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ABSTRACT
Visual assessment of soil structure receives growing interest but its physical meaning is still to be explored. This study examined 
the relationships between soil pore systems volume and size distribution and visual structure quality scores in undisturbed soil 
samples from Swiss cropland soils covering a wide range of soil organic carbon (SOC) and clay contents. Structure quality scores 
were determined with CoreVESS. The pore system volumes were quantified by shrinkage analysis, and the water retention 
curves were used to determine the equivalent pore-size distribution. CoreVESS scores showed non-linear relationships with 
total and structural pore volumes. They correlated mainly to structural porosity volume, whereas plasma pores did not explain 
structure quality scores. As a result, the total porosity was less correlated to CoreVESS than structural porosity. The small-size 
(< 50–100 μm equivalent diameter) structural pore volume showed the higher correlation to structure quality score. The small-
size structural pore volume was mostly correlated with the SOC:clay ratio and, to a lesser extent, with SOC, highlighting the link 
between soil structure quality and clay-SOC complexation in these soils. Soils with SOC:clay ratios above 0.1 showed signifi-
cantly larger volumes of small structural pores. Our findings underline the functional importance of these small-size structural 
pores, which are also accounting for air-water equilibrium close to field capacity, and were pointed out for their role as soil biota 
habitat. Their tight relationship with SOC suggests a good stability upon stresses and slow changes over time. In contrast, large 
structural pores, which are known to be sensitive to mechanical stress of soil fauna activity, were primarily influenced by car-
bonate content.

1   |   Introduction

Soil structure is a cornerstone of soil fertility, which is often 
in critical condition on arable land. Assessing and restoring 
soil quality have become key objectives (Lal  2015; Bünemann 

et  al.  2018). Despite considerable efforts, defining soil struc-
ture quality using physical measurements either focused on the 
voids (soil pores) or the solids (aggregates) largely failed (Horn 
and Fleige  2003; Alaoui et  al.  2011; Rabot et  al.  2018), thus 
jeopardising the adoption and application of indicators of soil 
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physical quality. Simple parameters (e.g., bulk density or pen-
etrometer measurements) provide only limited interpretative 
insight, while performing multiple physical determinations is 
technically demanding and expensive. Moreover, physical pa-
rameters exhibit large spatial variability and unstable variances 
with measurement device size (Nielsen et al. 1973; Sisson and 
Wierenga  1981; Vauclin et  al.  1982). Due to these difficulties, 
defining soil structure quality based on physical measurements 
is still to be achieved.

A single parameter such as total porosity or saturated hydrau-
lic conductivity fails to capture the structure quality, which in-
tegrates among others the pore volumes and size distribution, 
the pore network architecture, and the soil mechanical stabil-
ity. Moreover, the pore network architecture and volume are 
highly dynamic with time and water content, due to shrink 
swell processes, particularly in soils containing swelling 
clay (Bronswijk  1991; Boivin et  al.  2009; Coppola et  al.  2015; 
Bottinelli et al. 2016). Shrinkage is controlled by different soil 
properties (Boivin  2023) such as clay content and clay type 
(Boivin et  al.  2004), and by external stresses (e.g., Schäffer 
et  al.  2008; Goutal-Pousse et  al.  2016). Various classifications 
of soil pores, based on size classes (Perret et  al.  1999), origin, 
shape (Brewer 1964) and functional properties (Gerke and Van 
Genuchten 1993; Boivin et al. 2004) have been proposed (Schäffer 
et  al.  2013). Soil porosity, however, was long ago recognised 
as physically organised in two distinct pore systems with dis-
tinct origin and functions, namely structural and plasma pores 
(Brewer 1964). These two pore systems were first defined by mi-
cromorphologists on thin sections observation (Verrecchia and 
Trombino 2021), and later quantified physically using shrinkage 
analysis (ShA) (Boivin  2023). Structural pores include cracks, 
biopores, and packing voids, and account for rapid transfers and 
air-water equilibrium in soils. The soil plasma is made of the soil 
colloids (“Glossary of Soil Science Terms | Soil Science Society of 
America,” 2025), namely the clay minerals coated with organic 
matter and oxides, sometimes referred to as soil matrix or its 
porosity as textural porosity, though these concepts are not iden-
tical as discussed in Schäffer et  al.  (2013). Working at clod or 
core sample scale, shrinkage analysis (ShA) allowed to quantify 
the volume changes in these pore systems with water content, 
soil constituents, biological activity, and mechanical stress, as 
reviewed by Boivin (2023), thus providing a broad assessment of 
the soil physical properties.

Because of the limitations faced with physical characterisation 
of the soil structure, the evaluation of soil structure based on 
visual observation was long ago developed (Ball et  al.  2007). 

The Visual Evaluation of Soil Structure (VESS) spade test (Ball 
et al. 2017) received growing attention for its ability to quantify 
the soil physical quality of a topsoil block in a fast-operated and 
reliable way (Leopizzi et al. 2018). VESS uses simple visual cri-
teria shared by the soil scientists to score the structure quality 
from 1 (very good) to 5 (degraded).

The relationships between physical parameters and the VESS 
score were first studied by Guimarães et al. (2013) on the VESS, 
and subsequently in more detail on a version adapted to the 
size of soil core samples (CoreVESS) (Johannes, Weisskopf, 
et al. 2017; Lin et al. 2022). The sequence of physical changes 
occurring in a soil sample with increasing soil structure quality 
CoreVESS score, that is, decreasing structure quality has been 
described as follows: loss of the coarser structural pores from 
CoreVESS score 1 to 2, continuous slow decay of structural po-
rosity volume until CoreVESS 3, and collapse of the soil struc-
ture upon drying for larger CoreVESS (Johannes, Weisskopf, 
et al. 2017).

