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Abstract

Soil electrical conductivity (EC) and aggregate-size distribution are critical indicators of
soil salinity risk, structural integrity, and overall soil health. We assessed the status of
these properties in 188 wheat plots across nine European pedoclimatic zones to quantify
the influence of climate and agricultural management. Most soils (~88%) were non-saline,

9% slightly saline, and 3% moderately saline, with the highest salinity in Mediterranean
W) Check for updates . . . . . .
regions. EC was generally lower under organic management, reflecting higher soil organic
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Agricultural management had a secondary but context-dependent effect, particularly on
Licensee MDPI, Basel, Switzerland.

soil aggregation, with organic farming, integrated organomineral fertilization, crop residue
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distributed under the terms and incorporation, and legume rotations enhancing macroaggregate formation, especially in

conditions of the Creative Commons low-SOC soils. These results indicate that pedoclimatic conditions largely shape soil salinity
Attribution (CC BY) license. and structure, but adopting targeted, site-specific management practices can sustain soil

Agronomy 2026, 16, 561 https:/ /doi.org/10.3390/agronomy16050561


https://crossmark.crossref.org/dialog?doi=10.3390/agronomy16050561&domain=pdf&date_stamp=2026-03-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0003-4976-0388
https://orcid.org/0000-0003-4868-3069
https://orcid.org/0000-0002-9129-6710
https://orcid.org/0000-0002-9002-3745
https://orcid.org/0000-0001-8402-3485
https://orcid.org/0000-0002-9036-2181
https://orcid.org/0000-0002-9162-1587
https://orcid.org/0000-0002-6952-1141
https://orcid.org/0000-0001-8117-099X
https://orcid.org/0000-0002-6666-7954
https://orcid.org/0000-0001-7291-5742
https://orcid.org/0000-0001-7408-5738
https://orcid.org/0000-0003-1647-9901
https://orcid.org/0000-0001-7886-9708
https://orcid.org/0000-0002-5689-8089
https://orcid.org/0000-0003-3547-0654
https://orcid.org/0000-0003-0864-7039
https://doi.org/10.3390/agronomy16050561

Agronomy 2026, 16, 561

2 of 24

health and mitigate risks related to salinity and structure, particularly under projected
climate change.

Keywords: soil salinity; soil structure; organic farming; conventional farming; agricultural
management practices; climate change; pedoclimatic zones; fertilization; aggregate mean
weight diameter (AMWD); wheat agroecosystems

1. Introduction

Agricultural soils are crucial for sustaining food production in the face of a growing
global population. Maintaining soil health is therefore essential for long-term food security
and the sustainability of agri-food systems [1]. Healthy soils must provide adequate
nutrient availability, a stable structure, high biological activity, sufficient water-holding
capacity, and resilience to environmental stresses. Together, these attributes not only
support plant growth but also underpin vital ecosystem services, including biogeochemical
cycling, biodiversity conservation, water regulation, and climate regulation through carbon
sequestration [1,2].

Despite their importance, soils are increasingly threatened by the expansion and
intensification of agriculture, which accelerates degradation and compromises long-term
soil functionality [1,3,4]. Indeed, in the European Union, 60-70% of soils are currently
considered unhealthy due to multiple, often interacting degradation processes [5], many
of which are exacerbated by climate change, now recognized as a major driver of soil
degradation [6]. Rising temperatures accelerate organic matter decomposition, leading
to carbon losses and declining fertility, while thermal extremes disrupt soil structure and
increase risks of compaction and erosion. At the same time, altered precipitation patterns
intensify nutrient leaching, acidification, erosion, and salinization, particularly during
droughts or heavy rainfall events [1,7-9]. Collectively, these pressures undermine soil
health, ecosystem functioning, and agricultural productivity [10-12].

Among soil degradation processes, salinization is particularly concerning. Together
with aridity, vegetation loss, soil erosion, and organic carbon depletion, salinization is
a major global threat to agricultural land [13], affecting ~20% of cultivated soils and
causing yield reductions of roughly 20% [14]. Although severe salinization affects a smaller
proportion of European arable land compared to arid regions elsewhere, it is increasingly
recognized as a latent and spatially heterogeneous risk, particularly in Mediterranean
climates and in areas experiencing irrigation pressure or climate-driven aridification [1,14].
Its recent expansion has been driven both by climate change, which alters the hydrological
cycle and exacerbates salt accumulation, and by intensive agricultural practices such as
excessive fertilization, irrigation with poor-quality water, and soil structural degradation
leading to poor drainage [15-20]. Importantly, salinity not only affects nutrient availability
but can also compromise soil structure, as high salt concentrations destabilize aggregates
and reduce soil aggregation [1,20]. To monitor this process, soil electrical conductivity (EC)
is widely used as a reliable and rapid proxy, as it reflects soluble salt concentrations in
the soil solution and thus allows an efficient assessment of salinity levels in agricultural
soils [17,20,21].

In addition to salinity, soil structural degradation poses a major threat to agricultural
functionality, compromising water retention, root growth, and overall soil performance.
Aggregate-size distribution is a central component of soil structure, governing porosity,
water infiltration, aeration, root penetration, and resistance to erosion. Aggregates also
protect organic carbon, thereby linking soil structure to carbon sequestration and climate
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regulation [22,23]. Their hierarchical organization, from small microaggregates (<53 um)
and large microaggregates (53-250 um) to small macroaggregates (250-2000 pum) and large
macroaggregates (>2000 pm), reflects the balance between formation and breakdown pro-
cesses occurring over multiple temporal scales. Large macroaggregates are transient and
associated with recent organic inputs, such as crop residues and roots, acting as binding
agents through microbial and fungal activity, whereas microaggregates are stabilized by
more persistent organo-mineral associations and contribute to long-term carbon stabiliza-
tion [24-27]. Macroaggregates improve porosity, facilitate water infiltration, aeration, and
root growth, and buffer against erosion, while microaggregates ensure long-term stability
and physically protect organic matter. The functional significance of aggregates depends
not only on their size but also on their turnover and the mechanisms governing their
formation, which are influenced by environmental factors such as moisture, temperature,
and organic matter availability [23,28].

Given the substantial effects of salinization and structural degradation on soil health,
the adoption of targeted agricultural management practices could help mitigate these
threats and support soil functionality under changing climatic conditions. Organic farming
systems, for example, enhance soil organic carbon, improve porosity, and increase effective
cation exchange capacity (eCEC), collectively reducing EC and salinization risks [29-32].
Similarly, integrated organomineral fertilization, crop residue management, and legume-
based rotations are thought to influence soil aggregation through their effects on organic
matter inputs and microbial and fungal activity, key drivers of aggregate formation and
stabilization, potentially enhancing the development and persistence of macroaggregates
under favorable management and environmental conditions [33,34]. However, most ev-
idence comes from field-scale studies, whereas continental-scale assessments remain ex-
tremely scarce, leaving critical gaps in understanding how climate, management practices,
and soil properties interact across broad geographic gradients.

Wheat (Triticum aestivum L.) is a staple crop for ~35% of the global population, provid-
ing roughly one-fifth of worldwide food calories [35]. Beyond human nutrition, wheat is a
key component of livestock feed, supplying energy and protein to ruminants, particularly
dairy cattle, and supporting animal productivity [36]. In Europe, wheat is among the most
important cereal crops by area and production volume. In 2024, the European Union har-
vested ~111.6 million tonnes, representing 43% of EU cereal production and ~15% of global
wheat output [37,38]. Wheat cultivation spanned ~61.6 million hectares across Europe over
the past decade (2014-2023), equivalent to 28.3% of the global wheat area [39], highlighting
its strategic role in food security, agri-food systems, and rural economies.

