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Compaction may impair soil health for decades. In a controlled experiment on clayey temperate forest soils, we
assessed the effects of ground-based timber harvesting on earthworm abundance and soil structure. We compared
freshly trafficked skid trails with those created 18 years ago at the same site. Earthworms were sampled in the

EE:ES;ZiI ruts of the skid trails and in adjacent undisturbed plots. In addition, we collected undisturbed soil cores at 5 and
Earthworms 15 cm depths for X-ray imaging to assess soil structure.

We identified five earthworm species: Aporrectodea rosea, Dendrobaena depressa, Dendrodrilus rubidus, Lum-
bricus rubellus, and Octolasion lacteum. Earthworm abundance was highest on 18-year-old skid trails, particularly
of endogeic and juvenile anecic individuals. The abundance of adult anecics remained reduced.

The X-ray data showed that imaged porosity declined sharply after trafficking (from 14.4 + 5.0 % to 3.5 £ 1.6
% at 5 cm; and from 13.5 + 4.9 % to 2.0 + 1.1 % at 15 cm) but recovered at 5 cm within 18 years (12.2 + 4.3
%), with only partial recovery at 15 cm (7.1 £ 2.5 %). Other structural parameters including biopores, pore
anisotropy and I'-connectivity (connectivity probability; dimensionless local connectivity measure, confined to
the range [0,1]) and bulk density followed similar trends. However, the anisotropy of rock fragments did not
recover. Pressure and shear forces during harvesting aligned the rock fragments horizontally.

Our data show that earthworms can recolonize compacted forest soils, but recovery of soil structure is depth-
dependent and remains incomplete at 15 cm depth after 18 years, resulting in a highly biological active layer
sitting on top of a hard pan.

X-ray tomography
Vienna woods

1. Introduction

Soil compaction adversely affects soil health (Nazari et al., 2021;
Shah et al., 2017; Shestak and Busse, 2005). It strongly alters soil
structure (Bottinelli et al., 2014b; Hansson et al., 2018) and affects soil
organisms (Beylich et al., 2010). In forestry timber harvesting is a major
cause of soil compaction. Although timber harvesting is infrequent in
Central Europe due to long rotation periods, the consequences of soil
compaction can persist for decades (DeArmond et al., 2021; Ebeling
et al., 2016). This issue has been exacerbated by the increasing use of
heavy timber harvesting machinery in recent decades (Cambi et al.,
2015), with weights of up to 70 t (Riggert et al., 2019). The greatest

compaction of forest soils, which generally have a well-structured
topsoil (Kloffel et al., 2022) that is rich in macropores (Hansson et al.,
2018; Jost et al., 2012), occurs during the first passage (Cambi et al.,
2015). However, subsequent trafficking further amplifies the impact on
soil (Griinberg et al., 2025). Several reviews summarize the effects of
timber harvesting on soil properties and their recovery (e.g., Cambi
et al., 2015; DeArmond et al., 2021; Nazari et al., 2023; Picchio et al.,
2020).

Biological parameters have received less attention in recovery
studies (DeArmond et al., 2021), despite the fact that soil invertebrates
strongly affect ecosystem functions (Wu et al., 2025) and may be a key
driver of forest soil restoration (Ampoorter et al., 2011). Macrofaunal
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activity, e.g., earthworms and root growth can create new macropores
(Jackaetal., 2021; Koestel and Schliiter, 2019) and support the recovery
of soil structure (Bottinelli et al., 2014b; Ducasse et al., 2021). Some
earthworm species were shown to burrow in highly compacted forest
soils (i.e., bulk densities greater than 1.4 g cm™3) (Ampoorter et al.,
2011; Ducasse et al., 2021). However, compaction reduces the bur-
rowing rate of earthworms (Arrazola-Vasquez et al., 2022). X-ray im-
aging from mesocosm experiments has shown that increasing bulk
density markedly reduces the length, volume, and continuity of endo-
geic earthworm burrows (i.e., mostly horizontal burrows created by
soil-dwelling earthworm species) (Capowiez et al., 2021). Similar results
were observed for Lumbricus terrestris in repacked forest soil columns
(Ducasse et al., 2021).

Shortly after timber harvesting, earthworm populations in skid trails
are drastically reduced across all groups (Bottinelli et al., 2014a; Sohrabi
et al., 2020b). Bottinelli et al. (2014a) found that the rut habitats
remained unsuitable for earthworms even after 4 years, while
Ampoorter et al. (2011) reported increased endogeic earthworm abun-
dance in ruts 3 years after harvesting. Sohrabi et al. (2022, 2020)
documented a steady, though incomplete, recovery over 20-25 years.
These contrasting findings suggest that the impact of timber harvesting
on earthworms — and their subsequent recovery — is highly context
dependent. Tree species composition and the related litter nutrient
concentrations, for example, have been shown to shape earthworm
communities (Desie et al., 2020; Schelfhout et al., 2017).

Similarly, comprehensive studies on forest soil structure using im-
aging techniques remain scarce. Despite their potential to provide sig-
nificant insights into soil functions (Rabot et al., 2018), advanced
methods like X-ray imaging remain underutilized. Hansson et al. (2018)
assessed the immediate effect of timber harvesting in boreal forests on
soil structure on a sandy loam using X-ray imaging. They showed a
reduction in image-resolved pores (—12 — 24 % in 0-5 cm) and lower
connectivity after the harvesting. Structural changes after timber har-
vesting and short-term recovery (2-3 years) on a silty loam were
investigated by Bottinelli et al. (2014b) using 2D-images of thin polished
sections. Their results showed a strong reduction in macroporosity (—93
% in 0-7 cm) and a slow recovery of large macropores. Image-derived
soil structure has been studied more frequently in compacted agricul-
tural soils (e.g., Mossadeghi-Bjorklund et al., 2016; Pohlitz et al., 2019),
showing a reduction in mean macropore diameters, isotropy, macropore
volume, connectivity and changes in pore size distribution (Pohlitz
et al., 2019). Coinciding with the reduced isotropy remaining macro-
pores show a horizontal orientation (Bottinelli et al., 2014b).

The overall recovery of forest soils in skid trails is a slow process over
several decades, with slower recovery of fine-textured soils (DeArmond
et al., 2021). This may be due to limited aeration in skid trails (Hansson
etal., 2019), which could be more pronounced in clayey soils (Behringer
et al., 2025) and delay biological recovery processes.

First effects of soil structure recovery were observed in loamy
temperate forest soils 15-25 years after wheeling (Von Wilpert and
Schaffer, 2006). Recovery of soil structure follows a depth gradient
(Bottinelli et al., 2014b), which has also been observed for other soil
parameters (DeArmond et al., 2023; Flores Fernandez et al., 2019;
Page-Dumroese et al., 2006; Schaffer, 2022). Upper soil layers recover
more quickly due to greater fluctuations in temperature and moisture
(freezing, swelling and shrinking) as well as higher root growth
(Bottinelli et al., 2014b) and biological activity (Bellabarba et al., 2024;
Naylor et al., 2022). However, despite the recovery of the upper topsoil,
the compacted layers below continue to influence the soil conditions
above (DeArmond et al., 2023). Detailed insights into the recovery of
soil structure and earthworms, especially over more than a decade, are
largely lacking.

