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Abstract 

Carbon losses from decomposition and erosion threaten intensive crop production systems. While 

conservation tillage enhances soil organic carbon (SOC), soil texture-dependent responses and time-

scales of soil quality change remain poorly understood. We addressed this gap using a dual time-

scale design: 11 years of minimum tillage (MT) versus conventional ploughing (CT), followed by 5-

year transitions to no-till (NT) in contrasting textures (loamy vs. silty clay) in NE Slovenia. In loamy 

soils, reduced tillage significantly increased SOC, dissolved organic carbon (DOC), permanganate 

oxidizable carbon (POX-C), particulate organic carbon (POC), and mineral-associated organic carbon 

(MAOC <50 μm) in the 0-10 cm layer. In silty clay soils, high clay content provided baseline protection 

that masked tillage effects on bulk SOC, though POX-C and POC showed vertical stratification. 

MAOC in the fine fraction (<20 μm) remained consistent (2.0-2.5%) across treatments and textures, 

except under CT in loamy soil (1.73%), indicating accelerated decomposition. Tillage intensity drove 

aggregate distribution: CT fragmented soil structure (fewer macroaggregates, higher Dm), while MT 

and NT promoted macroaggregate formation. Structural indices (MWD, GMD, Dm) correlated 

strongly with C fractions, confirming physical protection mechanisms. Our dual time-scale approach 

reveals labile C pools and aggregate recovery respond within 5 years of NT, while texture modulates 

response magnitude and detectability. Reducing tillage intensity consistently supports C 

preservation across textures, though lighter soils show faster, more pronounced responses. 

Keywords: no-till transition; long-term field experiments; NE Slovenia; organic carbon stabilization; 

structure stability; aggregation; soil texture 

 

1. Introduction 

Soil management practices that enhance aggregation aim to increase plant productivity and 

organic carbon (C) inputs while reducing disturbance and losses through decomposition and erosion. 

Well-structured soil improves air–water relationships, nutrient cycling, biological activity and the 

formation of organo-mineral complexes, ultimately reducing erosion and improving water quality 

[1]. Aggregate formation and structural improvement are promoted by management strategies that 

minimize disturbance, enhance fertility, increase organic inputs, maintain continuous plant cover and 

limit SOC decomposition [2]. 

Tillage practices play a central role in regulating soil structure. No-tillage (NT) systems generally 

improve aggregate stability, soil aggregation and aggregate-associated SOC due to reduced soil 

disturbance and the retention of crop residues, compared with conventional tillage (CT) [3]. 

However, the magnitude of these effects varies with climate, experimental duration, agronomic 

practices and inherent soil properties [4]. Reduced disturbance under NT enhances microbial activity 

and SOC accumulation, promoting the gradual formation of macroaggregates [5, 6] and increasing 

SOC levels that contribute to aggregate stabilization [7]. 
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Tillage also strongly influences the distribution and stabilization of particulate organic matter 

(POM). Under CT, repeated mechanical disruption reduces the formation and protection of POM 

within microaggregates, accelerating decomposition once macroaggregates disintegrate. In contrast, 

NT slows aggregate turnover and enhances POM stabilization [8]. Beyond the labile POM pool, 

mineral-associated organic carbon (MAOC) is also affected; MAOC increases by 7–13 % in the 0–10 

cm layer under NT and chisel systems relative to CT [3]. Some studies attribute SOC gains after 

transitioning from CT to NT primarily to increases in the labile POC fraction [9]. Furthermore, NT 

promotes larger macroaggregates (5–2 mm), increases aggregate stability and enhances SOC, DOC 

and POC, especially in large macroaggregates [10]. 

