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ABSTRACT

Soil functions such as water regulation, resistance to degradation (i.e., erosion) and habitat provision for soil biota are essential for
climate-resilient cropping systems. While soil functions are largely governed by pedo-climatic conditions, the relative importance
of agricultural management remains unclear. Because these functions are governed by soil physical properties, we quantified the
relative influence of pedo-climatic conditions and soil management on key soil physical properties across ten long-term field exper-
iments in Europe. The sites spanned a 2500km climatic gradient from Spain to Sweden and included contrasting tillage or organic
matter management practices. Measurements included bulk density (BD), water storage, aeration, hydraulic conductivity, soil organic
carbon (SOC), aggregate stability, and earthworm abundance in topsoil (~10cm) and subsoil (~30cm) across 92 plots and 23 manage-
ment treatments. Management intensities (carbon inputs, tillage, mineral nitrogen fertilisation) were quantified over the preceding
decade. We applied mixed-effects models, variance partitioning and structural equation modelling to identify direct and indirect
effects. Pedo-climatic conditions explained more variability in soil physical properties than management (threefold in the topsoil and
eightfold in the subsoil). Mean annual temperature and clay content controlled topsoil SOC content, which in turn mediated most
soil physical properties. Management effects, although smaller, significantly influenced topsoil properties. Higher C inputs increased
SOC, aggregate stability and earthworm abundance. These effects indirectly reduced BD and penetration resistance while increas-
ing water storage, air capacity and hydraulic conductivity. Higher tillage intensity reduced BD directly but was also associated with
lower aggregate stability and reduced saturated hydraulic conductivity in the topsoil. Overall, pedo-climatic conditions dominated
soil physical properties, particularly in the subsoil, whereas management mainly affected topsoil properties relevant for climate resil-
ience, highlighting limited subsoil responsiveness and the need for management strategies targeting subsoils.

Thomas Keller and Loraine ten Damme have contributed equally to this work.
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1 | Introduction

Soil structure related functions such as water regulation, resis-
tance to degradation (i.e., erosion) and habitat provision for soil
biota are central to sustaining agricultural production and buff-
ering crop yields against climate extremes (Rabot et al. 2018;
Saco et al. 2021). By regulating plant-available water and crop
rooting conditions, soil physical properties directly affect the
climate resilience of cropping systems (Bodner et al. 2015).
Maintaining or improving these properties through adapted soil
management is therefore an important long-term objective in ar-
able farming (Heitman et al. 2023).

Soil management practices, such as tillage, organic matter
amendments, crop rotation and cover cropping, are known to in-
fluence soil physical properties (e.g., Strudley et al. 2008; Blanco-
Canqui and Ruis 2018; Palm et al. 2014; Basset et al. 2023). A
recent synthesis of 34 meta-analyses confirmed that organic
amendments and systems with continuous soil cover improve
the water regulation function, whereas the effects of reduced
tillage remain context-dependent (Blanchy, Bragato, et al. 2023).
However, the magnitude of management effects varies widely
and is often constrained by site-specific factors such as soil tex-
ture and climate (Sun et al. 2020; Blanchy, Albrecht, et al. 2023).

The literature synthesis of Sinchez-Moreno et al. (2025) found
varying effects of management-induced increases in soil organic
matter on topsoil physical properties across sites. In contrast, data
for subsoils remain scarce (Sanchez-Moreno et al. 2025; Yost and
Hartemink 2020), but the few conducted studies have reported no
significant management effects on subsoil structure (e.g., Schliiter
et al. 2011; Jarvis et al. 2017). This raises the questions of how
strongly management can modify soil properties relative to pedo-
climatic constraints, under which environmental conditions man-
agement can effectively improve soil properties, and whether these
effects are restricted to the topsoil or extend into the subsoil. Long-
term field experiments (LTEs) offer an opportunity to address
this question, as they provide decades of consistent management
treatments under well-documented site conditions. Yet, systematic
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cross-site comparative studies using harmonised data collection
and integrated data analysis across large pedo-climatic gradients
remain rare, particularly for subsoil properties.

In this study, we investigated ten LTEs across Europe to assess
how tillage practices and organic matter management influ-
ence soil properties. Using a harmonised sampling protocol and
statistical modelling, we disentangled the relative influence of
management and pedo-climatic context on key hydraulic and
mechanical properties in topsoil and subsoil layers. Specifically,
we quantified the effects of tillage intensity (STIR), carbon in-
puts (C inputs), mineral nitrogen fertilisation (N, input), soil
texture and climate (precipitation and temperature) on soil or-
ganic carbon (SOC) content, bulk density (BD) and earthworm
abundance, and evaluated how these moderators of soil struc-
ture influence soil properties related to water regulation, erosion
control and soil aeration (Figure 1). We further assessed the rela-
tive importance of management and pedo-climatic condition in
shaping topsoil and subsoil physical properties. To this end, we
addressed the following research questions: (1) How do manage-
ment practices influence SOC, BD and earthworm abundance?
(2) To what extent do these variables mediate management ef-
fects on other soil physical properties? (3) What is the relative
importance of pedo-climatic conditions, represented by soil tex-
ture and climate, in explaining variation in soil physical proper-
ties, particularly in the subsoil?

2 | Methods

2.1 | Long-Term Experiments: Soil Management
Indicators and Site Characteristics

This study included 111 plots in ten long-term field experiments
(LTEs) in different pedo-climatic contexts (Table 1). For each
LTE, two to four treatments with contrasting soil management
were selected. The treatments either differed in tillage practices
(inversion tillage, reduced tillage and no tillage), organic matter
management (organic amendments and crop residue retention)
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FIGURE1 | Conceptual figure illustrating how soil management and site-inherent pedo-climatic context are assumed to directly and indirectly

affect soil physical properties. Indirect effects of soil management and pedo-climatic context on the physical properties were assumed to be mediated

by the moderators (earthworm abundance, SOC, BD).
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or both. Within the LTEs, each treatment was spatially replicated
three or four times (Table 1).