In our study we hypothesize that (I) timber harvesting has an im-
mediate and significant impact on soil structure and earthworm pop-
ulations; (II) earthworms recolonize highly compacted forest soils and
thereby support the recovery of soil structure (III); there is recovery of
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earthworm populations after 18 years; and (IV) structural recovery
follows a depth gradient with less recovery at greater depth.

To test our hypotheses, we applied X-ray imaging on undisturbed soil
cores sampled from recently trafficked (<1 year) and old skid trails (18
years) and adjacent untrafficked forest soil as control along with phys-
ical and chemical soil analyses and earthworm sampling.

2. Material and methods
2.1. Study site and experimental design

The experimental field site, Steinplattl (48°07'24.93“N
16°02'51.68“E, 530 AMSL), is located on a south facing slope in the
Flysch zone of the Vienna Woods. The site is dominated by European
beech (Fagus sylvatica L.) with an admixture of sessile oak (Quercus
petraea (Matt.) Liebl.), European larch (Larix decidua Mill.), sycamore
maple (Acer pseudoplatanus L.), wild cherry (Prunus avium L.) and Nor-
way spruce (Picea abies (L.) H. Karst.). Before timber harvesting the
mean DBH (diameter at breast height) was 38 cm and the basal area 40
m? ha!. The soil type is a Stagnic Cambisol (IUSS Working Group,
2022) with mull humus dynamic (Zanella et al., 2019). Example soil
profiles of the site can be found in the appendix of Behringer et al.
(2025). The overall soil mineralogical composition (n = 3) is dominated
by quartz (54.3 £ 2.1 %), followed by muscovite (23.3 + 3.3 %), chlo-
rite (10.7 £+ 1.7 %), plagioclase feldspar (albite) (5.3 + 2.4 %), kaolinite
(5.7 £ 1.7 %), and goethite (0.7 + 0.5 %).

Selective timber harvesting on defined skid trails was performed in
the winter of 2004/05 and 2022/23. The use of a new skid trail network
in 2022/23 allows us to assess the recovery of the old skid trails. In
2004/05, a total of 440 m® of timber was harvested from the 19 ha study
site using a skid trail network with a cumulative length of 2900 m. This
corresponds to a harvesting intensity of approximately 0.15 m® of timber
per meter of skid trail. The timber harvesting operation was carried out
with a Skogsjan 487 harvester (14 t; 4 wheels) (Skogsjan, Soderhamn,
Sweeden) and forwarders by Skogsjan (1088 XL) and EcoLog (564B)
(EcoLog, Soderhamn, Sweeden) each with two bogie axles (8 wheels, ca.
12t + 12 tload). No bogie tracks were used. In 2022/23 741 m? timber
were harvested on the six harvester/forwarder skid trails (2080 m),
resulting in a harvesting-intensity of ca. 0.36 m®m™. A John Deere
1270G harvester (22.9 t) and 1210G forwarder (16.2 t + 13 tload) (John
Deere, Moline, IL, USA) were used in 2022/23. Both machines were
assisted by the ecoforst T-Winch 10.1 (ecofrost GmbH, Groflobming,
Austria) to improve traction. In 2022/23 the analyzed skid trails were
logged mostly without bogie tracks (due to wet conditions the forwarder
had to use bogie tracks on one axis on all skid trails to improve traction).
Further details on the site and the timber harvesting operations 2022/23
can be found in Behringer et al. (2025).

The sampling plots were all located on the 19 ha field site Steinplattl
at mid slope position with an inclination of ca. 20 % (Supplement 1,
Fig. S1). We investigated two treatment pairs: skid trails sampled less
than 1 year after harvesting (HO1) with their corresponding untrafficked
reference plots (CO1), and skid trails sampled 18 years after harvesting
(H18) with their respective references (C18). Three different skid trails
with a spacing of >40 m were sampled per treatment. For earthworm
sampling, three replicate plots were established within each skid trail,
spaced at least 20 m apart (details in 2.2 Earthworm sampling and an-
alyses). One soil profile pit and one adjacent untrafficked pit as control
were excavated per skid trail and sampled for X-ray imaging (details in
2.3 Soil sampling and analyses). We extracted three undisturbed soil
cores per depth from each pit (Fig. 1). Site conditions (soil volumetric
water content, soil temperature and precipitation) during the sampling
campaign can be found in Supplement 1, Fig. S2.

2.2. Earthworm sampling and analyses

Earthworms were sampled in April 2023 in plot pairs of trafficked
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Fig. 1. Experimental design; markers in the ruts show compacted treatments (H01/H18) and markers next to the ruts the controls (C01/C18).

and untrafficked sections (2-5 m distance from the skid trail). Three skid
trails with three pairs each were sampled (Fig. 1). Pairs were at least 20
m apart, hence non-autocorrelated independent samples between pairs
can be expected (Valckx et al., 2011). For our sampling we used a
combined method following Schelfhout et al. (2017) and Valckx et al.
(2011) with a few small adaptions. In short, first the litter layer was
removed and searched for litter dwelling earthworms within a 0.25 m?
(61 x 41 cm) frame. Then two applications of mustard solution, with 10
1 water and a mustard concentration of 3 g 17! for the first, and 6 g 17! for
the second application were sprinkled on the plot. Emerging earthworms
were collected for 15 min after each application. Finally, in the center of
the plot a soil column of 30 x 30 cm (0.09 m2) with a depth of 20 cm was
dug out for hand sorting. All earthworms were stored in 95 % ethanol
and further processed as described in Schelfhout et al. (2017). We
assessed earthworm abundance and biomass. All earthworms were
weighed individually after ethanol preservation, including gut contents.
In a first step adult earthworms were identified using different keys
(Christian and Zicsi, 1999; Schaefer, 1992; Sims and Gerard, 1985). If
necessary, names were adjusted according to the Drilobase database
(http://taxo.drilobase.org). Due to the distinct morphological charac-
teristics of the species found, we could in a second step identify juvenile
individuals. Fragments with large missing parts were excluded from
further analysis.

All species were assigned to functional groups according to Capowiez
et al. (2024). Functional groups for species not covered in Capowiez
et al. (2024) were assigned following their suggestions based on the
revisited ecological categories of Bouché (1972) by Bottinelli et al.
(2020). This applies to Dendrobaena depressa (Rosa, 1893) (Dendrobaena
platyura depressa in Bottinelli et al. (2020)) and Dendrodrilus rubidus
(Savigny, 1826). The following groups were assigned: litter dweller
(Dendrodrilus rubidus, Lumbricus rubellus (Hoffmeister, 1843)), interme-
diate (Aporrectodea rosea (Savigny, 1826), Octolasion lacteum (Orley,
1885)), and burrower (Dendrobaena depressa). The two intermediate
species were originally assigned as endogeic species (Bouché, 1972) and
have the highest functional percentages in the endogeic group as well
(Capowiez et al., 2024).

