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Abstract: Forest logging activities negatively affect various soil properties. In  this study, we  focus on  the logging 
effects on soil water retention and associated pore size distribution. We measured the soil-water characteristic curves 
(SWCCs) on 21 undisturbed samples from three research plots: a  reference area, a clear-cut area and a  forest track. 
A total of 12 SWCC points between saturation and wilting point were determined for each sample with a sand box and 
pressure plate apparatus. The trimodal behaviour is highlighted by the dependence between soil moisture and suction. 
Therefore, we proposed a revised model by combining two exponential expressions with the van Genuchten model. The 
exponential terms describe the influence of macro-and-structural porosities, and the latter is used to calculate textural 
porosity. This new model with eight independent parameters was suitable to fit trimodal SWCCs in all samples. Results 
revealed that logging had the most destructive effect on large pores, and the soil on the forest track was the most affected. 
Both soil-air and available water capacity were reduced and the permanent wilting point increased as a result of damage 
to the soil structure and pore system. Observed increased organic carbon content in compacted soils can be attributed 
to slowed decomposition due to reduced air capacity and increased waterlogging susceptibility of damaged soils.
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It is generally assumed that forest soils are relatively 
stable, with low physical degradation, and therefore 
they have historically received less attention than 
agricultural soils. However, the following more recent 
research confirms that logging induces forest land 
degradation (Bowd et al. 2019; Marangon et al. 2024). 
Cambi et al. (2015) determined that the negative 
impacts of heavy machinery used in logging initially 
affect forest-soil porosity, and this disrupts other 
properties and processes. Their further investigation 

recorded reduced soil micro-arthropod biodiversity 
and decreased seedling growth in compacted forest 
soils (Cambi et al. 2017). Herbauts et al. (1996) ob-
served significantly reduced total porosity (TP) and 
decreased macropore volume below 10% in loamy 
topsoils in their assessed logging in Belgium. The 
authors also indicated decreased redox potential and 
significant hydromorphic processes in the compacted 
soils. Ampoorter et al. (2010) reported compaction’s 
greater effect on soil aeration and CO2 concentra-
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tion than on bulk density (BD) values in loam to silt 
loam soils. Fründ and Averdiek (2016) observed 
CO2 concentrations above 1% in silt loam soil com-
pacted by the wheels of heavy machinery, which they 
linked to damaged soil structure. Hartmann et al. 
(2014) established that logging-induced compac-
tion has a long-term impact on the soil’s bacterial 
and fungal communities. Bellabarba et al. (2024) 
observed a higher resistance of the bacterial com-
munity to forest soil compaction in the short term 
compared to the fungal community. Frey et al. (2009) 
reported changes in bacterial community structure 
due to reduced macro-porosity and limited gas ex-
change in the compacted forest soils. Increasing soil 
BD has negative impact on plant morphology and 
physiology (Naghdi et al. 2016; Mariotti et al. 2020). 
Other authors recorded that tree removal and excess 
water also accelerated forest soil erosion. Borrelli 
et al. (2017) assessed that annual soil loss from water 
erosion was seven times greater in logged forests than 
in unaffected areas. Karami et al. (2023) observed 
a strong negative correlation between increased 
BD and runoff, sediment yield and nutrient loss. 
The negative impacts of forest harvesting on water 
quality in forested watersheds (increased sediment 
transport, concentrations of nutrients and organic 
carbon) were reviewed by Shah et al. (2022). Engler 
et al. (2024) summarized the environmental impacts 
of major forest harvesting systems in Europe. The 
impact of heavy machinery on forest land degradation 
is so severe that various mitigation measures have 
been proposed for harvesting operations (Labelle 
et al. 2022) and forestry best management practices 
are implemented (Hawks et al. 2022).

Although those negative logging impacts on for-
est soils relate to increased BD or reduced TP, some 
authors emphasize that changes in pore size dis-
tribution are more significant than the overall BD 
or TP changes. This is especially relevant to the 
soil macropore content (Herbauts et al. 1996; Am-
poorter et al. 2010; Masumian et al. 2023). Knowledge 
of changes in pore size distribution (PSD) is also 
important in estimating the effect of compaction 
on hydrological and other soil properties. 

Soil pore size distribution has recently been inves-
tigated in detail, especially in assessing the impact 
of agricultural land management and land use (Lipiec 
& Hatano 2003; Jensen et al. 2019; Sekucia et al. 2020). 
Those authors recorded that the PSD hierarchical 
nature can be derived from the soil-water charac-
teristic curve (SWCC). However, similar advanced 

SWCC analyses which apply multimodal PSD models 
are lacking in the current literature on forest log-
ging effects. D’Acqui et al. (2020) investigated the 
porosity effect of forest soil compaction on the PSD 
inside the aggregates using mercury porosimetry, but 
without modelling. Furthermore, these measurements 
did not include interaggregate porosity. Therefore, 
we address this knowledge gap.