Wheat agroecosystems are particularly suitable for evaluating soil-climate-management
interactions, as they are cultivated across diverse European pedoclimatic zones, from
Mediterranean to Boreal regions. This wide distribution, combined with the use of conven-
tional and organic farming systems, provides an ideal setting to assess how climate and
management shape soil salinity and aggregate-size distribution at continental scales [40,41].

Considering these aspects, the present study aimed to: (i) assess the current status of
soil electrical conductivity and aggregate-size distribution in 188 wheat-growing agricul-
tural soils across nine European pedoclimatic zones; (ii) examine the influence of climate
and farming system (conventional versus organic) on these soil properties; and (iii) evaluate
the effects of specific management practices, including crop rotation versus monoculture,
crop residue incorporation, legume inclusion, tillage system, and fertilization strategy, on
soil EC and aggregate-size distribution. We hypothesized that organic systems, together
with practices that enhance carbon inputs and biological activity, would lead to lower EC
and a higher proportion of macroaggregates, thereby mitigating soil degradation under
both climatic and anthropogenic pressures.
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2. Materials and Methods
2.1. Study Area, Soil Sampling, and Data Collection

As part of the European project SoildiverAgro (https://soildiveragro.eu/), a total
of 188 agricultural fields cultivated with wheat were sampled across nine European pe-
doclimatic zones: Atlantic Central (AC, Belgium, n = 25), Atlantic North (AN, Denmark,
n = 20), Boreal (BOR, Finland, n = 20), Continental (CON, Germany, n = 20), Lusitanian
(LUS, northwestern Spain, n = 23), Mediterranean North (MN, eastern Spain, n = 20),
Mediterranean South (MS, southeastern Spain, n = 20), Nemoral (NEM, Estonia, n = 20),
and Pannonian (PAN, Serbia and Hungary, n = 20) (Figure S1, Table S1).

Within each pedoclimatic zone, fields were selected to represent the two dominant
farming systems, conventional and organic. At least 10 fields under each system were
included per zone, resulting in a total of 93 conventionally managed and 95 organically
managed fields (Table S1). All selected fields had been managed under their respective
system for a minimum of five consecutive years; fields under organic management for less
than five years were included only when access to suitable long-term organic farmland was
not possible.

To minimize confounding effects associated with climatic conditions and soil parent
material, field selection within each zone followed a paired-site design whenever feasible.
Specifically, conventionally and organically managed fields were selected as adjacent
or closely located plots, maximizing environmental homogeneity and enabling robust
comparisons between farming systems [42]. All organically managed fields complied
with current European Union regulations for organic farming, which prohibit the use of
synthetic fertilizers and pesticides [43].

Soil sampling was conducted immediately after wheat harvest and prior to any subse-
quent agricultural operations. Depending on the pedoclimatic zone, sampling occurred
between July and October 2019. In each field, multiple soil subsamples were collected from
the 0-25 cm soil layer using an Edelman auger (Eijkelkamp, Giesbeek, The Nederland),
following a zigzag sampling pattern across approximately 1 ha. These subsamples were
combined to form a composite sample of ~2-3 kg per field. During sampling, visible
extraneous materials such as stones and coarse roots were manually removed.

Upon arrival at the laboratory, soil samples were homogenized and air-dried at room
temperature. A subsample of each soil was sieved to <2 mm for electrical conductivity
determination, while the remaining fraction was kept unsieved for aggregate-size dis-
tribution analyses. A detailed description of the field sampling protocol is provided in
Ferndndez-Calvifio et al. [42].

In parallel with soil sampling, field-specific metadata were collected in collaboration
with land managers. For each field, a standardized soil information sheet was completed,
compiling data on geographical location and management history. Management infor-
mation reflected field-level practices implemented during the five years preceding soil
sampling, including crop rotation schemes, tillage practices, and fertilization types, and
was obtained through a structured survey administered to land managers [42].

All raw data corresponding to soil physicochemical properties, farming systems, and
management practices are publicly available through Zenodo [44]. In addition, Tables S2-S4
provide a detailed overview of the main soil physicochemical properties across pedoclimatic
zones and agricultural management systems. Overall, soil pH and total organic carbon
(TOC) exhibited substantial variability among zones, with pH values ranging from 5.0
to 9.1 and TOC concentrations ranging from 4.6 to 103.3 g kg~! (Table S2). Within this
framework, soils from the LUS zone were the most acidic (mean pH of 5.4), whereas soils
from the MN and MS zones were the most alkaline, with means of 8.6 and 8.7, respectively.
In parallel, TOC content was highest in BOR and LUS soils, with mean values of 32.1 and
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25.8 g kg~ !, respectively, while the lowest TOC contents were observed in MN and MS soils
(mean values of 10.8 and 8.9 g kg~ !, respectively). Available phosphorus (Pay) also showed
pronounced variability across sites, ranging from 4.4 to 262.9 mg kg~ !; in this case, LUS
soils displayed the highest mean P,y content (127.27 mg kg '), whereas MS soils exhibited
the lowest values (16.8 mg kg ~!) (Table S2). Regarding the soil exchange complex, cation
exchange capacity (CEC) varied between 4.5 and 42 cmolc kg ! across all soils, with the
lowest mean values recorded in LUS soils (13.3 cmolc kg 1) and the highest in soils from
the PAN zone (mean of 22.7 cmolc kg_l) (Table S3). Finally, regarding soil particle-size
distribution, soils from the AN zone exhibited the highest sand contents (mean of 64%),
whereas soils from the CON zone showed the lowest sand proportions (mean of 33%); by
contrast, clay contents were relatively similar and displayed limited variability across all
soils, ranging from 4% to 27%, with an overall mean of 15% (Table S4). Consistent with
these patterns, soil textural classes were largely homogeneous across sites, with most soils
classified as loam, silt loam, or sandy loam, and only a small number of soils corresponding
to the sandy clay loam class (Figure S2), thereby supporting the comparability of sites
across pedoclimatic zones.

2.2. Electrical Conductivity and Soil Aggregate Determination
2.2.1. Electrical Conductivity

Soil electrical conductivity (EC) was measured on a 1:5 soil-to-water suspension,
following the procedure described by Fernandez-Calvifio et al. [42]. Briefly, 2 g of air-dried
soil sieved to <2 mm were weighed into a 25 mL beaker, and 10 mL of distilled water were
added. The suspension was stirred continuously for 1 h to ensure thorough mixing. Prior to
measurement, the conductivity meter (XS COND 8 PRO, XS Instruments, Giorgio Bormac
S.rl., Carpi, Italy) was calibrated with a 0.01 M KCl solution (1413 uS cm~!). EC was then
measured by immersing the electrode directly into the suspension.

2.2.2. Soil Aggregate-Size Distribution

Soil aggregate-size distribution was determined using the wet-sieving method de-
scribed by Ferndndez-Calvifio et al. [42]. An 80 g subsample of air-dried soil was weighed
and evenly placed on a 2000 um sieve submerged in deionized water, with the water level
maintained ~1 cm above the sieve mesh. The sample was pre-wetted for 5 min to allow
gradual slaking and minimize aggregate disruption.

The sieve was then oscillated vertically for 2 min (50 oscillations, ~3 cm amplitude)
with a slight inclination to facilitate particle passage. After a 30 s settling period, floating
plant residues were removed by aspiration, and the sieve was rinsed to ensure complete par-
ticle recovery. Aggregates retained on the 2000 um sieve (>2000 um, large macroaggregates)
were backwashed into pre-weighed drying pans and oven-dried at 60 °C overnight.