2.3. Soil sampling and analyses

Undisturbed soil cores (aluminum, 250 cm3, 5 cm height) were
cautiously collected in June 2023 at two depth intervals: 5 cm (2.5-7.5
cm) and 15 cm (12.5-17.5 cm) using a hammer with nylon caps and
impact absorbing design (Fig. 1, left). Due to high rock fragment

content, deeper sampling was not feasible. In total 72 soil cores were
collected (two treatment-control pairs (HO1 & CO1 and H18 & C18),
hence 4 x 3 skid trails (blocks) x 2 depth levels x 3 point replicates in
every soil sampling pit. During sampling soil moisture was well below
field capacity. The cores were carefully transported to the laboratory
and stored at 4 °C between processing steps. First, all soil cores were
scanned using X-ray imaging (see next section). Fine earth bulk density
and total carbon and nitrogen content were determined for all cores.

Fine earth (<2 mm) bulk density was determined by dividing the
weight of oven dry (at 105 °C to constant weight) fine earth through its
volume as described in Griinberg et al. (2025). The density of rock
fragments for volume correction was adjusted to 2.68 + 0.02 g cm >
which was measured by pycnometry (AccuPyc 1330, micromeritics,
Norcross, GA, USA) on 14 composite samples.

Total carbon and nitrogen content were measured on homogenized
samples using the elemental analyzer LECO TruSpec (LECO, St. Joseph,
M, USA).

Soil texture and clay mineralogy were analyzed on one soil core per
point repetition. To disperse the samples and destroy organic matter, 10
% hydrogen peroxide and an ultrasonic treatment were used. Soil
texture was determined from a dry subsample >10 g by wet sieving (630
pm, 200 pm, 63 pm, 20 pm) and for particles <20 pm, sedimentation
analysis (SediGraph III, micromeritics, Norcross, GA, USA).

Clay mineral sample preparation followed the methods described by
Whittig (1965) and Tributh (1991). The clay fraction (<2 pm) was
separated from the <20 pm sieved sample by centrifugation (5 min at
1000 rpm) and treated with 4 N MgCl, or 4 N KCl to saturate the sorption
complex with magnesium or potassium. 20 mg of clay were placed on
porous ceramic plates (Kinter and Diamond, 1956), dried overnight over
saturated NH4NO3, and then analyzed by X-ray diffraction (Panalytical
X’Pert Pro MPD diffractometer, Malvern Panalytical, Malvern, United
Kingdom) with an automatic divergence slit, Cu LFF tube (45 kV, 40
mA), and an X’Celerator detector. The measurement time was 25 s, with
a step size of 0.017° from 2° to 70° 26. To identify swelling clay minerals
(smectite, vermiculite), the plates were exposed to an ethylene glycol
atmosphere. Potassium-saturated plates were also treated with dimethyl
sulfoxide to identify well-crystallized kaolinite. To detect primary
chlorite, the plates were heated at 300 °C and 550 °C for 2 h each. X-ray
diffraction was performed after each treatment, using specific 20 ranges
based on the treatment type. The clay mineral identification followed
Brindley and Brown (1982), Moore and Reynolds (1989), Thorez (1975)
and Wilson (1987). The remaining untreated clay fraction was
freeze-dried, homogenized, prepared as a powder, and analyzed
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analogously. Due to the occurring mixed layers, the peak areas were
ranked based on relative shares of the respective clay mineral.

Due to the similarities in clay mineralogy and texture between all
samples, the overall soil mineralogical composition was only evaluated
from three randomly selected samples. The qualitative mineral compo-
sition was determined from these measurements using the Rietveld
refinement in the Panalytical HighScore software (Malvern Panalytical,
Malvern, United Kingdom).

Soil pH in HyO was measured according to Austrian Standards L 1083
(Austrian Standards, 2006) on soil samples (0-20 cm) taken during
earthworm sampling. The soil-to-water ratio used for the analysis was
1:5 (volumetric).

2.4. X-ray image analysis

Direct assessment of soil structure using imaging techniques provides
a more complete understanding of compaction effects (Pohlitz et al.,
2019) than frequently used indirect methods, such as penetration
resistance or bulk density. Imaging techniques offer insights into pore
connectivity and orientation. They also yield an estimation for the
fraction of biopores as well as for soil aeration. To obtain X-ray images
we used a GE vtomex s 240 X-ray scanner (with a GE DXR250 HCD (4
MP) detector plate with 2024 x 2024 crystals in x and y directions) (GE
Sensing Inspection Technologies GmbH, Wunstorf, Germany) located at
the Institute of Crop Science at the ETH Ziirich. The scans were taken at a
voltage of 170 kV with an electron flow corresponding to 500 pA.
Exposure time per radiograph was 200 ps and 2098 radiographs were
taken for each core in 2 x 2 binning mode. A 0.7 mm Cu filter was used
to decrease beam-hardening artifacts. Image reconstruction was per-
formed with GE software datos 2.1. The final 3D 16-bit TIFF-stacks had a
voxel size of 100 pm in all directions.

In the next steps we used the ImageJ (Schindelin et al., 2012) plugin
SoilJ (Koestel, 2018) to straighten and center the cores, detect the col-
umn walls and to calibrate grey values of the images (column wall grey
value = 20000; grey value air inside core = 5000; Fig. 2, a and d). The
calibrated greyscale images were segmented into material classes using
the pixel classification workflow in ilastik, a supervised
machine-learning based approach that employs a random forest classi-
fier with 100 trees (Berg et al., 2019). In our classification approach we
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followed the methods published in Leuther et al. (2023) and Schliiter
et al. (2022). The four trained material class labels were pores, organic
materials, soil matrix and rock fragments (Fig. 2b and c and e). The
classifier was trained on various features including the grey value, edges
and texture with different levels of Gaussian smoothing (¢ = [0.3, 0.7,
1.0, 1.6, 3.5, 5.0, 10]). One classifier (out-of-bag estimate of error rates
3.3 %) was trained for all treatments on eight representatively chosen
sub-volumes (200 x 200 x 200 voxels) that capture the range of
structural features found in the X-ray images.

To avoid sampling artifacts (i.e., disturbances from sampling around
the column walls and close to the sample top and bottom), only the
central part of the soil cores was further analyzed. A cylinder (height =
350 voxels) was cropped 50 voxels below the sample surface, excluding
the top and bottom of the sample. A hollow cylinder with a wall diam-
eter of 100 voxels was removed to minimize the impact of disturbances
occurring close to the column wall during sampling (c.f. Carr et al.,
2020). The final sub-volume had a size of ca. 98 cm?®.

