N

N

Towards a Quantitative Estimate of Anthropogenic Subsoil
Compaction in European Croplands Based on National Soil
Surveys
Laura Sofie Harbo, Marine Lacoste, Line Boulonne, Julien Wengler, Owen Fenton,
Giulia Bondi, Patrick Tuohy, Amélie Marie Beucher, Mathieu Lamandé, Tommy
D’hose, et al.

» To cite this version:

Laura Sofie Harbo, Marine Lacoste, Line Boulonne, Julien Wengler, Owen Fenton, et al.. Towards a Quantita-
tive Estimate of Anthropogenic Subsoil Compaction in European Croplands Based on National Soil Surveys.
European Journal of Soil Science, 2025, 76 (4), pp.18. {10.1111/ejss.70150). <hal-05233562)

HAL Id: hal-05233562
https://hal.inrae.fr/hal-05233562v1

Submitted on 1 Sep 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://hal.inrae.fr/hal-05233562v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

'.) Check for updates

European Journal of Soil Science WI L EY
Edropean Journal of:
| RESEARCH ARTICLE CEIEED

Towards a Quantitative Estimate of Anthropogenic Subsoil
Compaction in European Croplands Based on National
Soil Surveys

Laura Sofie Harbo! ©© | Marine Lacoste? ' | Line Boulonne? & | Julien Wengler? @ | Owen Fenton®® | Giulia Bondi®© |
Patrick Tuohy* 2 | Amélie Marie Beucher® 2 | Mathieu Lamandé’ ¥ | Tommy D’Hose® (2 | Florian Schneider!

IThiinen Institute of Climate-Smart Agriculture, Braunschweig, Germany | 2INRAE, Info&Sols, Orléans, France | 3Teagasc, Environmental Research
Centre, Co. Wexford, Ireland | *Animal and Grassland Research and Innovation Centre, Teagasc, Co. Cork, Ireland | >Aarhus University, Department of
Agroecology, Tjele, Denmark | °Flanders Research Institute for Agriculture, Fisheries and Food (ILVO), Melle, Belgium

Correspondence: Laura Sofie Harbo (laura.harbo@thuenen.de)
Received: 27 November 2024 | Revised: 13 June 2025 | Accepted: 18 June 2025

Funding: This work was supported by the EJP SOIL project SoilCompaC (862695), SOLGRAS project (GUDP 39009-21-1850) and Horizon Europe
Al4SoilHealth (101086179).

Keywords: annual cropland | bulk density | data-driven reciprocal modelling | Denmark | Flanders | France | Germany | Ireland | packing density | random
forest model

ABSTRACT

Subsoil compaction can lead to lower yields and reduced ecosystem functioning due to limited root growth of crops and can
affect the cycling of nutrients and water within the soil. Subsoil compaction is often assessed using soil packing density, which
accounts for textural differences in bulk density, and a reference threshold. Due to the high costs of sampling bulk density, sub-
soil compaction is rarely assessed at regional or national scales. While some soils are naturally compact, human activities, for
example agriculture, are known to further increase subsoil compactness. The assessment of the anthropogenic component of
the subsoil compactness is challenged by the lack of reference soil (i.e., unaffected by anthropogenic activities) that is otherwise
comparable in terms of pedogenic and climatic parameters. In this study, a data-driven reciprocal modelling approach was used
to model a reference subsoil bulk density for annual croplands based on observations from permanent grasslands, as grasslands
are assumed to be free of anthropogenic subsoil compaction. The data originated from soil monitoring networks in five European
countries (Belgium (Flanders), Denmark, France, Germany and Ireland). Depending on the country, the subsoil surpassed the
compaction threshold of 1.71 gcm™3 packing density for 14%-52% of sites. The highest proportion of compacted sites was found
in Flanders, while Denmark had the lowest proportion. Similarly, the highest estimated anthropogenic subsoil compaction was
found in Flanders (mean 0.05gcm—3) while the lowest was found in France (mean 0.00gcm—3). Overall, the highest estimated
anthropogenic subsoil compaction was found in loamy soils and soils with the lowest organic C content, such as eastern Germany
and eastern Denmark. Based on our results, between 0% (France) and 47% (Flanders) of the annual cropland sites currently sur-
pass the packing density threshold for compacted soil due to anthropogenic activities rather than due to pedogenic drivers.

1 | Introduction vertical root elongation, limiting the plant uptake of water and

nutrients from the subsoil, thus making crops more vulnerable
In many croplands on mineral soils, densely packed soil layers to drought stress and periods of nutrient limitations, in turn
(i.e., soil layers with high compactness) pose a severe barrier to affecting yields (Hakansson and Reeder 1994; Houskova and
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Summary

» Subsoil compaction modelled in five regions
(Denmark, Flanders, France, Germany, Ireland)

e 14%-52% of annual croplands in surveyed regions
have compacted subsoil (30-50cm).

« Subsoil compaction is primarily explained by soil tex-
ture and organic C (negative correlation).

« 20%-60% of existing subsoil compaction in annual
croplands is human-induced.

Montanarella 2007; Lipiec et al. 2012; Tim Chamen et al. 2015;
Schneider and Don 2019; Sonderegger et al. 2020). Compacted
soil layers also affect water infiltration to deeper soil layers and
impact the ecosystem functions (Jones et al. 2003; Hamza and
Anderson 2005; Hu et al. 2021; Schroeder et al. 2022), which
in turn can exacerbate flood events after heavy rain (Troldborg
et al. 2013; Alaoui et al. 2018; Sonderegger et al. 2020).
Compaction of agricultural soil, defined as the densification
of soil by the decrease in air-filled porosity and characterised
by an increase in bulk density (van den Akker 2008), can have
both natural and anthropogenic causes. While clay illuviation
can naturally increase soil bulk density (Buurman et al. 1998;
Batey 2009), the use of heavy agricultural machines also in-
creases bulk density in both topsoil and subsoil (Hékansson and
Reeder 1994; Keller and Or 2022). The degree of compaction of
soil layers can be quantified by the packing density, which is
a rescaling of the bulk density accounting for the influence of
soil texture on soil bulk density (Renger et al. 2014); the packing
density is compared to a threshold to determine whether the soil
layer is compacted, that is, surpasses the set compaction thresh-
old (Section 2.5).

While soil bulk density is influenced by both pedogenic and geo-
genic site properties (Schroeder et al. 2022), land management
is a primary contributor to the degree of compaction in both the
top- and subsoil (Soane et al. 1980; Rabot et al. 2018; Schneider
and Don 2019). In particular, traffic of heavy agricultural ma-
chinery on agricultural land in suboptimal conditions (e.g.,
wet soil) has been linked to subsoil compaction (Hakansson
and Reeder 1994; Schjenning et al. 2015b; Schjenning and
Lamandé 2018; Keller and Or 2022).

Natural recovery from subsoil compaction is a slow process,
and subsoil compaction can persist over several decades (e.g.,
Berisso et al. 2012, 2013). Mechanical loosening of topsoils
can be achieved by tillage (Xu and Mermoud 2001; Alvarez
et al. 2009; Kadziené et al. 2011; Priori et al. 2024), whereas sub-
soil loosening is more time- and energy-intensive, and the soil is
prone to recompaction (Schifer-Landefeld et al. 2004).