Herein, we evaluate the impact of  logging with 
heavy machinery on forest soils. We employ detailed 
measurement of the soil-water characteristic curves 
at sites with different extents of logging damage. The 
curves’ mathematical approximation elucidates the 
impact of logging on porosity and other researched 
soil properties.

MATERIAL AND METHODS

Study sites and soil sampling. The forest research 
area is located at the village of Báb, County of Nitra, 
SW Slovakia, Central Europe. The website (https://
deims.org/79e10639-dd60-4f30-9c43-7b2bae0f359a) 
defines that the site is part of the Long-Term Eco-
logical Research network (LTER). The area of the 
oak-hornbeam forest is 72.5 ha. The average annual 
temperature is 9–10 °C, while the average annual 
precipitation ranges from 500 to 600 mm. Research 
plots are in a 90-year-old forest, on a 3° slope with 
NE exposure, coordinates 48°180'13''N., 17°53'35''E. 
and an altitude of 180 m a. s. l.

The loess soils are classified as Cambic Chernozems 
(Loamic) (IUSS Working Group WRB 2022), and their 
properties are compared at a reference plot and two 
plots differently affected by logging (Figures 1 and 2). 
The trees were felled motor-manually by loggers 
using chainsaws. Extraction was then performed 
by a wheeled LKT81 forest tractor (manufactured 
by ZTS TEES, Martin, Slovakia) and a John Deere 
1110E eight-wheel forwarder (Figure 2).

The surface part of the 40 cm thick humus horizon 
was examined. For this purpose, soil sampling from 
a depth of 0–10 cm was performed at the three plots: 
the reference area (unaffected forest), the clear-cut 
area, and the forest track (Figure 1). Seven undis-
turbed samples were randomly taken from each plot 
using 100 cm3 stainless steel cylinders. A 0–3 cm 
litter layer was removed prior to sampling.

Laboratory methods. The determination of SWCCs 
was as follows. Water-saturated samples in stainless 
steel cylinders were drained in several steps, and the 
soil moisture in equilibrium with the suction pres-
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sure was recorded. Suctions of 0.3, 1, 3.1 and 10 kPa 
were applied in a sandbox (Eijkelkamp, Giesbeek, The 
Netherlands). A pressure plate extractor (Soilmoisture 
Equipment Corp., Santa Barbara, USA) was used for 
suctions of 41, 70, 100 and 131 kPa.

The soil samples were then air-dried, ground and 
sieved through a 2 mm sieve. The disturbed sub-sam-

ples were used to determine water retention at 310, 
780 and 1 500 kPa in 1 cm high rubber rings, using 
the pressure plate extractor. The use of disturbed 
samples for high suction pressures was suggested 
by Jensen et al. (2019) to avoid errors caused by low 
hydraulic conductivity in cylinders with undisturbed 
samples. The samples were dried at 105 °C before 

Figure 2. A wheeled forest tractor LKT81 (upper left) and a John Deere 1110E forwarder (upper right) during harvesting 
operations; view of the clear-cut plot (lower left) and the forest track (lower right)

Figure 1. View of  research plots 
differently affected by logging: clear 
cut (left), forest track (middle) and 
reference plot (right)
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determining the dry sample weight and BD. The total 
porosity (TP) was calculated from BD:

TP = 1 – BD/PD 	  (1)

where:
PD	– the soil particle density determined by pycnometer 

method (Blake & Hartge 1986).

The air-dried sub-samples were used to determine 
pH in a soil-water suspension (1 : 2.5 w/v), the soil 
texture by pipette method (Gee & Or 2002), and the 
soil organic carbon (SOC) content by potassium 
dichromate oxidation (Nelson & Sommers 1996).

Statistical analysis. The SWCC model uses two 
exponential expressions to describe macro- and 
structural porosities and the van Genuchten (1980) 
expression for textural porosity:

 	  (2)

where:
θ – water content;
h – water suction;
C – residual water content;
A1, 1/α, n	 – parameters in the van Genuchten term;
A2, h2, A3, h3	– parameters in the exponential terms.

A simple van Genuchten model was also used for 
comparison to avoid possible over-parameterised 
effects in Equation (2):

 	  (3)

where:
A	 – equal to  the difference between saturated and 

residual water content;
α, n	 – parameters in the van Genuchten model.