In the next steps the material classes were analyzed using the Por-
eSpaceAnalyzer in SoilJ which implements several MorphoLibJ routines
(Legland et al., 2016)

Apart from imaged porosity we also show the imaged pore size dis-
tribution, defined as the largest sphere that can fit within the pore
structure (Legland et al., 2016). Tube like pores were extracted
following the algorithm published in Lucas et al. (2022). We refer to
these pores as biopores in the following. The threshold for minimum
vesselness, a function estimating a probability-like value to distinguish
tube shapes from blob-like structures (Frangi et al., 1998), was set to 0.6.
The minimum biopore length was set to 60 voxels. With these settings
we aim to focus on larger biopores that might be related to earthworm
activity and likely influenced by past or present root activity. Moreover,
we determined I" which is a dimensionless local connectivity measure,
confined to the range [0,1] indicating the connectivity probability of
given pore clusters (Renard and Allard, 2013; Schliiter et al., 2014). We
also checked if the imaged pore space was percolating, i.e., if at least one
pore cluster connects top and bottom of the selected region of interest
(ROI). We decided to calculate the anisotropy (A) focussing on platy
structures perpendicular to z (Equation (1)) as platy structures can be
expected after compaction.

Organic

Soil matrix

Rocks

Fig. 2. Image segmentation; a) freshly compacted soil, calibrated greyscale image; b) freshly compacted soil, segmented into four phases (from dark to bright: air,
organic, soil matrix, rock fragments); ¢) 3D illustration of segmented image of uncompacted soil (35.0 x 33.2 x 45.1 mm); d) uncompacted soil, calibrated greyscale

image; e) uncompacted soil segmented into four phases.
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Z
A:0.5(x+y)+e )

with x, y and z being the count of changes in material class in a binary
image in the respective direction. We also introduced a correction factor
(e; withe=0if x +y >0and e =1 if x + y = 0) in case of perfect
perpendicular alignment of structures towards z. € can be set to 0 in soil
as perfect anisotropy is not to be expected. The larger A the stronger the
soil structure is layered in the horizontal direction (platyness). A value of
1 indicates complete isotropy, values smaller than 1 a predominantly
vertical structure.

2.5. Statistical analyses

All statistical analysis were conducted using R (R Core Team, 2025).
For the earthworm data generalized linear mixed models (GLMM) were
fitted to test the proposed hypotheses. This choice was driven by the
nature of the response variable, which consisted of count and positive
continuous data with a preponderance of zero observations. The GLMM
framework is well-suited for such data structures, as it allows for the
specification of an appropriate distribution to model outcomes while
effectively addressing issues such as overdispersion and zero inflation.
The treatment effect on both earthworm abundance (individuals (ind.)
m~2) and biomass (g m~2) was tested, including pH as additional
explanatory variable for all earthworms, burrowing earthworms and
intermediate earthworms. For litter dwellers, pH was excluded,
following the reasoning of Desie et al. (2020) who argued that they (i) do
not (primarily) inhabit the soil and (ii) are less sensitive to low
pH-values. Due to their high flexibility and the capacity to handle exact
zeros, we used GLMMs based on Tweedie exponential dispersion models
with an index parameter 1 < & < 2 (Dunn et al., 2018), available in the
R-package glmmTMB (Brooks et al., 2017). Model assumptions were
visually checked using DHARMa (Hartig, 2024). If diagnostic plots
indicated a violation of assumptions, an additional zero inflation term
was added.

In cases of zero variance in one treatment (i.e., all observations were
zeros), a paired Wilcoxon test was used to compare the respective
treatments. The p-values resulting from the Wilcoxon tests were not
adjusted (Nakagawa, 2004) as only clearly pre-defined hypotheses were
tested (Midway et al., 2020), each addressing separate research ques-
tions (Garcia-Pérez, 2023): (i) the effect of timber harvesting after <1
year, (ii) the effect after 18 years, and (iii) recovery (comparison HO1 vs
H18). Further details on models and tests are provided in the supple-
ments (Supplement 2).

For data obtained from soil cores in the laboratory and through X-ray
imaging, a similar approach was used, with the key difference that a
linear mixed model (LMM) using the nlme package (Pinheiro et al., 2025;
Pinheiro and Bates, 2000) was fitted instead of a GLMM. Initially,
models were constructed with a maximal random effects structure (Barr
et al., 2013), accounting for varying intercepts between pairs (traffick-
ed/untrafficked) and between soil pits within pairs. However, such
maximal models cause a substantial loss of statistical power if the true
variance component is small, potentially even resulting in singularity
issues (Matuschek et al., 2017).

To address this, model selection based on the corrected Akaike In-
formation Criterion AICc (Hurvich and Tsai, 1989) favored a simpler
random effects structure. All LMMs retained soil pit as the only random
effect, accounting for baseline variability at the site and enabling a
robust analysis of the variables of interest. Model assumptions were
evaluated visually using diagnostic plots. In cases where the assumption
of homoscedasticity was violated, an additional term was included to
allow for different variances between treatments. Due to singularity is-
sues, a simple linear model was used for pH. Further details on the final
models can be found in the supplements (Supplement 3).

The comparison of the relevant treatments (CO1 vs HO1, C18 vs H18
and HO1 vs H18) was conducted using the emmeans package (Lenth,
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2025). As C01 and C18 were sampled from the same population and
intended to capture small-scale heterogeneity in soil properties, both
controls were not tested against each other.

As texture was only measured on one selected soil core per pit and
was not normally distributed, differences were checked using the
Kruskal-Wallis test, to investigate potential differences in texture be-
tween treatments.

3. Results

3.1. Earthworm abundance and biomass severely reduced in fresh skid
trails but higher in old trails

Earthworms also show a general pattern across all functional groups:
while (almost) no earthworms were found on HO1, old skid trails (H18)
showed a higher abundance (ind. m~2) and biomass (g m~2) of earth-
worms compared to C18 (Fig. 3). Due to non-normality of the data,
earthworm results are presented as medians, unless indicated otherwise.

Total earthworm (sum of all individuals from all functional groups)
abundance and biomass shows this pattern with a median of zero for
both abundance and biomass on HO1 (compared to ind. 52 m™2 and
28.9 ¢ m~2 on CO1; p < 0.01 for abundance and biomass). On H18,
earthworm abundance was significantly higher than for C18 (162 ind.
m~2 and 28.9 ¢ m~2 compared to 27 ind. m~2 and 14.6 g m ™% p = 0.01
for abundance and p = 0.13 for biomass). The difference between HO1
and H18 was significant (p < 0.01, for both, abundance and biomass) as
well.

The intermediate functional group pronouncedly follows the pattern
described above. Zero earthworms were found on HO1, compared to 15
ind. m™2 and 1.8 g m~2 for C01 (p = 0.02 for both, abundance and
biomass). On H18, significantly more earthworms were found than on
C18 (64 ind. m 2 and 15.6 g m? compared to 4 ind. m 2and 0.5 g m 3
p = 0.04 for abundance and p = 0.02 for biomass). Differences between
H18 and HO1 were significant too (p < 0.01 for both, abundance and
biomass).