The dynamics and effects of compaction of agricultural soils
have been studied widely using field experiments (Hamza and
Anderson 2005; Zhang et al. 2024), but the extrapolation of the re-
sults to regional or national scales is complicated by the influence
of site-specific conditions such as soil texture, geological origin,
climate and local management history. Nonetheless, assessment of
the severity and extent of soil compaction is an important element

of current soil health debates at the European scale (EU 2023).
Due to the substantial resources required to collect bulk density
samples, detailed field investigations have rarely been conducted
at regional, national or continental scales. The proportion of the
European agricultural area that has been degraded as a result of
compaction is thought to range from 3% (Panagos et al. 2024) to
an estimated 20% (Oldeman et al. 1991). Nevertheless, the extent
of subsoil compaction at the continental scale remains to be quan-
tified, despite the estimation of Schjenning et al. (2015a) based on
SPADES data that approximately one-quarter of European sub-
soils (0.25-0.7m deep) exhibit a high normalised relative density,
that is, the texture-corrected density. To the best of our knowl-
edge, there is no quantitative estimate to date for the extent and
severity of anthropogenic subsoil compaction at a European scale
that is based on observational data.

While the threats of soil compaction have been recognised for a
long time, the extent and severity of soil compaction beyond the
field scale are challenging to quantify. Due to soil heterogeneity
and spatial variability in pedogenic, climatic and anthropogenic
influences, observational bulk density data from numerous
sites are required to accurately assess soil compaction at a large
regional or national scale. Additionally, the quantification of
compaction due to anthropogenic activities requires reference
sites for comparison, which can be challenging to find in Europe
due to the millennia-long history of agriculture and extensive
impact of humans on the environment (Venter et al. 2016a,
2016b). While long-term experiments are essential for studying
soil dynamics, they cannot serve as reference sites for broader
regional studies due to variations in soil and climatic condi-
tions. In this study, permanent grasslands serve as the reference
for the annual cropland sites. Previous studies, using more sen-
sitive indicators for subsoil compaction than bulk density (i.e.,
isotropy), have shown that grassland subsoil is less affected by
compaction as compared to arable subsoils (Horn et al. 2020;
Mordhorst et al. 2019), however the correlation between the
effect on isotropy and bulk density remains unclear (Horn
et al. 2020). While some compaction has also been shown for
grasslands with low bulk density (Jorajuria et al. 1997), grass-
lands have been found to be less compacted that annual crop-
lands in the transitional zone between the topsoil and subsoil
(25-35cm) in northern Germany (Wiermann et al. 2025), indi-
cating an overall lower compaction of grasslands. Additionally,
grasslands are hardly tilled (often only for renewal) and typi-
cally have a higher content of soil organic matter as compared
to annual croplands (Bondi et al. 2021; Guillaume et al. 2022)
which can increase soil elasticity and thereby contribute to the
soil's resistance to deformation (Soane 1990), suggesting that
grasslands might be less anthropogenically compacted than
annual croplands. Furthermore, grasslands can often have a
grass sod that also might protect the soil against compaction
(Emmet-Booth et al. 2018) and the effect of animal trampling
is found primarily in the topsoil (Mulholland and Fullen 1991;
Hiltebrand et al. 2025), so animal grazing is expected to have
minor influence on the compactness of the subsoil. Altogether,
there is little evidence of severe subsoil compaction in perma-
nent grasslands.

Using machine learning to predict a reference bulk density is an
alternative approach to the identification of paired plots or the
matching of reference sites to suspected compacted sites across
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the available data sets. The data-driven reciprocal modelling ap-
proach uses data from a reference dataset (i.e., permanent grass-
lands) to train a statistical model that can estimate a reference
value (i.e., bulk density) for the target dataset (i.e., annual crop-
lands) (Schneider et al. 2021). Data-driven reciprocal modelling
requires a lot of data, both in terms of input variables for the
statistical model as well as in terms of observations, to function
well. However, the data-driven modelling approach circumvents
the need for paired plots as well as issues relating to a lack of
comparability between the reference group and the target group
of observations.

In this study, we use the data-driven reciprocal modelling ap-
proach alongside data from permanent grasslands and annual
croplands across five European countries to (i) give an estimate
of the extent and severity of subsoil (30-50cm) compaction in
annual croplands on mineral soil, (ii) quantify the anthropogen-
ically driven subsoil compaction based on the data-driven recip-
rocal modelling approach and (iii) examine the extent to which
management practices and site characteristics can explain the
estimated changes in bulk density.

2 | Materials and Methods
2.1 | Soil Survey Data

Bulk density (BD) data from the upper subsoil (target depth:
30-50cm) and associated soil-forming variables were compiled
from nationally or regionally representative surveys of agricul-
tural soils in Belgium (Flanders region only; Cmon), Denmark
(DSMG), France (RMQS), Germany (BZE-LW) and Ireland (I-
SIS) (Table 1). Specifically, for each soil survey site (i.e., sam-
pling location, see Supplementary Section 1 for survey-specific
information), the following data were extracted or calculated:
dry bulk density (gcm™3) of the fine soil (<2mm) (Equation 1),
volumetric coarse fragment (>2mm) content (vol %), organic C
content (weight %), total nitrogen content (weight %), clay and
silt content (weight %), as well as pH and land use. All data were
laboratory and field data, except the coarse fragment content of
the Danish sites, which was not measured during the sampling
campaigns. Instead, the coarse fragment data for Denmark
were gap-filled based on soil texture and coarse fragment
content relationships published in Harbo et al. (2022). As the
sampling depth varies between the included surveys (Table 1;
Supplementary Section 1), sites were included in the study only
if the bulk density measurement was collected primarily from
the 30-50cm depth, that is, the majority of the sampling ring or
excavated volume was within the target depth. The data from
each survey are described in greater detail in Supplementary
Section 1.

The bulk density of the fine soil (BD, gcm~3) was calculated
from the measured parameters as follows:

BD Mass,,,,, — Mass

_ coarse (1)
Volume,,,, — Volume,, .,

where Mass,,,, is the dry mass of the entire soil sample (g),

Mass,,, ., is the dry mass of the coarse fragments (>2mm) (g),

Volume,, , is the volume of the entire soil sample (cm?) and

Overview of the soil surveys included in the study, including sampling years, number of sites before and after data filtering and reference sources. See details of site filtering criteria in

TABLE 1

Section 2.3.

Permanent
grassland sites

Annual cropland sites

Sampling
depth (cm)

Reference(s)

Included

Included Total

Total

Sampling years

Survey

Country (Region)

Oorts et al. (2024)

44

111 54

124

Cmon 2022-2024 42.5-47.5, 30-60

Belgium (Flanders)

@Ostergaard and Mamsen (1990)

491 123 55 19

Horizon-based

1987-1991

DSMG
RMQS (1st

Denmark

Arrouays et al. (2002)

422 537 189

886

30-50*

2000-2009

France

Jolivet et al. (2022)
Munera-Echeverri et al. (2024)

campaign)

(Poeplau, Don, et al. 2020)
(Poeplau, Jacobs, et al. 2020) (data)

729 421

1700

2234

2011-2018 30-50

BZE-LW

Germany

Creamer et al. (2014)

40

0 (2 eligible)

2

Horizon-based

2007-2013

I-SIS

Ireland

*The French data is collected using both horizon-based and fixed depth sampling, see Supplementary Section 1 for more information. Abbreviations used in table: BZE-LW: Bodenzustandserhebung Landwirtschaft; Cmon: Carbon

monitoring network; DSMG: Danish Soil Monitoring Grid; I-SIS: Irish Soil Information System; RMQS: Réseau de Mesure de la Qualité des Sols.
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Volume, ., is the volume of the coarse fraction (cm?) calculated
based on the mass of the coarse fragments and either the stan-
dard rock density of 2.65gcm™ or, where available, measured

rock densities.

Sites with coarse fragment content >5% have been excluded
from the study due to differences in sampling methodologies be-
tween the data sources (see Section 2.3 Data filtering for further
elaboration).

To harmonise the data from the five surveys, the texture data
were converted from the local definitions (see Supplementary
Section 1) to standardised clay [0-2um], silt [2-50 um] and
sand [50-2000um] particle size classes using log-linear
interpolation.

