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Abstract

Forestry machine traffic causes a number of changes that are not immediately reflected in morphological changes of surface soil. These
changes are physical and chemical in nature. The change in subsurface soil CO, concentration was one of the parameters of interest. The
critical CO, concentration is thought to fluctuate around 0.6%. The primary objective of this paper was to determine the impact of forestry
machine traffic on subsurface soil CO, concentration. We measured CO, concentration in the areas undisturbed by machinery and in the
rutsin skid trails in eight forest stands. The measurements were performed using a Vaisala MI 70 meter. The results confirmed significant
differences in gas concentrations between the individual measurement sites. In the ruts of the skid trails, CO, concentrations fluctuated in
arange of 0.5 to 2.81% and significantly exceeded the critical concentration. Moisture content and bulk density had a significant impact
on the change in gas concentration beneath the surface, which was confirmed by multivariate analysis of variance that revealed that the

values of the coefficient of correlation fluctuated in a range of 0.39 to 0.74
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Introduction

Soilrespiration is one of the most important elements of car-
bon circulation in forest ecosystems (Hashimoto et al. 2004).
Measurements of CO, concentrations have been used as
proxy for root and microbial activity in soil (Nay et al. 1994).
Soil respiration is the result of microbial respiration and the
release of CO, through plant roots, which may account for
20 - 50% of all CO, released from the soil (Bouwmann &
Germon 1998). Exact quantification of CO, content in soil is
problematic, as it is one of the most variable soil parameters;
the coefficient of variation may fluctuate between 30— 150%
(Stoyan 2000).

CO, released from the soil exhibits daily and seasonal
fluctuations and is affected to a significant degree by envi-
ronmental factors, such as soil moisture content and tem-
perature (Davidson et al. 1998; Howard et al. 1993; Xu &
Qi 2001). This effect varies depending on the type of ecosys-
tem. Soil temperature is the primary and decisive factor in
respiration in Boreal forests, while instantaneous moisture
content only has a minimal effect (Schlentner & van Cleve
1984; Goulden et al. 1998; Rayment & Jarvis 2000; Morén
& Lindroth 2000).

Temperature and humidity significantly influence soil
respiration in forests of the temperate zone. Soil respiration
stops, oris reduced, in the winter months, when temperature
decreases and increases when temperature increases during
summer (Dong et al. 1998; Fang et al. 1998; Londo et al.
1999; Ohashi et al. 1999). Soil type also significantly affects
soil respiration. Large differences exist between fine grained
and coarse grained soils and wet or dry soils (Schatschabel et

al. 1984).CO, concentration in soil reflects biological activity
because high concentrations of this gas negatively influence
plant growth (Burton et al. 1997). Soil respiration is a major
source of CO, in terrestrial ecosystems (Schimel 1995).

Soil organisms play a very important role in circulating
substances, including CO,, interrestrial ecosystems (Paul &
Clark 1989; Killham 1994; Roy et al. 1996; Sanders 1996).

Many studies, focused on CO, concentration in soil sur-
face layers, are insufficient in terms of providing a correct
explanation for CO, production in the soil, as the concentra-
tion of this gas differs in particular layers as a result of dif-
ferent physical, chemical and biological conditions (Hirano
& Kim 2003).

Soil compaction changes the porous system in soil by
reducing macro pores. Changes in porosity significantly
influence air and water balance in soil, critical for plant
growth (Gebauer et al. 2012). Air is a gaseous component
of the soil and exists in pores that are not filled with water.
It contains less oxygen and more CO, (from 0.5 — 5% and
higher) compared to atmospheric air (Hillel 1998). Increased
levels of CO, can be attributed to the root system respiration
and the decomposition of organic material in soil. Soils with
high CO, content and low oxygen content are poorly aerated,
which may cause anaerobic conditions to occur (Hillel 1998).