The burrower functional group slightly deviate from this pattern
with no significant difference between H18 and C18 for biomass (14.1 g
m 2 vs 10.3 g m~2; p = 0.46), while the difference for abundance is
significant (61 ind. m~2 vs 4 ind. m~2%; p < 0.01). HO1 again shows a
median of zero for both, abundance and biomass compared to 19 ind.
m~2 and 14.6 g m~2 for CO1 (p < 0.01 for both, abundance and
biomass). The difference between HO1 and H18 is pronounced again (p
< 0.01 for both, abundance and biomass).

Very few litter dwellers were encountered throughout all treatments.
Except for H18 (4 ind. m~2 and 0.4 g m~2) all medians for abundance
and biomass showed zero. Only the differences between HO1 and H18
were significant (abundance: p < 0.01; biomass: p = 0.02).

Further details on statistical models, tests, and diagnostics described
in this section can be found in the supplements (Supplement 2).

3.2. Laboratory results show treatment effect on bulk density and pH

As expected, soil texture did not show significant differences be-
tween treatments, with means of 60.1 % clay and 38.6 % silt at 5 cm
depth, and 59.8 % clay and 38.9 % silt at 15 cm depth (Table 1), indi-
cating overall homogeneous site conditions. The clay mineral compo-
sition showed no differences between sampling pits, with no indications
of clay translocation within the profile. The main components of the clay
fraction are kaolinite, followed by illite and vermiculite, as a swelling
clay mineral. Vermiculite is part of a mixed-layer mineral, with two
different types identified: vermiculite-illite and chlorite-illite. Chlorite is
detectable only in traces. Due to the mixed layers, quantification by
measuring peak areas was not reliably feasible, so only relative quan-
tities were derived (data and a labeled example diffractogram are pro-
vided in the supplements (Supplement 4 & 5)).

The SOC-concentration and the C/N ratio did not show significant
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Fig. 3. Earthworm abundance [ind. m~2] (a) and earthworm biomass [g m2] (b); n = 9 per treatment; HO1 was trafficked <1 year before sampling, H18 18 years
before sampling. CO1 and C18 are the respective controls.

Table 1

Soil properties; bulk density (BD) [g ecm 21, clay (<2 um) [%], silt (63-2 um) [%], soil organic carbon (SOC) [%] and carbon-to-nitrogen-ratio (G/N) [-]; n = 9 per
treatment and depth for BD, SOC and C/N, n = 3 per treatment and depth for soil texture; HO1 was trafficked <1 year before sampling, H18 18 years before sampling.
CO01 and C18 are the respective controls. Lower-case letters indicate significant (p < 0.05) differences between trafficked treatments and the respective control; upper-
case letters indicate significant differences between recently trafficked (HO1) and old skid trails (H18).

Soil property Depth [cm] Cco1 HO1 C18 H18
BD [g cm %] X s X s x s X s
5 0.99° 0.08 1.31° 0.12 1.00 0.11 1.09 0.22
15 1.09° 0.13 1.42° 0.09 1.03% 0.07 1.28° 0.10
Clay [%] 5 61.6 5.9 59.8 3.0 59.4 1.3 59.7 1.1
15 58.5 35 61.2 3.6 59.7 1.2 59.9 0.6
Silt [%] 5 36.9 6.9 38.8 3.1 39.4 1.7 39.1 0.7
15 40.0 4.3 37.4 3.9 39.2 1.2 39.0 0.5
SOC [%] 5 4.74 0.93 3.73 0.89 4.96 0.68 5.57 1.92
15 3.46 0.84 2.23 0.56 3.83 0.43 3.27 1.10
C/N [-] 5 12.28 1.91 11.44 0.78 11.44 0.54 12.14 0.70
15 11.05 1.34 9.64 0.80 10.89 0.52 10.29 1.03

differences between treatments, although there is a tendency for higher
SOC concentrations at 5 cm depth for H18 and lower concentrations for
HO1 (Table 1). The pH measured (0-20 cm) showed a clear treatment
effect. Both references, CO1 and C18, had significantly lower pH values
(4.8 + 0.2 and 4.8 + 0.1, respectively; p < 0.01 for each) than the
trafficked treatments HO1 and H18 (5.2 + 0.4 and 5.3 + 0.4, respec-
tively). No significant difference between HO1 and H18 (p = 0.69) was
detected.

Bulk density (BD) follows the generic pattern described above

(Table 1; Fig. 4). However, the variance at 5 cm depth was high, espe-
cially for H18, resulting in lower but not statistically significant BD
values for H18 compared to HO1 (p = 0.06). No significant differences
between C18 and H18 (p = 0.41) were detected. At 15 cm depth, both
treatments HO1 and H18 have significantly higher bulk densities than
their controls (p < 0.01 for each), while BD at H18 is not significantly
lower than HO1 (p = 0.07). Further details on statistical models, tests,
and diagnostics described in this section can be found in the supple-
ments (Supplement 3).
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Fig. 4. Overview of parameters from soil sampling and X-ray imaging; Results from bulk density (BD), imaged porosity (IP), biopore porosity (Biopores), connectivity
probability I" [-], anisotropy of imaged pores (Aniso. IP [-]) and anisotropy of rock fragments (Aniso. rock [-]) are displayed; n = 9 per treatment and depth; HO1 was
trafficked <1 year before sampling, H18 was trafficked 18 years before sampling. CO1 and C18 are the respective controls.

3.3. X-ray imaging reveals strong treatment effects on soil structure

An overview of parameters derived from X-ray imaging can be found
in Supplement 1 Table S1 and Fig. 4. Imaged porosity is tightly corre-
lated with BD (Fig. 5b; R2 = 0.62) and perfectly follows the general
pattern described above. CO1 has significantly higher imaged porosity
than HO1, as does H18 compared to HO1 (p < 0.01 for both). No dif-
ference was observed between C18 and H18 (p = 0.94) at 5 cm. At 15 cm
depth, all comparisons resulted in significant differences: imaged
porosity is higher in both controls compared to HO1 and H18 (p < 0.01
for both), and imaged porosity at H18 is higher than at HO1 (p = 0.01).

The imaged pore size distribution shows clear differences between
treatments. There is a strong reduction in the dominant pore sizes for
HO1 compared to CO1, while at 5 cm depth, differences between C18 and
H18 are not clear. At 15 cm depth, the difference between C18 and H18
is apparent, with the effect of HO1 being even more pronounced
(Fig. 5a).

Biopores show significant differences with CO1 > HO01 (p = 0.02) and
H18 > HO1 (p < 0.01) at 5 cm depth. No significant differences were

observed between C18 and H18 (p = 0.33), although H18 appears to
have slightly larger bioporosity than C18 (0.77 + 0.46 % compared to
0.52 + 0.46 %). At 15 cm depth, significant differences were found with
CO01 > HO1 and H18 > HO1l (p < 0.01), while the larger number in
biopores for C18 compared to H18 were not significant (p = 0.09).