Several structural indices have been used to quantify tillage effects. The mean weight diameter 

(MWD) increases significantly under NT in the 0–10 cm layer [11], while the geometric mean diameter 

(GMD) shows similar responses [12]. A meta-analysis confirmed that conservation tillage 

significantly increases MWD, GMD and water-stable aggregates (WSA), with stronger effects in long-

term trials [13]. The Dm index has been used to compare structural responses to different implements, 

with minimum tillage showing the lowest Dm values [14]. Dm is well suited to describe dry aggregate 

size distribution (DASD) across soil types, while the Rosin–Rammler parameter (Dn) is more 

appropriate for comparing management practices within a single soil type [15]. 

Soil texture also modulates aggregation and SOC stabilization. Organic matter associated with 

clay minerals enhances aggregate cohesion and resistance to slaking [16]. Higher clay content 

promotes macroaggregation and protects intra-aggregate POM [17], whereas low-clay soils exhibit 

weaker macroaggregation and faster POM decomposition. 

Despite extensive research on conservation tillage effects, critical knowledge gaps remain. First, 

most studies compare only two time points or systems, making it difficult to distinguish transitional 

effects from long-term equilibria. Second, while texture is known to influence SOC dynamics, few 

studies directly compare tillage responses across contrasting soil textures within the same climatic 

zone and management history. Third, the relative sensitivity of different C fractions to tillage 

intensity across textures remains poorly quantified, limiting our ability to predict system responses 

and select appropriate monitoring indicators. 

We hypothesized that: (i) conservation tillage would enhance SOC fractions and structural 

stability in both contrasting soil textures, but with greater magnitude and detectability in lower-clay 

soils due to reduced baseline protection; (ii) transitional responses (5-year NT) would be evident in 

labile C pools (POX-C, POC) and aggregate properties, while long-term effects (11-year MT) would 

manifest in more stable fractions (MAOC); and (iii) structural improvements would correlate with C 

fraction changes, with relationships varying by texture. 

We tested these hypotheses using a dual time-scale design combining 11 years of MT with 5-

year NT transitions (from both CT and MT baselines) in contrasting textures. 

2. Materials and Methods 

2.1. Site Description 

The study was conducted at two sites located approximately 3 km apart in the Podravska region 

of northeastern Slovenia, near the town of Ptuj. The loamy site (L site) is situated in Moškanjci 

(46°24’31.2’’N, 16°0’5.1’’E) at an elevation of 212 m, while the silty clay site (SC site) is located in 

Mezgovci (46°26’04.2’’N, 15°58’28.6’’E) at 215 m. Both sites share similar climatic conditions, 

belonging to the Alpine South (ALS6) climatic zone [18]. During the experimental period (2011-2021), 

the average annual temperature was 11.2°C and the average annual precipitation was 938 mm [19] 

(Figure 1). 
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Figure 1. Climatogram of experimental sites for the period 2011-2021 (data from the nearest meteo station 

Maribor airport, Arso meteo portal, 2025). 

The soil at the L site developed on gravel and sand deposits of the Drava River and is classified 

by World Reference Base (WRB) as Dystric Cambisol (Loamic, Humic). It is shallow to moderately 

deep, with a clay content of 18-22%. In contrast, the SC site comprises deep alluvial soils of the Pesnica 

River valley with a silty clay texture (51–55% clay), classified by WRB as Gleyic Cambisol (Clayic, 

Humic) [20]. 

At both sites, two contrasting tillage systems differing in soil disturbance intensity were initially 

applied: conventional moldboard ploughing (CT) to a depth of 25 cm followed by seedbed 

preparation (leaving no crop residues on the surface) and minimum tillage (MT), implemented as 

shallow “composting tillage” using a four-row Vario-Disc (EversAgro) to a depth of 10 cm, 

maintaining at least 30% soil cover by residues from the previous crop. These treatments were 

continuously applied from 2011 onward. In 2017, each field was split, and a no-till system (NT; direct 

seeding) was introduced. This resulted in four current treatments: conventional tillage (CT), 

minimum tillage (MT), no-till following long-term CT (NTct) and no-till following long-term MT 

(NTmt). 