Forest harvesting leads to compaction of surface soil
layers, closure of the porous space and a decrease in the
exchange of gases between the soil and the atmosphere.
Forestry machine traffic may result in a decrease in avail-
able freely circulating substances (O,) or their accumulation
(CO,) in the long term. Root growth may halt as a result of
aeration problems. This condition intensifies in soils with
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higher clay content. Thislead to greater focus on the s0il CO,
content caused by machine traffic and subsequent effect of
forestry machine traffic on the root systems of trees. The use
and practicability of this method was described by Neruda et
al. (2010) and Skoupy (2011) for example. If CO, concentra-
tionreaches 0.6%, root growth in soil is significantly affected
(Glildner 2002; Gebauer et al. 2012). Other authors, such as
Erler and Giildner (2002) state that 1% is the threshold for
normal soil recovery. If this threshold is breached, micro-
bial activity is severely constrained and biological recovery
takes longer. When CO, reaches 2%, all biological activity is
halted and soil recovery happens only after physical agents
are involved.

Our objective is to identify whether passages of forest
harvesting machines cause a build-up of CO, in forest soils
so severe that microbial activity or root growth is affected in
the vicinity of skid trails. Our hypothesis is that CO, levels in
the disturbed areas are higher than in the undisturbed areas
of forest stands. Knowing that CO, content in soil air is a
highly variable characteristic, we also set a hypothesis that
moisture content and bulk density significantly affect CO,
concentration in soil.

2. Materials and Methods

Measurements were conducted in eight forest stands. Stands
n. 2027,2051, 2052, 187C20, 188, 588, and 574B11 were
located in Slovakia and stand n. 805J13 was located in the
Czech Republic. Forest stands were different in tree species
mix, soil conditions, and various types of harvests were car-
ried out in them by different types of machines (cut-to-length
machines — CTL, and skidders). Detailed characteristics of
these stands are shown in Table 1. Measurements were con-
ducted from July 2012 to August 2013.

Vaisala MI 70 device was used to measure the CO, con-
tent in soil. The device was equipped with two Carbocap
GMP-70 probes with a measurement range of 0 — 5% CO,
concentration. Vaisala HMP75B probe with measurement
range for relative humidity of 0 to100% and temperatures of
-20 to +60 °C was used to measure current air temperature

and relative humidity in soil. Measured data was recorded
directly onto the device’s memory, from which the data was
imported into a computer using the Vaisala MI 70 software.

Given that multiple variables concerning soil distur-
bance and the damage to the parent stand were observed
simultaneously, the data were collected using sample plots
evenly distributed across the entire stands (Fig. 1a). Dimen-
sions of the sample plots were 20 x 20 m in stands where
CTL machines operated (stands n. 2052, 2027, 188, and
187C20), or 20 x 40 m where skidders operated (stands n.
2051, and 588). Square sample plots were chosen for stands
where cut-to-length machines operated, because the reach
of the harvester’s boom enables efficient work up to 10 m
to each side. Rectangle sample plots were chosen in stands
where skidders operated, because the reach of the winching
cable was approximately 20 m to each side. Luka¢ (2005)
stated that the size of the statistical sample should be suf-
ficient when the sample plots cover 10% of the total area of
the stand in stands up to 50,000 m? and 5% of the total stand
area in stands larger than 50,000 m2. Within each sample
plot we measured soil disturbance on two opposing sides in
the direction of skidding.

Stands n. 574B11 and 805J13 were clear-cut, so there
was no need to establish sample plots. In these stands
we employed the measurement site sampling method as
described by Schiirger (2012). The measurement sites were
located on skid trails with spacing of 5 m (Fig. 1b).

Measurements in the individual stands were conducted
throughout the whole day. A total of 256 measurements were
performed in all stands. CO, concentrations were measured
using two Carbocap GMP-70 probes at the same time in:
(i) rut of the skid trails; (ii) the undisturbed stand (control
measurements). Soil air temperature and relative humidity
in soil were entered into the meter before CO, was measured
in order to regard for changing ambient conditions during
the day. CO, concentration was measured in the surface soil
layer in maximum 10 cm depth. The measurement procedure
consisted of multiple steps that were conducted in sequence
in order to maximize the accuracy of the CO, readings. First,
approximately 12 cm deep openings with 2 cm diameter were

Table 1. Basic information on the forest stands where measurements were conducted.