The suspension passing through the 2000 pm sieve was sequentially wet-sieved
through 250 and 53 um sieves under identical conditions. Aggregates retained between
250 and 2000 pum (small macroaggregates) were oven-dried at 60 °C overnight, while
aggregates retained between 53 and 250 um (large microaggregates) were oven-dried at
105 °C overnight. Particles <53 um (small microaggregates) were collected in pre-weighed
pans and oven-dried at 105 °C overnight.

After drying, all aggregate fractions were weighed, and their masses were used to
calculate the aggregate-size distribution. In addition, the aggregate mean weight diameter
(AMWD) was determined following Nimmo and Perkins [45] as:

n
AMWD = Wi X Yi
i=1
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where X; is the mean diameter of the aggregates retained on the i-th sieve (mm), W; is the
ratio of the weight of aggregates retained on the i-th sieve to the total sample weight, and n
is the total number of sieves used.

AMWD provides a single quantitative measure of soil aggregate size distribution,
reflecting the contribution of each aggregate fraction. Higher AMWD values indicate a
greater proportion of macroaggregates and generally higher soil structural stability.

2.3. Statistical Analysis

Significant differences in electrical conductivity (EC), aggregate size fractions, and ag-
gregate mean weight diameter (AMWD) were assessed using analysis of variance (ANOVA).
Differences among pedoclimatic zones were first evaluated using one-way ANOVA, and
pairwise comparisons were performed using Tukey’s Honest Significant Difference (HSD)
post hoc test. To evaluate whether the response of these soil properties to the farming
system depended on the pedoclimatic context, a two-way ANOVA including pedoclimatic
zone, farming system (conventional versus organic), and their interaction was performed.
When a significant pedoclimatic zone x farming system interaction was detected, dif-
ferences between farming systems within each pedoclimatic zone were explored using
pairwise comparisons based on estimated marginal means (emmeans). In accordance with
the presence of significant interactions, the main effects of the farming system were not
interpreted. In all analyses, statistical significance was evaluated at « = 0.05.

Spearman correlation analysis was performed to explore relationships among EC, ag-
gregate fractions, and AMWD with climatic variables (mean annual precipitation [MAP30]
and mean annual temperature [MAT30] over the 30 years preceding sampling), farming
system, and specific management practices. These practices included legume incorpora-
tion into rotations, crop rotation versus monoculture, crop residue incorporation, tillage
intensity (conventional vs. reduced), and fertilization type (none, mineral, organic, or
organomineral). Additionally, the relationships between EC and climatic variables (MAT30
and MAP30) were further visualized by fitting simple regression models: a linear regression
for EC-MAT30 and a nonlinear (exponential decay) regression for EC-MAP30.

To identify the main climatic and management drivers of soil EC and AMWD, Random
Forest models were applied. Prior to model fitting, highly collinear predictors (Pearson’s
correlation coefficient r > 0.7) were excluded. The models were trained using the random-
Forest package in R, with default parameters and variable importance estimation enabled.
Model performance was evaluated using the coefficient of determination (R?), root mean
square error (RMSE), and mean absolute error (MAE), calculated by comparing observed
and predicted values. Variable importance was assessed based on the increase in mean
squared error (%IncMSE) and normalized to allow comparison among predictors. This
approach enabled ranking the relative contributions of climatic and management variables
to EC and AMWD variability across the studied European wheat agroecosystems.

All statistical analyses, as well as the generation of figures, were performed in R
version 4.5.2 [46].

3. Results
3.1. Electrical Conductivity

Figure 1 shows the electrical conductivity (EC) values of all soils studied here as a
function of the nine European pedoclimatic zones and the farming system (conventional vs.
organic). Table S5 summarizes the descriptive statistics—including minimum, maximum,
mean, and standard deviation—by pedoclimatic zone and farming system, while Table
56 provides the descriptive statistics according to agricultural management practices (e.g.,
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Electrical conductivity (dS m_1)

monoculture versus crop rotation, legume inclusion in the rotation, and reduced versus
conventional tillage, among others).
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Figure 1. Electrical conductivity (EC) of soils across pedoclimatic zones and farming systems. The left
panel shows EC distributions by pedoclimatic zone considering both farming systems together, while
the right panel shows EC distributions by farming system (conventional vs. organic) within each
pedoclimatic zone. AC, Atlantic Central; AN, Atlantic North; BOR, Boreal; CON, Continental; LUS,
Lusitanian; MN, Mediterranean North; MS, Mediterranean South; NEM, Nemoral; PAN, Pannonian.
Different letters indicate statistically significant differences among pedoclimatic zones based on
Tukey’s HSD post hoc test following the one-way ANOVA for zone (p < 0.05). Asterisks indicate
significant differences between farming systems within each zone based on pairwise comparisons
derived from the two-way ANOVA (zone x system): ns, not significant; *, p < 0.05; **, p < 0.01;

bz

, p <0.001. Full statistical results, including ANOVA tables and post hoc comparisons, are provided
in the Supplementary Material (Tables S7-510).

Considering soils from all pedoclimatic zones collectively (n = 188), EC values ranged
from 0.04 to 0.50 dS m~!, with an average of 0.12 4- 0.08 dSm~! (CV = 67%) (Table S5). EC
exhibited high variability across pedoclimatic zones, with statistically significant differences
among them (p < 0.05). In this sense, the following sequence was observed: MS > MN
~ CON > PAN ~ AC =~ NEM > AN =~ BOR =~ LUS (Figure 1, Tables S7 and S8). As
expected, the Mediterranean zones, which are characterized by warmer and drier climatic
conditions, showed the highest EC levels, ranging from 0.09 to 0.50 dS m~! (average of
0.24 +0.13dS m™!) in MS and from 0.11 to 0.28 dS m~! (average of 0.15 4- 0.05 dSm~1) in
MN. In contrast, the BOR and LUS zones, characterized by cool or temperate and humid
climates, exhibited the lowest EC values, ranging from 0.06 to 0.12 dS m~! (average of
0.08 + 0.02 dSm ™) in BOR and from 0.04 to 0.17 dSm~! (average of 0.08 4- 0.03dSm~') in
LUS (Table S5). In fact, EC was positively and significantly correlated with MAT30 (p = 0.443,
p < 0.01; Figure 2) and negatively and significantly correlated with MAP30 (p = —0.512,
p <0.001; Figure 2). These relationships are further illustrated in Figure 3. As shown, the EC-
MAP30 relationship follows a potential function, indicating that soils in low-precipitation
areas exhibit markedly elevated EC values, which decline sharply as precipitation increases
from approximately 250 mm to 500-800 mm. Beyond this precipitation range, EC values
remain consistently low (Figure 3).