The SWCC includes information on pore size and 
volume. The pore diameter (µm) at a given suction 
is approximately d ≈ 3 000/h. This is based on the 
capillary equation, and the derivative of Equation (2) 
yields the pore size distribution:

 	  
(4)

Python has the non-linear least-squares minimi-
sation and curve fitting algorithm, and this LMFIT 
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for Python (Newville et al. 2022) was used to find 
the parameters in Equations (2) and (3). The Akaike 
information criterion (AIC) and root mean square 
error (RMSE) were calculated to evaluate the model’s 
fit. The Akaike information criterion, corrected for 
the small sample size (AICc), was computed by the 
formula:

 	  (5)

where:
k	 – the number of  parameters and n  is  the number 

of samples.

Python software was also used to perform further 
statistical analyses. The differences between plots 
were tested using ANOVA followed by Tukey’s test. 
The correlation coefficient was used to describe 
relationships between soil properties with statisti-
cal significance levels indicated as: *,**,***P ≤ 0.05, 
0.01, 0.001.

RESULTS

The basic soil properties for individual research 
plots are summarised in Table 1. The soils range 
from clay loam in the reference area and forest track 
to silty clay loam in the clear-cut area. The reference 
area is characterized by a higher sand content, the 
clear-cut area has a higher clay content, and interest-
ingly the forest track soil has the highest SOC. The 
slightly acid pH did not differ significantly at the 
three sites. In addition, the highest BD was found 
on the most affected forest track.

( )2 1
AICc AIC

1
k k

n k
+

= +
− −

 

Table 1. Average soil properties with standard error (n = 7) 
for each plot

Parameter Reference 
area

Clear-cut 
area

Forest 
track

pH 5.90 ± 0.25a 6.03 ± 0.26a 6.29 ± 0.04a

SOC (%) 2.64 ± 0.24a 2.95 ± 0.17a 4.11 ± 0.17b

Sand (%) 39.2 ± 3.1a 17.9 ± 0.4b 23.3 ± 0.7b

Silt (%) 32.3 ± 2.1a 46.3 ± 0.7b 44.9 ± 1.2b

Clay (%) 28.5 ± 1.2a 35.8 ± 0.8b 31.8 ± 0.9a

PD (g/cm3) 2.61 ± 0.01a 2.62 ± 0.01a 2.57 ± 0.01b

BD (g/cm3) 1.12 ± 0.01ab 1.17 ± 0.05b 1.25 ± 0.02bc

SOC – soil organic carbon; PD – particle density; BD – bulk 
density; different letters indicate significant differences be-
tween plots (P < 0.05)
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Figure 3 presents the SWCC measurement re-
sults, where the average values for each plot with 
the maximum and minimum values are indicated 
by whiskers. The SWCCs are multi-modal and the 
most compacted soils on the forest track have the 
least moisture variation throughout the log h range 
from 0 to 4.18.

Figure 3 also shows that the Equation (2) model 
perfectly describes the SWCC course at each of the 
three plots. While two exponential terms proved suf-
ficient to express the dependence at the lower log h < 
2.5 suctions, the van Genuchten term describes the 
course of the curve at higher log h suctions. Table 2 

summarises the parameters used for calculations 
depicted in Figure 3 (dashed lines). The trimodal 
PSD curves have three peaks with maxima between 
485–1 329, 12–27 and 1.5–1.7 µm.

The Equation (3) model was also applied to water 
retention data for comparison (Table 3). Since the 
unimodal model provided negative values for the 
parameter C, residual moisture content, the values 
of the C parameter were thus fixed to the values pro-
vided by the trimodal model (Table 2). This model 
gives higher RMSE and AICc values than the trimodal 
Equation (2) in Table 2. The RMSE and AICc prove 
the validity of using the trimodal model.

Figure 3. Average soil-water characteristic curves (solid line) and pore size distribution curves (dashed line) for each plot
θ – water content; h – water suction; d – pore diameter; whiskers provide the min and max observed water contents

Table 2. Parameters with standard error of the trimodal model (Equation 2) fitted to the average SWCCs for each plot