To quantify soil management intensity variations within and
across LTEs, we calculated soil management indicators for
each plot with the software package SoilManageR for R (Heller
et al. 2025). Specifically, average annual C input by crops, cover
crops and organic amendments (Mg C ha-lyear™), average
yearly STIR (year™), and average annual N_. input by mineral
fertilisers (kgNha~'year™!) were calculated based on informa-
tion on management operations, crop yield and organic amend-
ments for the ten years prior to sampling. A detailed description
of how SoilManageR derives soil management indicators is pub-
lished in Heller et al. (2025), and the calculated management
indicators for our ten LTEs are shown in Figure 2a. In brief,
the C input ranged from 1.0 to 7.9 Mg C ha~!year™!, with a ma-
jority of the treatments between 1.7 and 4.5Mg C ha~lyear.
The lowest C inputs occurred in the unfertilised treatments at
LUKA and CASL (both in Czech Republic), and the treatments
with temporary fallow at INTA (Spain). The highest C inputs
occurred in the treatments that received cattle slurry and com-
post at BOPA (Belgium). STIR values were between 1 and 228,
with the lowest annual STIR values calculated for the no tillage
treatments at CENT (Denmark), FAST (Switzerland), HOLL
(Austria) and INIA (Spain). The BOPA trial had the highest
STIR value of 288 year~! due to annual double tillage—once for
main crops and once for cover crops—as well as additional till-
age operations to incorporate solid organic amendments. N .
input ranged between 0 and 128 kg N ha~!year~! with a majority
of treatments between 57 and 101kgN ha~lyear.

Mean annual precipitation sum (MAP; average of years 1991-
2020) at the LTE sites ranged from 361 to 1084 mm (Figure 2b),
and mean annual temperatures (MAT; average of years 1991-
2020) were between 6.9°C and 14.7°C. Management intensity in-
dicators and climatic descriptors were uncorrelated (all ¥l <0.5,
data not shown). Soil types at the LTEs included seven soils from

the Cambisol-Luvisol chronosequence, two Phacozems (CENT
and CASL) and one Chernozem (HOLL). Soil textures at the LTE
sites were loamy, with texture classes ranging from silt loams to
sandy loams (Figure 2c). Consequently, there was a strong neg-
ative correlation between silt and sand in the dataset (Pearson's
correlation coefficient r=-0.93, p-value <0.001, Figure S1)
and we therefore excluded silt as an explanatory variable for
this study.

2.2 | Soil Sampling and Assessment

Soil physical properties were measured in the ten LTEs, together
with chemical and biological properties hypothesised to influ-
ence them. A comprehensive protocol was developed to harmo-
nise the sampling and analysis among the LTEs (Heller, D'Hose,
et al. 2024). A report on the sampling and measurement cam-
paign is available online (Holzkdmper et al. 2024) and is only
briefly summarised here.

Three undisturbed soil cores were collected at randomly selected
positions within each plot, avoiding plot edges, with core centres
at 10 and 30cm depth representing the topsoil and subsoil, re-
spectively. These depths were chosen to sample soil within and
below the plough layer of the ploughed treatments while main-
taining comparability across sites. In the BOPA trial, sampling
depths were adjusted to 5cm for the topsoil and 45cm for the
subsoil to match the local tillage depth of 30 cm (Table 1). In this
trial, only one soil core was taken per plot and depth. No depth
correction was applied in the statistical analysis. The volume of
the soil cores was 100cm? for the LTEs in Spain, Denmark and
Czech Republic (CASL, CENT, INIA, LUKA) as well as for the
subsoils of two Swiss LTEs (P24A and ZOFE), and 250cm? for
the remaining LTEs and depths.

Representative composite soil samples of at least 500g were pre-
pared from five subsamples per plot and depth, and used for
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FIGURE 3 | Mean soil penetration resistance (FPR) of each treatment in the ten long term field experiments. Colour codes refer to treatments,

the coloured shades represent the standard deviation within each treatment. Star symbols (%) mark depths where the penetration resistance differs

significantly between treatments (p-value <0.05). Abbreviations for long-term experiments and treatments can be found in Table 1. The dashed

horizontal lines represent the upper and the lower boundary of the sampling depth for the topsoil and the subsoil, respectively. The grey areas
indicate penetration resistances that are considered to restrict root growth: >2MPa (light grey, Bengough et al. 2011) and >3.5MPa (dark grey;

Moraes et al. 2014).

measurements of soil texture (clay, silt, sand), particle density
(PD), SOC content and water stable aggregates index (WSA).
Field penetration resistance (FPR, Figure 3) was measured to a
depth of at least 40cm using penetrologgers (Penetrologger PRO,
Royal Ejkelkamp, The Netherlands; FieldScout SC 900, Spectrum
Technologies Inc., USA) or a custom-built device as described in
Olsen (1988) with the median value recorded from at least 10 in-
sertions per plot. The average FPR of the depths where intact soil
cores were taken (i.e., 10 and 30cm; 5 and 45cm for BOPA) was
extracted to compare the FPR to the soil core-derived soil phys-
ical properties. Earthworm abundance was quantified through a
meticulous manual sorting of soil blocks (20cm X 20cm X 20cm).
The manual sorting was complemented by using 500mL mus-
tard solution expulsion per pit (5g mustard powder L~'; Butt and
Grigoropoulou 2010), except in the Danish and Spanish LTEs
(CENT and INIA) where applying mustard solution was not al-
lowed. Topsoil structure was evaluated using the Visual Evaluation
of Soil Structure (VESS) method (Guimaraes et al. 2011, 2017). The
number of earthworm observations and VESS scores recorded per
plot ranged from one to four.

All sampling was conducted in spring 2023 before spring tillage
operations, with the exception of INTA, where the sampling was
postponed to Autumn 2023 due to unusual dry conditions in
spring. For SAEB (Sweden) and BOPA, earthworm sampling was
conducted in September and November of 2024, respectively.

On a total of 757 soil cores (111 plots, 2 to 3 depths, 1 to 4
soil cores per plot) saturated and near-saturation hydraulic

conductivity (K, and K ,,) were measured using mini disk in-
filtrometers (Meter Group GmbH, Germany; Sarkar et al. 2019a,
2019b). K, ., is considered here to represent the saturated hy-
draulic conductivity of the soil matrix, whereas K, additionally
includes the contribution of all large macropores with diame-
ters larger than 0.56 mm (Jarvis and Larsbo 2023). Additionally,
water content at field capacity (6., at 100hPa suction) was
measured on 922 soil cores (111 plots, 2 to 3 depths, 1 to 4 soil
cores per plot) using HYPROP2 (Meter Group GmbH, Germany)
for 250 cm? soil cores (n=251) and suction plates (e.g., ecoTech
Umwelt-Messsysteme GmbH, Germany) for 100cm? soil cores
(n=671), and bulk density (BD) was determined by oven dry-
ing at 105°C for 48 h. 316 composite soil samples (111 plots, 2 to
3 depths) were analysed for texture (pipette method) and SOC
content (dry combustion, or wet oxidation with dichromate for
Swiss LTEs). Water stable aggregates index (WSA) was deter-
mined on 300 of these soil samples with triplicates (technical
replicates) per sample (Nimmo and Perkins 2002). Particle den-
sity (PD) was measured with the pycnometer method on 249 soil
samples from all plots and depths, except for BOPA (Belgium),
where PD was estimated with the pedotransfer function from
Schjenning et al. (2017), assuming soil organic matter content to
be double the measured SOC (Pribyl 2010):

PD [Mgm™|

2%SOC [kg kg_l]
\ 1.12740.746 %S0C [kgkg™']

1-2%80C [kgkg']
2.648+0.209 * clay [kgkg™'|

@
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All data obtained from all plots of the ten LTEs were collected
with spreadsheet templates, compiled into a single dataset that
is available on Zenodo (Heller, ten Damme, et al. 2024), and pre-
pared for statistical analyses as described below.

