvesting or machine 

passes. In this control area, the trees were still 

standing and no machine passes took place. 

These areas were selected where it was clear no 

machines had passed or disturbed the ground 

during harvesting.

Diff erent authors have used various devices such 

as defl ectometer (Klva et al. 2010), permeameter 

(Rejšek et al. 2011), penetrometer (Kleibl et al. 

2012) etc. However, the application of a penetrometer 

for soil compaction determination can be preferable 

from aspects of time consumption and economics. 

Th e compaction grade caused by machinery was 

measured by a cone penetrometer (Eijkelkamp, 

Giesbeek, Th e Netherlands). Penetration resistance 

measurements were repeated 40 times for each 

plot. Th e number of passes was not monitored, 

the harvesting sites were evaluated generally. Th e 

procedure for measuring by a penetrometer, as pre-

sented by Matys et al. (1990), was slightly modi-

fi ed for the manual penetrometer used during the 

study. Soil penetration resistance was measured us-

ing a cone type with 1 cm2 cone base area and 60° 

top angle. Th e values of soil resistance to the pen-

etrating point were measured by a pressure gauge 

(a component of the instrument). Th e penetration 

rate was approximately 2 cm per second – with 

the equal pressure exerted onto both handles. Th e 

device automatically recalculated the penetration 

force from a penetrometer, and recorded data in 

MPa for each centimetre of depth. Th e soil com-

paction was measured up to 40 cm depth in cas-

es where the soil allows such deep measurement. 

However, due to the lack of adequate repetitions 

from deeper layers, the regression evaluation and 

expression in charts were carried out up to 25 cm. 

Each site was evaluated individually. Plots where 

harvesting activities were carried out were meas-

ured in greater detail, i.e. in the track and out of the 

track. Th is was purposely chosen due to the pre-

dictable higher compaction in tracks. 

Reference areas were identifi ed on each site. Th e 

nearest stand without operation was chosen, but 

fi nally all were evaluated together as one reference 

site. Th e number of repetitions was tripled, which 

off ered higher precision of the site to which all re-

sults are compared.

– Penetration resistance on plots where strip roads 

were visible (treatment A and B) was measured 

exactly in the track made by the machine wheels 

(left, right) and 50 cm to the outside of the track 

(left side, right side). On the reference area, and 

on treatment C, points for penetration were cho-

sen randomly (Fig. 1). Coincidentally, almost the 

same experimental design had already been used 

and published by Ezzati et al. (2012) with positive 

results. However, Ezzati’s et al. publication was 

not known to the authors of this study at the time 

of data collection, and as such was not directly 

adopted for this study. Th e method in this paper 

was created spontaneously during the site visit and 

method planning. 

– Soil moisture content was measured with a 

hygrometer and soil samples were collected for 

laboratory tests to validate the hygrometer results. 

Th e soil samples for moisture content evaluation 

were collected from two depths under the strip 

road, i.e. at a depth of 5 and 15 cm. 15 samples 

from each depth were collected on each site. Wet 

soil samples were weighed in laboratory conditions 

to the nearest 1 g, and inserted into an oven where 

they were dried at a temperature of 105°C (± 2°C) 

for 24 h or until the weight becomes constant. Th e 

soil samples were re-weighed after drying, and the 

moisture content was calculated (SOP Number: 

METH 001.00). 

The initial analysis was done with the use of piv-

ot tables and graphs. Relations and dependences 

between the depth and penetration resistance 

were assessed using the GraphPad Prism 5 pro-

gram (Motulsky 2007). Outliers were eliminat-

ed using the ROUT method (Motulsky, Brown 

2006). This method is based on robust non-lin-

ear regression and the assumption that variation 

around the curve follows a Lorentzian distribution 

rather than a Gaussian distribution (based on a 

suggestion of Press et al. 1988). Having fit a curve 

using robust non-linear regression, a threshold is 

needed to decide when a point is far enough from 

the curve so that an outlier can be declared. All 

methodology is described in detail in Motulsky 

and Brown (2006). The authors state that their 

method identifies outliers from non-linear curve 

fits with reasonable power and few false positives 

(less than 1%).
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In all cases, the quadratic function used for the 

regression model was in the following Equation 1:

y = a + b × x + c × x2   (1)

where: 

x  – explaining (independent) variable, 

y  – explained (dependent) variable,

a, b, c  – coeffi  cients.

Th e respective statistical assessments include a, b 

coeffi  cients established by the regression analysis, 

95% confi dence interval (shaded in the fi nal graph), 

R2 – determination coeffi  cient, number of analysed 

points and number of outliers. 

A comparison matrix was created where diff er-

ent sites were set in rows and diff erent treatments 

were set in columns. Each of the individual curves 

within the cell was compared to the reference area. 