2.2 | Derived data

Data from the soil surveys were augmented by the inclusion of
the following climatic, paedogenic and geological covariates
that were derived from maps based on the coordinates of the
sites; mean annual temperature (MAT; biol) and mean annual
precipitation (MAP; biol2) were extracted from the climate data-
base CHELSA (Climatologies at High Resolution for the Earth'’s
Surface, Karger et al. 2017). The soil group of each site was ex-
tracted from the map of the World Reference Base (WRB) of soil
resources (IUSS Working Group 2022; Poggio et al. 2021). Slope,
elevation and wetness index were extracted from EcoDataCube
(Hengl 2018) using exact site coordinates. Information regard-
ing soil parent material was similarly collected from geologi-
cal maps covering Europe and adjacent areas (Asch 2005). To
preserve data confidentiality regarding exact soil survey site
coordinates, a script was shared with data managers and run
locally, where applicable. For more information regarding the
map-based covariates, see Table S1.

Site-specific information regarding agricultural practices, crop
rotations and farm size was not available from the soil surveys.
However, field activities are known drivers of anthropogenic
subsoil compaction. Therefore, generalised data on farming
practices were collected from Eurostat at NUTS2 level (NUTS2
is a European standard for referencing administrative divisions
of countries for statistical purposes and typically corresponds
to regions, provinces or states). The mean farm size was cal-
culated across all available years by dividing the total agricul-
tural area (UAA) of each NUTS2 region by the total number of
holdings (farms) for each NUTS2 region included in the study
(Eurostat 2024b).

Similarly, as management practices likely impact the subsoil
compaction, we included the mean proportion of cropland area
with potato and sugar beet cropping, which was calculated by
dividing the total area of both crops by the total cropping area
(ARA) in the NUTS2 region, taking the mean value across all
available years (Eurostat 2024c). Only this one category of crops
was considered in order to avoid negative correlation of the crop-
related covariates as well as closed-compositional data, which is
problematic for statistical analyses (Aitchison 1982; Pawlowsky-
Glahn and Egozcue 2006). The proportion of potato and sugar
beet was chosen due to the overall weight of the crop when

harvested, as well as the spatial variability of the covariate as
compared to other crop categories.

Similar to the proportion of cropland with potato and sugar
beet, the mean proportion of the area under conventional
tillage practice (as opposed to conservational tillage and no
tillage) for each NUTS2 was calculated by dividing the area
under conventional tillage by the total cropland area (ARA) of
the NUTS2 region, taking the mean across all available years
(Eurostat 2024).

2.3 | Data Filtering

The sites were evaluated for inclusion in the study in three
aspects: (i) data quality, (ii) site relevance and (iii) scope of
the study.

Data quality was assessed using data quality flags, if available,
as well as plausibility checks and whether all relevant covari-
ates were available for the target depth (30-50cm) at each site.
Plausibility checks included verifying that the sum of the parti-
cle size classes was equal to 100% (only relevant for the Danish
sites), as well as reasonable values for BD (0.7-2.2gcm™3). In
total, 1200 sites were excluded due to missing or implausible
data in the target depth across all five surveys (740 annual crop-
land sites and 460 permanent grassland sites).

Site relevance was determined by geographical location and
by evaluating the land use history of the sites where such in-
formation was available; for the French dataset, grassland sites
younger than 10years as well as permanently fallow lands were
excluded. Additionally, sites outside metropolitan France were
not included in the study. For the German dataset, grassland
sites were excluded from the study if they had an Ap horizon
(plough layer), indicating anthropogenic influence from plough-
ing. German sites were also excluded if they were located on
drained peatlands, as such sites are not considered mineral soils.
For the Danish, Flemish and Irish data, detailed land use history
was not available for evaluation of the sites, so all sites were kept.
In total, 398 sites were excluded from the study based on land
use history (131 annual cropland sites and 267 grassland sites).

To assure the sites were within the scope of the study, in this
case mineral soils (<10% organic C) with less than 5% coarse
fragments, a total of 866 sites were excluded (557 annual crop-
land sites and 309 permanent grassland sites). Sites with >5%
coarse fragments were excluded to avoid sites where the coarse
fragments might have affected the undisturbed soil samples for
BD during the sample collection. Additionally, the soil surveys
have different approaches to sampling soils with high amounts
of coarse fragments, and such sites are therefore less comparable
across the different soil surveys.

Sites can fall outside multiple cut-off values (e.g., both high or-
ganic C and low BD, or coarse fragments and land use history),
and the total number of sites excluded is therefore not the sum of
the sites excluded by category.

From 5187 sites available from the soil surveys (1450 grassland
sites and 3737 annual cropland sites), 3069 sites remained after
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data filtering (713 grassland sites and 2356 annual cropland sites)
(Figure 1), corresponding to 59% initial total sites (49% of initial
grasslands and 63% of initial annual croplands). For the individ-
ual countries and region, the number of remaining sites varied;
for Germany, 72% of sites were retained (76% annual cropland
sites and 58% permanent grassland sites), while the Flemish
dataset retained 87% of sites (90% annual cropland sites, 81% per-
manent grassland sites). In the Danish dataset, 26% of sites were
retained (25% annual cropland sites, 35% permanent grassland
sites), while in the French dataset, 43% of sites were retained
(48% of annual cropland sites, 35% of permanent grassland sites).

The Irish survey (I-SIS) only included two sites on annual crop-
land. As two sites cannot be representative for all of Irish crop-
land, only permanent grassland data from Ireland were retained
for inclusion as training data for the grassland reference model
(see Section 2.4). 53% of the permanent grassland sites from
Ireland passed the data filtering.

For most (97.3%) of the 3071 included sites, soil data were col-
lected after the year 2000, with the exception of the Danish
data (2.7% of sites), which were collected primarily in the 1980s
(Table 1).
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2.4 | Quantification of Anthropogenic Subsoil
Compaction Under Cropland

2.4.1 | Estimating the Grassland Reference Subsoil BD

To determine the change in subsoil BD of annual croplands due
to anthropogenic activities, a reference BD is necessary. Such
reference BD needs to be derived from sites without anthropo-
genically induced compaction; here, the subsoil under perma-
nent grassland sites was assumed to be unaffected by traffic- or
trampling-induced compaction, and the permanent grassland
subsoil served as a reference to the subsoil under annual cropland
sites in this study.

Subsoil BD is influenced by many factors other than land
management, which must be taken into account in order to
have a more accurate reference BD for the annual cropland
sites. In order to include the pedogenic and climatic influences
on subsoil BD, we employed a data-driven reciprocal model-
ling approach as described by Schneider et al. (2021) to esti-
mate the reference BD values for individual cropland sites. In
data-driven reciprocal modelling, a statistical model is trained
to predict the target variable (here, BD) of the reference data
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FIGURE1 | Map of thesites included in the study; yellow circles represent annual cropland sites and green circles represent permanent grassland
sites. As coordinates are not publicly available for Denmark and Flanders, the Danish and Flemish sites are arranged in grids and placed on the map

for visualisation purposes. Countries and regions excluded from the study are shaded in grey. EuroGeographics for the administrative boundaries.
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(i.e., data from an unaffected group, here, grasslands). This
trained statistical model is then applied to the dataset of in-
terest (i.e., affected group, here croplands) to estimate a site-
specific reference value based on the identified predictors. In
this study, the data-driven reciprocal model was implemented
with Random Forest models.

The Random Forest model trained on the reference grassland
data (henceforth the grassland reference model) included 54
covariates (Table S1). The model was trained on permanent
grassland data from all five soil surveys. Prior to model train-
ing, Spearman's rank correlation coefficient was calculated for
the continuous covariates; no correlation was above 0.75, and all
covariates were retained.