Typical 5-year crop rotation included soybean – winter wheat with hairy vetch as a cover crop 

after wheat harvest – maize – winter barley and soybean – maize. Prior to the start of the experiment, 

meliorative liming was conducted in 2011 using limestone (0–8 mm) with a Total Neutralizing Power 

of 97% relative to pure CaCO₃ [21] and with a reactivity of 45.7% [22]. Application rates were 12.5 t 

ha⁻¹ at the L site and 15 t ha⁻¹ at the SC site. Mineral fertilisation and plant protection were managed 

according to local farmer practice for each crop, and no organic fertilisers were applied. 

2.2. Soil Sampling 

Soil Sampling was conducted at both sites in mid-October in 2021, prior to maize harvest, at 

depths of 0–10 cm and 10–20 cm. Ploughing (CT) had been performed 10 months earlier (December 

2020) and minimum tillage (MT) in early April 2021. Soil samples of each of the four tillage treatments 

were taken from randomly distributed sampling locations in each treatment, five samples at the L 

site and three at the SC site. We used a root auger (Eijkelkamp) yielding undisturbed soil cores of 700 

cm³. Each core was carefully divided into two halves: one half was air-dried at 40 °C, ground, and 

sieved through a 2 mm mesh [23] for physico-chemical analyses, while the other half was used for 

determining the Dry Aggregate Size Distribution (DASD). Dry sieving was chosen over wet sieving 

to allow subsequent chemical analyses on dry aggregates. Additional samples for bulk density 

determination were collected using a core sampler with Kopecky cylinders [24]. 

A schematic overview of sample preparation and subsequent analyses is presented in Figure 2. 
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Figure 2. Schematic overview of sample preparation and analyses. 

2.3. Detailed Methodology of Sample Preparation and Analyses 

2.3.1. Physico-Chemical Analyses 

Particle size distribution was determined using the sieving and pipette method [25], while total 

organic carbon (SOC) was measured by dry combustion [26]. Dissolved organic carbon (DOC) was 

extracted with 0.01 M CaCl₂ at a soil-to-solution ratio of 1:10 [27], and permanganate-oxidizable 

organic carbon (POX-C) was quantified using sodium permanganate solution [28]. Particulate 

organic carbon (POC; >50 μm) and mineral-associated organic carbon (MAOC; <50 μm and <20 μm) 

were separated from the bulk sample by wet sieving through 50- and 20-μm meshes [25, 29, 30]. SOC 

in each fraction was determined by dry combustion [26], and all organic C contents were converted 

to t ha⁻¹ considering sampling depth and soil bulk density. 

Following SOC determination in the <20 μm fraction (i.e., % MAOC in the fine fraction), the 

proportion of organic carbon in the fine fraction of the bulk sample (F; <20 μm; equation 3) was 

calculated, and fine-fraction carbon saturation (Cₛₐₜ) was estimated using the Hassink’s equation [31]: 

𝐶𝑠𝑎𝑡 (𝑡 ℎ𝑎−1) = 4.09 + 0.37 × 𝑓𝑖𝑛𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) × 𝐵𝐷     (1) 

where Csat is the C saturation (t ha-1), fine fraction (%) is the proportion of <20 μm particles (%) and 

BD is soil bulk density (t m-3) in 0–10 cm layer. 

The potential deficit for binding organic carbon in fine fraction (Csd) was calculated using Csat 

and measured organic C in soil fraction <20 μm by dry combustion (Cfine, t ha-1): 

𝐶𝑠𝑑 (𝑡 ℎ𝑎−1) = 𝐶𝑠𝑎𝑡 − 𝐶𝑓𝑖𝑛𝑒          (2) 

Proportion of MAOC (F) of total organic carbon (SOC) was calculated as a ratio between 

measured MAOC (t ha-1) and SOC (= MAOC + POC) (t ha-1): 

𝐹 =
𝑀𝐴𝑂𝐶 (𝑡 ℎ𝑎−1)

𝑀𝐴𝑂𝐶+𝑃𝑂𝐶 (𝑡 ℎ𝑎−1)
           (3) 
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2.3.2. Aggregation, Structure Stability and Indices 

To determine the dry aggregate size distribution (DASD), the remaining half of each 

undisturbed sample was processed by drying and sieving [32]. The dried samples were sieved using 

a Retsch AS 200 Control sieve shaker, separating aggregates into six size classes (20, 8, 4, 2, 1, and 0.5 

mm). Each size class was weighed, and the proportion of each class relative to the bulk sample (%) 

was calculated. 