https://doi.org/10.3390/agronomy16050561


https://doi.org/10.3390/agronomy16050561

Agronomy 2026, 16, 561 8 of 24
EC |0.443™ - -0.125 -0.099 0025 -0.058 0.020 =-0.132 -0.014 -0.044 -0.072 Spearman
Agsd_b -0.111 -0.097 -0.032 -0.006 -0.068 0.091 0.139 0.145 -0.123 0.013 0.256™ rh-o
Agsd_c —0.287" - -0.090 0.035 0.255™ 0.318™ -0.016 0.034 0.050 -0.157° 0.178"
Agsd_d 0.11¢ -0.335™ 0.102 0.098 -0.323" -0.215~ -0.097 -0.187° -0.079 0.012 -0.135
Agsd_e 0.096 -0.401" 0077 0.057 0.050 -0.250"" 0.019 -0.051 0.025 0.167° -0.280™"
AMWD -0.072 0.74° -0.051 -0.039 0.071 0.195" 0.088 0.171° -0.059 -0.071 0.324™ -
o o o o ]
\;S'D vg“) @’0 \{c,;\\o 6\(\ Q\(‘ (Q\\@Q' @,‘&\0 .(\Qev{& ((Qz\ QQ(\
~ &P o® Q° s° ° N A K8 o® o®
N & <@ &
&
Figure 2. Spearman’s rho coefficients depicting the relationships of electrical conductivity (EC,
dS m~1) and soil aggregate-size distribution with the climatic and management variables consid-
ered. Agsd_b, large macroaggregate content (>2000 um, %); Agsd_c, small macroaggregate content
(2502000 um, %); Agsd_d, large macroaggregate content (53250 um, %); Agsd_e, small macroaggre-
gate content (<53 um, %); AMWD, aggregate mean weight diameter (mm); MAT30, mean annual
temperature over the 30 years preceding the sampling campaigns (°C); MAP30, mean annual pre-
cipitation over the 30 years preceding the sampling campaigns (mm); Org Man, organic farming
system; Legume Inc, legume incorporation in the rotation; Crop Inc, crop residue incorporation; Red
Tillage, reduced tillage; Min Fert, mineral fertilization; Org Fert, organic fertilization; Min+Org Fert,
organomineral fertilization. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 3. Graphical representation of the correlations between electrical conductivity (EC) and mean
annual temperature over the 30 years preceding the sampling campaigns (MAT30, °C), as well as
between EC and mean annual precipitation over the same period (MAP30, mm). AC, Atlantic Central;
AN, Atlantic North; BOR, Boreal; CON, Continental; LUS, Lusitanian; MN, Mediterranean North; MS,
Mediterranean South; NEM, Nemoral; PAN, Pannonian.

Regarding the impact of agricultural management systems, a significant interaction
between farming system and pedoclimatic zone was detected for soil EC (F = 2.970, p < 0.01,
Table S9), indicating that the effect of management varied across zones. Specifically, soils
under conventional management exhibited significantly higher EC values than those under
organic management in the CON (p < 0.01), MN (p < 0.05), and MS (p < 0.001) zones (Figure 1,
Table 510). These results suggest that, although pedoclimatic conditions are the dominant
driver of soil EC at the continental scale, agricultural management can exert regionally
relevant effects within certain zones. Finally, no significant effects of specific management
practices (e.g., crop rotation vs. monoculture, legume or crop residue incorporation, reduced
vs. conventional tillage, or fertilization type) were detected on EC (Figure 2).
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To further investigate the drivers of soil electrical conductivity (EC), a Random Forest
(RF) model was applied. The RF model exhibited good predictive performance (R* = 0.767,
RMSE = 0.04, MAE = 0.02) and confirmed that climatic factors (MAP30 and MAT30) are the
main drivers of EC (Figure 4). In addition, the results also confirm that the farming system
exerts a moderate influence, whereas other specific management practices have little effect
at the continental scale, thereby supporting and refining the patterns previously observed

in the correlation analyses.
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Figure 4. Relative (normalized) importance of predictor variables in the Random Forest model
for explaining soil electrical conductivity (EC) (Left), and the relationship between observed and
predicted values of soil EC (Right). The red dashed line represents the 1:1 reference line, while the
black line shows the linear fit with its corresponding 95% confidence interval (CI).

3.2. Soil Aggregate Size Distribution

Figure 5 shows the relative contribution (%) of the four soil aggregate-size fractions
in the studied soils, grouped by pedoclimatic zone and farming system (conventional vs.
organic). Descriptive statistics for each zone and farming system are provided in Table S11.

Overall, soil aggregate-size fractions exhibited a high degree of variability across the
dataset. When all soils were considered collectively (n = 188), the proportion of large
macroaggregates (>2000 pm) ranged from 0.0 to 60.8% (average of 8.2 & 11.5%, CV = 140%),
small macroaggregates (250-2000 pm) from 4.3 to 76.3% (average of 32.0 + 17.5%,
CV =55%), large microaggregates (53—250 pm) from 8.3 to 75.1% (average of 40.1 £ 13.8%,
CV =34%), and small microaggregates (<53 pum) from 2.0 to 65.2% (average of 19.7 &= 11.5%,
CV =58%) (Table S11).

Despite this overall variability, differences in large macroaggregate content among
pedoclimatic zones were generally modest, with the notable exception of soils from the
Mediterranean North (MN) and Boreal (BOR) zones, which exhibited significantly higher
proportions of this fraction than all other zones. The observed pattern followed the
sequence: MN > BOR > AC ~ AN ~ CON ~ LUS =~ MS ~ NEM > PAN (Figure 5,
Tables 57 and S8). Specifically, large macroaggregate content ranged from 2.4 to 60.8%
in MN soils (average of 28.1 4+ 20.0%) and from 1.7 to 39.2% in BOR soils (average of
12.4 £ 11.8%), whereas soils from the PAN zone showed the lowest values, ranging from
0.0 to 2.6% (average of 0.7 £ 0.8%) (Table S11). Nevertheless, no significant correlations
were detected between large macroaggregate content and the climatic variables considered
(Figure 2).
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Figure 5. Content (%) of soil aggregate-size fractions across pedoclimatic zones and farming systems.
The left panel shows the distribution of aggregate-size fractions by pedoclimatic zone considering
both farming systems together, while the right panel shows aggregate-size fractions by farming system
(conventional vs. organic) within each pedoclimatic zone. AC, Atlantic Central; AN, Atlantic North;
BOR, Boreal; CON, Continental; LUS, Lusitanian; MN, Mediterranean North; MS, Mediterranean
South; NEM, Nemoral; PAN, Pannonian. Different letters indicate statistically significant differences
among pedoclimatic zones based on Tukey’s HSD post hoc test following the one-way ANOVA
for zone (p < 0.05). Asterisks indicate significant differences between farming systems within each
zone based on pairwise comparisons derived from the two-way ANOVA (zone x system): ns, not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Full statistical results, including ANOVA tables and
post hoc comparisons, are provided in the Supplementary Material (Tables 57-510).
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In contrast, small macroaggregate content (250-2000 um) showed more pronounced
differences among pedoclimatic zones, following the sequence: LUS > AC ~ AN > BOR
> NEM > CON ~ MN > MS =~ PAN (Figure 5, Tables S7 and S8). Soils from the LUS
zone exhibited the highest content, ranging from 34.2 to 69.0% (average of 51.6 £ 10.4%),
whereas soils from the MS and PAN zones had the lowest contents, ranging from 6.0 to
32.0% (average of 16.0 &= 6.1%) for MS and from 4.3 to 40.9% (average of 16.4 £ 9.5%)
for PAN (Table S11). Furthermore, small macroaggregate content correlated negatively
and significantly with MAT30 (p = —0.287, p < 0.01) and positively and significantly with
MAP30 (p = 0.632, p < 0.01) (Figure 2).

Large microaggregate content (53-250 um) also varied substantially across pedocli-
matic zones, following the sequence: PAN ~ MS ~ NEM > CON > AN > MN > AC
> BOR =~ LUS (Figure 4, Tables S7 and S8). Soils from the PAN, MS, and NEM zones
exhibited the highest large microaggregate contents, ranging from 29.6 to 75.1% (average
of 53.1 & 10.3%) for PAN, from 40.2 to 61.0% (average of 51.9 & 5.5%) for MS, and from
34.5 to 64.8% (average of 50.7 £ 8.4%) for NEM. In contrast, BOR and LUS soils showed
the lowest contents, ranging from 8.3 to 41.8% (average of 27.3 & 9.3%) and from 13.9 to
44.2% (average of 28.9 £ 6.6%), respectively (Table S11). Despite these marked differences
among pedoclimatic zones, no significant correlation with MAT30 was observed. However,
a significant negative correlation was found between large microaggregate content and
MAP30 (p = —0.335, p < 0.01) (Figure 2).