Linear relationships between soil organic carbon (SOC) con-
centration and physical parameters has been long ago rec-
ognised (e.g., Manrique and Jones  1991; Imhoff et  al.  2004; 
Goutal-Pousse et al. 2016; Johannes, Matter, et al. 2017; Sauzet 
et al. 2024). Oppositely, Johannes, Matter, et al. (2017) showed a 
non-linear relationship between SOC and visual structure qual-
ity score. This latter was explained by the SOC:clay ratio, also 
referred to as clay saturation ratio, as early suggested by Dexter 
et  al.  (2008). The relationship between the structure quality 
scores and the SOC:clay ratio showed that the degree of clay 
saturation by organic matter allowed to determine the SOC:clay 
ratios thresholds of 0.08, 0.1 and 0.12 as the average values for 
CoreVESS scores ≥ 4, < 4 and > 2, and ≤ 2, respectively, that is, 
corresponding on average to degraded, fair and good observed 
structure quality in Swiss cropland soils, respectively (Johannes, 
Matter, et  al.  2017). Since these SOC:clay ratios correspond to 
a probability of the structure to be degraded, good, or fair, re-
spectively, the SOC:clay ratio was proposed as the soil structure 
vulnerability index by Fell et al. (2018) and Dupla et al. (2021). 
However, the mechanisms underpinning the relationship be-
tween visually scored soil structure quality, the soil components 
and its physical properties are still to be deciphered.

In this study, we analysed the relationship between pore size 
distribution, soil components, and soil structure quality to ac-
quire better understanding of the significance of structure qual-
ity degradation. To this end, we quantified the pore properties 
and size distribution of undisturbed soil samples collected from 
Swiss arable land, with a wide range of SOC and clay content.

2   |   Materials and Methods

2.1   |   Study Area and Sampled Fields

Undisturbed topsoil samples were collected from 60 crop-
land fields, with field sizes ranging from 0.3–6 ha and an 
average of 2.6 ha. The selected fields, located in the Swiss 
plateau and Swiss Jura regions (Figure  1), were each previ-
ously described either in Johannes, Matter, et al. (2017), Dupla 
et  al.  (2022), Johannes et  al.  (2023), and Deluz et  al.  (2024). 

Summary

•	 Structure quality was better correlated to structural 
porosity than total porosity.

•	 Small (< 100 μm equivalent eqØ) structural pores cor-
relate best with structure quality.

•	 Small structural pores are mostly correlated to organic 
carbon to clay ratio.

•	 These pores are key to structure quality and air-water 
equilibrium.
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Our selection aimed to encompass a wide range of soil or-
ganic carbon (SOC), clay content, pH, and limited carbon-
ate content, as summarised in Table  1. SOC content ranged 
from 1.0%–7.0%, clay content ranged from 9.3%–60.3%, pH 
(measured in a 1/2.5 H2O extract) ranged from 5.2–7.6, and 
carbonate content ranged from 0%–17.6%, though two-thirds 
of the soils contained no carbonates. Similar to the strategy 
applied in Johannes, Matter, et al. (2017), Dupla et al. (2022) 
and Deluz et al. (2024), a large range of cropping practices was 

considered as well, from conventional tillage to no-till farm-
ing, with or without livestock and cover crops, with as uni-
form distribution of the practices among the fields as possible. 
Sampling was performed in spring before any soil tillage. All 
fields were classified as Cambisols according to the World 
Reference Base for Soil Resources (WRB  2022). The soils 
from the Swiss plateau are predominantly formed on mixed 
Quaternary carbonated moraine with some tertiary molasses. 
Their clay minerals are mostly inherited, of large size, with 
limited cation exchange capacity and mixed mineralogy (i.e., 
illite, vermiculite, and interstratified; personal data). The soils 
from the Jura region are primarily formed on Jurassic lime-
stone containing smectite, illite and kaolinite, with occasional 
loess deposits. The average annual rainfall in the sampled re-
gions ranged from 900–1100 mm, with average annual tem-
peratures ranging from 10.1°C–14.0°C.

2.2   |   Soil Sampling

Undisturbed soil core samples of approximately 125 cm3 were 
collected in spring 2021 from each field at 5–10 cm depth, before 
any soil tillage in the same year. Each sample was collected in 
duplicate at the centre of each field after a visual assessment to 
avoid wheel tracks or any noticeable soil disturbance. This sam-
pling method was shown to provide samples with SOC and clay 
content well representative of the field SOC and clay content 
(Deluz et al. 2025) and duplicates were kept in case of structure 

FIGURE 1    |    Location of the 60 sampled fields on the map of Switzerland and its cantons. The two squares zoom in on the 30 sampled fields in the 
north-west (Jura and Bern) and the 30 sampled fields in the south-west (Leman region). All fields are located on Cambisol formed respectively on 
Jurassic limestone with occasional loess deposits and on Quaternary mixed carbonate moraines or Tertiary molasse.

TABLE 1    |    Mean, median, standard deviation (SD), minimum and 
maximum values of the main characteristics of the sampled fields and 
farms on the undisturbed samples. Soil organic carbon content (SOC), 
texture (clay, silt, and sand content), carbonate content (CaCO3), and 
pH (H2O).

Main soil 
parameter Average Median SD Min Max

SOC [%] 2.9 2.6 1.4 1.0 7.0

Clay [%] 31.3 29.5 11.2 9.3 60.3

Silt [%] 43.7 41.7 10.8 19.3 66.5

Sand [%] 23.9 23.1 16.9 1.0 58.2

CaCO3 [%] 2.2 0.0 4.2 0.0 17.6

pH 6.6 6.8 0.6 5.2 7.6
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damage of the main sample. We used the core sampler described 
by Johannes, Weisskopf, et al. (2017), which allowed us to per-
form quality control after sampling to check that the structure 
was not disturbed. The samples were placed in a sealed plastic 

bag, transported in a cool box to the laboratory, and stored at 
4°C for about 2 weeks before analysis. An overview of the sam-
ple preparation process, as well as the measurements performed 
and detailed in the following sections, is presented in Figure 2.