Aggregates in the 4–8 mm size class were capillary-moistened with deionized water on tissue 

paper for 10 minutes to prevent slaking [33] and subsequently analysed for water-stable aggregates 

(WSA) using the wet sieving method with an Eijkelkamp apparatus [34]. The 4–8 mm fraction was 

chosen because the stability of aggregates larger than 2 mm is strongly influenced by root and hyphal 

growth and is therefore sensitive to agricultural management practices [35]. 

Water stable aggregates (WSA) were calculated [34] with sand correction: 

𝑊𝑆𝐴 (%) =
𝑤𝑁𝑎𝑂𝐻−𝑠𝑎𝑛𝑑−0.15𝑁𝑎𝑂𝐻

weight of dry soil−sand−0.15𝑁𝑎𝑂𝐻
 × 100       (4) 

where wNaOH is the weight of soil obtained in the dispersing solution and weight of dry soil is the 

weight of sample weighed into sieve in grams. In equation, the material on sieve after wet sieving 

(sand in g) and dry weight of dispersing solution (0,15 g in 75 ml) are considered. 

For investigating impacts of different tillage intensities on DASD, we calculated mean weight 

diameter (MWD), geometric mean diameter (GMD), mass fractal dimension (Dm), and Rosin-

Rammler regression index (Dn). 

Mean weight diameter (MWD) was calculated as [36]: 

𝑀𝑊𝐷 (𝑚𝑚) = ∑ 𝑥̄𝑖 × 𝑤𝑖
𝑖= 𝑛
𝑖=1           (5) 

where n is the total number of size classes, wi is the proportion of the total aggregates in the ith size 

class, and x̄i is the mean diameter of the ith size class sieve. 

Geometric mean diameter (GMD) was calculated as [37]: 

𝐺𝑀𝐷 (𝑚𝑚) = 𝑒𝑥𝑝 (
∑ 𝑤𝑛

𝑖=1 𝑖
×log𝑥̄𝑖

∑ 𝑤𝑛
𝑖=1 𝑖

)         (6) 

where n is the total number of size classes, wi is the total weight of the aggregates in the ith size class, 

and x̄i is the mean diameter of the aggregates in the ith size class. 

The mass fractal dimension (Dm) quantifies the structure and stability of soil aggregates by 

describing how aggregate mass scales with size. A Dm value of 3 indicates a fully space-filled soil 

with minimal porosity, whereas Dm < 3 reflects a more porous structure. Lower Dm values 

correspond to aggregates that are more porous, with mass increasing more slowly as size increases. 

The mass fractal dimension was calculated following Tyler and Wheatcraft equation [38]: 

𝑀(𝑟 < 𝑅𝑖)/𝑀𝑡𝑜𝑡 = (𝑅𝑖/𝑅𝑚𝑎𝑥)3−𝐷𝑚 Dm = 3 − 
log (𝑀(𝑟<𝑅𝑖)/𝑀𝑡𝑜𝑡)

log (𝑅𝑖/𝑅𝑚𝑎𝑥)
   (7) 

where r is the grain size, M(r < Ri) is the cumulative mass of aggregates of < Ri, Mtot is the total mass 

of soil, Ri is the aggregate size class, and Rmax is the maximum aggregate size. 