Finally, small microaggregate content (<53 um) showed moderate variability among
pedoclimatic zones, following the sequence: PAN ~ CON ~ MS > BOR > AC ~ MN
~ NEM ~ AN ~ LUS (Figure 5, Tables S7 and S8). Soils from the PAN and CON zones
exhibited the highest contents, ranging from 19.1 to 40.8% (average of 29.8 & 7.9%) and
from 6.5 to 46.1% (average of 29.4 £ 8.7%), respectively, whereas soils from the AN and
LUS zones had the lowest contents, ranging from 4.4 to 27.7% (average of 10.6 & 5.2%) and
from 6.5 to 30.4% (average of 13.8 & 5.7%), respectively (Table S11). Similar to what was
observed for large microaggregates, small microaggregate content correlated negatively
with MAP30 (p = —0.401, p < 0.01), but no significant correlation was found with MAT30
(Figure 2).

When the effect of the farming system was evaluated, significant interactions between
farming system and pedoclimatic zone were detected for all aggregate-size fractions,
including large macroaggregates (F = 2.314, p < 0.05), small macroaggregates (F = 19.53,
p <0.001), large microaggregates (F = 8.428, p < 0.001), and small microaggregates (F = 3.763,
p <0.001) (Table S9), indicating that the effect of management varied across zones. In this
sense, large macroaggregate content was significantly higher under conventional farming
in the LUS zone (p < 0.01), whereas organic soils showed higher contents in the MS zone
(p < 0.05). For small macroaggregates, conventional farming resulted in higher contents
in the AC (p < 0.001) and MN (p < 0.05) zones, while organic farming was associated with
higher contents in the LUS (p < 0.05) and PAN (p < 0.01) zones. Large microaggregate
content was significantly higher under organic farming in the AC (p < 0.001) and AN
(p < 0.01) zones, whereas conventional soils had higher contents in the PAN zone (p < 0.05).
Finally, small microaggregates were more abundant under organic farming in the AC zone
(p < 0.001) but under conventional farming in the MS zone (p < 0.001) (Figure 5, Table S10).

These results clearly demonstrate that the effect of agricultural management on soil
aggregate-size distribution is strongly dependent on pedoclimatic conditions. In general,
in cold-temperate and humid regions characterized by higher soil organic matter contents,
conventional farming tended to be associated with higher proportions of large macroaggre-
gates. In contrast, in warm and semiarid regions, organic farming favored the accumulation
of these larger aggregate fractions. Conversely, for small microaggregates, conventional
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farming was associated with lower contents in cold-temperate and humid regions, whereas
organic farming resulted in lower contents in warm and semiarid zones.

In addition to the effects of the pedoclimatic zone and farming system described above,
several specific management practices also exerted a significant influence on aggregate-size
distribution. Both large and small macroaggregate contents were positively correlated with
organomineral fertilization (p = 0.256, p < 0.001 and p = 0.178, p < 0.05, respectively). In ad-
dition, small macroaggregate content was positively correlated with legume incorporation
(p =0.255, p < 0.001) and crop residue incorporation (p = 0.318, p < 0.001) and negatively
correlated with organic fertilization (p = —0.157, p < 0.05) (Figure 2). In contrast, both
large and small microaggregates correlated negatively with crop residue incorporation
(p=—-0.215,p < 0.01 and p = —0.250, p < 0.001, respectively). Moreover, large microag-
gregates were negatively correlated with legume incorporation (p = —0.323, p < 0.001)
and fertilization (p = —0.187, p < 0.05), whereas small microaggregates correlated nega-
tively with organomineral fertilization (p = —0.280, p < 0.001) and positively with organic
fertilization (p = 0.167, p < 0.05) (Figure 2).

Figure 6 presents the aggregate mean weight diameter (AMWD) across pedoclimatic
zones and farming systems, with descriptive statistics summarized in Table S11. In addition,
descriptive statistics according to the different agricultural management practices (e.g.,
monoculture versus crop rotation, legume inclusion in the rotation, and reduced versus
conventional tillage, among others) are presented in Table S6.
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Figure 6. Aggregate mean weight diameter (AMWD) across pedoclimatic zones and farming systems.
The left panel shows AMWD distributions by pedoclimatic zone considering both farming systems
together, while the right panel shows AMWD distributions by farming system (conventional vs.
organic) within each pedoclimatic zone. AC, Atlantic Central; AN, Atlantic North; BOR, Boreal;
CON, Continental; LUS, Lusitanian; MN, Mediterranean North; MS, Mediterranean South; NEM,
Nemoral; PAN, Pannonian. Different letters indicate statistically significant differences among
pedoclimatic zones based on Tukey’s HSD post hoc test following the one-way ANOVA for zone
(p < 0.05). Asterisks indicate significant differences between farming systems within each zone based
on pairwise comparisons derived from the two-way ANOVA (zone x system): ns, not significant;
*, p <0.05; %, p < 0.01; ***, p < 0.001. Full statistical results, including ANOVA tables and post hoc
comparisons, are provided in the Supplementary Material (Tables S7-S10).

Considering all soils (n = 188), AMWD ranged from 0.16 to 3.33 mm (average of
0.86 & 0.58 mm, CV = 67%) (Table S11). AMWD varied significantly among pedoclimatic
zones, following the sequence: MN > BOR > AN > AC ~ LUS > NEM > CON > MS > PAN
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(Figure 6, Tables S7 and S8). Soils from the MN zone exhibited the highest AMWD values,
ranging from 0.24 to 3.33 mm (average of 1.75 &= 0.98 mm), whereas PAN soils showed
the lowest AMWD values, ranging from 0.19 to 0.58 mm (average of 0.35 £+ 0.12 mm)
(Table S11). In addition, AMWD was positively correlated with MAP30 (p = 0.174, p < 0.05)
(Figure 2).

Regarding the farming system, a significant interaction between the farming system
and pedoclimatic zone was detected for AMWD (F =2.186, p < 0.05; Table S9), indicating
that the effect of management varied across zones. In this sense, soils under conventional
management exhibited significantly higher AMWD values in the LUS zone (p < 0.05),
whereas soils under organic management showed significantly higher values in the MS
zone (p < 0.01) (Figure 6, Table 510).

Regarding specific management practices, AMWD was positively correlated with crop
residue incorporation (p = 0.195, p < 0.01), overall fertilization (p = 0.171, p < 0.05), and
particularly with organomineral fertilization (p = 0.324, p < 0.001) (Figure 2).

To further disentangle the combined effects of climate and agricultural management
on soil aggregate distribution, a Random Forest approach was applied, in which AMWD
was established as the response variable, while long-term climatic conditions (MAT30 and
MAP30) together with agricultural management practices were considered as predictor
variables. The model showed satisfactory predictive performance (R? = 0.757, RMSE = 0.28,
MAE = 0.20; Figure 7), indicating that the selected predictors explained a substantial pro-
portion of the variability in AMWD across European wheat agroecosystems. In contrast
to electrical conductivity, both climatic and management-related variables contributed
markedly to AMWD variability. Among the predictors, climatic variables (MAT30 and
MAP30) and fertilization type, particularly organomineral fertilization, exhibited the high-
est importance for predicting AMWD (Figure 7).

. | 3
€
L ] E
[a)
L S?2
] 2
<
o
[ ] -
Q
L | 81
o
- R2=0.757
RMSE = 0.28
MAE = 0.2
01.
0.00 0.25 0.50 0.75 1.00 0 1 2 3
Importance (normalized) Measured AMWD (mm)

Figure 7. Relative (normalized) importance of predictor variables in the Random Forest model for
explaining aggregate mean weight diameter (AMWD) (Left), and the relationship between observed
and predicted AMWD values (Right). The red dashed line represents the 1:1 reference line, while the
black line shows the linear fit with its corresponding 95% confidence interval (CI).