2.3 | Data Analyses

All data processing and statistical analysis were performed
using the free and open source statistical software R (version
4.5.2; R Core Team 2024), with several extension packages in-
cluding glmm.hp (Lai et al. 2023), Ime4 (Bates et al. 2015),
ImerTest (Kuznetsova et al. 2017), MuMIn (Barton 2024), piece-
wiseSEM (Lefcheck 2016), relaimpo (Groemping 2007), SoilHyP
(Dettmann 2023), SoilManageR (Heller et al. 2025) and soiltex-
ture (Moeys 2024).

2.3.1 | Data Harmonisation and Transformation

For the analyses, we included the 92 plots for which all soil
properties were available for the topsoil (10cm depth, 5cm
depth for BOPA) and the subsoil (30 cm depth, 45 cm depth for
BOPA) (see Table 1 for excluded treatments). To account for
methodological differences between wet oxidation (SOC, )
and dry combustion (SOC ), we applied a correction factor of
SOC, =1.18xSOC_ for the Swiss SOC data, based on find-
ings from 105 Swiss soils (Gubler et al. 2018). Soil texture data
from Austria, Denmark and Sweden were converted to USDA
soil textural classes (clay <2pm <silt< 50 pm <sand <2mm
< gravel; Soil Science Division Staff 2017) using a log-linear
transformation (Nemes et al. 1999).

Gravimetric soil water content at the permanent wilting point
(15,000 hPa suction, wy,,) was calculated using the pedotransfer
function from Seybold and Harms (2012), given in Equation (2).

Wpyp [ %] = 0.406 # clay [%] + 0.752 % SOC [% ] @)

Multiplying wy,, by the gravel-corrected BD and dividing by
the density of water (py o =1Mgm™) gave the volumetric water
content at the permanent wilting point (0,,,). Plant-available
water (PAW) per unit mass was calculated as:

Opc — O
( FC PWP) *PH,0 ®3)
BD

PAW =

Porosity was derived from BD and PD, and air capacity (AC) at
100 hPa suction was determined as the difference between poros-
ity and 6. For analyses, K, and Ky, ,,, were log, -transformed
and earthworm abundance was square root transformed. One
representative value per plot and depth was obtained by calcu-
lating the arithmetic mean (after transformation) of all soil core

derived measures, FPR, WSA, VESS and earthworm.

Since there were differences across laboratories for some meth-
ods, we tested for methodological effects, also considering possi-
ble laboratory effects (Table S1). In brief, we found significantly
lower values for K .o Ksppa and PAW as well as higher BD values
measured on the 100 cm? soil cores compared to values from the
250cm? soil cores. In the subsequent analysis we accounted for

these methodological sources of variation explicitly by a fixed

effect for the method in the linear models, or implicitly by in-
cluding a random effect structure that accounts for methodolog-
ical effects in the mixed-effect models.

2.3.2 | Correlation Analysis for Soil Physical Properties

A correlation analysis for all measured soil physical properties
was performed (Figure S1) to identify general patterns in the
dataset. Based on the identified correlations and existing knowl-
edge (Pachepsky and Rawls 2004; Zhang and Schaap 2017;
Szabd et al. 2021; Weber et al. 2024), we selected BD, SOC, clay
and sand as potential predictors to explain differences in soil
physical properties (PAW, AC, K, K, ».» FPR, WSA, BD and
VESS) in linear regression models (Table 2, Figures 4 and 5).
We performed stepwise backward model selection and retained
only predictors with p-values below 0.1 in the models and cal-
culated the relative importance of the predictors by averaging
over orderings (Groemping 2007). For the linear models, we as-
sumed all our observations to be independent (i.e., N=184; 92
per depth). The observations were weighted to avoid LTEs with
more blocks or treatments unduly influencing the model esti-
mates. A weighting factor inversely proportional to the number
of plots in each LTE was assigned to each observation, such that
all LTEs received the same total weight of one. We checked for
correlation between predictor variables (Fox and Monette 1992)
and found no relevant correlation (all variance inflation factors
were below 2.3).

2.3.3 | Variability of Soil Properties Between LTEs
and Treatments

First, a series of sequential ANOVAs for each explanatory and
dependent variable was conducted to assess the variability that
occurred at the LTE-level, at the treatment-level and at the
plot level (Table S2). Second, we calculated treatment means
and standard deviations for each of the soil properties (VESS,
earthworm, BD, SOC, PAW, AC, K, K, .., FPR, WSA) for each
LTE and depth separately. Treatment effects on soil proper-
ties were statistically analysed with 180 factorial ANOVASs (10
LTEs, 18 soil properties) that accounted for possible block effects
(Table S3). While these two approaches allowed to reveal the rel-
ative contribution of the site (i.e., the LTESs) versus the manage-
ment (i.e., the treatments) and answer the question how much
soil properties differ at a specific site due to management, they
do not allow to quantify the effect of management intensities
and pedo-climatic context.

2.3.4 | Direct and Indirect Effects of Management
and Pedo-Climatic Conditions on Soil Properties

The direct effects of soil management intensity (C input, STIR
and Noin input) and the pedo-climatic context (clay, sand,
MAT and MAP) on each measured soil property were inves-
tigated with linear mixed-effect models. The measured soil
properties shown in Figure 1 were grouped into moderators
(earthworms, SOC, BD) and physical properties (K, Ky p,s
PAW, AC, WSA, FPR and VESS). For each soil property at
each depth, separate models were run that included the three
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FIGURE4 | Scatterplots of the soil physical properties—gravimetric plant available water (PAW), air capacity (AC), hydraulic conductivity of the
soil matrix (K, ,,) and the macropores (K, ), field penetration resistance (FPR) and water stable aggregate index (WSA)—as a function of soil organic
carbon content (SOC) if SOC was the most important predictor and as a function of bulk density (BD) if BD was the most important predictor (see
Table 2). Each data point represents the average of one to three measurements per plot and depth. Colours highlight levels of SOC or BD. Regression

lines and statistics in the plots only refer to the soil property on the x-axis and differ from the linear models in Table 2.
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FIGURE 5 | Piecewise structural equation model diagrams show the direct and indirect effects of soil management (yellow circles) and pedo-
climatic context (green circles) on soil properties (blue boxes) in the topsoil. (a) The effects of management and pedo-climatic context on the medi-
ating soil properties SOC, BD and earthworm. (b) The direct and indirect effects of management and pedo-climatic context on plant available water
(PAW). Arrow thickness and number associated with it represent standardised effect sizes. The %-values in the blue boxes refer to the marginal and
the conditional pseudo R? of the final mixed-effect model for the respective soil property (see Table 3). Path analysis diagrams for all other variables
can be found in Figures S2-S14. BD, bulk density; C, carbon; df, degrees of freedom; MAP, mean annual precipitation sum; MAT, mean annual tem-
perature; N, nitrogen; PAW, gravimetric plant available water; SOC, soil organic carbon; STIR, soil tillage intensity rating.