The Rosin–Rammler index (Dn) characterizes soil fragmentation based on the slope of the 

exponential decay curve of aggregate size distribution. Values of Dn between 1 and 3 indicate a 

relatively uniform distribution of aggregate sizes, whereas Dn ≤ 1 reflects a more exponential 

distribution with a wider range of sizes. It was originally developed to describe the particle size 

distribution of powders and fragmented solids, Dn was calculated following Rosin and Rammler 

equation [39]: 

𝑦 = 𝐹(𝑥) = 1 − 𝑒
(−(𝑥/𝑐)

𝑛
)
          (8) 
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where F(x) is cumulative undersize distribution function, x is particle size, c is the particle size 

corresponding to 63.2 % cumulative distribution undersize, n is a characteristic constant of the 

material under analysis and gives a measure of steepness (slope) of cumulative curve. 

2.4. Statistical Analysis 

Statistical analyses were performed using R software (version 4.4.1) [40] to evaluate the effects 

of location, tillage treatment, and soil depth on the measured soil parameters. Homogeneity of 

variances was assessed using Levene’s test (car package). 

For data meeting the assumptions of normality, linear mixed-effects models (LMM) were fitted 

using the lmer function from the lme4 package. The models included location, treatment, and depth 

as fixed effects, with Block nested within location as a random effect. Significance of fixed effects was 

evaluated using Type III ANOVA with the Satterthwaite approximation (lmerTest package). 

Residuals were checked for normality and homoscedasticity through visual inspection (residual and 

Q–Q plots) and the Shapiro–Wilk test. When necessary, data were transformed (logarithmic, square-

root, or inverse) to meet model assumptions. 

If normality could not be achieved after transformation, data were analyzed using a 

nonparametric aligned rank transform (ART) ANOVA (ARTool package), which allows factorial 

analysis of nonparametric data. Post-hoc pairwise comparisons were performed using estimated 

marginal means (EMMs) via the emmeans package, with Sidak-adjusted contrasts to test for 

significant differences among factor levels or interactions. 

For within-site analyses, the same approach was applied without the location factor, considering 

only treatment and depth as fixed effects and block as a random effect. When the treatment × depth 

interaction was not significant, main effects were interpreted independently. Relationships between 

structural indices and physical soil parameters were assessed using Spearman correlation analysis. 

3. Results 

3.1. Soil Properties 

Basic soil properties for both sites and depths are presented in Table 1. The sites differed 

fundamentally in texture: the L site contained 18-22% clay while the SC site contained 47-55% clay. 

Correspondingly, the SC site had lower bulk density (1.06-1.20 vs. 1.20-1.43 t m⁻³) and higher SOC 

(2.4-3.1% vs. 1.4-2.0%) than the L site. These contrasting properties provided an ideal comparison for 

evaluating texture-dependent tillage responses. 

Table 1. Physical properties of the bulk samples from October 2021 (Texture (%), Fine fraction <20 μm (%), dry 

bulk density (t m-3) and SOC (%) – soil organic carbon) at both sites (L – Loamy and SC – Silty clay) with different 

tillage treatments (CT – ploughing, MT – minimum tillage, NTct – no-till after CT, NTmt – no-till after MT) and 

depths (0–10 cm and 10–20 cm). The values are mean values ± SEM. Different lower-case letters within each 

column indicate a significant difference (p<0.05) between treatments at the same site, upper case letters between 

treatments and depth at both sites (p<0.05). 

Site, treatment 

and depth (cm) 

Texture (%) Fine fraction  

<20 µm (%) 

Dry bulk density  

(t m-3) 

SOC 

(%) Sand Silt Clay 

L 

CT 
0-10 36.0 ± 1.7Ca 44.1 ± 1.5Aa 20.0 ± 0.3Aab 47.4 ± 3.2Ba 1.20 ± 0.05ABCDa 1.5 ± 0.1ABa 

10-20 36.5 ± 2.0Ca 43.0 ± 1.4Aa 20.6 ± 0.6Aab 47.5 ± 3.4Ba 1.36 ± 0.04CDEab 1.5 ± 0.1ABa 