Overall, these results reinforce the patterns identified in the correlation analyses,
confirming that while climate exerts an overarching control on soil aggregate-size distri-
bution, agricultural management practices play a key role in modulating soil structural
organization within European wheat systems.
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4. Discussion
4.1. General Status of Soil Electrical Conductivity in Wheat Plots Across Europe

To assess the risk of salinity in European soils dedicated to wheat cultivation, the
electrical conductivity (EC) values measured in this study (using a 1:5 soil-to-solution ratio)
were interpreted according to soil texture, following Schillaci et al. [20] and the Australian
Department of Primary Industries and Regional Development classification [47]. This
approach defines different salinity classes (non-saline, slightly saline, moderately saline,
highly saline, severely saline, and extremely saline) based on EC ranges specific to three
broad soil texture categories: sandy, loamy, and clayey soils. According to the FAO-USDA
textural classification, sandy soils are those with textures ranging from sand to loamy sand;
loamy soils include sandy loam, loam, silty loam, silt, clay loam, sandy clay loam, and silty
clay loam; and clayey soils comprise sandy clay, silty clay, and clay [20].

Based on this classification, all soils analyzed in this study (n = 188) fall within
the loamy soils category, for which the EC-based salinity classes are defined as fol-
lows: non-saline (0-0.18 dS m™1), slightly saline (0.19-0.36 dS m™), moderately saline
(0.37-0.72 dS m~1), highly saline (0.73-1.45 dS m~!), severely saline (1.46-2.90 dS m~!),
and extremely saline (>2.90 dS m™1) [47]. According to these thresholds, only five of the
188 wheat soils studied (<3%) were classified as moderately saline, and seventeen (~9%) as
slightly saline, while the vast majority (~88%) were classified as non-saline.

It is noteworthy that the five soils with the highest salinity levels were all located in
the Mediterranean South pedoclimatic zone, which is characterized by warm and arid
conditions. This observation is consistent with previous studies [1,14,20,21]. In this context,
both Ferndandez-Ugalde et al. [21] and Arias-Navarro et al. [1], who assessed soil salinity
across Europe using the LUCAS Topsoil Survey based on EC values, concluded that most
soils in the EU are non-saline, with Mediterranean countries being the most affected.
Similarly, Schillaci et al. [20], who classified salinity in LUCAS 2018 soils based on EC,
reported that 68% of soils were non-saline, 24% slightly saline, 6% moderately saline, and
1% severely saline, which closely matches the results obtained in the present study.

4.2. Climatic and Management Drivers of Soil Conductivity in Wheat Plots Across Europe

The results of this study indicate that climate is the primary driver of soil EC across
European wheat agroecosystems. This finding aligns with previous research, which also
identifies climate, together with factors such as parent material, soil porosity and com-
paction, and soil texture, as key determinants of salinity and EC in agricultural soils at the
global scale [16,17,21,48].

Climate influences soil EC both directly and indirectly. Directly, soils in warmer
regions (higher mean temperatures) and drier regions (lower mean precipitation) tend
to exhibit higher EC values, indicating a greater risk of salinity. Precipitation influences
EC mainly as it washes soluble salts from the topsoil, which lowers the concentration
of mobile ions. Consequently, soils in regions with high rainfall generally show greater
leaching of soluble salts and lower EC values, whereas soils in arid or semi-arid regions
often display elevated levels of soluble salts and exchangeable sodium, leading to higher
EC [20]. Temperature also directly affects salinity, particularly in arid and semi-arid
zones, where high temperatures promote increased evaporation and/or evapotranspiration,
concentrating salts in the topsoil and exacerbating salinization [17,49].

Indirectly, climate affects soil EC by influencing soil properties that modulate salinity.
For example, soils in cooler and wetter regions generally have higher organic matter content
than those in warmer and drier climates [21,50,51]. Higher organic matter promotes the
formation and stability of soil aggregates, which improves soil structure, increases porosity,
and enhances drainage, thereby facilitating the leaching of soluble salts from the topsoil.
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Additionally, organic matter increases the soil’s cation exchange capacity, allowing more
cations to be retained on exchange sites rather than remaining in the soil solution, which
directly influences EC. Together, these processes contribute to lower EC values in soils with
higher organic matter content, whereas soils depleted in organic carbon are more prone to
salt accumulation and elevated EC [21,50,52].

Agricultural farming systems (conventional vs. organic) also exert an influence on
soil EC and, consequently, soil salinity. However, the effect of management, although
significant, is more moderate than that of climate and tends to be localized, showing
significant impacts only in specific pedoclimatic regions. These results are consistent with
previous studies, which have recognized certain agricultural practices, such as the type
and intensity of the farming system, inadequate irrigation, and suboptimal fertilization, as
secondary drivers of soil EC [16,17,21,48].

While some studies have reported higher EC in organically managed soils, mainly due
to salts derived from feed additives in manures [53], our results, showing higher EC values
under conventional management, are in line with the general literature [29-32]. Higher
EC values under conventional management reflect the accumulation of salts from the
continuous application of chemical fertilizers and pesticides [29,32]. Conversely, organically
managed soils typically have higher organic matter content due to the greater application
of organic amendments. This translates into lower bulk density, higher porosity, improved
infiltration rates, and increased water-holding capacity [31,53,54], which collectively reduce
waterlogging and contribute to lower EC levels.

4.3. General Status of Soil Aggregate Size Distribution in Wheat Plots Across Europe

In this study, European wheat agroecosystems exhibited substantial variability in
both soil aggregate-size fractions and aggregate mean weight diameter (AMWD) at the
continental scale, highlighting the highly heterogeneous structural organization of soils
across different pedoclimatic zones. Nevertheless, across all zones, small macroaggregates
(250-2000 pum) and large microaggregates (53-250 um) were the dominant fractions, to-
gether accounting for 61-86% of total aggregates depending on the pedoclimatic zone,
with an overall mean contribution of 73%. In contrast, large macroaggregates (>2000 um)
were relatively scarce, averaging only 8.2% of total aggregates, which is typical in agri-
cultural soils because they are transient and easily disrupted by physical and chemical
disturbances, including tillage and other management practices that break down large
structural units [24,25]. Similarly, small microaggregates (<53 um) represented a minor
fraction, averaging 11.5% of total aggregates, which can be attributed to the loss of fine
particulate matter due to repeated soil cultivation, erosion, and redistribution of fine silt
and clay particles, a common feature in intensively managed arable soils [22].

Although large-scale assessments of soil aggregate distribution are rare, this pattern
is consistent with previous smaller-scale studies, which also reported a dominance of
small macroaggregates and large microaggregates in arable soils subjected to periodic
disturbances [55-57]. Similarly, Zhao et al. [58], who examined aggregate distribution in a
Chinese agricultural soil under different management treatments over nine years, observed
the same dominance of small macroaggregates and large microaggregates. Although
conducted in a different region and under distinct soil and management conditions, these
results suggest that this pattern is broadly consistent across diverse agroecosystems.

The observed dominance of small macroaggregates and large microaggregates is
generally considered indicative of good soil structural quality and fertility. Together, these
aggregate fractions form a hierarchical soil structure, in which each size class contributes
distinct yet complementary functions. Small macroaggregates (250-2000 um) are transient
structural units composed of smaller microaggregates and organic binding agents (e.g.,
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roots, fungal hyphae, microbial exudates). They provide overall structural integrity and
form a matrix that physically protects the microaggregates and the soil organic matter
(SOM) they contain. By stabilizing and occluding microaggregates, small macroaggregates
reduce the accessibility of SOM to microbial decomposition, potentially enhancing carbon
retention in the soil [24,25].