Parameter Reference area Clear-cut area Forest track
C (cm3/cm3) 0.178 ± 0.005 0.227 ± 0.002 0.255 ± 0.002
A1 (cm3/cm3) 0.178 ± 0.008 0.189 ± 0.006 0.170 ± 0.008
1/α (cm) 1541 ± 108 1546 ± 73 1747 ± 118
n 2.81 ± 0.25 2.82 ± 0.14 2.72 ± 0.15
A2 (cm3/cm3) 0.103 ± 0.007 0.075 ± 0.004 0.047 ± 0.005
h2 (cm) 110 ± 20 179 ± 33 258 ± 84
A3 (cm3/cm3) 0.174 ± 0.013 0.088 ± 0.006 0.053 ± 0.003
h3 (cm) 2.26 ± 0.33 2.85 ± 0.40 6.19 ± 0.89
RMSE (cm3/cm3) 2.51E–03 1.29E–03 9.20E–04
AICc –79.7 –95.6 –103.8

SWCCs – soil-water characteristic curves; C – residual moisture, A1, 1/α, n – parameters in the van Genuchten term, A2, h2, 
A3, h3 – parameters in the exponential terms; RMSE – the root mean square error; AICc – the Akaike’s information criterion 
with correction for the small sample size
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The water retention calculated in each sample us-
ing the Equation 2 model is controlled by pore size 
distribution (Figure 4). The largest pores drained 
at log h < 1.80 determine the soil air capacity (AC). 
Similar to the macropore contents, the AC decreased 
in an order of reference plot > clear-cut plot > forest 
track. The available water capacity (AWC) for log h 
between 1.80 and 4.18 was highest in the clear-cut 
plot, but differences were not significant. The per-
manent wilting point (PWP) at log h 4.18 was high-
est at the forest track, followed by the clear-cut and 
reference plots.

DISCUSSION

Multi-modal pore distribution. There is a need 
to differentiate between pore categories when analys-
ing water retention properties from full saturation 

to residual moisture (Kutílek et al. 2006; Dexter et al. 
2008; Jensen et al. 2019; Dlapa et al. 2020). Santos et al. 
(2011) also stresses the importance of macropores, 
because these often escape attention in analysing 
the results of water retention experiments. Kutílek 
et al. (2006) reported the importance of distinguish-
ing matrix (textural) and structural porosity in their 
compression experiments.

Several authors have successfully applied bimod-
al models to water retention data. These include 
Durner’s use of the van Genuchten bimodal model 
(Durner 1994), while other authors employ the Kosugi 
bimodal function (Kutílek et al. 2006; Fernández-
Gálvez et al. 2021). Jensen et al. (2019) successfully 
applied Dexter’s double-exponential model on soils 
with clay content of 2 to 30 wt.% (Dexter et al. 2008).

The existence of macropores, textural and structural 
pores indicates that trimodal models are required 
to fit more complex courses of the θ vs. log h depend-
ence (Dexter & Richard 2009; Sekucia et al. 2020). 
Herein, using a greater number of points showed that 
even the bimodal model is insufficient (Figure 3). 
The double-exponential model has a small number 
of parameters, so we extended this by the van Ge-
nuchten function. The resulting trimodal model has 
8 independent parameters, and the RMSE and AICc 
values in Table 2 confirm its suitability.

D’Acqui et al. (2020) used mercury porosimetry 
to determine PSD in loamy aggregates. Their meas-
urement did not include pores larger than 200 µm. 
Interestingly, they found two maxima in the range 
of 1–2.5 and 10–25 µm that agree well with maxima 
1.5–1.7 and 12–27 µm observed in our PSD curves 
(Figure 3). Heavy mechanisms reduced pore volume 
mainly between 7–50 µm in the work of D’Acqui et al. 
(2020), which corresponds well to the decrease in the 
middle peak in Figure 3 for the clear-cut area and 

Table 3. Parameters with standard error of the van Genuchten model (Equation 3) fitted to the average SWCCs for each plot

Parameter Reference area Clear-cut area Forest track
C (cm3/cm3) 0.178 0.227 0.255
A1 (cm3/cm3) 0.347 ± 0.032 0.273 ± 0.013 0.228 ± 0.009
Α (1/cm) 0.0532 ± 0.0565 0.0018 ± 0.0006 0.0013 ± 0.0003
n 1.28 ± 0.08 1.85 ± 0.27 1.94 ± 0.25
RMSE (cm3/cm3) 3.70E–02 2.42E–02 1.73E–02
AICc –70.1 –80.3 –88.3

SWCCs – soil-water characteristic curves; C, A – the volumetric water contents; α – the parameter roughly corresponding 
to the inverse of the air-entry value; n – the empirical shape-defining parameter; RMSE – the root mean square error; AICc 
– the Akaike’s information criterion with correction for the small sample size
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forest track. In addition, we observed a significant 
decrease in the peak of the largest pores with maxima 
in the range of 485–1329 µm.