soil management indicators and the four pedo-climatic indica- and in the models for the physical properties we included all
tors as potential predictor variables. We further included SOC three moderators as potential predictors. Each model included
and earthworm as potential moderators for the model for BD, arandom effect for the LTE to represent the structured nature
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of our dataset and to account for methodological effects. As for
the linear models (see Section 2.3.2), we weighted the obser-
vations, performed stepwise backward model selection, and
checked for correlation between predictor variables. Again,
no relevant correlation was found as all variance inflation
factors were below 1.6. To rank the relative importance of
each predictor variable, we used hierarchical variance parti-
tioning (Lai et al. 2023). The relative importance of each pre-
dictor variable for eight response variables (SOC, BD, PAW,
AC, K, p.» K ,,» FPR and WSA) was averaged to quantitatively
summarise the relative importance of each predictor variable
in the topsoil and the subsoil separately. We assessed the ro-
bustness of the statistical analyses by performing an iterative
leave-one-group-out (LOGO) analysis (Tables S4 and S5). In
each iteration of the LOGO analysis, data from one LTE was
left out from the dataset and the refitted model parameters
were compared to the parameters from the full models. To ex-
plore potential nonlinear relationships between explanatory
variables and soil properties, we conducted exploratory anal-
yses (section 10 in Appendix S1, Figure S21). These nonlinear
analyses were not part of the original study design and are
therefore interpreted cautiously.

We applied path analysis to capture indirect effects of man-
agement and pedo-climatic context (Grace 2006; Eisenhauer
et al. 2015). For this path analysis, the final models were com-
bined into a set of unidirectional piecewise structural equation
models (pSEM; Lefcheck 2016) to assess and visualise the in-
direct effects of soil management and pedo-climatic context
through mediating soil properties (Figures 5; and Figures S2-
S14). pSEM were chosen over traditional SEMs because they
allow us to represent hierarchical data structures (i.e., plots
nested in LTEs). The pSEM model fits were assessed by Shipley's
d-sep tests (Shipley 2009).

3 | Results

3.1 | Soil Physical Properties Depend on Soil
Texture, SOC and Bulk Density

The present study confirmed robust negative correlations
(r<—0.5) between BD and several other soil physical proper-
ties including PAW (r=-0.71), SOC (r=-0.69), AC (r=-0.57)
and K, (r=-0.51). A strong positive correlation was found
between PAW and SOC (r=0.63), as shown in Figure S1. The
strong correlations between SOC, BD and soil physical prop-
erties across topsoil and subsoil were also reflected in the
relative importance of the predictors in the linear regression
models (Table 2, Figure S15). BD alone accounted for more
than 65% of the explained variation in AC, K, and FPR. It
has been established that soils with higher BD exhibit lower
AC, lower K, and higher FPR. The combination of SOC and
BD explained 78% and 54% of the variation in PAW and K, ...,
respectively. PAW was enhanced in soils with reduced BD
and increased SOC, whereas the matrix hydraulic conduc-
tivity (K, »,) was higher in soils with lower BD and reduced
SOC. The variability in WSA and VESS was attributed solely
to the combination of SOC and soil texture. WSA was higher
and VESS score was better in soils with more SOC and less
clay. Furthermore, WSA was found to be higher in soils with

a greater proportion of sand. Figure 4 shows the soil physical
properties in relation to the most relevant explanatory vari-
ables of the linear models in Table 2 (BD or SOC).

3.2 | Stronger Site Effects in the Subsoil Than
the Topsoil

Attributing variability to the different levels of our dataset
(Table S2) revealed that for all but three variables (N, input,
K, in the topsoil and AC in the subsoil), differences between
sites (i.e., the LTEs) were larger than within sites. Management
indicators for C input and STIR showed between-site variabil-
ity of 81% and 61%, respectively. As a result, topsoil properties
mostly depended on the site (more than 75% of the variability in
PAW, WSA, SOC, earthworm and K ShPa). The relative variability
explained by site was slightly lower for FPR and BD (73% and
67%, respectively) while for the VESS score it was 52% and for
K., it was 46%. The variabilities in topsoil properties explained
by the treatments were comparably low (3%-20%). In the sub-
soil, the proportion of the variability explained by the site was
higher than in the topsoil. For all subsoil properties, the vari-
abilities explained by the site were > 75%, except for BD (73%),
K, (64%) and AC (32%). Consequently, variabilities attributed
to the treatments (2%-13%) were lower in the subsoil than in

the topsoil.

In line with these findings, the series of 180 LTE-specific
ANOVAs (Table S3) revealed only 40 significant treatment dif-
ferences, of which 23 were strongly significant (p-value <0.05)
and 17 were weakly significant (p-value <0.1). Thirty significant
differences occurred in the topsoil and ten in the subsoil. Most
differences were found for FPR (n = 10), followed by SOC (n=38),
BD (n=>5), earthworm abundance (n=4) and WSA (n=4). More
trends could be observed when treatment means are compared,
but due to high variability between plots, most differences were
not statistically significant.

3.3 | Mixed-Effect Models Linked Drivers,
Moderators and Soil Physical Properties

As expected, the mixed-effect models (Table 3) that accounted
for soil management and pedo-climatic context explained dif-
ferences in soil physical properties better than the linear models
that only considered soil properties. The linear models had an
average adjusted R? of 43% (Table 2), whereas the mixed mod-
els (Table 3) for the topsoil had an average marginal R? of 62%
and those for the subsoil had an average marginal R? of 53%.
The marginal R? of the mixed models refers to the proportion
of the total variability explained by the fixed effects alone,
whereas the conditional R? also includes the proportion of the
variability explained by the random effect (i.e., the site). The
models for explaining earthworm, topsoil SOC, topsoil PAW as
well as topsoil and subsoil WSA showed the best fits (marginal
R?>0.75). The models for VESS score and subsoil FPR fitted the
data poorly (marginal R?<0.25). However, when unknown site
effects such as observer effects for VESS scores, soil moisture
content for FPR, and differences in equipment and methods
were accounted for, the R? of all models increased to above 0.89
(see conditional R? in Table 3). The refitting of the models with
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iteratively omitting the data from one site in the LOGO analy-
sis (Tables S5 and S6) showed that our mixed-effect model esti-
mates were robust.