FIGURE 2    |    Sketch of the sample preparation and measurement workflow. Solid arrows indicate the sequence of steps, dashed arrows represent 
the data flow required for shrinkage analysis (ShA) (grey circles). White boxes correspond to sample preparation steps, whereas grey boxes indicate 
measurement phases. The parameters obtained and used in this study are underlined.
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2.3   |   Shrinkage Curve Measurement and Analysis

We followed the procedure described in for example, Schäffer 
et al. (2008) to determine the sample's shrinkage curves (ShCs). 
Briefly, the undisturbed soil cores were extracted from the cylin-
der and equilibrated at a matric potential of −10 hPa in a sand-
box without limitation of their swelling. The bulk volume of the 
swollen soil core was then measured using a 3D structured light 
scanner (EinScanSP scanner from SHINING 3D). The wet sam-
ples were then introduced in the shrinkage apparatus, where they 
were free to dry slowly while the changes in sample weight and 
height were recorded quasi-continuously, as described in Boivin 
et al. (2004). The water retention curve (WRC) was recorded si-
multaneously using a ceramic cup micro tensiometer inserted at 
the centre of the sample. When steady weight and volume were 
observed, the air-dried sample volume was measured and then 
dried at 105°C to remove residual water. The undisturbed samples 
were sieved to 2 mm to determine the coarse fraction (> 2 mm) vol-
ume and weight. The coarse fraction's weight and volume were 
then subtracted from the bulk volume and weight of the sample 
to calculate the bulk volume and weight of the fine earth (< 2 mm) 
after drying. The changes in sample height were converted into 
changes in sample volume after calculating the geometric factor 
based on the initial and final sample volume and height, respec-
tively (Boivin 2007). The sample ShC was, therefore, represented 
as the specific (i.e., per unit of mass) volume V (cm3 g−1) of the fine 
earth as a function of its gravimetric water content W (g g−1).

The exponential (XP) model was then fitted to the experimen-
tal ShC for shrinkage analysis (ShA) as described in Schäffer 
et al. (2013). Briefly, the XP model assumes a dual pore system 
in the soil, corresponding to the structural and plasma pores 
(Boivin et al. 2004). Based on the assumed properties of these 
pore systems, the XP model allows to describe the ShC as a suc-
cession of linear shrinkage domains overlapping in curvilinear 
sections. Fitting the coordinates of the transition points between 
the linear and curvilinear sections allows calculating the struc-
tural and plasma pores volume, water content and air content 
at any soil water content. Moreover, the slopes of the linear do-
mains, namely structural and basic shrinkage domains quan-
tify the capacity of the pore structure to withstand drying forces 
(Schäffer et al. 2013) which can, therefore, be interpreted as the 
hydro-structural stability of the soil sample.

Based on these calculations, we obtained for each sample a series 
of physical parameters such as the slope of the structural shrink-
age KStr, total pore specific volume VP (cm3 g−1), structural pores 
volume VStr (cm3 g−1), structural pores water content WStr (g g−1), 
plasma pores volume VPl (cm3 g−1), plasma water content WPl 
(g g−1), and sample specific air content Air (cm3 g−1) as a function 
of the sample water content W (g g−1). Since the pore volumes 
are changing upon shrinkage, the values can be taken at selected 
matric potentials, which was used in subscript. For instance, the 
specific air content at—100 hPa was denoted Air−100.

2.4   |   Pore Volume According to Matric Potential 
and Equivalent Pore Size Classes

The VP, VStr, and VPl volumes were calculated for different mat-
ric potential intervals. Each volume was equal to the change in 

water content in the matric potential interval. The Jurin-Laplace 
law was used to estimate the equivalent pore size diameter (eqØ) 
of the draining pores in the tensiometer range. We used the sim-
plified equation:

where d is the eqØ of the soil pores in cm and h is the absolute 
value of the matric potential in hPa (Jury and Horton 2004). The 
matric potential intervals were determined using a Fibonacci se-
quence, with the aim to obtain as a similar pore volume as possible 
across the different eqØ (matric potential) intervals. This resulted 
in 11 matric potential intervals from −1000 to −7 hPa, namely 
<−1000 hPa (< 3 μm eqØ); −1000 to −500 hPa (3–6 μm); −500 to 
−333 hPa (6–9 μm); −333 to −200 hPa (9–15 μm); −200 to −125 hPa 
(15–24 μm); −125 to −77 hPa (24–39 μm); −77 to −48 hPa (39–
63 μm); −48 to −29 hPa (63–102 μm); −29 to −18 hPa (102–165 μm); 
−18 to −11 hPa (165–267 μm) and −11 to −7 hPa (267–432 μm).

In the shrinkage model, plasma pores are assumed to remain 
water saturated in the tensiometer matric potential range, thus 
showing no air-water menisci. Therefore, we preferred not to 
apply the Jurin-Laplace law to these pores, and only matric po-
tential intervals are reported for plasma pores in the following, 
while eqØ range is mentioned together with matric potential 
range for structural pores.

2.5   |   Sample Structure Quality: CoreVESS Score

CoreVESS allows us to visually score the structure quality from 1 
to 5 according to three criteria: (i) breaking difficulty, (ii) aggregate 
shape, (iii) visible porosity. A score of 1 indicates excellent struc-
ture quality and a score of 5 indicates poor structure quality. The 
overall procedure for CoreVESS score determination followed the 
protocol determined in Johannes, Weisskopf, et  al.  (2017). After 
ShC measurement, the samples were re-equilibrated at a matric 
potential of −100 hPa prior to visually assessing soil structure qual-
ity scores in double-blind conditions with two experienced asses-
sors. The two independent scores were generally similar, and the 
average was considered in case of small divergence.