Meanwhile, large microaggregates (53—250 um) and the microaggregates contained
within macroaggregates are associated with more persistent SOM and with structural
porosity at finer scales. Aggregation creates pore networks that influence water reten-
tion, aeration, and nutrient dynamics, thereby supporting microbial activity and root
growth [22,24]. This hierarchical organization balances aggregate turnover with soil tilth,
facilitating water infiltration, root development, and overall soil fertility. Macroaggregates
contribute to macroporosity, enhancing drainage and aeration, while microaggregates and
internal pore spaces contribute to microporosity, retaining water and nutrients essential for
plant growth and microbial activity [22].

The AMWD values obtained in this study ranged from 0.16 to 3.33 mm, with an overall
mean of 0.86 £ 0.58 mm (Table S3). These values are consistent with those reported by
Panagea et al. [33] for agricultural soils across five European countries, as well as with the
range of 0.33-2.80 mm observed by Nayana et al. [53] in Indian croplands. Moreover, the
results are also comparable to those reported by Edlinger et al. [27], who assessed AMWD
in 104 agricultural soils along a 3000 km European gradient and reported a mean value of
1.25 mm, which is close to the average obtained in the present study.

Such consistency suggests that the soils analyzed here maintain a typical aggregate-
size distribution for arable soils, reflecting a balance between aggregate formation and
breakdown processes that supports overall soil fertility and structural integrity. Overall, the
prevalence of small macroaggregates and large microaggregates observed across European
wheat agroecosystems suggests that, despite regular disturbances associated with arable
management, these soils retain a structure favorable for nutrient cycling, water regulation,
and sustainable crop production. The relatively lower proportion of large macroaggre-
gates and small microaggregates does not necessarily indicate poor soil quality, as these
fractions are more sensitive to management disturbances and are often less abundant in
tilled systems [24,59]. Collectively, these findings underscore the importance of moni-
toring aggregate-size distribution as an indicator of soil health and functional quality in
European croplands.

4.4. Climatic and Management Drivers of Soil Aggregate Size Distribution in Wheat Plots
Across Europe

The combined results from correlation and Random Forest analyses demonstrate that
both climate and agricultural management play crucial roles in shaping soil aggregate-size
distribution across European wheat agroecosystems, although their relative importance
differs from that observed for soil EC. Unlike EC, which is predominantly controlled by
climatic variables, aggregate organization appears to result from a stronger interplay be-
tween climate and management. These findings are consistent with previous studies, which
indicate that climate and management, along with other factors such as soil properties and
lithology, strongly influence soil aggregate distribution and stability [22,27,60].

Among climatic drivers, the positive and significant correlation between MAP30 and
AMWD highlights the fundamental role of water availability in promoting soil aggregation,
consistent with the findings of Edlinger et al. [27], who reported a strong positive rela-
tionship between precipitation and AMWD and identified aridity as the most important
climatic predictor of aggregate stability. In this context, adequate and consistent moisture
supports plant growth, enhances organic matter inputs, stimulates microbial activity, and
promotes the production of transient and persistent binding agents such as polysaccharides,
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fungal hyphae, and microbial necromass. Conversely, limited precipitation restricts these
processes, favoring aggregate breakdown and leading to a predominance of microaggre-
gates and fine particles [22,27,61].

The contrasting responses of different aggregate-size fractions to precipitation further
support this interpretation. MAP30 was positively and significantly correlated with small
macroaggregates, whereas both large and small microaggregate fractions showed signifi-
cant negative correlations with this variable. This pattern reflects the hierarchical nature
and dynamic turnover of soil aggregates, whereby microaggregates serve as relatively
stable structural units that are progressively incorporated into macroaggregates under
favorable conditions such as adequate moisture and supporting factors. Such hierarchical
organization has been widely documented, with microaggregates acting as building blocks
for macroaggregates under the influence of organic binding agents and environmental
conditions [61,62].

Adequate water availability stimulates root and shoot growth and microbial activity,
favoring the formation of transient binding agents that facilitate the assembly of microaggre-
gates into macroaggregates. Conversely, under water-limited conditions, macroaggregates,
due to their transient nature and strong biological mediation, are more prone to physical
breakdown [22,27]. Moisture stress and intensified wet-dry cycles accelerate macroaggre-
gate turnover, leading to fragmentation and the release of enclosed microaggregates. This
process results in a relative increase in free microaggregate fractions and a concomitant
decline in macroaggregate abundance under low-precipitation regimes [22,63].

Temperature also influences soil aggregate distribution at broad scales. A significant
negative relationship was observed between MAT30 and the content of small macroag-
gregates, indicating a tendency toward smaller aggregate sizes under higher temperature
conditions. This pattern can be explained by the strong control that temperature exerts over
soil organic matter decomposition rates, as higher temperatures reduce soil organic carbon
(SOC) accumulation [27]. Because SOC is a key binding agent in soil aggregate formation,
lower SOC contents under warmer conditions likely result in reduced aggregation, whereas
increased SOC is generally associated with enhanced aggregate stability [22,53,58].

Regarding agricultural farming systems, although most previous studies report that
organic farming increases both aggregate size and stability compared to conventional
farming—mainly due to higher inputs of SOC [27,53,58,64—66]—our results indicate that the
effect of management is zone-specific, varying according to the pedoclimatic context. This
discrepancy may be attributed to the larger geographical scale of our study, encompassing
soils under diverse climatic conditions, whereas previous studies focused on one or a few
soils within a single climate.

These findings indicate that climate is the primary driver of aggregate size distribution
at large spatial scales, in agreement with Edlinger et al. [27], whereas management effects
are more pronounced at smaller, localized scales, i.e., among soils under similar climatic
conditions. In this context, the impact of management was dependent on regional climate
and SOC content: in cold, humid regions with high SOC, conventionally managed soils
generally exhibited higher macroaggregate content and lower microaggregate content,
whereas in warm, arid regions with low SOC, organically managed soils showed the op-
posite pattern, with greater macroaggregate formation. This pattern can be explained by
the interaction between initial SOC levels and the relative contribution of organic inputs
from management. In high-SOC soils, typical of cold and humid climates [50], SOC con-
tent may already suffice to promote aggregate stability, so additional inputs from organic
farming have limited impact, and conventional management may even enhance macroag-
gregate formation through the incorporation of inorganic fertilizers [21,34]. Conversely, in
low-SOC soils, typical of warm and arid climates [21,51], organic management provides
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essential carbon inputs via manures, compost, or other organic amendments, which act
as binding agents, promoting macroaggregate formation and improving soil structural
stability [22,34]. Therefore, the observed regional differences emphasize that the effect
of farming system on aggregate size is strongly mediated by initial SOC content and the
potential for management to augment carbon availability, largely determined by climate.
In addition to climate and farming system, both the Random Forest model and cor-
relation analyses indicated that specific agricultural management practices significantly
influence soil aggregate size distribution. Fertilization, particularly integrated organomin-
eral fertilization, promoted macroaggregate formation and was positively correlated with
AMWD. In contrast, the exclusive application of either organic or mineral fertilizers alone
did not significantly enhance aggregation. These results suggest that the combined appli-
cation of organic and mineral fertilizers enhances soil aggregation more effectively than
either fertilizer type alone, consistent with previous studies [33,34]. The synergistic effect of
organomineral fertilization is likely due to increased SOC content and enhanced soil biotic
activity [34]. Organic amendments additionally enhance soil hydrophobicity, further pro-
moting aggregation [34]. Moreover, mineral fertilizers increase plant productivity, thereby
increasing both above- and below-ground plant residues, labile carbon, microbial activity,
and microbial biomass carbon, all of which contribute to aggregate stability [67]. Phosphate
fertilizers specifically enhance soil aggregation through chemical mechanisms: phosphoric

acid lowers soil pH, mobilizes Al*3

, and facilitates the precipitation of aluminum phos-
phate, which acts as a cementing agent promoting the formation of stable aggregates [22].
Supporting this, Chen et al. [68] demonstrated that long-term phosphorus fertilizer applica-
tion significantly increased macroaggregate stability, primarily through the formation of
organic—calcium complexes that act as cementing agents within soil aggregates.