The mediating soil properties were well explained by the models
(Figure 5a, Table 3 and Figures S16 and S17): earthworms were
more abundant in plots with high MAP, low MAT, high C input,
low STIR and high clay content. Topsoil SOC was higher for
plots with low MAT, high C inputs, high clay contents and low
STIR and N_,, input values. Topsoil BD, in turn, was highest
in plots with low SOC and low STIR. The soil physical proper-
ties were dependent on combinations of pedo-climatic context,
management intensities and mediating soil properties (Table 3,
Figure S17). It is noteworthy that while topsoil SOC and BD
were significant moderators mediating the physical properties,
earthworm abundance did not appear to mediate any of the
physical properties.

3.4 | Path Analysis Revealed Direct and Indirect
Effects

The pSEMs visualise the direct and indirect effects of the pedo-
climatic and management indicators on the soil physical prop-
erties (Figure 5 and Figures S2-S14). Overall, the pSEM models
showed good fits (d-sep test p>0.1) for all variables, except for
FPR. The FPR models for the topsoil and the subsoil fitted the
data poorly (d-sep test p<0.1, Figures S10 and S11), suggesting
missing pathways or variables. Further investigation with a
reduced dataset that included the degree of the soils water sat-
uration at the time of sampling showed much better model fit
(Figures S18 and S19). Related to this, the topsoil FPR pSEM
of the reduced dataset had a d-sep test result of p=0.14 (pSEM
not shown). However, the water content at sampling was not
available for all sites and could therefore not be included in the
full model.

Figure 5b illustrates that PAW was directly affected by the pedo-
climatic context (lowered by high MAT and high clay contents)
and soil management (increased by higher STIR). Additionally,
PAW was also indirectly affected by the impacts of MAT and C
input on SOC contents and BD. Across all 14 pSEMs (Figure 5;
and Figure S2-S14), several consistent patterns emerged. In
many cases, MAT and C input influenced soil physical proper-
ties mainly indirectly through their effects on SOC rather than
through direct pathways. In contrast, tillage intensity affected
topsoil physical properties both directly and indirectly through
BD. Overall, management effects—whether direct or indirect—
were generally weaker in the subsoil compared to the topsoil.

3.5 | Pedo-Climatic Context Was More Important
Than Management

The effect of the pedo-climatic context dominated over the
impacts of management practices, as shown by averaging the
relative importances of the explanatory variables in Table 3. In
the topsoil, the average relative importance of the pedo-climatic
context (MAP, MAT, clay, sand) on eight response variables
(SOC, BD, PAW, AC, K, .., K., FPR and WSA) was 30.4%,

sat?

compared to 11.4% for the management drivers (C input, STIR
and N, input). This is roughly a ratio of 3:1 for the variability
in soil properties explained by pedo-climatic context relative to
the variability explained by management. In the subsoil, the pre-
dominance of the pedo-climatic context was more pronounced:
30.1% for pedo-climate versus 3.8% for management (i.e., a ratio
of 8:1). Discrimination between climatic context (MAP, MAT),
pedological context (clay, sand) and management drivers (C
input, STIR, N_, input) resulted in ratios of 2:1:1 (climate: tex-

ture: management) for the topsoil and 7:1:1 for the subsoil.

4 | Discussion

4.1 | Topsoil SOC, BD and Earthworm Abundance
Respond to C Inputs and Tillage Intensity

Our piecewise SEMs suggest that the effect of C input and till-
age intensity on topsoil properties was often mediated through
SOC and BD. SOC increased with higher C inputs but declined
slightly with increasing STIRand N, inputs. MAT was the most
important pedo-climatic predictor for SOC (Figure 5b), consis-
tent with faster organic matter decomposition under warmer cli-
mates (Cotrufo and Lavallee 2022; Wiesmeier et al. 2019; Hartley
et al. 2021). Exploratory nonlinear analyses (Figure S21) further
indicated that SOC declines were mainly associated with very
high tillage intensity and N, inputs, whereas temperature
effects were strongest under colder conditions. These explor-
atory findings should be interpreted cautiously but may help
reconcile contrasting observations regarding SOC response to
mineral fertilisation (Poffenbarger et al. 2017; Tang et al. 2025).
The nonlinear temperature response is also consistent with
declining decomposition sensitivity at higher temperatures
(Kirschbaum 1995).

As commonly observed (Strudley et al. 2008; Lal 2020), BD
was lower in soils with higher SOC content and decreased with
higher tillage intensity. These management-induced changes in
SOC and BD propagated into most other soil physical proper-
ties, suggesting that SOC and BD may serve as practical proxy
indicators in broad-scale assessments or monitoring contexts
where more comprehensive soil physical measurements are not
feasible.

The findings that higher C inputs and lower STIR increased
earthworm abundance, and that higher MAP, lower MAT
and greater clay contents were associated with more earth-
worms are consistent with knowledge about earthworm hab-
itat preferences and management impacts (e.g., Briones and
Schmidt 2017; Phillips et al. 2019; Simon et al. 2025; Sturm
et al. 2026). However, contrary to our initial assumption and
previous literature linking earthworms to soil structure forma-
tion (e.g., Capowiez et al. 2009; Blouin et al. 2013), earthworm
abundance was not identified as a significant mediator of soil
physical properties. This may reflect shared responses of earth-
worm abundance and soil properties to the same pedo-climatic
and management drivers. In addition, our statistical analysis did
not explicitly consider functional differences among earthworm
communities, which are known to differ in their effects on soil
structure (Andriuzzi et al. 2015; Capowiez et al. 2024).
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4.1.1 | Water Storage Is Enhanced by SOC and Low BD,
but Higher Tillage Intensity Reduces Infiltration

Management influenced soil water storage mostly indirectly
through effects on SOC and BD. Higher C inputs enhanced
SOC, which increased PAW, while reduced tillage intensity
increased BD and thereby lowered PAW. The linear models es-
timated a 1.7%,,, . increase in gravimetric PAW per 0.1 Mg m~3
decrease in BD, and a 3%, increase per 10gkg™ increase
in SOC. Accounting for the positive SOC-BD relationship
approximately doubled the estimated SOC effect on PAW to
~6%,.. Per 10g C kg™! SOC (Table 2). For a typical arable
topsoil, such an increase may correspond to roughly 4-5 ad-
ditional days of crop water supply during summer conditions
in temperate climates (Liu et al. 2002). Previous studies that
did not account for this SOC-BD coupling generally reported
smaller effects of SOC on PAW (e.g., Libohova et al. 2018;
Minasny and McBratney 2018).