2.6   |   Texture, Soil Organic Carbon and Other Soil 
Analyses

The samples were analysed for texture, SOC, and carbonate con-
tent. Soil texture (clay, silt and sand fractions) was determined 
by sedimentation (ISO 11277). Soil carbonates were measured 
using the gas-volumetric method analysis with the Bernard cal-
cimeter (ISO 10693). Soil organic carbon was determined using 
the modified Walkley and Black  (1934) (ISO 14235), corrected 
using the equation of Brogan (1966) to yield similar results as 
dry combustion, as validated by independent (ISO 17043) pro-
ficiency test.

2.7   |   Data Analysis

Data analysis was conducted in two steps. In the first step, we 
explored the correlations between CoreVESS scores and physical 

(1)d = 0.3∕h
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parameters obtained from ShA at fixed matric potentials, which 
allowed us to determine the most discriminant physical pa-
rameters with respect to structure quality score. In the second 
step, we analysed the relationships between soil components, 
CoreVESS scores and pore volume split into classes of desorp-
tion matric potential intervals, to describe in detail the interplay 
between observed soil structure quality, soil components, pore 
types and pore size ranges.

Statistical analyses were conducted using R software (R Core 
Team (2020) version 3.6.1). The significance level considered 
was p < 0.05. When the assumptions of normality and ho-
moscedasticity was not met, Spearman's rank correlation was 
used to select the physical parameters showing the strongest 
correlation with CoreVESS at fixed matric potential. On the 
selected parameters, principal component analysis (PCA) was 
then used to plot the relationships between the volumes of 
pores draining at the different matric potential intervals, the 
CoreVESS scores were used as labels and the centre of grav-
ity of each CoreVESS score was plot. Since VP range was large 
between the samples, the volumes were considered both in ab-
solute values (cm3 g−1) and in % of the sample total pore vol-
ume. The correlations between the different pore volume size 
classes and analytical soil properties (texture, carbonate, SOC, 
SOC:clay ratio) were analysed using a Spearman correlation 
matrix. The significance of the differences between correla-
tions was discussed using Fisher's Z-tests (R package: cocor). 
Significant differences between groups were assessed using 
ANOVA tests followed by Tukey's post hoc tests (R package: 
stats). The Kruskal-Wallis test with Dunn's post hoc test was 
used in the case of non-parametric data (R package: dunn. test).

3   |   Results

3.1   |   Physical Parameters Correlated to 
CoreVESS Scores

The physical parameters showing the higher correlation to 
CoreVESS scores are those associated with structural po-
rosity, such as VStr, KStr, and Air content, since in the tensi-
ometric range only the structural pores allow air entry. The 
parameters related to plasma porosity volume were weakly 
correlated with CoreVESS scores, while total porosity volume, 
which combines plasma and structural porosities, showed 
intermediate correlations. The correlations were increasing 
with decreasing matric potential (e.g., −1000 hPa). Based on 
this preliminary analysis, we selected KStr, VStr-1000, Air−1000, 
VPl-1000, and VP-1000 to further investigate their relationships 
with CoreVESS. The detailed correlation analysis is reported 
in the Supporting Information S1.

The relationships between CoreVESS scores and KStr, VP-1000, 
VStr-1000, VPl-1000 and Air−1000 are reported in Figure 3. Most re-
lationships were not linear. KStr was increasing with CoreVESS 
scores following a sigmoidal pattern. KStr was nearly constant 
for CoreVESS scores below 2, with an average slope value 
of ~0.3. Then KStr rapidly increased from CoreVESS 2 to 3.5 
and remained nearly constant above 3.5, with an average 
slope value of 0.6. The mean slope value for score 3 was 0.5 
(Figure 3A).

The relationship between VP and CoreVESS followed a neg-
ative power function, which was also observed for VStr and 
Air, respectively. The coefficient of determination of the 

FIGURE 3    |    Combined boxplot and scatterplot displaying: (A) struc-
tural slope (KStr), (B) specific pore volume (VP), (C) plasma porosity 
(VPl), (D) structural porosity (VStr) and (E) gravimetric air content (Air) 
to a matric potential of pF3 (−1000 hPa) on the y-axis against CoveVESS 
scores on the x-axis. n.s and *** indicate not significant (p_value > 0.05) 
and highly significative model (p_value < 0.001), respectively.
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relationship was significantly higher for VStr and Air (R2 = 0.63 
for both) than for VP (R2 = 0.44) according to Fisher's Z-test 
(Figure 3B,D,E).

VPl decreased non-significantly with increasing CoreVESS with 
VPl ranging between ~0.25 and 0.4 cm3 g−1 independently from 
the CoreVESS score (Figure 3C).

3.2   |   Pore Size and CoreVESS Scores

The PCA of the pore volumes corresponding to the different ma-
tric potential classes is shown in Figure 4 with CoreVESS scores 
as labels, while the correlations between CoreVESS scores and 
the different matric potential classes are presented in Table 2. 
The PCA performed on absolute specific volume (cm3 g−1) val-
ues is reported in Figure 4A and on relative % of the total pore 
volume of the sample in Figure 4B. The first two components 
represented 78.9% and 72.3% of the data variance, respectively. 
The following observations can be made.