Number of meas-

Volume of harvest

Stand GPS urements Stand size [ha] Machine [m] Type of harvest Soil type
2052 ‘l‘ggoﬁzgsEN 40 79 IDH: +JDF* 265.87 T>50° uvisol
2027 ‘1‘2‘5”3;91‘9‘8;\] 40 8.58 JDH? +JDF? 232.62 T>50 633/St1;‘g"r'lso°slol
2051 ‘1‘21153%5 20 16.7 ZTR® 95.4 T>50° luvisol
187C20 igzgg:?sig% 24 5.89 NSS!+ NVT 90 T<50 rendzic leptosol
188 ‘1‘2223:;45451;% 44 12.52 NSS¢+NVT 190 T<500 rendzic leptosol
574B11 ‘Igzsﬁség“EN 44 1.59 HSM! 4113 cc 955//61‘:‘]‘;'3’;?"1
588 ‘1‘334129732;\] 24 412 HSM! 215.24 POR' 4%;?;3:’5'2;’1
805113 49°49'59.69"N 20 272 PSHz+ PSF" 96.6 ock modal cambisol

14°46’25.71”E

¢JDH - John Deere 1070D; °JDF - John Deere 810D; “ZTR — Zetor 7245;“NSS — Neusson 132 HVT, NVT - Novotny LVS5; ' HSM — Hohenloher Spezial-Maschinenbau 805HD; ¢PSH - Ponsse Ergo 6W;
"PSF - Ponsse Buffalo; 'T>50 — thinning over 50 years of age; 'T<50 - thinning under 50 years of age; *CC - clear-cut; 'POR — partial overstory removal.
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Fig. 1. Layout of the sample plot method of data collection (a) and the measurement site data collection method (b); L — length of the
sample plot (20 m); W — width of the sample plot (20 m for cut-to-length machines, 40 m for skidders); S — spacing between two neigh-

boring measurement sites (5 m).

drilled into the soil, then the probes were inserted into the
opening so that the top part of the probes with diameter
of 2.6 cmwould seal the opening. After this, the probes were
left in the soil for approximately three to five minutes without
recording data into the device’s memory so that the ambient
air in soil would settle into its original composition (Vaisala
2012a,b). After the interval, the readings were recorded into
the device’s memory and the probes were taken out of the
pre-drilled openings.

Along with CO,, bulk density and soil moisture content
were measured on nearby spots (cca five to ten centime-
tres away from the CO, measurement location) through
gravimetric sampling. Soil samples were collected using
a set of Eijkelkamp sealable sampling cylinders (volume
100 cm?, length 50 mm, outer diameter 53 mm). The cylinder
was inserted into the soil until it was completely filled with
soil, removed from the soil, soil overhanging the cylinder was
cut off, and the cylinder was sealed to avoid loss of moisture.
Samples were then weighed in laboratory conditions on cali-
brated laboratory scales with an accuracy of 0.1 gand dried at
a temperature of 105 °C for 24 hours, in order to determine
the mass of the dry samples. Moisture content at the time
of measurement was calculated according to Hrasko et al.
(1962):

w %:u*mo [1]
m

]

w% - relative soil moisture content [%],
m,  —weightof the raw soil sample [g],
m_ —weight of the dried soil sample [g].

Bulk density and moisture content were used to deter-
mine the strength of the relationship between them and the
CO, concentration.

Before the statistical evaluation we sorted the data
according to the forest stands from which they originated.
The number of valid cases (number of measurements) ineach
stand depended on the total area of the stand (Table 1). First,
we checked the normality of data through Shapiro-Wilk’s

test. Subsequently we proceeded to evaluate whether dif-
ferences between CO, content in soil, bulk density of soil,
and moisture content in the ruts of the skid trails and the
control measurements in the undisturbed stand were statisti-
cally significant. We also tested the statistical significance
of differences between data from particular stands. Data
were evaluated through multivariate analysis of variance
(MANOVA) for each stand individually. After testing the
significance of differences between the data from individual
locations and stands, we tested the relationship between CO,
content (dependent variable) and bulk density of soil and
moisture content (independent variables) through multi-
variate regression and correlation analysis separately for
each forest stand. In this case we also tested the normality
of residuals from the model through Shapiro-Wilk’s test.