The Random Forest model was trained with 500 trees. Its number
of variables sampled at each split (mtry) and minimum node size
were optimised using grid search. The optimal values were selected
based on the highest concordance correlation coefficient between
predicted and observed values in 10-fold cross-validation. The
model optimisation process was validated using nested 10X 10-
fold cross-validation. Performance metrics were averaged over
the 10 outer folds resulting in the following values (mean + stan-
dard deviation): concordance correlation coefficient=0.70+0.04;
coefficient of determination (R?)=0.54+0.07; root mean square
error (RMSE)=0.11+0.02gcm™3; slope (observed vs. pre-
dicted)=0.55+0.06. The bias was negligible (0.00 £ 0.02).

For the optimised Random Forest model, permutation impor-
tance and partial dependence plots were calculated in order to
evaluate the relative rank of the impact of the included covari-
ates as well as the partial effect of the covariates on the target
variable (i.e., bulk density). The grassland reference model in-
cluded only covariates that were not influenced by land use or
management (Table S1).

In the grassland reference model, organic C was by far the
most important covariate for predicting BD (Figure 2A). There
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was a strong negative correlation between organic C content
and the predicted BD (Figure 2B). Other than organic C, clay
content, C-to-N (C/N) ratio as well as mean annual precipita-
tion (MAP), also ranked at the top of covariates for predict-
ing BD in grasslands. Similar to the organic C content, there
was an overall negative correlation between the clay content
and MAP covariates and the predicted subsoil BD, while the
C/N ratio had a slight positive correlation. However, the effect
of organic C on the predicted BD was considerably more pro-
nounced than that of clay, C/N ratio and MAP (Figure 2B-E)
as well as the other independent covariates included in the
grassland reference model (Figure 2A). The remaining 46 co-
variates not included in Figure 2A had a minor influence on
the model performance.

The results of an independent 10-fold cross-validation of the
grassland reference model showed that the lowest observed
BD values tended to be overestimated (i.e., appear above the
1:1 line), whereas the highest observed BD values tended to be
underestimated (i.e., appear beneath the 1:1 line) (Figure 3A).
However, there was no systematic bias towards either over- or
underestimation, and this was likely an expression of regres-
sion to the mean. The information from the independent 10-fold
cross-validation was used to compare the model performance on
grassland sites to the model performance for annual cropland
sites, rather than applying the grassland reference model to the
permanent grassland sites, since applying the model to the data
it is trained on is likely to result in overfitting.

The pattern of overestimation of the lowest values and underes-
timation of the highest values of the grassland reference model
was generally also present when the grassland reference model
was applied to the annual cropland sites (Figure 3B); however,
the intention of the reciprocal modelling approach is to assess
the difference between the modelled reference values and the
observed values (i.e., the horizontal distance from observed BD
to the 1:1 line), and an overall larger discrepancy between the
two variables is therefore expected in Figure 3B. Indeed, a larger
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FIGURE 2 | (A) Top 8 covariates from the grassland reference model ranked according to variable importance. (B-E) Partial dependence plots
illustrating the modelled partial effects of the top four most important predictors on bulk density from the grassland reference model. The grey boxes

shade the lowest and highest 5% of observation ranges, respectively. Grey density plots show the distribution of the permanent grassland dataset.
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FIGURE 3 | (A) Estimated BD (gcm~3) against the observed BD (gcm™3) from the ten-fold random cross-validation of the grassland reference

model for the permanent grassland sites (n =713); the shape indicates the number of the random fold; a line is fit to each fold. (B) Estimated reference

BD (gcm~—3) against the observed BD (gecm ™) for the annual cropland sites that pass AOA (n=2358) based on the grassland reference model. In both
plots, the dashed lines indicate the 1:1 line, while the solid lines and equations show the best linear fit, and the X symbolises the mean value of both
axes. Data from all surveys is included in A, while data from Ireland is excluded from B due to the low number of annual cropland sites.

proportion of the annual cropland sites were underestimated
when the grassland reference model was applied to the annual
cropland sites (Figure 3B). Additionally, the equation describing
the best linear fit in Figure 3B was highly similar to the equa-
tions describing the linear fits for the 10 folds in Figure 3A, in-
dicating that the model performance is stable across the range
of BD values.

2.4.2 | Calculating the Difference in Subsoil BD

For each annual cropland site, a reference subsoil BD (BDmf) was
estimated using the grassland reference model. However, before
applying the grassland reference model to the annual cropland
sites, the site properties of the annual cropland sites were assessed
to determine if they were sufficiently comparable to the grassland
sites (training data). This was done using the Area of Applicability
(AOA) framework established by Meyer and Pebesma (2021). All
covariates included in the grassland reference model were in-
cluded in the AOA assessment, weighted by variable importance.
In total, 66 annual cropland sites (2.8% of the total number of an-
nual cropland sites; 49 German sites, 13 Danish sites, 2 Flemish
sites, 2 French sites) did not fall within the AOA and were dis-
carded from the dataset before the grassland reference model was
applied. The primary difference of the excluded sites was higher
organic C content as well as C/N ratio, and they had a higher prev-
alence of Histosol and Podzol reference soil groups, as well as a
lower prevalence of Luvisol reference soil groups in annual crop-
lands as compared to the permanent grassland sites.

Subsequently, the difference in subsoil BD from the estimated
reference value and the observed value (i.e., the estimated an-
thropogenic subsoil compaction; ABD ... poge i) Was calculated
by subtracting the estimated reference bulk density (BD,,,) from
the measured subsoil bulk density (BD , ) for each annual crop-

land site (Equation (2)):

obs

ABD anthropogenic — BD, obs — BD ref (2)

2.4.3 | Explaining the Difference in Subsoil BD

A second Random Forest model was trained on the calculated
change in BD (ABD,,,,,qpogenic) Of the annual cropland sites in
order to analyse the effect of selected pedogenic, climatic and
agricultural management covariates (Table S1). The Spearman'’s
rank correlation coefficient of the covariates was calculated for
the covariates; no correlation between covariates was above 0.75,
and all covariates were retained. Similar to the grassland reference
Random Forest model, this post hoc model was implemented
with 1000 trees and mtry equal to the square root of the number
of covariates. The target variable was ABD anthropogenic’ and the in-
dependent covariates were organic C content, climatic parameters
(MAT, MAP), soil texture (clay, silt), pH, and the NUTS2-derived
management covariates (Table S1). The post hoc model was eval-
uated using five-fold random cross-validation.

2.4.4 | Correcting National Estimates for Regression to
the Mean

Random Forest models are known to both underestimate
high values and overestimate low values (Figure 3A), that is,
perform well on average and for the middle range of covari-
ates but poorly on individual observations (regression to the
mean), especially for those with more extreme covariate val-
ues (Hengl et al. 2018). For individual sites, the model perfor-
mance might therefore be inaccurate for BD values at the ends
of the range (Figure 3A). Soil parameter estimates become
more robust with spatial aggregation (Skalsky et al. 2024), so
the mean ABD, .0 0genic O the country or region (ABD. )
would be a more accurate estimate of the anthropogenically

driven increase in subsoil BD. Thus, ABD,,,, is subtracted
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from the site-specific observed BD (BD,,,) (Equation 3), which
gives a corrected estimate of the reference BD for each annual
cropland site:

BD d = BDobs - ABDcoumry (3)

ref, correcte

The corrected estimate for the reference BD (BDyy coprecrea) 1S
the reference value used in calculations to determine the pro-
portion of annual cropland sites that surpass the packing den-
sity threshold (Section 2.5) without anthropogenic influence
(i.e., naturally) for each country and region as well as across
all observations. The site-specific BD , is used to calculate the
proportion of annual cropland sites currently surpassing the
packing density threshold. The difference between these two
proportions gives the proportion of anthropogenically com-
pacted annual cropland sites, indicative of the current area pro-
portion of anthropogenically compacted annual cropland soil in
the assessed areas of Europe.