MT 
0-10 41.0 ± 2.7Ca 40.6 ± 2.5Aa 18.4 ± 0.5Aa 43.7 ± 3.8Ba 1.30 ± 

0.03ABCDEa

b 
1.9 ± 0.1ABCDbc 

10-20 41.3 ± 3.2Ca 38.7 ± 2.7Aa 20.1 ± 0.6Aab 43.7 ± 4.5Ba 1.43 ± 0.06Eab 1.4 ± 0.1ABa 

NTct 
0-10 36.8 ± 1.5Ca 43.5 ± 1.4Aa 19.6 ± 0.7Aab 46.8 ± 2.1Ba 1.34 ± 0.04BCDEab 2.0 ± 0.2BCDc 

10-20 37.0 ± 1.2Ca 42.0 ± 1.0Aa 21.0 ± 0.3Ab 46.9 ± 1.8Ba 1.38 ± 0.06DEab 1.6 ± 0.1ABab 

NTmt 0-10 37.0 ± 2.5Ca 43.8 ± 3.1Aa 19.3 ± 0.6Aab 46.5 ± 3.0Ba 1.37 ± 0.03DEab 1.8 ± 0.2ABCbc 
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10-20 36.2 ± 2.2Ca 42.3 ± 2.3Aa 21.6 ± 0.3Ab 47.7 ± 2.9Ba 1.31 ± 
0.07ABCDEa

b 
1.4 ± 0.1Aa 

SC 

CT 
0-10 7.9 ± 0.6Ab 44.8 ± 0.8Aa 47.4 ± 1.4Ca 81.4 ± 1.5Aa 1.11 ± 0.05ABCa 2.6 ± 0.2DEFa 

10-20 7.8 ± 0.6Ab 44.3 ± 1.6Aa 47.8 ± 1.0Ca 82.3 ± 0.8Aa 1.20 ± 0.09ABCDEa 2.5 ± 0.3CDEFa 

MT 
0-10 11.8 ± 2.3ABa 45.4 ± 1.6Aa 42.8 ± 2.0Ba 76.8 ± 3.5Aa 1.06 ± 0.02Aa 3.1 ± 0.6Fa 

10-20 13.6 ± 2.5Ba 40.7 ± 1.1Aa 45.7 ± 1.4BCa 77.6 ± 4.7Aa 1.10 ± 0.03ABa 2.4 ± 0.5CDEa 

NTct 
0-10 9.9 ± 1.2ABa 45.8 ± 1.0Aa 44.3 ± 1.1BCa 80.7 ± 0.4Aa 1.15 ± 0.04ABCDa 2.7 ± 0.3EFa 

10-20 9.4 ± 0.5ABa 45.3 ± 1.6Aa 45.3 ± 1.1BCa 80.3 ± 1.0Aa 1.12 ± 0.02ABCa 2.5 ± 0.2CDEa 

NTmt 
0-10 8.4 ± 0.2ABa 45.9 ± 2.5Aa 45.7 ± 2.7BCa 80.5 ± 2.2Aa 1.17 ± 0.02ABCDa 3.0 ± 0.2EFa 

10-20 8.8 ± 0.9ABa 43.6 ± 1.2Aa 47.6 ± 2.0Ca 80.7 ± 2.2Aa 1.11 ± 0.02ABCa 2.4 ± 0.0CDEa 

3.2. Dry Aggregate Size Distribution and Aggregate Stability 

In the upper 10 cm, tillage intensity influenced aggregate size distribution at both sites (Figure 

3). At the L site, NTmt showed significantly more aggregates >20 mm and fewer smaller aggregates 

(0.5-1 and 1-2 mm) than CT. At the SC site, significant differences occurred only in smaller aggregates 

(<0.5, 1-2, and 2-4 mm), with NTmt showing lower proportions than CT. No treatment differences 

occurred at 10-20 cm. 