I'-connectivity showed the same pattern: C01 > HO1 and H18 > HO1
(p < 0.01 for both), and no significant differences between C18 and H18
(p = 0.80) at 5 cm. At 15 cm depth, all comparisons resulted in signif-
icant differences, with lower values for HO1 and H18 compared to CO1
and C18 (p < 0.01 for both), and higher values for H18 versus HO1 (p <
0.05).

Nine out of 36 samples were not percolating deduced from imaged
porosity, meaning no connection between the top and bottom of the ROI
existed. All non-percolating samples were from HO1, predominantly at
15 cm depth. Fig. 5c¢ shows that until a certain imaged porosity, most
pores are part of the percolating pore cluster. Below an imaged porosity
of approximately 4 %, there is less connectivity between pore clusters.
The average percolation threshold is reached at an imaged porosity of
1.7 £ 0.6 %. Again, differences between treatments followed the general
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pattern of CO1 > HO1 and H18 > HO1 (p < 0.01 for both), with no
significant difference between C18 and H18 (p = 0.93) at 5 cm. At 15 cm
depth, we showed that C01 > HO1 and H18 > HO1 (p < 0.01 for both).
The difference between HO1 and H18 was significant (p = 0.02), with a
higher share of percolating pores for H18.

The anisotropy of imaged pores at 5 cm depth is significantly higher
in HO1 compared to H18 and CO1 (p < 0.01 for both). The difference
between C18 and H18 is not significant (p = 0.19). However, at a depth
of 15 cm, this difference becomes significant (p = 0.03), with H18
showing higher anisotropy. CO1 exhibits significantly lower anisotropy
than HO1 at 15 cm (p < 0.01). Due to high variability in HO1, the
anisotropy in H18 is slightly lower than in HO1 but does not reach sta-
tistical significance (p = 0.06).

The anisotropy of rock fragments (i.e., the alignment of loose rock
fragments within the soil core) at 5 cm does not show any significant
differences, although a tendency of higher anisotropy for HO1 compared
to all other treatments can be observed. At 15 cm depth, both treatments
HO1 and H18 show significantly higher anisotropy compared to their
controls (p = 0.04 and p = 0.01, respectively). No differences between
HO1 and H18 are observed (p = 0.63).

Further details on statistical models, tests, and diagnostics described
in this section can be found in the supplements (Supplement 3).

4. Discussion

The mull humus dynamic at our site indicates high faunal activity,
which is reflected in the dominance of burrowing and intermediate
earthworms and the low abundance of litter dwellers. Slightly higher
numbers of litter dwellers were recorded only in the ruts of old skid trails
(H18), where more litter had accumulated.

We observed a stark decline or near eradication of earthworms in
newly established skid trails. This is followed by a partial recovery of
earthworm populations, leading to the highest abundance of earth-
worms in old skid trails. Coinciding with this our results revealed two
consistent patterns across most measured soil parameters: (1) a strong
impact of compaction in skid trails within the first year after timber
harvesting, and (2) a depth-dependent trend in recovery, with full re-
covery observed at 5 cm and only partial recovery at 15 cm after 18
years (Table 1; Supplement 1 Table S1; Fig. 4).

4.1. Immediate impact of compaction

Similar to previous research (Bottinelli et al., 2014a; Jordan et al.,
1999) and in agreement with our hypothesis, we observed a significant
immediate decline in all functional earthworm groups following timber
harvesting-induced soil compaction. Single individuals of the burrower
and litter dweller group were found, while no intermediate individuals
were detected. This is consistent with the fact that endogeic species are
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less mobile compared to their epigeic and anecic counterparts
(Chatelain and Mathieu, 2017). As mentioned above (2.2 Earthworm
sampling and analyses), the two intermediate species were initially
classified as endogeic species (Bouché, 1972). Interestingly, Bottinelli
et al. (2014a) still found a low abundance of endogeic species directly
after timber harvesting, concluding they might be less sensitive towards
compaction. However, this difference to our results is likely due to a
lower trafficking intensity at their experimental site (1 compared to
6-10 machine cycles). The higher trafficking intensity observed in our
experiment reflects typical conditions in the main sections of a sys-
tematic skid trail network, particularly those closer to the log landing
(DeArmond et al., 2021).

Chemical and biological conditions at our site remained suitable for
earthworms after trafficking — particularly with an observed increase in
pH. This initial increase in pH likely results from the exposure of deeper
soil layers and the development of anaerobic conditions caused by
compaction. The resulting decrease in redox potential is known to
elevate pH levels (Husson, 2013). Under these reducing conditions,
compacted environments promote the activity of sulfur- and
metal-reducing microbes (Hartmann et al., 2014), which consume pro-
tons during the reduction of iron and manganese oxides. These microbial
processes are often reflected in the appearance of greyish mottling in the
topsoil (Klein-Raufhake et al., 2024). However, while these processes
contribute to the increase in pH, the physical effects of compaction
simultaneously created unfavorable conditions that inhibited earth-
worm activity.

The well-established loss of macropores as an immediate effect of
timber harvesting-induced compaction (e.g., Behringer et al., 2025;
Greacen and Sands, 1980; McNabb et al., 2001) is clearly reflected in our
data and confirms our hypothesis. The strong linear correlation between
imaged porosity and bulk density (Fig. 5b) suggests that compaction
primarily occurs within the pore size range captured by X-ray imaging.

Hansson et al. (2018), who used similar methods to study silt loam
soils in the boreal zone, found comparable results: undisturbed samples
showed most pore space connected within a single cluster, whereas
compacted samples exhibited reduced pore connectivity (Fig. 5¢).

However, compared to Hansson et al. (2018) the compaction effects
on our study site (a clay soil in the temperate zone) were even more
pronounced. While most compacted samples in Hansson et al. (2018)
remained percolating, a substantial portion of our compacted samples
did not. Differences in image resolution could partially explain this
observation. However, saturated hydraulic conductivity values of com-
pacted samples (HO1) from our site (Behringer et al., 2025) were over an
order of magnitude lower than those reported by Hansson et al. (2018).
This supports the conclusion that both porosity and connectivity are
more severely reduced in our study area.

Similarly, Bottinelli et al. (2014b) reported a strong immediate
reduction in macroporosity on a silt loam temperate forest soil, with
decreases of 93 % at 0-7 cm and 68 % at 15-30 cm depth. These values
are comparable to our observed reductions of 75 % at 5 cm and 85 % at
15 cm, despite differences in soil texture (clay vs. silt loam).