Figure 5 highlights how model error depends on BD 
when the trimodal or unimodal model is employed. 
Soils less affected by compaction have a more pre-
served structure and more pronounced trimodal ef-
fect, so the simple van Genutchten model is therefore 
less accurate.

Santos et al. (2011) and Kutílek et al. (2006) showed 
that soil compaction affects characteristic suctions 
or idealised equivalent pore sizes in specific pore 
categories. In our samples, soil compaction results 
in decreased macro-and-structural pore volume, 
which is accompanied by reduced pore size (Figure 3). 
Kutílek et al. (2006) observed a similar reduction 
in compressed sandy clay loam soil. Our Chernozem 

has a well-developed stable structure, and the decrease 
in equivalent pore diameters (or increased suctions h2 
and h3 in Table 2) concurs with Kutílek et al.s (2006) 
interpretation for soils with a stable structure.

Aeration and water retention. We used the neural 
network prediction to assess possible influence of soil 
texture on porosity (Rosetta Lite Ver. 1.1) (Schaap 
et al. 2001; Ma et al. 2024). Predicted values for three 
research plots (Table 1) showed an order: clear cut > 
forest track > reference plot for TP values (0.56 > 
0.54 > 0.49). The average values actually determined 
in the soils follow in a different order: reference plot > 
clear cut > forest track (0.57 > 0.55 > 0.52). These 
relative differences suggest that compaction-induced 
changes have a greater impact than soil texture.

However, not all pores have the same change in vol-
ume. Figure 6 depicts the relationship between pore 

Figure 6. Air capacity (AC), available water capac-
ity (AWC) and permanent wilting point (PWP) 
versus bulk density (BD) in all samples
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properties and BD, and this shows that compaction 
induces a comparable decrease in the volume of pores 
responsible for soil AC and available water capacity. 
On the contrary, increased soil BD is accompanied 
by increased PWP which represents residual porosity.

Interestingly, the soil within the forest track has 
relatively low BD values and the BD increase in re-
lation to the reference area is 11.6% only (Table 1). 
Compacted forest soils affected by heavy mechani-
zation rarely show such low values of bulk density 
and compaction percentage (Mariotti et al. 2020). 
Observed resistance to compaction may be related 
to the very good structural stability of the investi-
gated forest Chernozem. The soils have a high con-
tent of stable organic matter with a predominance 
of humic acids, and research by other authors has 
also shown a significantly higher content of stable 
aggregates compared to agricultural soils at this 
location (Polláková et al. 2018).

Although BD increased by 4.5% in our clear-cut 
area and by 11.6% on the forest track, changes in the 
pore distribution were more pronounced when AC 
on these two plots decreased by 46% and 65% re-
spectively (Figure 4). This concurs with Ampoorter 
et al. (2010) who concluded that CO2 concentration 
is a more sensitive indicator of soil compaction than 
of BD. Fründ and Averdiek (2016) also reported im-
paired aeration at a depth of 5–7 cm in compacted 
forest soils.

The reduced volume of pores responsible for AC 
and AWC also results in decreased soil water per-
meability. The impaired natural dynamics of drying 
and wetting in compacted forest soil was reported 
by Fründ and Averdiek (2016). The water in the pores 
limits oxygen supply and slows microbial decom-
position of organic matter. These combined effects 
may be responsible for higher SOC content at our 
forest track, because it was used by cars and forestry 
equipment long before logging began.

Logging in forest lands can result in damages that 
contribute to the degradation of the soils through 
water logging and also increase soil erosion. Those 
findings show that logging can reduce the sustain-
ability of the soils in forest land and affect the land 
degradation neutrality and the sustainable develop-
ment goals of the United Nations (Keesstra et al. 2016).

CONCLUSION

The investigated forest soils exhibited trimodal 
behaviour of the SWCCs. Therefore, a revised model 

was proposed that included two exponential expres-
sions for macro-and-structural porosities and the 
van Genuchten expression for textural porosity. 
This model with eight independent parameters was 
suitable for approximating SWCC and evaluating the 
pore size distribution in all samples.

Compaction in the upper 10 cm of the soil affected 
by logging was evident during sampling in the clear-
cut area and most pronounced on the forest track. 
The SWCCs revealed that logging with heavy ma-
chinery had a decisive effect on reducing the volume 
of large pores. The AC and AWC thus decreased, 
while the PWP increased in compacted soils. The 
decrease in the volume of macro- and structural pores 
was accompanied by a decrease in their equivalent 
diameters.

The higher SOC in the most compacted soils can 
be attributed to reduced soil AC and increased sus-
ceptibility to waterlogging, as these changes slow 
down the organic matter decomposition.
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