Infiltration characteristics were also affected by soil manage-
ment. K, decreased strongly with increasing BD, reflecting a
loss of macropores (Archer and Smith 1972). K, was also re-
duced directly under high tillage intensity (Figure S8), likely
due to the destruction of continuous biopores (Jarvis 2007;
Schliiter et al. 2020). The contrasting effects of tillage on K,
likely reflect a trade-off between transient tillage-induced
macropores and the preservation of stable biopores under re-
duced tillage. As expected, K ,, Was less dependent on BD but
more dependent on soil texture and SOC than K, . Both K,
and K, ,, were unexpectedly reduced at higher SOC contents,
which may reflect water repellency and water retention of
soil organic matter or pore clogging (Nemes et al. 2005; Jarvis
et al. 2013).

4.1.2 | Erosion Resistance Is Enhanced by Higher C
Input and by Reduced Tillage

Aggregate stability in the topsoil, a key indicator for soil re-
sistance to erosion (Barthés and Roose 2002; Holz et al. 2015),
was enhanced by higher C inputs and by reduced tillage
intensity, which is in agreement with Amézketa (1999),
Six et al. (2004), Abiven et al. (2009) and Seitz et al. (2019).
However, MAT emerged as the most important predictor for
aggregate stability, possibly due to its strong effect on organic
matter turnover. In our data, topsoil WSA increased with SOC
up to a SOC level of approximately 16.5gkg™! (Figure S20), a
value slightly below the threshold for aggregate stability of
20gkg™! SOC reported by Kay and Angers (2001). According
to our SOC model (Table 3), an average annual C input of
about 7.1 Mg per hectare is needed to reach 16.5 gkg= SOC for
the hypothetical average site in our dataset (Table S2), while
higher C inputs would be needed at sites with warmer climate
and lower clay content.

Low infiltration capacity can further increase erosion risk
through surface runoff (Holz et al. 2015). As discussed above for
K., management influenced infiltration characteristics through
interacting effects on BD and biopore continuity. Together with
the observed effects on aggregate stability, this indicates that

management influences erosion resistance, although these

effects vary with the time since last tillage operations (Blanchy,
Albrecht, et al. 2023).

4.1.3 | Soil Aeration and Penetration Resistance Are
Driven by Bulk Density

Soil aeration was strongly controlled by BD, confirming the
well-known inverse relationship between soil compactness
and aeration (Archer and Smith 1972; Stepniewski et al. 1994).
Nevertheless, an unexpected pattern emerged: similar to the
trend observed for K, but opposite to BD, AC tended to be lower
under higher tillage intensity. This pattern may be the result of
sampling consolidated soil in which tillage-induced macropores
that enhanced soil aeration had already collapsed.

Soil penetrability by roots, as approximated by FPR, was gen-
erally higher with increased tillage intensity (Figure 3) as soil
loosening decreases soil strength and BD. In the plots with
higher C inputs, subsoil FPR was increased in some LTEs,
which may be a result of soil compaction caused by additional
machinery passes needed to apply organic amendments (ten
Damme et al. 2021). The strong site effect for FPR likely re-
flects the differences in soil moisture conditions at sampling
(Figure S18), as FPR generally increases under drier con-
ditions (Hernanz et al. 2000; Dexter et al. 2007). Including
soil moisture improved the performance of our model, con-
firming its relevance as a driver of FPR (see Section 3.4 and
Figure S19), but it was not available for all sites and therefore
not included in the main analysis.

4.2 | Stronger Impact of Pedo-Climate Than
Management

The overshadowing role of pedo-climatic conditions com-
pared to management effects in our dataset is consistent with
findings of other continental-scale studies in Europe (e.g.,
Garland et al. 2021; Smith et al. 2021; Edlinger et al. 2023; ten
Damme et al. 2025), emphasising that site-dependent condi-
tions largely determine soil (physical) properties. The climate-
induced differences in topsoil SOC propagated into nearly
all soil physical properties that were measured, reflecting
the central role of SOC (Blanco-Canqui et al. 2013). Climatic
conditions regulate both the accumulation and decomposi-
tion of organic matter, while soil texture determines the ca-
pacity of soils to form SOC protecting structure (Cotrufo and
Lavallee 2022; Wiesmeier et al. 2019). As a consequence, sites
with low clay content or warm climates have limited capacity
to build up SOC (Davidson and Janssens 2006) and improve
soil structure, even under improved management practices.
From a climate change adaptation perspective, these findings
imply that adapted soil management strategies may not be able
to fully compensate the effect of increasing temperatures on
soil physical properties, especially in fast warming regions and
coarse-textured soils. On such sites, soil management should
focus to buffer crop production declines under drought periods
by changing water fluxes (Heitman et al. 2023) in addition to
improving relevant soil physical properties. For example, by
leaving crop residues on the soil surface to reduce bare soil
evaporation (Ramos et al. 2024).
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4.3 | Limited Impact of Management on Subsoil
Properties

In the topsoil, pedo-climatic conditions dominated over man-
agement influences by a ratio of 3:1, indicating that agricultural
management provides some scope to modify topsoil physical
properties. In the subsoil, the dominance of pedo-climatic con-
ditions increased to a ratio of 8:1, suggesting that the manage-
ment practices investigated in this study had limited influence
on subsoil physical properties.

A key reason for this limited influence is that most manage-
ment interventions, particularly tillage, primarily affect the soil
within the plough layer and therefore have little direct influence
on deeper soil layers. If anything, direct subsoil effects may be
negative, for example through subsoil compaction caused by
machinery traffic or in-furrow ploughing (Alakukku et al. 2003;
Chamen et al. 2003). Consequently, management effects on
subsoils are predominantly indirect and mediated through
processes such as the vertical distribution of root biomass, soil
faunal activity and the transfer of organic matter to the subsoil.
However, the inputs of organic matter to deeper soil layers are
generally limited and turnover rates are slower compared to the
topsoil (Dungait et al. 2012; Balesdent et al. 2017).