RESULTS

Th e soil type was classifi ed according to FAO 

nomenclature (Anonymous 2006). All soils were 

mineral soils. Detailed soil nomenclature is men-

tioned in Table 2 according to Rejšek (2013 person-

al communication).

To be able to compare not only sites but also 

treatment types, the matrix of charts is presented 

in Fig. 2. Rows represent diff erent sites (1, 2 and 3) 

and columns represent specifi c treatment types (A, 

B and C). Th e results of the statistical analyses are 

presented in Table 3 for the entire site and treat-

ment combinations including the reference area. 

Evaluating all of the combinations, the following 

interpretations were made:

– the compaction grade on the strip road is visibly 

higher in the tracks compared to out of the track. 

Only on site  3/treatment B is the compaction 

grade in the track and out of the track almost on 

the same level (Fig. 2). Th is was due to the fact 

that the proportion of skeleton (large stones) in 

soil was the highest on site 3, which may aff ect the 

measuring process. Th is is supported also by wider 

95% confi dence interval which means signifi cantly 

higher disproportions between measured data in 

repetitions,

– out of the track (which means 50 cm to the outside 

of the track), the compaction occurs generally 

in deeper layers (deeper than 5 cm). Top layers 

(up to the 5 cm of the depth) are not aff ected of 

compaction and are comparable to the conditions 

of reference area in this study. Th e combination 

of site 3/treatment B did not give any adequate 

results here as well. 

– generally, there was no signifi cant diff erence be-

tween the compaction grades on treatments A and 

B. Th is is probably because of the high sensitivity 

of mineral soils. 

– results from the stump extraction plots show no 

visible diff erence between the reference area and 

the treated areas. In addition, sites became looser 

compared to the reference area. Th is was probably 

due to the fact that uprooting may make the soil 

looser; and because the soil surface was levelled out/

smoothed by the excavator, no tracks or holes were 

visible. Some deep tracks were covered with fresh lo-

ose soil, which may have aff ected the measurements.

Th e moisture content of the soil was measured 

at two diff erent depths of 5 and 15 cm so that the 

result will be comparable. Two diff erent measur-

ing methods were used. Firstly, a hygrometer was 

used and three measurements at each depth were 

recorded from which the mean value was calculat-

ed. Th is method, however, is not supported in lit-

erature because of the low correlation with precise 

moisture content assessment using Kopecky’s met-

al rings (laboratory tests). Th e second method used 

consisted in direct sampling and oven drying. Two 

soil samples at each depth were collected in plastic 

bags and evaluated in laboratory conditions. Th is 

evaluation should give more representative results 

and are given as moisture content on wet basis. All 

results documenting the moisture content of soil 

are shown in Table 4. 

DISCUSSION AND CONCLUSION

Th e quality and precision of soil compaction 

measuring were discussed by Motavallie et al. 

(2003). In their paper, they demonstrated signifi -

cant diff erences of penetrometer used. However, 

the aim of this study was not to exactly measure 

Table 2. Soil type classifi cation (Rejšek – personal com-

munication, 2013)

Site Treatment Soil type Reference area soil type

1

A stagnic cambisol

entic podzolB stagnic podsol

C dystric cambisol

2 A, B, C anthrosols anthrosols

3

A entic podsol

gleyic cambisolB haplic podsol

C stagnic cambisol
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the compaction grade, but to compare the eff ect 

of various technologies of forest biomass process-

ing. Th erefore no specifi c demands were put on the 

type of penetrometer and cone. 

The identification of impact and return of the 

soil into the close to normal conditions was dealt 

with in the study of Kleibl et al. (2014). In their 

study, the return of the soil was investigated us-

ing similar material and method with relevant 

outputs and finally the impact of forest operation 

was clearly visible. Therefore the material and 

method were adopted from their study and later 

slightly modified according to unique conditions 

in Ireland.  

Th e cone on the penetrometer should ideally be 

validated as being no diff erent from a reference cone 

calibre after each plot is measured during the study. 

In this project, the cone was compared to the calibre 

at the beginning and at the end of the survey. Th e dif-

ference was not higher than 1%. Within this project, 

there were up to 800 measurements planned, and 

therefore the authors accepted a slight diff erence (up 

to 1%) during measurements. 

Th e high number of measurement repetitions 

(40 repetitions on each of the 3 sites) ensured a 

high level of precision in the results. However, it 

was very diffi  cult to fi nd clearly unaff ected soil. 