2.5 | Packing Density

The subsoil compactness, that is, how densely packed the soil is,
is evaluated using packing density (PD, gcm—3), which accounts
for the variability in natural compactness across soil texture.
Packing density is calculated after Renger et al. (2014) using
Equation 4:

PD = BD + 0.005 * Clay + 0.001 = Silt 4

where BD is the fine soil bulk density (gcm™3), clay and silt are
the mass proportion (%) of clay and silt particle size fractions.
The multiplying factors of the clay and silt content have the unit
gem™ %1 Going forward, the packing density takes on the sub-
script identifier of the bulk density used to calculate the packing
density, for example, PD , is the packing density corresponding
to the observed bulk density (BD,, ). To assess whether or not a
site is compacted to the degree that soil functions are affected, a
threshold packing density of 1.71gcm™ is used as suggested by
Renger et al. (2014).

As Renger et al. (2014) argued that an equation that includes
silt alongside clay and the corresponding threshold was more ac-
curate than a previously used equation that only considers clay
content (Equation 5), we chose to use the former equation which
accounts for the silt fraction. In order to facilitate comparability
to previous and potential future research, the results relating to
packing density were also calculated using Equation 5, which
has previously been used by, for example, Huber et al. (2008) and
Panagos et al. (2024). When using Equation 5, a packing density
threshold of 1.75gcm™3 is typically used (Renger 1970). The re-
sults using Equation 5 and the threshold of 1.75gcm™ are given
in Table S2 and Figure S4.

PD,jtornative = BD + 0.009 * Clay ©)

As soil texture is considered to be a static site property at a given
site, a change in packing density must derive from changes in
bulk density. Thus, for a given site, the change in bulk density is
equal to the change in packing density (ABD = APD).

In this study, a given site was considered compacted if the observed
PD (PD,,,) was above the threshold of 1.71gcm™. A given site was
considered naturally compact if the estimated grassland reference
PD (PDreﬁ correcteq) Was above the threshold. Due to the correction
performed in Equation 3, all sites where PDreﬁ corrected SUIPAsSes
the threshold also had PD , above the threshold, and all sites esti-
mated to be naturally compact were also observed to be compacted.

2.6 | Data analysis and statistics

All analyses were performed in R version 4.3.1 (R Core
Team 2023) and have relied on the' tidyverse' framework
(Wickham et al. 2019). The Random Forest models were run
using the ‘ranger’ package (Wright and Ziegler 2017). Maps
were produced using the giscoR package (Hernangémez 2024)
and using the ‘ggparliament’ package (Hickman et al. 2018).
Eurostat information was accessed using the ‘eurodata’ package
(Rutkowski 2023), and the texture triangle was generated using
the ‘ggtern’ package (Hamilton and Ferry 2018).

R scripts containing the training and evaluation of both the
grassland reference model and post hoc model, as well as sta-
tistical analyses, are available on Github (https://github.com/
LauraHarbo/SoilCompaC_publication/).

3 | Results

3.1 | Estimated Anthropogenic Subsoil
Compaction in Cropland

Based on the estimated difference between the observed BD and
the predicted grassland reference BD, agricultural management
activities have on average increased the BD of the upper subsoil
of all the annual cropland sites by between 0.00 and 0.05gcm™3
as compared to permanent grasslands, depending on the country
or region (mean 0.03 gcm ™ across all sites) (Table 2).

At the site level, the estimated human-induced changes in BD were
highly variable, including both estimated decreases and increases
in subsoil BD of more than +0.3gcm™ (Figure S2). The estimated
change in subsoil BD due to anthropogenic activities did not have
a clear spatial pattern; estimated increases and decreases in subsoil
BD were found across all regions (Figure 4A). The largest mean

TABLE 2 | Mean anthropogenically driven change in subsoil BD of
annual croplands (gcm~3) and standard deviation (gcm~3) as estimated
by reciprocal modelling for each country and region.

Mean Standard
Number . . L.
difference deviation
Country/ of annual
region cropland sites gcm™3 gcm™3
Denmark 110 0.04 0.118
Flanders 109 0.05 0.076
France 420 0.00 0.104
Germany 1651 0.04 0.093
All 2290 0.03 0.097
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FIGURE4 | (A)Estimated change in subsoil bulk density (gcm™3) for each annual cropland site (n =2292); the colour classes indicate estimated
difference in subsoil bulk density. Black crosses indicate sites that did not fall within the area of applicability (n=66, 13 not shown for Denmark).
Point size varies by survey for readability purposes. The Danish and Flemish sites are arranged in a grid by estimated degree of change for visu-

alisation purposes, as the coordinates are not publicly available. Ireland is excluded due to low number of sites. (B) Median estimated change in

subsoil bulk density (gcm=3) for each NUTS2 region; NUTS2 regions with less than 5 annual cropland sites that pass AOA are shaded dark grey.

EuroGeographics for the administrative boundaries (NUTS2).

estimated change in subsoil BD was found in Denmark, Flanders
and Germany (Table 2). The estimated mean change in subsoil BD
varied across NUTS2 regions, and an average decrease in subsoil
BD was found in six German regions, 11 regions in France and one
in Denmark (Figure 4B). The greatest estimated increase in subsoil
BD was observed in south-western France, eastern Germany and
eastern Denmark (Figure 4B).

On average, the estimated increase in subsoil bulk density in
France was 0. However, both extreme increases and decreases
were found for individual sites in France (Figure 4A, Figure S2).
For sites from France, decrease in subsoil BD was found more
frequently (49% of annual cropland sites in France) as com-
pared to Denmark (37%), Germany (33%) and Flanders (21%).
Furthermore, the estimated negative changes were more pro-
nounced in France as compared to the other countries and re-
gions (Figure 2B). The negative changes in subsoil BD in France
were primarily found in the regions of Lorraine, Bretagne,
Champagne-Ardenne and Auvergne (Figure 4A).

3.2 | Anthropogenic Change in Subsoil BD Versus
Pedo-Climatic and Management Variables (Post
Hoc Model)

A second Random Forest model (post hoc model) was fitted
to relate the estimated anthropogenic effect on the changes

in subsoil BD to pedo-climatic variables (soil texture, organic
C content, pH, MAT and MAP) and farm management (mean
farm size, mean proportion of potatoes and sugar beets in crop
rotation, and mean proportion of area under conventional till-
age by NUTS2 region) (Table S1). The RMSE of the model was
0.009 (gcm~3) with an R? value of 0.16 in fivefold random cross-
validation. Restricting model fits to the individual surveys did
not yield better overall model performance.

Silt and clay contents were the most important variables for ex-
plaining the estimated human-induced change in subsoil BD,
followed by MAP and the organic C content (Figure 5). The
area-aggregated management variables were generally less in-
fluential than pedo-climatic variables, with the exception of the
mean farm size (Figure 5).

The estimated anthropogenically driven change of subsoil
BD was highest at sites with the USDA soil texture categories
sandy loam, sandy clay loam and loam, ranging from 10% to
20% clay and 20% to 30% silt (Figure 6A). Above about 30%
silt, estimated changes in subsoil BD decreased with increas-
ing silt contents (Figure 6C). For sites with low organic C
content, there was a negative correlation between organic C
content and estimated change in BD, while a positive correla-
tion was found for sites with comparably higher organic C con-
tent (Figure 6D). The data indicated that, in the case of small
farms (less than 80ha), the smaller the farm size, the larger
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the change in BD. However, this negative correlation between
farm size and estimated change in BD did not appear consis-
tent for larger farms. There was a slight positive correlation
between pH and BD change, with the exception of alkaline
soils with pH values above 8. For the remaining covariates in
the post hoc model, there were no strong correlations between
the covariates in the range of the majority of observations and
the estimated difference in subsoil BD (Figure 6).