As a consequence, subsoil physical properties are largely gov-
erned by persistent site-specific features such as clay mineral-
ogy and local hydrology, along with only partially manageable
structures like biopore networks formed by roots and soil fauna
(Lucas et al. 2019). Addressing these constraints, which limit
the responsiveness of subsoil properties to management, may
require more targeted and intensive management interventions
than the ones that were applied in the 10 LTEs of our study. Such
interventions should aim to increase the transfer of organic car-
bon and biological activity to deeper soil layers (Lorenz and
Lal 2005). Practices that promote deeper rooting systems, such as
deep-rooting cover crops and cultivars (Heinemann et al. 2023),
perennial crops and pastures (McCallum et al. 2004) or agro-
forestry systems (Cardinael et al. 2018), may help deliver more
root biomass and exudates to deeper soil layers and thereby im-
prove their physical properties. Management practices that pro-
mote soil fauna, particularly anecic earthworms, may enhance
subsoil structure by creating continuous macropores (Francis
and Fraser 1998; Capowiez et al. 2009) and transporting or-
ganic residues to deeper soil layers (Kuzyakov and Kooch 2024;
Kautz 2015). Targeted deep tillage operations may provide a
means to directly modify subsoil structure (McBeath et al. 2026;
Geers-Lucas et al. 2025), although such operations should be
promoted and applied with caution to avoid unintended side-
effects, such as subsequent compaction (Schneider et al. 2017).
In addition, avoiding subsoil compaction is critical, as it is often
an unintended consequence of management and can strongly
impair soil functioning while being difficult to reverse (Chamen
et al. 2003; Keller et al. 2019).

4.4 | From Continental-Scale Studies to
Context-Specific Recommendations

While continental-scale studies like ours primarily identify
general patterns, they also provide a basis for developing more

context-specific recommendations for farmers, advisers and
policymakers. For example, our results suggest that increas-
ing C inputs may be particularly effective in cooler regions and
clay-rich soils, where higher SOC stabilisation potential can
lead to more pronounced improvements in soil physical proper-
ties. The considerable heterogeneity in climates, soils and sam-
pling conditions across Europe naturally introduced variation
into our dataset. However, the heterogeneity can also be viewed
as a resource for cross-regional learning. As climate change
modifies temperature and precipitation regimes, management
strategies established in warmer and drier regions of Europe
may inform adaptation in regions experiencing comparable
conditions in the future.

Applicable recommendations require studies that focus on local
pedo-climatic conditions where management has a stronger in-
fluence on soil properties relative to environmental constraints
(e.g., Garland et al. 2021; Heller et al. 2025) and where findings
are more easily transferable to practice (Thorsee et al. 2023). By
combining soil management indicators with mixed models and
path analysis, our study provides a framework for such future
studies with regional scope within comparable climatic condi-
tions. In addition, our exploratory analyses (Figure S21) suggest
that the response of soil properties to explanatory variables may
be nonlinear, highlighting the need for more flexible modelling
approaches. Statistical advances such as generalised additive
models or machine learning can help capture those nonlinear
responses and account for interactions among drivers (e.g.,
Nyaupane et al. 2024; K16ffel et al. 2024). Future analyses should
also consider trade-offs with agronomic outcomes, such as crop
productivity (Roel-Rezk et al. 2025), since improvements in soil
properties do not automatically lead to improved crop productiv-
ity or farm profitability (Miner et al. 2020; Wittwer et al. 2021).

5 | Conclusions

Our analysis of 10 long-term field experiments across Europe
shows that although pedo-climatic context dominates, soil man-
agement influences the soil hydraulic and mechanical proper-
ties of arable soils. In particular, C inputs and tillage intensity
(STIR) influence SOC, BD, earthworm abundance and soil
structure, thereby affecting water regulation, erosion resistance,
soil aeration and penetrability. Our results also indicate that the
effects of the investigated management interventions below the
topsoil were limited.

These findings provide a framework for context-specific soil
management advice. While increased C input and reduced
tillage intensity can improve soil physical properties, their
effectiveness depends strongly on pedo-climatic context. In
dry and warm environments, management alone may not be
sufficient to improve soil physical properties, indicating that
broader adjustments in soil and land use may be required.
By quantifying the relative importance of management and
pedo-climatic controls, our study helps to identify where man-
agement interventions are most effective and where inherent
pedo-climatic constraints dominate. This highlights the need
to tailor soil management strategies to local conditions rather
than relying on generalised recommendations. Embedding
these context-specific insights in regional analyses and linking
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them to yield responses can further support the optimisation
of soil functions for climate-resilient cropping systems.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: sum70247-sup-0001-
Supinfo.docx. Figure S1: Pearson's correlation coefficients r of pair-
wise correlations of soil physical properties. N=184. Abbreviations
refer to soil organic carbon content (SOC), bulk density (BD), gravimet-
ric plant available water (PAW), volumetric air capacity (AC), log,,-
transformed hydraulic conductivity of the soil matrix (K, ,,) and the
macropores (K, ), field penetration resistance (FPR) and water stable
aggregate index (WSA). Figure S2: Piecewise structural equation
model (pSEM) showing direct and indirect effects on plant available
water (PAW) in the topsoil. For details, see the legend of Figure 6 in the
main text. Figure S3: Piecewise structural equation model (pSEM)
showing direct and indirect effects on plant available water (PAW) in
the subsoil. For details, see the legend of Figure 6 in the main text.
Figure S4: Piecewise structural equation model (pSEM) showing di-
rect and indirect effects on air capacity (AC) in the topsoil. For details,
see the legend of Figure 6 in the main text. Figure S5: Piecewise struc-
tural equation model (pSEM) showing direct and indirect effects on air
capacity at —100hPa matric potential (AC) in the subsoil. For details,
see the legend of Figure 6 in the main text. Figure S6: Piecewise struc-
tural equation model (pSEM) showing direct and indirect effects on the
matrix conductivity (K, ,,) in the topsoil. For details, see the legend of
Figure 6 in the main text. Figure S7: Piecewise structural equation
model (pSEM) showing direct and indirect effects on matrix conductiv-
ity (K,p,) in the subsoil. For details, see the legend of Figure 6 in the
main text. Figure S8: Piecewise structural equation model (pSEM)
showing direct and indirect effects on saturated conductivity (K,,) in
the topsoil. For details, see the legend of Figure 6 in the main text.
Figure S9: Piecewise structural equation model (pSEM) showing direct