The pore volumes associated with the higher matric poten-
tials (larger draining pores), namely > −29 hPa (eqØ > 102 μm) 
in Figure  4A,B, respectively, are orthogonal to the pore vol-
umes draining below −77 hPa (eqØ < 39 μm) which suggests 
that the pore volumes of these two categories developed in-
dependently. The pore volumes associated with intermediate 
matric potential intervals were next to the bisector between 
these two categories.

Moreover, Figure  4B, showed that the proportion of pores 
draining between −1000 and −48 hPa (−3 to −63 μm eqØ) was 
inversely correlated to the proportion of pores draining below 
−1000 hPa. This suggests that the two categories developed one 
at the expense of the other, which is consistent with micro-crack 
structural pores developing in the plasma porosity as assumed 
by shrinkage modelling.

The CoreVESS scores were generally decreasing (increasing 
structure quality) with increasing pore volume percentage of the 

pores draining in the −77 to −1000 hPa matric potential interval 
(Figure 4B), with little contribution of the larger pores.

Almost all the VP pore classes were correlated to CoreVESS scores 
except for the smallest matric potential range (< −1000 hPa) 
(Table 2). The VStr of structural pores draining at matric poten-
tial higher than −125 hPa (> 24 μm eqØ) showed a higher cor-
relation to CoreVESS scores than VP pores, whereas only plasma 
pores draining in the lower matric potential range (< −1000 hPa) 
were more strongly correlated to CoreVESS than VP pores of the 
same class. The higher correlation (r = 0.54) was observed for the 
−48 to −77 hPa class (24–39 μm eqØ), which primarily consists 
of structural pores (on average > 90%).

3.3   |   Soil Components and Pore Volume 
Distribution

Table  2 reports the Spearman correlations between the main 
analytical properties of the soil (texture, total carbonates, SOC 
and SOC:clay ratio) and the VP, VStr and VPl pore volumes split 
into draining matric potential classes with corresponding pore 
eqØ. The average relative proportions of plasma and structural 
pore volumes in the total pore volume are reported in the first 
columns.

VP pores draining above −48 hPa (> 63 μm eqØ) were almost 
entirely composed of structural pores (> 95%), while the pores 
draining below −1000 hPa (< 3 μm eqØ) were only plasma pores 
(> 99%). An increasing proportion of plasma pores with decreas-
ing matric potential can be observed below −48 hPa, which 
corresponds to the maximum swelling of the plasma (top left in 
Table 2).

SOC and SOC:clay were positively correlated to VP pore classes 
draining below −48 hPa (<63 μm eqØ). Conversely, no cor-
relation of SOC and SOC:clay with the volume of pores larger 
than 63 μm eqØ was observed, but carbonates showed positive 
correlations with VP only for pores draining at matric poten-
tial larger than −48 hPa (>63 μm eqØ). Unsurprisingly, clay 

FIGURE 4    |    PCA of the different pore volume matric potential classes, in absolute pore volume (A) or as a proportion of total pore volume (B). 
Observations are reported onto the PCA with colour code corresponding to the CoreVESS score. Large crosses represent the centroids' CoreVESS 
scores.
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TABLE 2    |    Spearman correlation between the different pore systems volumes (total = VP, structural = VStr, and plasma = VPl porosity) at different 
matric potential classes (or pore size equivalent diameter) and soil components such as texture (clay, silt, sand), calcium carbonates (CaCO3), soil 
organic carbon (SOC), SOC:clay ratio, and visual scores of structure quality (CoreVESS). At the top left, shades of grey distinguish structural porosity 
proportion (light grey) and plasma porosity proportion (dark grey) for each matric potential (or pore size) range. The darker the blue boxes, the more 
positively correlated the correlations, and the darker the red boxes, the more negatively correlated the correlations. Uncoloured correlations were 
not significant.

Pore system contribution 
[%]

Matric potential 
(absolute value) 

range and equivalent 
pore size diameter 
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100.0 0.0 0 7-11 432-267 -0.34 0.08 -0.14 -0.01 0.33 0.08 0.08 

100.0 0.0 0 11-18 267-165 -0.35 -0.02 -0.09 0.09 0.30 0.11 -0.02 

96.7 3.3 ±1.3 18-29 165-102 -0.35 -0.05 -0.08 0.10 0.17 0.07 -0.05 

94.6 5.4 ±1.7 29-48 102-63 -0.36 -0.13 0.09 0.16 0.26 0.32 0.03 

91.4 8.6 ±2.6 48-77 63-39 -0.54 -0.12 -0.16 0.23 0.20 0.55 0.46 

75.9 24.1 ±3.9 77-125 39-24 -0.42 -0.01 -0.26 0.17 0.00 0.60 0.63 

49.6 50.4 ±4.7 125-200 24-15 -0.39 -0.07 -0.29 0.26 0.02 0.66 0.61 

26.3 73.7 ±3.9 200-333 15-9 -0.37 -0.17 -0.20 0.32 0.02 0.66 0.53 

10.5 89.5 ±2.7 333-500 9-6 -0.33 -0.15 -0.21 0.30 0.04 0.62 0.54 

2.4 97.6 ±1.1 500-1000 6-3 -0.17 -0.08 -0.20 0.18 -0.01 0.42 0.42 

0.0 100.0 0 >1000 <3 -0.22 -0.59 0.29 0.62 0.07 0.82 0.34 

Total -0.37 -0.53 0.10 0.62 0.08 0.90 0.46 
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7-11 432-267 -0.34 0.08 -0.14 -0.01 0.33 0.08 0.08 