Plenty of previous activities such as treatment of 

the stands, silviculture of the stands, harvesting 

activities, tourism and/or game management had 

a high impact on almost all the area. Th erefore, the 

Table 3. Regression analyses of soil penetration resistance for all plots

Identifi cation

Regression coeffi  cients of equation
y = a + bx + cx2

R2 Analysed points/

No. of outliers
a b c

Site 1.a  – in the track 1.739 0.19370 –0.0053880 0.2099 571/0

Site 1.a – out of track 1.190 0.06009  0.0004998 0.5177 908/58

Site 1.b – in the track 1.050 0.11920 –0.0008202 0.5598 436/8

Site 1.b – out of track 1.123 0.07184 –0.0005749 0.0384 491/16

Site 1.c – stump extracted 1.025 0.03489  –0.00001084 0.4216 475/36

Site 2.a  – in the track 1.143 0.09469  0.0001567 0.5521 811/36

Site 2.a – out of track 1.192 0.02672  0.0008513 0.3785 976/53

Site 2.b – in the track 1.069 0.09887 –0.0006669 0.5168 452/31

Site 2.b – out of track 1.161 0.05423 –0.0005276 0.3354 489/16

Site 2.c – stump extracted 1.008 0.02415  0.0001488 0.3707 474/41

Site 3.a  – in the track 1.347 0.13280 –0.0027310 0.3185 571/39

Site 3.a – out of track 0.982 0.07905  0.0005106 0.5667 871/36

Site 3.b – in the track 1.423 0.24180 –0.0066370 0.2140 235/0

Site 3.b – out of track 1.151 0.22740 –0.0052290 0.3088 300/0

Site 3.c – stump extracted 1.018 0.01742  0.0007398 0.4259 437/77

Reference 1.124 0.06251 –0.0015550 0.1992 932/76

x – depth (cm), y – penetration resistance (MPa), a, b, c – parameters

Table 4. Results of moisture content in soil

Identifi cation
Hygrometer Laboratory tests*

5 cm 15 cm 5 cm 15 cm

Site 1.a – in the track 43.6 36.9 31.0 23.3

Site 1.a – out of track 52.9 39.3 59.4 33.2

Site 1.b – in the track 47.3 41.8 30.1 27.5

Site 1.b – out of track 59.3 52.9 46.7 37.1

Site 1.c – stump extracted 44.6 42.3 28.0 26.5

Site 2.a – in the track 60.8 43.2 46.2 35.0

Site 2.a – out of track 49.4 43.6 43.5 30.3

Site 2.b – in the track 60.6 47.0 53.8 40.5

Site 2.b – out of track 42.9 40.9 25.2 29.3

Site 2.c – stump extracted 45.3 41.1 33.0 30.6

Site 3.a – in the track 51.5 31.1 37.7 25.8

Site 3.a – out of track 59.2 38.1 56.8 28.7

Site 3.b – in the track 78.1 51.2 56.3 57.3

Site 3.b – out of track 50.5 31.6 43.1 24.7

Site 3.c – stump extracted 67.1 34.7 49.1 24.3

Reference areas 65.1 46.1 60.8 39.0

*moisture content wet basis
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authors cannot fully ensure that the reference area 

was not aff ected by these impacts also. Soil probe 

measurements were taken on each site/treatment 

combination. All treatment types were aff ected his-

torically by anthropogenic activities. Th ere is hard-

ly any forest land in Ireland that was not at least 

historically harvested and newly replanted. An-

thropogenic activities were still visible on site 2, ac-

cording to the soil type determination. Th is may be 

demonstrated by a relative straight curve of com-

paction, instead of the more parabolic curve on site 

1 and 3. However, those activities were carried out 

at least 30 years ago, and therefore the return of the 

soil into the natural conditions worked positively 

for the authors with respect to the relevance of the 

chosen reference area.  

All the soils were identifi ed as a mineral soil. Th e 

heterogeneity of soil types is visible from the re-

sults. Even though the heterogeneity plays a role, 

generally, the trends within each treatment type 

were comparable across all sites only with small 

excesses.  

Th e results from the penetration resistance and soil 

sample analyses give expected grades of compaction 

with respect to the treatment type. In higher layers of 

soil, the diff erence is smaller; the diff erence between 

compaction grades is more visible with the increasing 

depth of soil layers. 

During harvesting, usually only timber is re-

moved from the site, and tree tops, branches and 

stumps are left behind. However, one of the ways 

how to maximize profi t from forest land use is 

higher utilization of forest biomass, which can be 

used for energy. Th erefore, management systems 

exploiting stumps and branches can be applied. 

Based on the results of this study, it seems that the 

stump extraction may positively aff ect soil physi-

cal conditions from the compaction and rutting 

aspects. However, this study did not take into the 

consideration any other impacts of stump harvest-

ing such as nutrition, water management, biologi-

cal or chemical activities, mixing of soil horizons 

etc., which defi nitely increases an anthropogenic 

infl uence on the soil. 
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