Finally, other agricultural practices that enhanced soil aggregation included the incor-
poration of legumes into crop rotations and the addition of crop residues. Crop residue
incorporation has been shown to increase the proportion of macroaggregates by facilitating
the coalescence of smaller particles into larger aggregates through microbial decomposition
of organic substrates and the production of transient binding agents [69]. Legume-based
rotations increase rhizosphere inputs and stimulate microbial and fungal activity, gener-
ating organic binding agents (e.g., polysaccharides, hyphal networks) that contribute to
aggregate formation and stability [70,71].

4.5. Implications of Climate Change and Potential Mitigation Strategies

The results of this study highlight climate as a primary driver of both soil electrical
conductivity (EC) and aggregate-size distribution in European wheat agroecosystems.
Across the range of pedoclimatic zones sampled, drier and warmer conditions were asso-
ciated with higher EC values and a lower proportion of macroaggregates, indicating that
both salinity and soil structural organization are strongly influenced by precipitation and
temperature gradients.

In this context, projected increases in temperature and alterations in precipitation
regimes under climate change are likely to exacerbate these patterns. Specifically, Mediter-
ranean regions, which already experience high evapotranspiration and limited rainfall,
are expected to be particularly vulnerable, with further increases in soil salinization and a
shift toward a higher relative contribution of smaller microaggregates. Such changes could
compromise soil structural organization, reduce water retention, limit nutrient cycling, and
ultimately affect crop productivity [17,21,22,61].

Our findings also indicate that agricultural management can help mitigate some of
these climate-driven risks. Soils under organic management generally exhibited lower
EC, likely reflecting higher soil organic carbon, improved porosity, and increased effective
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cation exchange capacity (eCEC), all of which enhance cation retention and facilitate the
leaching of soluble salts [29,31,53,54].

In terms of soil aggregate distribution, practices such as integrated organomineral
fertilization, crop residue incorporation, and legume-based rotations were associated with
an increased proportion of macroaggregates. These practices likely enhance SOC inputs and
stimulate microbial and fungal activity, promoting the assembly of smaller aggregates into
larger structural units [22,61,62]. By favoring macroaggregate formation, such management
strategies could help maintain soil structural organization and resilience under conditions
of reduced precipitation and higher temperatures [21,27].

Taken together, these results emphasize the importance of climate-smart, site-specific
soil management for sustaining soil structure and mitigating salinity risks under future
climate scenarios. Implementing practices that increase organic matter inputs and promote
macroaggregate formation, adapted to local pedoclimatic conditions, can enhance the adaptive
capacity of European wheat agroecosystems in the face of climate change [22,61,72,73].

Overall, our findings underscore that maintaining soil health in European croplands
under changing climate conditions requires an integrated approach, combining monitoring
of EC and aggregate-size distribution with management strategies that enhance organic
matter, improve soil structure, and mitigate salinization. Such an approach can support
sustainable crop production, ensure nutrient cycling, and maintain water regulation even
under increasingly challenging environmental conditions.

5. Conclusions

The results obtained in the present study demonstrate that climate is the dominant
factor determining soil electrical conductivity and aggregate-size distribution across Euro-
pean wheat agroecosystems, with warmer and drier conditions favoring increased salinity
and a higher proportion of smaller aggregates, whereas cooler and wetter conditions
promote macroaggregate formation and lower electrical conductivity. Nevertheless, agri-
cultural management plays a key modulating role, as organic farming systems, integrated
organomineral fertilization, crop residue incorporation, and legume-based rotations can
substantially reduce salinity levels and enhance macroaggregate formation, particularly
in soils with low organic carbon content, thereby mitigating some of the adverse effects
imposed by climate change. These findings underscore that while climatic conditions
largely establish the baseline soil environment, targeted, site-specific management practices
are essential for sustaining soil health, maintaining favorable aggregate distributions, and
controlling salinity risks. Integrating knowledge of local climatic drivers with adaptive
agricultural strategies can improve the functional capacity, resilience, and long-term quality
of soils, ensuring that European wheat agroecosystems remain productive, structurally
sound, and capable of delivering vital ecosystem services under future climate change
scenarios. Collectively, this study highlights the critical need for management approaches
that are both climate-aware and soil-specific to preserve soil functionality and support
sustainable agricultural production across diverse European landscapes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy16050561/s1. Figure S1: Geographic distribution of
the 188 wheat fields included in this study, according to pedoclimatic zone and farming system
(organic vs. conventional). Figure S2: USDA soil textural triangle showing the distribution of all
soil samples according to their sand and clay contents. Table S1: Number of wheat fields included
in the study, by farming system, pedoclimatic zone, and country. Table S2: Descriptive statistics
(minimum [Min], maximum [Max], mean, and standard deviation [SD]) of soil pH, total organic
carbon (TOC), total nitrogen (TN), and available phosphorus (P,y) for each pedoclimatic zone and
farming system. Table S3: Descriptive statistics (minimum [Min], maximum [Max], mean, and stan-
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dard deviation [SD]) of cation exchange capacity (CEC) and exchangeable calcium (Caeyx), magnesium
(Mgex), potassium (Kex), and sodium (Naeyx) for each pedoclimatic zone and farming system. Table
S4: Descriptive statistics (minimum [Min], maximum [Max], mean, and standard deviation [SD]) of
sand, silt, and clay contents for each pedoclimatic zone and farming system. Table S5: Descriptive
statistics (minimum—Min, maximum—Max, mean, and standard deviation—SD) of soil electrical
conductivity (EC) across pedoclimatic zones and farming systems. Table S6: Descriptive statistics
(minimum—Min, maximum—Max, mean, and standard deviation—SD) of soil electrical conduc-
tivity (EC) and mean aggregate weight diameter (AMWD) according to the different agricultural
management practices tested in this study. Table S7: Results of one-way ANOVA assessing the
effect of pedoclimatic zone on electrical conductivity (EC) and aggregate-size distribution across
European wheat agroecosystems. Table S8: Results of Tukey’s HSD post hoc test showing pairwise
differences among pedoclimatic zones for electrical conductivity (EC) and aggregate-size distribu-
tion across European wheat agroecosystems. Table S9: Results of two-way ANOVA assessing the
effects of pedoclimatic zone (Zone) and management system (Organic vs. Conventional, System) on
electrical conductivity (EC) and aggregate-size distribution across European wheat agroecosystems.
Table S10. Pairwise comparisons of soil electrical conductivity (EC), aggregate-size fractions, and
mean weight diameter (AMWD) between conventional and organic management within each pedo-
climatic zone. Significant differences (p < 0.05) are indicated in bold. Table S11: Descriptive statistics
(minimum—Min, maximum—Max, mean, and standard deviation—SD) of large macroaggregates,
small macroaggregates, large microaggregates, small microaggregates, and aggregate mean weight
diameter (AMWD), by pedoclimatic zone and farming system.
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Abbreviations

The following abbreviations are used in this manuscript:

EC Electrical Conductivity

eCEC Effective Cation Exchange Capacity
SOC Soil Organic Carbon

AMWD  Aggregate Mean Weight Diameter
MAT30 Mean Annual Temperature

MAP30 Mean Annual Precipitation

AC Atlantic Central

AN Atlantic North

BOR Boreal

CON Continental

LUS Lusitanian
MN Mediterranean North
MS Mediterranean South

NEM Nemoral
PAN Pannonian
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