3. Results

Results of this study showed that CO, concentration in soil
was considerably higher in areas disturbed by machine traffic
(i.e.ruts) (Table 2). Fig. 2 illustrates this fact as it depicts the
average CO, concentration in undisturbed stand soil and in
soil from the ruts created by forestry machines. The figure
depicts that compressed soil was unable to release excessive
CO, through its surface into the atmosphere, which lead to
the accumulation of CO, in the soil. The fluctuations in CO,
concentrations in ruts indicate that soil compaction and soil
moisture content as variables influencing the CO, accumu-
lation were not homogenous and varied from one measure-
ment site to another. CO, concentrations in ruts exceeded the
concentrations from the reference measurement locations,
i.e. the undisturbed stand, in all cases.

The overall mean difference in CO, concentration
between the undisturbed stand and the skid trail rut loca-
tions was 0.91% (a relatively large difference). The smallest
difference between locations was 0.28% CO, content while
the largest was 2.22% CO, content. The minimum gas con-
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Table 2. Changes in CO, concentration, bulk density and moisture content in individual stands and in the undisturbed stand and ruts of

the skid trail measurement locations.

Stand 2052 2027 805J13 187C20 188 2051 574B11 588
CO, concentration [%] stand 0.59 0.72 0.34 0.24 0.28 0.58 0.59 0.30
CO, concentration [%] rut 2.81 1.84 0.74 0.52 1.51 1.19 1.73 0.57
Difference in CO,[%] 222 1.12 0.4 0.28 1.23 0.61 1.14 0.27
Bulk density g cm™ stand 1.21 1.09 1.32 1.05 1.07 0.95 1.43 1.16
Bulk density g cm™ rut 1.64 1.71 1.54 1.34 1.52 1.24 1.79 1.56
Difference in bulk density g cm™ 0.43 0.62 0.22 0.29 0.45 0.29 0.36 0.40
Moisture % stand 25.94 23.04 13.20 28.2 204 20.18 39.2 20.41
Moisture % rut 25.48 26.36 11.17 31.5 324 18.60 33.6 20.92
10
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Fig. 2. CO, concentrations for each measurement in the undisturbed stand location and skid trail rut location; data from all measure-

ments; vertical lines connect relevant data pairs.

centration in the undisturbed stand was 0.24% CO, while
the maximumwas 0.72% CO,. Elevated concentrations were
noted in the skid trail ruts in all cases, with a minimum value
0f0.52% CO,and amaximum of 2.81% CO,. Theresults from
the ruts showed that the critical gas concentration level of
0.6% was exceeded in seven out of eight forest stands. Con-
centrations inindividual stands fluctuated significantly (Fig.
3), which was caused partially by the change of temperature
at the time of measurement and partially by the change in
natural conditions of the stands. Multiple regression and cor-
relation analysis was used to study the relationship between
CO, concentration (dependent variable), bulk density of soil,
and soil moisture content (independent variables) at the
place of CO, measurements.

Multiple regression and correlation analysis was con-
ducted for the individual stands given that MANOVA con-
firmed significant differences between individual stands
(F=5.26; p=0.00) and measurement locations (stand, rut)
(F=32.11;p=0.00). The value of the correlation coefficient
fluctuated in a range of 0.39 — 0.74 (Table 3), which was a
moderately strong relationship. Soil bulk density exhibited
a significant impact on the change in CO, concentration in
five forest stands and instantaneous soil moisture content
exhibited a significant influence only in one case. The data
from all stands were merged into a single database in order to
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increase the size of the statistical sample; this data was then
analysed in the same manner, but separately for the stand

and the rut locations.
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Fig. 3. Mean CO, concentration in individual stands for the un-
disturbed stand and ruts of the skid trails locations; vertical lines

indicate 95% confidence intervals.

The results of multiple regression and correlation anal-
ysis measured between CO, concentration, bulk density of
soil, and moisture content of soil in the undisturbed stand
location (Table 4) showed aweak relationship with multiple
R 0.30; R20,09; p<0.003, caused mainly by the variability
of natural conditions. Soil moisture content influenced the
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Table 3. Results of multiple regression and correlation analysis between CO, concentration, moisture content and soil bulk density in

individual stands; Significance of variable: + yes, x no.