3.3 | Extent of Anthropogenic Subsoil Compaction

Across the countries and region included in the study, the propor-

tion of sites where the observed packing density (PD,,) exceeded

the packing density threshold of 1.71gcm™3 varied (Figure 7C);
the highest proportion of sites surpassing the threshold was found
in Flanders (52%), followed by Germany (39%), France (28%) and
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FIGURE 5 | Variable importance of the independent covariates of
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Denmark (14%). Across all annual cropland sites in the study, 36%
surpassed the packing density threshold of 1.71 gcm™=3 (Table 3).

Overall, the proportion of sites where the estimated natural
packing density surpassed the threshold was similar for all
countries (approximately 25%), except Denmark, which was
lower than the others (10%) (Table 3); this corresponds well with
the data from the permanent grassland sites, where the pro-
portion of sites that surpass the threshold ranges from 22% to
27%, except for Denmark, where no permanent grassland sites
surpassed the threshold, and France, where 11% of the perma-
nent grassland sites surpassed the threshold. In Denmark and
France, the proportion of annual cropland sites that surpassed
the packing density threshold due to anthropogenic influence
was comparatively low (4% and 0%, respectively), while this pro-
portion was higher for Flanders and Germany (25% and 13%,
respectively) (Table 3). Thus, not only was the proportion of sub-
soil in Flanders and Germany that surpassed the packing den-
sity threshold of 1.71 gcm~3 larger than in Denmark and France,
but a comparatively larger proportion of the sites surpassed the
packing density threshold due to anthropogenic activities; 47%
and 34% for Flanders and Germany, but only 0% and 27% for
France and Denmark (Table 3).

While the sites with a packing density surpassing the threshold
of 1.71gcm™3 were grouped together in south-western and cen-
tral north-eastern France (Figure 7A), the spatial distribution of
the German sites with packing density above the threshold was
more even across the country, with larger proportions found in
eastern and southern Germany (Figure 7B). In Germany, there
was no discernible difference in the distribution of naturally and
anthropogenically compacted sites. Overall, anthropogenically
compacted sites occurred in close proximity to naturally com-
pact sites.
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FIGURE6 | (A)Partial dependence of the estimated changes in subsoil BD on soil texture (clay, silt and sand) and (B-J) univariate partial depen-
dence plots for all variables in the post hoc model with variable distribution plots; histograms for data from Eurostat as data are grouped by NUTS2

regions. The grey boxes shade the lowest and highest 5% of observations, respectively. In (D), the vertical line indicates the mean organic C value.
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reference packing density (PDreﬁ corrected) SUTPassed the threshold. The blue shade indicates that PD  _ did not surpass the threshold. The number of

observations (1) in each class is given on the bars. EuroGeographics for the administrative boundaries; for visualisation purposes, the maps do not

the observed packing density (PD

share scale.

TABLE 3 | Number and relative proportion (%) of annual cropland sites that surpassed the threshold for compacted soil (1.71 gcm™) naturally
(PDreﬁ correcte)> CUTTENtly (PD ) and their estimated absolute and relative increase due to anthropogenic activities.

Sites where Sites that naturally
observed PD surpassed Sites that surpassed
surpassed threshold; threshold due to Proportion of compacted
threshold; PD_ ¢ corrected anthropogenic sites due to anthropogenic
— -3 — -3 YY) s sae
Country/ PD, ,>=171gcm >=0.71gcm activities activities
Region n % n % n % %
Denmark 15 14 11 10 4 4 27
Flanders 57 52 30 28 27 25 47
France 116 28 117 28 0 0 0
Germany 641 39 422 26 219 13 34
All 829 36 580 25 249 11 30
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4 | Discussion
4.1 | Extent and Severity of Subsoil Compaction

Depending on the country or region, 14%-52% of all assessed an-
nual cropland sites on mineral soil had a subsoil PD , above the
threshold of 1.71gcm™3 (Figure 7 and Table 3), and on average
up to 30% of the annual cropland sites that surpass the threshold
do so due to anthropogenic influence. This is the first quanti-
tative estimate based on observational data of both the extent
and severity of subsoil compaction at a European scale, and the
first time the anthropogenic component of subsoil compaction is
quantified and mapped.

The range of estimates of the extent of subsoil compaction found
in this study (Table S2) is similar to the general estimate of 20%
across Europe by Oldeman et al. (1991) of undocumented origin,
and also aligns well with the estimated 25% of European crop-
land with high texture-corrected subsoil density by Schjenning
et al. (2015a).

In general, sites with anthropogenically compacted subsoil,
that is, PD > 1.71 gcm™3, were found in close proximity to sites
where the natural subsoil packing density was estimated to
be above the packing density threshold (Figure 7). Assuming
that PD, ¢ e would be similar for sites that are closer to-
gether, this proximity between anthropogenically compacted
sites and naturally more compact sites suggests that the an-
thropogenically compacted sites might have a relatively high
PD, orence Such sites would thus require a smaller increase in
subsoil packing density to surpass the threshold as compared
to sites with a lower PD, orence Conversely, even sites with a
larger predicted increase in subsoil BD did not always have
a subsoil packing density that surpassed the packing density
threshold (Figures 4, 7, S5). Consequently, merely comparing
the value with the 1.71 gcm™3 threshold may not be sufficient
for fully characterising the attribution of compaction to an-
thropogenic actions.

However, larger increases in subsoil BD were found more fre-
quently for sites determined to be compacted, regardless of cause
(i.e., only anthropogenic or both naturally and anthropogeni-
cally). In fact, the sites estimated to be naturally compact had a
larger predicted increase in subsoil compactness (Figure S5), ce-
menting that such sites may be further compacted by anthropo-
genic activities in addition to the naturally denser state. Overall,
the packing density of the majority of the annual cropland sites
is increased by agricultural activities, regardless of whether or
not the observed packing density surpasses the threshold.

The reciprocal modelling predicted an increase in subsoil BD for
the majority of annual cropland sites individually as well as for
clusters of administrative NUTS2 regions as compared to grass-
lands; however, some regions had an overall negative estimated
change in BD. While it is to be expected that some sites might
have an estimated decrease in BD due to the Random Forest
model's regression towards the mean, these negative values for
entire regions were unexpected and should be investigated fur-
ther. One contributing factor could be an unknown, regionally
important covariate that was not included in the current ver-
sion of the grassland reference model (e.g., soil depth, or specific

climatic or pedogenic covariates). Another factor contributing
to the unexpected negative results for NUTS2 regions may be
uneven distribution of observations combined with differences
in areas within the regions. The French sampling network is less
dense than the other surveys (i.e., 16 X 16km grid for France;
8% 8 in Germany, 7x7 in Denmark), which may cause larger
variability in the observed soil parameters. Given the param-
eters of the filtering criteria (Section 2.3) are likely unevenly
distributed in space, sites are unlikely to have been filtered out
evenly across space, thus leaving some regions with compara-
tively fewer points per area, reducing both the number of ref-
erence (grassland) sites and annual cropland sites. As such, the
information available for the Random Forest models is scarcer,
likely yielding poorer results in data-sparse regions. Indeed, the
regions where the number of data points is low in France over-
lap with the regions where negative changes in BD were found
(Figure S6). Furthermore, societal regional boundaries such as
NUTS2 regions rarely align well with the boundaries of pedolog-
ical, geological and climatic regions, which in themselves often
are gradual rather than distinct, and visual representation of the
data using NUTS2 regions is unlikely to reflect patterns aligned
with pedoclimatic parameters, but are nonetheless convenient
for visualisation and policy purposes.