11-18 267-165 -0.35 -0.02 -0.09 0.09 0.30 0.11 -0.02 

18-29 165-102 -0.36 -0.04 -0.13 0.14 0.20 0.17 0.02 

29-48 102-63 -0.39 -0.18 0.01 0.13 0.29 0.36 0.09 

48-77 63-39 -0.53 0.05 -0.28 0.08 0.08 0.50 0.57 

77-125 39-24 -0.32 0.19 -0.41 0.00 -0.08 0.45 0.63 

125-200 24-15 -0.13 0.16 -0.31 -0.03 -0.03 0.29 0.40 

200-333 15-9 -0.09 0.11 -0.21 -0.04 -0.02 0.18 0.27 

333-500 9-6 -0.07 0.07 -0.14 -0.01 0.04 0.20 0.25 

500-1000 6-3 -0.04 0.14 -0.10 -0.09 0.08 0.14 0.19 

>1000 <3 - - - - - - - 

Total -0.40 0.11 -0.33 0.04 0.04 0.41 0.49 
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7-11 -   - - - - - - 

11-18 -   - - - - - - 

18-29 - -0.07 -0.20 0.18 0.14 0.13 -0.09 -0.29 

29-48 - 0.00 -0.29 0.26 0.23 0.04 -0.04 -0.28 

48-77 - -0.02 -0.41 0.33 0.35 0.18 -0.02 -0.41 

77-125 - -0.14 -0.29 0.20 0.27 0.14 0.06 -0.19 

125-200 - -0.27 -0.19 0.02 0.24 0.09 0.25 0.09 

200-333 - -0.31 -0.23 -0.06 0.32 0.03 0.39 0.23 

333-500 - -0.29 -0.21 -0.13 0.30 0.01 0.47 0.38 

500-1000 - -0.29 -0.11 -0.18 0.27 0.05 0.48 0.52 

>1000 - -0.22 -0.59 0.29 0.62 0.07 0.82 0.34 

Total   0.12 -0.58 0.19 0.63 0.09 0.87 0.42 

100.0

100.0

100.0

96.7

94.6
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3.3

5.4

8.6
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and sand showed an opposing effect for VP at matric potential 
below −1000 hPa (< 3 μm eqØ) with positive correlation to clay, 
r = 0.70) and negative correlation (sand, r = −0.65), respectively. 
Silts showed a negative correlation (r = < −0.29) to VP pores 
draining below −48 hPa (< 63 μm eqØ) and a positive correlation 
(r = 0.26) to VP pores draining at matric potentials lower than 
−1000 hPa (< 3 μm eqØ) (top Table 2).

VStr pore volumes were positively correlated to SOC and SOC:clay 
ratio for all matric potential classes from −48 hPa (63 μm eqØ) 
to −200 hPa (15 μm eqØ) for SOC and to −500 hPa (6 μm eqØ) 
for SOC:clay, respectively. VStr classes showed higher correlation 
with SOC:clay than with SOC, the correlations were not signifi-
cantly smaller than for VP and tended to decrease with decreas-
ing matric potential. The same correlation trends as for VP were 
observed between VStr and texture classes. VStr of pores draining 
at matric potential larger than −48 hPa (> 63 μm eqØ) was pos-
itively correlated to carbonates similar to VP, which was logical 
since VStr and VP draining pores are identical in this pore-size 
range. The correlation between the > 63 μm eqØ structural pore 
volume and carbonates was significantly higher (R2 = 0.8) when 
only samples with carbonates were considered (Supporting 
Information S2).

For VPl pores draining below −1000 hPa, the correlation be-
tween VPl and clay was positive (r = 0.62) and negative with 
sand (r = −0.59). VPl was strongly correlated to SOC for pores 
draining below −1000 hPa (r = 0.82), while the SOC:clay ratio 
was negatively correlated to VPl pores draining above −125 hPa, 
and positively correlated only for pores draining below −500 hPa 
(bottom Table 2).

3.4   |   Regrouped Pore Size Categories

In order to synthetize our results, we regrouped the pore 
system volumes into 4 categories based on the correlations 
(Table  2) and the PCA (Figure  4). Structural pore volumes 
were split into two categories, namely draining at matric 

potential larger or smaller than –48 hPa, that is, correlated 
to carbonates (larger structural pores) or to SOC and clay 
(smaller structural pores), respectively. Plasma pore volumes 
were split into pores draining at larger matric potential than 
−1000 hPa (strongly correlated to SOC and clay), and smaller 
than −1000 hPa, respectively, owing to the distinct behaviour 
of these pores in the PCA (Figure 4B).

The relationship between the volumes of these pore cate-
gories and SOC, clay and SOC:clay were linear (Supporting 
Information S3). Our dataset showed the same SOC:clay cate-
gories as determined by Johannes, Matter, et al. (2017), namely 
SOC:clay ratios of 0.08, 0.10, and 0.12 departing the dam-
aged, fair and good structure quality, respectively (Supporting 
Information  S4). We summarised in Figure  5 the effect of in-
creasing SOC:clay category on the volumes of the regrouped 
pore class categories. Figure  5A presents the absolute pore 
volumes and Figure 5B the pore volumes relative to total sam-
ple pore volume. The plasma pore volumes (VPl < −1000 hPa 
and VPl between −1000 and −48 hPa) remained unaffected by 
SOC:clay ratio while the structural pore volume VStr draining 
between −1000 and −48 hPa (3–63 μm eqØ) showed the largest 
volume increase with SOC:clay (Figure 5A). In relative volumes, 
a non-significant decrease of VStr > −48 hPa (> 63 μm eqØ) 
with increasing SOC:clay was observed. The VPl pore draining 
below −1000 hPa category decreased with increasing SOC:clay 
ratio. The proportion of VStr pore draining between −1000 and 
−48 hPa (3–63 μm eqØ) showed almost a twofold increase for 
SOC:clay ratio higher than 0.1 (Figure 5B).