Stand 2052 2027 2051 187C20 188 574B11 588 805113
Correlation coefficient 0.53 0.69 0.74 0.39 0.64 0.50 0.41 0.68
Moisture content X X X X + X X X
Bulk density + + + X X + X +

Table 4. Multiple regression and correlation analysis between the CO, concentration (dependent variable) bulk density of soil, and soil
moisture content (independent variables), statistically significant values are marked bold; US — undisturbed stand location, STR — skid

trail rut location.
N=125 b* Std. error b Std. error (122) prvalue
of b* ofb
Abs. term 0.130443 0.125308 1.040982 0.299942
Bulk density us 0.121540 0.088211 0.001399 0.001015 1.377821 0.170781
Moisture us 0247732 0.088211 0.007027 0.002502 2.808386 0.005800
Abs. term -0.983991 0.940082 -1.04671 0.297303
Bulk density str 0233303 0.088154 0.013894 0.005250 264652 0.009205
Moisture str 0.079206 0.088154 0.011587 0.012896 0.89849 0.370694

CO, concentration significantly in the undisturbed stand.
Soil bulk density did not exhibit a statistically significant
influence on changes in CO, concentration.

Multiple regression and correlation analysis of the values
from the skid trail ruts showed a similarly weak relationship,
with multiple R 0.24; R20.06; p<0.03 (Table 4). An impor-
tant finding in this case is that soil bulk density exhibited a
statistically significant effect on changes in CO, concentra-
tion in soil. Moisture content in this case did not exhibit a
significant influence.

4. Discussion

The results of our measurements confirmed that CO, con-
centrations in compacted soil are higher than in undisturbed
soil and that the critical gas concentration value of 0.6% was
exceeded in practically all stands in skid trail ruts. The gas
concentration fluctuated in a range of 0.28 — 0.72% in the
undisturbed stand, compared to 0.52 — 2.81% in the ruts of
the skid trail. Gebauer et al. (2012) reached similar conclu-
sions in their work stating that the critical value is exceeded
in nearly all skid trails exposed to forestry machine traffic a
number of times over (1.2—3.4% CO, in CTL ruts compared
t0 0.4 -0.5% CO, in the undisturbed stand).

Kuzyakov (2006) measured CO, content with soils com-
pacted to three different densities, specifically: 1.1 g cm™,
1.3gcm3,and 1.5 gecm 3. Dryand wet conditions were exam-
ined for precipitation durations of 30 and 90 minutes. The
results show a significant correlation between precipitation
duration and CO, concentration in soil. According to his
findings, CO, concentration is 42% higher with precipitation
lasting 30 minutes and up to 53% higher with precipitation
lasing 90 minutes. He found a significant correlation between
soil compactionand CO,. Soil compacted to 1.5 gcm™retains
32% more CO, compared to soil compacted to 1.1 g cm™.

CO, concentration measurements in soil confirm the
increase in the content of CO, in the soil air as a result of

disturbance caused by the heavy forestry machine traffic
along skid lines, even if the effects of such forestry machine
traffic are not visually apparent (Skoupy 2011). Neruda et
al. (2010) confirm a distinct increase in CO, concentration
on skid trails as a result of a single movement of such forestry
machines.

5. Conclusion

One of the drawbacks of measuring CO, content in the soil
is that it does not provide objective information on to the
actual extent of disturbance caused by forestry machine traf-
fic over the soil surface and the fact that CO,,concentration is
unstable and changes depending on natural conditions (time
of year, temperature and, as statistically confirmed in our
case, humidity and bulk density).

The results of our measurements and the measurements
of many foreign authors confirm the hypothesis that forestry
machine traffic creates less permeable layers in top soil lay-
ers, which hinders gas exchange between the soil and the
atmosphere. This was confirmed by the results of our mea-
surements, which correspond to the conclusions of other
authors. Changes in gas concentrations are visible after the
first passage of forestry machines over soil surface and their
negative impact on tree root systems is proven.

Based on these facts, a number of basic recommenda-
tions can be determined for forest operations. The most
important of these is that the forest managers should restrict
movements of the forestry machines to skid trails and prevent
any uncontrolled traffic through the stand itself.
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