Overall, our findings align with observations from agricultural
research, which similarly report compaction-induced losses in pore
connectivity and increased anisotropy (Pohlitz et al., 2019). The high
variance we observed, particularly in the anisotropy of imaged pores at
15 cm depth, might be related to the distribution of horizontal cracks in
this treatment. While some samples intersected larger horizontal crack
structures, others may not include any major (horizontal) structures,
resulting in lower anisotropy values. In our study, higher anisotropy
indicates the formation of horizontally aligned, platy structures, which
may promote preferential lateral water flow (Beck-Broichsitter et al.,
2022). Yet, despite this, low infiltration rates suggest that surface runoff
remains the dominant hydrological process on skid trails at our site
(Behringer et al., 2025). Moreover, these horizontal structures, together
with reduced pore connectivity, impede gas exchange (Frey et al., 2009),
as reflected in hydromorphic features such as mottling observed in
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compacted areas (Behringer et al., 2025; Klein-Raufhake et al., 2024;
Startsev and McNabb, 2009). These altered soil physical conditions are
linked to changes in the greenhouse gas balance of forest soils, with
elevated NO emissions and decreased CH4 uptake (Teepe et al., 2004).

4.2. Higher earthworm abundance in 18-year-old skid trails

Old skid trails appear to have developed into a new habitat, offering
conditions suitable for earthworms. Similar to natural pit-and-mound
structures, which support higher soil organic carbon (SOC), soil mois-
ture, and earthworm abundance and biomass (Kooch et al., 2014), old
skid trails exhibit characteristics that favor earthworm activity. Beech
litter accumulates in the concave profile of old ruts, providing an
abundant food source for earthworms. This is supported by a trend of
higher SOC concentrations at 5 cm depth in old skid trails (5.6 + 1.9 %)
compared to control plots (5.0 + 0.7 %), suggesting the incorporation of
litter into the soil, which benefits soil-feeding species. Ruts retain higher
soil moisture (Hansson et al., 2019) with elevated moisture levels per-
sisting even in recovered layers due to water stagnation caused by
compacted deeper soil layers (DeArmond et al., 2023). Old skid trails
also exhibit higher pH values, which further enhance conditions for
earthworms. The accumulation of beech litter, known for its relatively
high pH and Ca®" concentrations (Kupka and Gruba, 2022) might
contribute to higher pH-values adding to the increases due to altered
redox conditions discussed earlier (4.1 Immediate impact of compac-
tion). Moreover, earthworm activity itself may create a positive feed-
back loop, where their activity promotes forest floor turnover, increases
topsoil pH, and creates favourable living conditions (Desie et al., 2020).

Coinciding with these favourable conditions we observed a signifi-
cantly higher abundance of earthworms in old skid trails, along with a
trend toward higher biomass. This indicates that earthworms were able
to recolonize highly compacted forest soils, although full recovery to the
untrafficked state was not achieved.

For intermediate species, both abundance and biomass were signif-
icantly higher in old skid trails compared to untrafficked plots.
Ampoorter et al. (2011) similarly reported a higher abundance of
endogeic earthworms in skid trails within three years after trafficking,
likely due to increased pH and soil moisture. However, other studies
have documented incomplete earthworm recovery in temperate forests
even after 20-25 years (Sohrabi et al., 2020a, 2020b, 2022), under-
scoring the context-dependent nature of ecological recovery processes.

For burrowers, we observed a different pattern compared to the in-
termediate group. While significantly more individuals were found in
old skid trails than in control plots, no differences in biomass were
detected. This suggests that control plots provide habitat for a few large
adult individuals, whereas old skid trails are dominated by smaller ju-
venile individuals (Supplement 2: Earthworm Models; 4.3.3). Juveniles
have been reported to colonize new habitats (Capowiez et al., 2000).
However, it seems improbable that burrowing individuals, such as
Dendrobaena depressa, would require 18 years to establish, especially
given that other functional groups did not exhibit a similar pattern.
Additionally, the recovered structure of the topsoil suggests biological
activity has been reestablished for some time.

We hypothesize that the observed pattern reflects differing habitat
preferences and potentially even territorial behaviour (as observed for
other species (Capowiez and Belzunces, 2001)) between adult and ju-
venile individuals of Dendrobaena depressa. Due to different morpho-
logical features, i.e. thicker pre-clitellar epidermis (Briones and
Alvarez-Otero, 2018), adult earthworms inhabit different ecological
niches than juvenile earthworms. In burrowing species, juvenile in-
dividuals are typically found at shallower depths (Gerard, 1967; Run-
dgren, 1975). This pattern aligns with the observed recovery of soil
structure at 5 cm depth, while deeper layers still exhibited signs of
compaction. Adult individuals, which burrow deeper (Zicsi et al., 2011)
likely avoid rut habitats, due to their preference for uncompacted soil (e.
g., Bottinelli et al., 2014a; Capowiez et al., 2021; Ducasse et al., 2021).
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For juvenile Dendrobaena depressa, however, the recovered topsoil in
these ruts may offer more favourable conditions.

4.3. Pronounced depth gradient in soil recovery

In contrast to agricultural systems, where mechanical interventions
like ploughing or tillage can alleviate compaction, most forest soils rely
on slow natural processes for recovery. As a result, compaction effects in
forest soils are more persistent and long-lasting. At our site, the presence
of swelling clay minerals suggests that initial recovery may be driven by
swelling and shrinking processes (Diel et al., 2019; Peth et al., 2010)
which are known to play a key role in the recovery of skid trails
(DeArmond et al., 2021). This may be followed by colonization from
hygrophilous plant species such as Juncus spp. and Carex spp. (Mercier
et al., 2019), whose roots further aid in penetrating compacted layers
(Bottinelli et al., 2014b). These conditions facilitate the gradual
recolonization of earthworms, as hypothesized by Bottinelli et al.
(2014a, 2014b). Earthworms, with their ability to burrow through
compacted soils (Ducasse et al., 2021; Jégou et al., 2000; Joschko et al.,
1989), can further enhance soil structure recovery.

In our study, old skid trails tended to show the greatest number of
biopores, corresponding to the greatest earthworm abundance. How-
ever, while increased earthworm abundance can enhance pore forma-
tion (Ma et al., 2021), the relationship is not necessarily straightforward.
For example, endogeic species often refill their burrows with casts
(Capowiez et al., 2014; Le Couteulx et al., 2015), potentially obscuring
their contribution to pore networks. This effect is likely relevant at our
site as all soil-dwelling species (burrowers and intermediate species)
identified are known to predominantly cast within the soil (Zicsi et al.,
2011).

Capowiez et al. (2021) observed that endogeic species tend to
burrow less vertically in compacted soils, and even Lumbricus terrestris,
known for its deep vertical burrows, significantly reduces burrowing
depth under such conditions (Ducasse et al., 2021). This is also reported
by Sohrabi et al. (2020b) who showed decreasing earthworm abundance
and biomass with increasing depth in old skid trails.