The dataset from Denmark was substantially older than the
datasets from the other surveys (Table 1), and the French data-
set is the second oldest (Table 1). The observations from the
Danish and French sites might thus be less affected by more
recent increased machinery weight than sites from the other,
more recent surveys. Schjenning et al. (2015b) reported that the
soil stress applied at 0.5m depth by combined harvesters pro-
duced in Denmark increased by a factor of 1.7 between 1981 and
2009. This age difference in the data may be a contributing fac-
tor to the lower estimate of anthropogenic subsoil compaction
in Denmark and France as compared to the other countries and
regions. However, as the subsoil compaction due to field traffic
is accumulated over time, the Danish and French sites may also
have reached a comparable level of compaction by the sampling
time, given the century-long history of agriculture in Europe.
Additionally, the grassland reference model predicts the BD of
sites without intense agricultural management and should thus
be agnostic to the sampling time of the annual cropland sites.
Thus, it is more likely that the negative values derive from over-
estimation by the grassland reference model rather than the
measured BD and corresponding PD values being lower due to
sampling further in the past.

The clay and silt content of Danish soils was relatively low, and
the packing density would therefore be lower in Denmark on av-
erage as compared to other regions with otherwise comparable
BD,,,. Additionally, the eastern-most region in Denmark, which
is not represented by any sites in the study, has the highest pro-
portion of clay content and loam soils (Adhikari et al. 2013).
Inclusion of data from this region might increase the overall
subsoil compaction estimate for Denmark as well as the propor-
tion of Danish sites that surpass the packing density threshold.
Indeed, the estimated increase in subsoil BD increased east-
wards in Denmark (Figure 4B).

In Bretagne, one of the regions with an unexpected average de-
crease in BD in the present study, statistical models that explain
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soil properties have previously produced unexpected findings
(Pacini et al. 2023). Additionally, the BD values from the French
soil survey are generally lower than the BD values from the other
four soil surveys. As such, smaller increases in BD are to be ex-
pected (Equation 2) when subtracting the estimated reference
BD (trained on all available data) from the observed BD, which
is likely to be lower in France than that of the general dataset.
Furthermore, the proportion of naturally compact sites was sim-
ilar between France, Germany and Flanders, suggesting that the
reference model overestimates the reference values for France,
resulting in a smaller estimated proportion of anthropogenically
compacted sites alongside the smaller average estimated in-
crease in subsoil packing density in France. When the grassland
reference model was trained only on the French data, the over-
all estimated change in BD for the cropland sites approximately
doubled, which is to be expected if the range of BD values of the
training data was lower than the range of BD values of the data
the model is applied. However, the spatial pattern of larger and
smaller changes in BD remained (Figure S7). As such, the es-
timated spatial pattern of anthropogenic subsoil compaction of
the current modelling approach appears robust.

Overall, anthropogenic subsoil compaction levels in the studied
European cropland regions were heavily affected by soil texture.
Loamy-textured subsoils were the most affected by anthropo-
genic compaction, mirroring the findings in Zhang et al. (2024).
Loamy-textured soils can contain many macropores, and the
cohesive forces binding the soil particles together are relatively
weak and can easily be overcome when stress is applied to the
soil profile (USDA 1996). Sandy soils, in contrast, generally
show poor aggregation and are naturally more densely packed.
Additionally, heavy clay soil showed a relatively low increase
in subsoil BD, likely due to very strong binding forces between
soil particles (Raghavan et al. 1977; Murray and Quirk 1990).
The post hoc model further revealed a potential dependency
of change in subsoil BD on organic C content, likely due to the
increased elasticity and resistance to deformation of soils with
higher soil organic C contents (Soane 1990).

4.2 | Anthropogenic Component of Subsoil
Compaction

The estimate of mean anthropogenic increase in the subsoil BD
of cropland soil up to 0.05gcm™3, depending on the country or
region, is in good agreement with observations from controlled
field experiments on soil compaction. Keller et al. (2021) ob-
served that trafficking wet, loamy soil with front wheel loads
of 9Mg increased the BD at 30cm (i.e., the boundary between
topsoil and subsoil in this study) by 0.09gcm™ directly after
and by 0.06gcm™3 about 1year after the controlled compaction
event. In contrast to the effect of a single compaction event as
described by Keller et al. (2021), this study's compaction esti-
mate reflects the cumulative historic sum of the various human-
induced processes causing subsoil compaction. This cumulative
historic sum might first and foremost be explained by the traf-
ficking on cropland soil with machinery of steadily increasing
weight (Keller and Or 2022). The upper subsoil, the target of
this study, could additionally be compacted by smearing due
to tillage, and possibly wheeling at the furrow bottom with po-
tential wheel slip when cropland is ploughed (Pulido-Moncada

et al. 2019; Seehusen et al. 2019; Ren et al. 2022). Lastly, the
historic conversion of natural land to cropland has resulted in a
significant decline in soil organic matter in Europe (Sanderman
et al. 2017) which has increased the BD of the soil (Schneider
and Don 2019), although the magnitude of the impact of the
historic legacy effect on the subsoil BD and soil organic carbon
below 30cm in cropland is under debate (Poeplau et al. 2011;
Emde et al. 2024).

The relationships between the estimated anthropogenic changes
in subsoil BD and farm management practices (mean farm size,
mean proportion of area under conventional tillage, mean pro-
portion of area used for potatoes and sugar beets) in the post hoc
model were more difficult to interpret as the farm management
data were available for NUTS2 regions rather than for each an-
nual cropland site. Additionally, the farm management practices
were geographically clustered and thereby correlated with both
pedogenic and climatic covariates (Figure S2). There is therefore
a high likelihood that the effects of farm management-related
parameters were masked by other covariates, despite filtering
out covariates with a Spearman's rank coefficient larger than
0.75. In fact, the farm management covariates based on NUTS2
regions other than mean farm size did not improve the per-
formance of the post hoc model. Soil properties together with
regional-specific climatic conditions can, thus, be considered
more important than generalised farming practices for ex-
plaining differences in human-induced changes in subsoil BD
in European annual croplands on mineral soils; however, site-
specific management practices (e.g., frequency of heavy machin-
ery usage, timing of field activities, etc.) are still likely highly
influential factors on subsoil compaction.

Given the lack of evidence in this modelling exercise of the oth-
erwise well-established correlation between field trafficking
intensity and subsoil compaction (Seehusen et al. 2019; Pulido-
Moncadaet al., 2019; Keller et al. 2021; Keller and Or 2022),
targeted investigations and experiments will likely be able to
explore management-driven effects on soil compaction more
efficiently than a modelling approach. However, inclusion of
site-specific management information may improve the per-
formance of the post hoc model, given that such information is
available.

To improve the use of the packing density threshold, the im-
pacts of subsoil compaction on yields and soil function ought
to be studied in greater detail to determine if the thresh-
old of packing density >1.71gcm™ (1.75gcm ™ when using
Equation 5) is also a meaningful boundary value with regards
to soil functions other than root growth (e.g., water transport).
Furthermore, it may be necessary to investigate whether a sin-
gle threshold value for all soil layers is the preferable approach
or if a depth-specific limit would give more accurate estimates
of the effect of subsoil compaction on soil functions and fertil-
ity, as deeper soil layers in general have higher packing den-
sity values due to greater BD with depth and since the root
density decreases with depth. Additionally, assessment of the
applicability of the given threshold should also be studied fur-
ther across a larger range of pedoclimatic conditions in order
to assess geographic relevance of the threshold. It is suggested
that depth-, pedoclimatic- and soil function-dependent thresh-
olds may offer a more accurate reflection of the overall impact
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of soil compaction on soil functions than a single threshold
for all functions, pedoclimates and soil layers. Furthermore,
other measures for quantifying soil compactness, such as an-
isotropy, may give additional insight into the dynamics, effects
and causes of soil compaction (Mordhorst et al. 2019), which
is not possible if only packing density is used to evaluate soil
compactness.