4   |   Discussion

4.1   |   Physical Properties and Structure Quality 
Visual Scores

First, our study confirms the previous results from Johannes 
et  al.  (2019) over an almost twofold higher range of SOC and 
clay contents (1% to 7% SOC and 9.3% to 60.3% clay content). We 

FIGURE 5    |    Bar plot showing the soil porosity volume split into pore systems (structural and plasma) and size classes according to different 
SOC:clay ratio classes (< 0.08; 0.08–0.1; 0.1–0.12; > 0.12). Pore class volume is expressed in cm3 g−1 (figure 7A) or as a relative percentage of total pore 
volume (figure 7B). VStr > −48 hPa (> 63 μm eqØ) is represented in light blue, VStr between −1000 and −48 hPa (3–63 μm eqØ) in medium blue, VPl be-
tween −1000 and −48 hPa in blue, and VPl < −1000 hPa in dark blue. The scale starts at 0.15 cm3 g−1 and 50% for graphs A and B, respectively. Letters 
indicate significant differences between pore class volumes in the Kruskal-Wallis followed by Wilcoxon test. p_value < 0.05.

 13652389, 2025, 5, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.70216 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [20/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 13 European Journal of Soil Science, 2025

observed that CoreVESS scores correlated with structural po-
rosity volume rather than plasma pore volume at fixed matric 
potential (Figure  3). Our study confirms the other findings of 
Johannes, Weisskopf, et al. (2017), namely between scores 1 and 
2 the soil structure quality decrease is associated with a sharp 
decrease of the large size (> 300 μm eqØ) structural porosity vol-
ume, then the < 300 μm eqØ structural pore volume decreases 
until score 3 followed by a limited decrease above score 3, and 
a decrease of the hydro-structural stability (steeper slope of the 
shrinkage curve) corresponding to a collapse of the sample upon 
drying for scores higher than 3. Our main findings, however, are 
that we closely identified the determinants of soil structure qual-
ity: (i) the contribution of pore classes, particularly structural 
pores, to CoreVESS scores, and (ii) their interplay with SOC, 
clay, and carbonate contents.

4.2   |   Contribution of Pore Classes to CoreVESS 
Structure Quality Scores

Analysing the contribution of VStr eqØ pore size classes to 
CoreVESS scores, gives a more detailed picture of the sample 
structure quality. The structural pores from 39 to 63 μm eqØ 
(draining between −77 and −48 hPa), showed significantly bet-
ter correlation with structure quality scores than total pore vol-
ume (Table 2). Though almost not visible with the naked eyes, 
the volume of these small-size structural pores is, therefore, 
closely linked to visual structure quality scores. Figure 4 further 
confirms this analysis by underlining the discriminant role of 
the small-size porosity volume. Note that the < 63 μm eqØ limit 
results from our method to split the pore volume into matric po-
tential classes. Therefore, this value only reflects the importance 
of the small-size structural pores, smaller than 50 to 100 μm eqØ.

The structure is defined as the spatial organisation of the parti-
cles and pores of the soil (Warkentin 2008). It is thus suscepti-
ble to show rapid changes from second upon mechanical strains 
(Schäffer et al. 2013) to season upon resilience processes (Fell 
et  al.  2018). The sharp decrease of the larger structural pores 
from scores 1 to 2 is accordant with the higher susceptibility 
to compaction of large pores (Alaoui et al. 2011), and the rapid 
creation of large pores by biological activity and cracking (Diel 
et al. 2019). However, the higher determined relationships be-
tween small-size structural pores and CoreVESS scores, on one 
hand, and SOC:clay and SOC on the other hand, suggests a spe-
cific role of these pores in structure quality. Because they are 
highly correlated to SOC, these pores should be more persistent 
in the soils than the larger pores and could play a major role 
in soil structure resistance and resilience. The higher correla-
tion observed with SOC:clay accords with the concept of SOC 
complexation on clay and its significance for soil structure 
quality (Dexter et al. 2008; Johannes, Matter, et al. 2017; Prout 
et al. 2020).

4.3   |   Soil Components and Soil Porosity

The general observation that SOC and to a lower extent clay 
are the main drivers of total VP are nuanced when looking at 
pore size classes and pore systems (Table 2). The plasma pores 
volumes are largely explained by SOC and clay contents, which 

is consistent with the role of these components in forming the 
plasma (Boivin et al. 2004, 2009), and with the positive influ-
ence of SOC content on plasma swelling as acknowledged by 
Schäffer et al. (2008) and Boivin et al. (2009).

The larger structural pores were correlated to the total carbon-
ate content (Table  2 and Supporting Information  S2). Falsone 
et  al.  (2010), Rowley et  al.  (2017) and the review of Virto 
et  al.  (2018) indicate that carbonates act as structure binding 
agents, promoting the formation of macro-aggregates through 
calcification processes, whereas organic matter and clays favour 
micro-aggregation. Carbonates, however, were present only in 
one-third of the samples (n = 22). Carbonates can be in differ-
ent forms, as primary particles or secondary precipitated parti-
cles. Their role on soil pore systems is, therefore, complex and 
remains to be deciphered. The absence of correlation between 
the volume of the larger pores and clay and SOC could be re-
lated to the higher variability of larger pores with time. They are 
preferentially destroyed upon mechanical strain or rapidly cre-
ated with tillage and biological activity, thus limiting the effect 
of clay and SOC (Alaoui et al. 2011; Schäffer et al. 2013; Deluz 
et al. 2025).

4.4   |   Significance of the Results

We first remind that our study includes a large range of cropping 
practices. These practices may impact factors of structuration 
in different ways and on different time scales, for example, by 
influencing SOC on the long range, or coarse porosity with till-
age in the short range. By covering a large range of situations, 
we assume that the main relationships we observe between soil 
physical properties, structure quality and soil components, are 
not dependent of a particular cropping-practice such as no-till 
farming.