Consistent with the observed behavior of earthworms, our study
revealed a pronounced depth gradient in soil structure recovery,
including biopores, suggesting an active role of earthworms in the re-
covery process. At 5 cm depth, soil structure showed full recovery after
18 years, whereas compaction at 15 cm remained significant. This ver-
tical gradient aligns with short-term (2-3 years) recovery patterns re-
ported by Bottinelli et al. (2014b).

Ebeling et al. (2016) documented recovery at 5 cm depth within
10-20 years in similarly clay-rich, biologically active forest soils. Bulk
density in our study - recovering to a median of ca.

1.0 g em ™3 — closely matched the values found by Ebeling et al.
(2016). The variance of the recovered upper soil layer though, is still
noticeably higher than in the control. This indicates small-scale het-
erogeneity in the recovery processes.

Deeper soil layers typically recover slower (Muys, 1989; Page--
Dumroese et al., 2006). Wallace et al. (2021) reported incomplete re-
covery of bulk density after 10 years in a silt loam, likely due to greater
sampling depth (0-10 cm). Similarly, DeArmond et al. (2023) observed
full recovery at 0-5 cm, but persistent compaction at 5-10 cm, even after
28 years in Amazonian clayey soils — suggesting that compacted sub-
layers have a continued impact on the layers above. Tavankar et al.
(2022) showed that recovery of clay to clay-loam soils (0-10 cm) may
take 20-30 years for lightly trafficked sites, and over 30 years for heavily
trafficked skid trails. Even higher recovery times were shown for silt
loam textured soils with low activity of soil biota, where even after 37
years soil layers below 10 cm depth had not yet fully recovered
(Schaffer, 2022). These results highlight that deeper soil layers function
as long-term archives of compaction, making assessment depth a critical
factor in interpreting soil recovery (DeArmond et al., 2021).

At 15 cm depth, most structural parameters in our study approached
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intermediate values between untrafficked and recently compacted soils.
However, the anisotropy of rock fragments showed no recovery trend.
The horizontal alignment of platy rock fragments persisted over time,
indicating a lasting structural modification. This persistence may have
long-term implications for water and gas transport, as observed by
Beck-Broichsitter et al. (2022), who reported that naturally layered
bedrock can lead to horizontal pore alignment and lateral preferential
flow. These findings suggest that such physical reorganization may
continue to influence soil aeration and hydrology long after other in-
dicators of compaction have recovered. Our findings imply that rock
fragment anisotropy could serve as a sensitive and long-term indicator of
past soil compaction, retaining evidence of mechanical disturbance
more effectively than other structural parameters.

While deeper sampling could have provided additional insights into
subsoil recovery processes, the high rock fragment content at our site
limited representative sampling below 20 cm. Despite this limitation,
our findings clearly demonstrate a pronounced depth gradient in soil
structure recovery, highlighting the persistent impact of heavy ma-
chinery on deeper soil layers (Keller and Or, 2022).

By assessing biopores and earthworm communities, our study pro-
vides new insights into the recovery of soil structure and earthworm
populations following timber harvesting. However, it does not fully
isolate the specific role of earthworms in driving structural recovery.
Gasser et al. (in prep.)

working at the same site, observed that tree roots may follow a re-
covery pattern similar to that of earthworms. Disentangling the contri-
butions of earthworms and roots would require a different experimental
design, such as the long-term exclusion of earthworms and/or roots.
However, maintaining such an approach over an 18-year period under
field conditions would be extremely challenging.

What we did observe is that old skid trails are characterized by a
highly biologically active layer sitting atop a hard pan, which continues
to influence the conditions above.

4.4. Management implications

The results — particularly those concerning earthworms — are only
applicable to conditions where soil-dwelling earthworms are present. At
a global scale, earthworm abundance and distribution are primarily
driven by climatic variables such as temperature and precipitation
(Phillips et al., 2019) and post glacial migration (Hendrix et al., 2008).
At a European scale however, soil and litter related factors such as soil
pH (Desie et al., 2020; Jansch et al., 2013) and vegetation type,
including tree species composition (Schelfhout et al., 2017), best explain
earthworm presence (De Wandeler et al., 2016). In temperate forests
with low faunal activity, soil recovery after compaction may be even
slower. This is supported by Schaffer (2022), who reported only partial
recovery of soil parameters nearly four decades after trafficking.

Our study clearly highlights the long recovery times of skid trails
following soil compaction (DeArmond et al., 2021), emphasizing the
need for skid trails to be designated as permanent and clearly marked
(Picchio et al., 2020), particularly across rotation periods. To reduce the
proportion of compacted area, increasing the spacing between skid trails
would be beneficial from the perspective of soil conservation. However,
widening the spacing between skid trails would necessitate manual
felling (with chainsaws) for trees located at greater distances from trails,
as the reach of the harvester arm is limited. This may negatively affect
occupational safety, operational productivity, and harvesting costs.

Clay soils, including those at our site, are particularly susceptible to
compaction (Cambi et al., 2015). Our results underscore the critical
importance of implementing mitigation strategies in such areas.
Limiting timber harvesting to dry periods is another effective strategy to
reduce soil compaction (Griinberg et al., 2025). When this is not
feasible, alternative harvesting methods, such as cable yarding, should
be considered — not only for steep terrain but also for protecting
vulnerable soils, as they have a lower impact on soil structure (Behringer
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et al., 2025). Additionally, using animal power (Picchio et al., 2020) or
lighter machinery can reduce compaction depth, even when contact
stress remains within a similar range (Keller and Or, 2022). Shallower
compacted layers are more accessible to biological activity and natural
regeneration processes. This can result in less permanent structural
damage and enable faster recovery of forest soil ecosystems. Although
soil-protective harvesting methods may come with short-term trade-offs,
they promote long-term ecosystem resilience by safeguarding soil health
and preserving key soil functions like water infiltration, nutrient cycling,
and root growth.

5. Conclusion

Our study underscores the significant and long-lasting impacts of
timber harvesting on soil structure and earthworm communities — key
components of soil health — due to compaction caused by heavy ma-
chinery. The recovery of soil structure is slow, with complete recovery at
5 cm depth but persistent compaction effects at 15 c¢m, highlighting a
depth gradient in recovery. We observe a highly biological active layer
with recovered pore space sitting on top of a hard pan, that continues to
influence the soil conditions above. These findings emphasize the
importance of mitigating the effects of heavy machinery through stra-
tegic management practices, such as limiting traffic to designated skid
trails.

The interaction between soil structure and earthworm communities
suggests that earthworms may play a crucial role in the recovery pro-
cess, although compaction in deeper layers continues to impede full
ecological recovery. Our research also indicates that old skid trails, with
their altered soil conditions, may provide a novel habitat that fosters
higher earthworm abundance and biomass, contributing to gradual soil
restoration.

Management strategies should focus on reducing compaction, such
as increasing skid trail spacing, employing lighter machinery, and
scheduling harvesting during dry periods. While these approaches may
initially pose challenges in terms of cost and productivity, they offer
substantial long-term benefits by supporting soil functions essential for
resilient forest ecosystems.
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