and indirect effects on saturated conductivity (K, ) in the subsoil. For

details, see the legend of Figure 6 in the main text. Figure S10:
Piecewise structural equation model (pSEM) showing direct and indi-
rect effects on field penetration resistance (FPR) of the core sample sam-
pling interval in the topsoil (see Figure 3 in the main text). For details,
see the legend of Figure 6 in the main text. Figure S11: Piecewise struc-
tural equation model (pSEM) showing direct and indirect effects on
field penetration resistance (FPR) of the core sample sampling interval
in the subsoil (see Figure 3 in the main text). For details, see the legend
of Figure 6 in the main text. Figure S12: Piecewise structural equation
model (pSEM) showing direct and indirect effects on water stable ag-
gregate index (WSA) in the topsoil. For details, see the legend of Figure 6
in the main text. Figure S13: Piecewise structural equation model
(pSEM) showing direct and indirect effects on water stable aggregate
index (WSA) in the subsoil. For details, see the legend of Figure 6 in the
main text. Figure S14: Piecewise structural equation model (pSEM)
showing direct and indirect effects on the visual evaluation of soil struc-
ture score (VESS score). VESS scores were inverted (higher VESS score
value =better). For details, see the legend of Figure 6 in the main text.
Figure S15: Relative importance of the predictor variables of the final
linear model to explain the soil physical properties with other soil prop-
erties. The relative importance shown in Table 2 are multiplied with the
adjusted R? to calculate the share of the total variability that is explained
by the respective explanatory variable. Variables without a bar were ei-
ther omitted from the initial model in backward variable selection (see
main text) or were not included in the initial model. ‘Small cores’ is a
Boolean variable that was one if weather 100cm? soil cores were used
and zero otherwise. Colours indicate the paradigm of the effect—blue is
a positive effect, red a negative effect. For the analysis the VESS score
was inverted (higher value means better score). AC, air capacity; BD,
Bulk density; FPR, field penetration resistance; K, hydraulic conductiv-
ities; PAW, plant available water; SOC, soil organic carbon; WSA, Water
stable aggregate index. Significance level of the effect: p-
value=0.1>->0.05>*>0.01>** >0.001>*** Figure S16: Relative
importance of the predictor variables of the final mixed-effect models to
explain earthworm abundance and scores of the visual soil evaluation
(VESS) with pedo-climatic context and management intensities. The
relative importance refers to the share of the total variability that is ex-
plained by the respective explanatory variable. Variables without a bar
were either omitted from the initial model in backward variable selec-
tion (see main text) or were not included in the initial model. Colours
indicate the paradigm of the effect—blue is a positive effect, red a nega-
tive effect. For the analysis the VESS score was inverted (higher value
means better score). BD, bulk density; MAP, mean annual precipitation
sum; MAT, mean annual temperature; STIR, soil tillage intensity rat-
ing. Significance level of the effect: p-value=0.1>->0.05
>*>0.01>**>0.001 >*** Figure S17: Relative importance of the pre-
dictor variables (labels on the left side) of the final mixed-effect models
to explain topsoil and subsoil SOC, BD and physical properties (labels
on the right side). The relative importance refers to the share of the total
variability that is explained by the respective explanatory variable.
Variables without a bar were either omitted from the initial model in
backward variable selection (see main text) or were not included in the
initial model. Colours indicate the paradigm of the effect—blue is a pos-
itive effect, red a negative effect. AC, air capacity; BD, bulk density;
FPR, field penetration resistance; K, hydraulic conductivities; MAP,
mean annual precipitation sum; MAT, mean annual temperature; PAW,
plant available water; SOC, soil organic carbon; STIR, soil tillage inten-
sity rating; WSA, Water stable aggregate index. Significance level of the
effect: p-value=0.1>->0.05>*>0.01>**>0.001>*** Figure S18:
Topsoil volumetric water content at sampling. The dashed vertical
dashed lines indicate the depth- and LTE-specific median volumetric
water content at permanent wilting point (PWP, —15,000hPa) and at
field capacity (FC, —100hPa) as well the median porosity. Abbreviations
of LTEs are the same as in Table 1 in the main text. ‘n =’ refers to the
number of samples for which the water content at sampling was avail-
able. Data was unavailable for the BOPA trial. Figure S19: Comparison
of three mixed-effect models to estimate field penetration resistance
(FPR). The model with the reduced dataset (n="76) showed a poorer
model fit compared to the original model. However, if the model selec-
tion procedure included saturation at the time of sampling as an
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additional variable, the model fit increased significantly. The ‘Original
model” refers to the full final model shown in Table 3. The ‘Original
model (without BOPA)’ refers to a model that was selected and fitted to
a reduced dataset where the BOPA site was omitted. The ‘New model’
refers to a model that was selected and fitted to the reduced dataset but
included Saturation at the time of sampling as an additional variable in
the initial model (before model selection). Saturation was calculated as
the proportion of air filled soil pores at permanent wilting point, i.e., the
ratio of the volumetric water content at sampling minus the volumetric
water content at permanent wilting point to porosity minus the volu-
metric water content at permanent wilting point. ‘R? ’and ‘R?_’ refer to
the marginal and the conditional explained variance of the models, re-
spectively. ‘n =’ refers to the number of observations in the dataset.
Colours indicate the paradigm of the effect—blue is a positive effect, red
a negative effect. BD, bulk density; SOC, soil organic carbon; STIR, soil
tillage intensity rating. Figure S20: Water stable aggregate index (WSA)
of the topsoil. The colour indicates the mean annual temperature (MAT)
at the site where the sample was taken. The blue regression line reaches
99% of the saturation value (i.e., 0.65) at 16.5gkg™! soil organic carbon
(SOC). Figure S21: Parial effect plots of linear and nonlinear responses
to management and pedo-climatic drivers. Yellow represents the predic-
tion of the linear model presented in Table 3 and green represents the
prediction of the nonlinear model presented in Table S6. AIC and R? |
refer to Akaike Information Criterion and the marginal R? of the respec-
tive model. The shaded areas represent the 95% confidence interval of
the prediction. The black lines at the bottom of the plots indicate the
predictor values in the dataset. All other predictors than the one de-
picted on the x-axis were set to the median predictor value in the dataset
and no-random effects were considered. Table S1: Results of the meth-
odological effect tests for saturated conductivity (K, ), matrix conduc-
tivity (K, p,)> plant available water (PAW) and air capacity at —100hPa
matric potential (AC). Table S2: The variability of the data was assessed
by attributing the sum of squares (SS) to the different levels (LTE (=
site), treatment and residual) in the data for each variable. This was
done by running a series of sequential ANOVAs. The results for the top-
soil and the subsoil are shown separately. N=92. Table S3: Mean and
standard deviation in brackets of measured soil parameters per LTE,
treatment and depth. Significant differences between the mean values
per treatment of a parameter within an LTE and depth are indicated: ***
p-value <0.001, ** p-value <0.01, *p-value <0.05, -p-value <0.1. Letters
a, b and c indicate significant difference between treatments.
Significance was tested with a two-way ANOVA that accounted for
treatment and block effects. Abbreviations for LTEs and treatments can
be found in Table 1 of the main text. Table S4: Number of parameter
estimates of the final mixed-effect models that changed significantly if
an LTE was left out of the dataset. Abbreviations of LTEs are the same
asin Table 1 in the main text. Table S5: The estimates that inversed due
to the leaving out of an LTE from the dataset. Abbreviations of LTEs are
the same as in Table 1 in the main text. Table S6: Model summaries of
the nonlinear mixed-effect models.
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