4.3 | Study Limitations

Even though we in this study evaluated the most comprehensive
dataset available on subsoil bulk density in Europe, it is diffi-
cult to quantify the annual cropland area within the assessed
European regions that follows the area-relevant filtering crite-
ria of the data (mineral soil and <5% coarse fragments). It was
assumed that the included sites were representative of the area
in question. Therefore, the proportion of sites that exceeded the
packing density threshold can be interpreted as the proportion
of study-relevant annual cropland area that exceeded the thresh-
old for a given country or region.

Given the extensive filtering of the sites from the surveys due
to the reasons outlined in Section 2.3, the data included in the
study were likely less spatially representative than in the origi-
nal surveys. In particular, many sites were excluded due to the
filtering criterion of no more than 5% coarse fragments. Coarse
fragments in soil samples can impact the measurement of BD
in multiple ways; firstly, coarse fragments can be too large to fit
within a ring sample or too numerous to allow for placement of
the ring. Secondly, if the density of the coarse fragments is not
measured, the estimate of the fine soil BD will be less accurate
as a standard density of quartz will be used; this effect scales
proportionally with the coarse fragment content. While other
methods for measuring BD than ring samples are available,
these are likely also affected by the presence of high volumes of
coarse fragments (e.g., excavated volumes may also be compli-
cated by coarse fragments). Given that the effect of disregard-
ing (or misrepresenting) coarse fragments on the fine soil BD
estimate is proportional to the coarse fragment volume (Harbo
et al. 2022; Fenton et al. 2024), BD estimates for soils with high
coarse fragment volume are more likely to be affected to a
larger extent than sites with low amounts of coarse fragments.
Furthermore, the surveys have different methods to sample sites
with high coarse fragment content, making such measurements
less comparable across surveys.

The grassland data were filtered based on the available land use
history to exclude sites with recent influence of anthropogenic
activities to achieve a reference model with minimal anthropo-
genic influence. However, detailed information about land use
history and pedogenic horizons was not available from the Irish,
Flemish or Danish datasets, and no information was available
for any soil survey regarding the long-term land use history of
the sites. If a proportion of the permanent grassland sites from
these surveys has recent anthropogenic influence on the subsoil
BD, the estimated human-induced change in subsoil BD would
be underestimated. This underestimation was indeed found
when the grassland reference model was trained on all available
grasslands from Germany as compared to being trained only
on German grasslands without identified Ap horizons (data

not shown), proving the lingering effect of previous ploughing
on BD despite land use change. Extending this concept, the an-
thropogenic subsoil compaction might have been further under-
estimated in this study, as permanent grasslands are managed,
though less frequently than croplands, using heavy machines,
including for harvest and fertilisation, which may have caused
an increase in subsoil bulk density as compared to a theoretically
unaffected site.

The grassland reference model both underestimates large BD
values and overestimates low BD values (Figure 3), which is
attributable to regression to the mean, as discussed in sec-
tion 2.4. However, as soil bulk density generally correlates neg-
atively with organic C content (De Vos et al. 2005; Schrumpf
et al. 2011), there may be an indirect correlation between the
organic C content and predicted change in BD. At sites where
the organic C content is high, the bulk density can generally
be expected to be low, and our predicted reference BD would
therefore be more likely to be overestimated (Figure 3). A
greater likelihood of overestimation of the reference means a
higher risk of predicting a negative change in BD, and would
also result in misassigning a decrease in BD to anthropogenic
activities. The dynamic related to overestimation of low BD val-
ues may also be an explanatory component as to why the mean
increase in subsoil BD in France is 0, given that the French BD
values were, on average, lower compared to the other soil sur-
veys included in the study.

On the other end of the spectrum, sites with low organic C con-
tent are more likely to have high BD and are, as such, at risk of
underprediction of the reference BD by our approach. Thus, in
our study, the estimated anthropogenic change in BD is more
likely to be overestimated for sites with low organic C content,
resulting in attributing changes to anthropogenic activities that
are, in part, model artefacts.

Given that there are substantially more cropland sites with a
relatively low organic C content as compared to the grassland
training data, and that the attribution of negative changes in
subsoil bulk density does not affect the designation of sites as
either ‘naturally compact’ or ‘anthropogenically compacted’,
the calculated proportion of anthropogenically compacted
sites represents the upper limit of the proportion of sites that
surpass the packing density threshold due to anthropogenic
activities.

It may be feasible to enhance the grassland reference model
by incorporating additional covariates to diminish the num-
ber of sites where the estimated anthropogenic subsoil com-
paction was negative. The population of annual cropland sites
included in the study was overall comparable to the permanent
grassland sites; the grassland reference model was trained as
per the AOA assessment. However, the annual cropland sites
where a decrease in subsoil BD was predicted might have been
at the opposing end of the predictor space, or there might have
been few or no grassland sites in the local area (e.g., NUTS2
region) of the annual cropland sites, which would then lack
local references.

The underlying reasons for the occasional predicted decreases in
subsoil BD thus remain unresolved; however, there was a clear
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correlation between sites with estimated loosening and sites
with lower-than-average BD,, (Figure 3). On one hand, natural
processes and some management practices may be able to loosen
the subsoil (e.g., deep rooting crops (Reintam et al. 2006; Flavio
Neto et al. 2015) and sward lifting (De Boer et al. 2018)), but it is
currently unknown whether such practices were implemented
on the study sites. On the other hand, the estimated negative val-
ues might also be due to the fact that Random Forest models are
not able to predict the highest and lowest values in the dataset
(Kuhn and Johnson 2013), and thus the lowest BD values were
generally overestimated while the highest values were likely un-
derestimated by the grassland reference model. Overall, model-
ling limitations appear to be more reasonable explanations for
the unexpected results, given that subsoil loosening is not typ-
ically observed in connection with human activities, and both
a soil wetness indicator and MAP were included in the model
and showed only minor importance for the model performance
(Figure 2). That said, further investigation of regions of both pre-
dicted decrease in subsoil BD and/or overall low subsoil BD
might shed more light on general dynamics of subsoil BD and
compaction processes of such regions.

Altogether, the limitations of the modelling approach result in
regression to the mean, while the effect of potential recent an-
thropogenic influence on the permanent grassland sites would
result in a systematic underestimation of the anthropogenic
component of the current compactness of annual cropland sites
in the investigated countries and regions. Additionally, the in-
herent negative correlation between organic C content and soil
BD means that there is a risk of overestimating the anthropo-
genic component of the subsoil compaction. While the differ-
ence in the input data from the five regions and countries in the
study may have caused some estimated changes in subsoil BD to
be negative, the spatial pattern of subsoil BD increase is robust.

5 | Conclusion

The quantification of anthropogenically driven subsoil com-
paction conducted in this study represents a significant con-
tribution to the assessment of the area affected by subsoil
compaction in the studied regions of Europe. The methodol-
ogy developed in the present study proved useful in elucidat-
ing a spatial pattern of subsoil BD change and in identifying
the most important factors for explaining subsoil compaction
in cropland. It may be applied to more datasets where the rel-
evant covariates are available for both annual cropland and
grassland sites.

Further research is required to clarify the effects of agricultural
practices as well as local soil and climatic conditions on subsoil
compaction, as the site-specific data on agricultural management
practices were not available for this study. It is recommended that
national and pan-national monitoring networks should include
samples from the subsoil layer in addition to the topsoil, in order
to facilitate further studies at larger scales. Furthermore, data
regarding agricultural management practices should be acces-
sible for sites in the monitoring networks, as this may facilitate
additional research on the impact of human activities on soil at
the European scale. Lastly, the development of pan-European
standards for soil sampling or transfer functions to ensure higher

degrees of comparability between datasets might further improve
studies of soil parameters at a continental scale.
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