A second observation is that our results were obtained on 
Cambisols showing at least 9% clay content. Their clay content 
and mineralogy allowed to form a structure with aggregates and 
for ShCs, and, therefore, structural porosity, to be determined. 
Moreover, the SOC content of these soils is clearly determined 
by SOC complexation and protection on clay surfaces (Johannes, 
Matter, et al. 2017; Johannes et al. 2023; Deluz et al. 2024), thus 
showing a proportionality between SOC and clay, or clay + 
fine silt (Hassink 1997), which is not expected in for example, 
Andosols or chalk soils where SOC is protected by alternative 
mechanisms (Basile-Doelsch et  al.  2007; Shabtai et  al.  2023; 
Sauzet et al. 2024). Our conclusions should not be, therefore, ap-
plied to these soils.

According to our results, the total pore volume (or bulk den-
sity) is not a relevant indicator of structure quality. Though 
often used in that purpose (e.g., Poeplau and Don  (2023) and 
Rabot et  al.  (2024)), it combines structural pores and plasma 
pores volumes which exhibit distinct relationships to SOC and 
clay content. The plasma pore volume, that can represent the 
major pore volume in clayey soils, mostly depend on clay con-
tent and to a lesser extent of SOC content rather than structure 
quality (Boivin et al. 2004; Schäffer et al. 2008; Goutal-Pousse 
et al. 2016). Therefore, this part of the soil porosity should not be 
considered in soil structure quality assessment.
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While confirming the findings of Johannes, Weisskopf, 
et  al.  (2017), our study highlights a particular role for the 
small-size (< 50–100 μm eqØ) structural pores in determining 
the visual score of structure quality. Less sensitive to mechan-
ical impacts than the larger pores, these small-size structural 
pores were pointed out as a critical size range for easily avail-
able water (Zangiabadi et al. 2020), microbial activity and car-
bon sequestration (Kohler-Milleret et  al.  2013; Kravchenko 
et  al.  2019; Yudina and Kuzyakov  2023). In our study, their 
volume is highly correlated to SOC:clay and SOC, thus to com-
ponents showing no changes (clay), or slow changes with time 
(SOC). The finding that the small-size structural pore volume 
is mostly determined by SOC:clay, namely the relative satura-
tion of clay surfaces by SOC, while other pore categories are 
mainly proportional to SOC content, accord with the findings 
of Dexter et al. (2008), Johannes, Matter, et al. (2017) and Prout 
et al. (2020). Altogether, these studies strongly suggest that this 
pore-size category is a key feature for soil physical and biolog-
ical quality and may allow to better understand structure vul-
nerability and improve structure quality management. These 
small-size structural pores probably provide the connection 
between coarser pores, which ensure rapid transfer of water 
and air, and the plasma pores that serve as a buffer for water 
and nutrients. Their role as habitat for biota is therefore critical. 
They can be regarded both as a determinant and an outcome 
of high structural quality, consistent with the self-organisation 
concept of the soil–plant-microbe system, which emphasises 
the mutual co-evolution of soil structure and biological activity, 
rather than a simple one-way causal relationship (Young and 
Crawford 2004; Kohler-Milleret et al. 2013). Despite their lim-
ited significance in terms of structure quality, the larger struc-
tural pores are important to allow transfers of water and air and 
root development in the soil when the structure was degraded. 
With that regard, a degraded structure score (3 and more) 
mostly indicates the loss of biota habitat in terms of food (SOC) 
and air-water equilibrium. While creating large pores may be 
a trigger of structure regeneration, only a SOC:clay larger than 
0.1 would secure a minimum successful regeneration.

Determining the structural pore size distribution requires 
sophisticated equipment and cannot, therefore, become a 
routine indicator of structure quality, contrary to SOC:clay, 
provided that the threshold values of SOC:clay were shown 
to apply in the considered soil. Moreover, SOC:clay is an in-
dicator of structure vulnerability, that is, of the probability 
to show a given structure quality across time and rotation 
(Sauzet et al. 2024), therefore it is an indirect indicator of the 
structure quality. A physical alternative is to determine the 
Air content, which is a close estimator of structural porosity 
as used by Johannes et al.  (2019) in the soil structure degra-
dation index. Therefore, the difference between air content at 
−50 and −1000 hPa would be a good and easy to determine 
indicator of the small-size structural pore volume.

5   |   Conclusions

This study allows to highlight the key role of small-size struc-
tural pores as determinants of soil structure quality. We first 
confirmed, on a broader range of clay and SOC content, the con-
clusions of Johannes, Weisskopf, et al. (2017) on the relationships 

between visually assessed soil structure quality and pore system 
volumes as determined with shrinkage analysis. The degrada-
tion scheme proposed by Johannes, Weisskopf, et al. (2017) re-
mains valid, with a successive loss of larger structural pores, 
followed by smaller ones, and, for highly degraded structures 
(visual score > 3), collapse upon drying.

Considering equivalent diameter categories (or matric poten-
tial intervals) in the pore systems revealed the close links be-
tween the volume of the small-size structural pores and a good 
structure quality, and the relationships between structural pore 
volumes and soil components. While SOC was the main deter-
minant of the total porosity, the small-size structural porosity 
was more sensitive to the SOC:clay ratio, which suggests a key 
role of clay saturation by SOC in determining the structure qual-
ity, and, therefore, a better stability with time of the correspond-
ing pores compared to large structural pores. These observations 
are consistent with previous research highlighting the key role 
of these pores for biological activity and in providing air-water 
equilibrium in soils. Altogether, these results strongly suggest 
that a good development of the small-size structural porosity 
is key to structure quality of soils. The correlations observed 
between carbonates and the coarsest pores call for further re-
search on the role of carbonates on soil porosity, which is poorly 
documented.
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