 

Figure 3. Dry aggregate size distribution by mass (DASD) for different aggregate size classes under different 

tillage treatments (CT – ploughing, MT – minimum tillage, NTct – no-till after CT, NTmt – no-till after MT) at 

both sites (L – Loamy and SC – Silty clay) at 0–10 and 10–20 cm. Different letters indicate a significant difference 

in the mass fraction of aggregates between the treatments at the same site and depth (p<0.05); only significant 

differences are shown. 

At the SC site, differences in the topsoil were reflected only in the mean weight diameter (MWD), 

which was 42% lower under CT compared with NTmt. The mass fractal dimension (Dm) showed a 

significant difference only between depths in the CT treatment, with Dm being 21% higher in the 

upper 10 cm compared with 10–20 cm (Table 2). 

Among all structural indices, MWD, GMD, and Dm were the most sensitive to tillage intensity 

at both sites, which differed in texture and SOC content. MWD and GMD were significantly lower at 

the L site compared with the SC site, whereas Dm was significantly higher at the L site than at the SC 

site (Table 2). 
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Table 2. Structural indices (WSA, MWD, GMD, Dm and Dn) at both sites (L – Loamy and SC – Silty clay) with 

different tillage treatments (CT – ploughing, MT – minimum tillage, NTct – no-till after CT, NTmt – no-till after 

MT) and depths (0–10 cm and 10–20 cm). The values are mean values ± SEM. Different lower-case letters in each 

column indicate a significant difference between treatments, at the same site and depth (p<0.05), upper case 

letters between treatments, site and depth (p<0.05). 

Site, treatment and 

depth (cm) 

WSA MWD GMD Dm Dn 

(%) (mm) (mm)   

L 

CT 
0-10 87.26 ± 3.43Aa 5.12 ± 1.06Aa 2.49 ± 0.51Aa 2.48 ± 0.03Da 0.85 ± 0.04Aa 

10-20 95.31 ± 1.68Aa 6.50 ± 1.06ABa 3.48 ± 0.58ABa 2.39 ± 0.02Da 0.88 ± 0.03Aa 

MT 
0-10 94.74 ± 1.87Aa 5.26 ± 1.70Aa 2.62 ± 1.01Aa 2.51 ± 0.04Da 0.79 ± 0.04Aa 

10-20 94.40 ± 1.44Aa 5.61 ± 1.90ABa 2.78 ± 1.05Aa 2.50 ± 0.04Da 0.80 ± 0.06Aa 

NTct 
0-10 97.87 ± 1.25Aa 7.68 ± 1.43ABa 3.97 ± 0.87ABa 2.41 ± 0.03Da 0.79 ± 0.04Aa 

10-20 93.56 ± 2.10Aa 7.82 ± 1.83ABa 3.86 ± 1.05ABa 2.42 ± 0.02Da 0.78 ± 0.05Aa 

NTmt 
0-10 98.76 ± 0.23Aa 8.72 ± 1.57ABa 4.61 ± 1.01ABa 2.36 ± 0.03Da 0.81 ± 0.03Aa 

10-20 95.49 ± 0.85Aa 6.16 ± 1.30ABa 3.16 ± 0.76ABa 2.43 ± 0.03Da 0.86 ± 0.04Aa 

SC 

CT 
0-10 94.15 ± 4.25Aa 10.98 ± 3.14BCa 6.95 ± 2.34BCa 2.11 ± 0.06Cb 1.04 ± 0.05Aa 

10-20 95.25 ± 0.22Aa 20.26 ± 1.39DEb 16.81 ± 2.07Ca 1.74 ± 0.05ABa 0.95 ± 0.04Aa 

MT 
0-10 99.35 ± 0.19Aa 14.47 ± 3.49CDab 10.34 ± 3.96Ca 1.98 ± 0.13BCab 0.99 ± 0.03Aa 

10-20 95.79 ± 0.76Aa 20.16 ± 1.60DEb 16.50 ± 2.17Ca 1.77 ± 0.06ABab 1.02 ± 0.10Aa 

NTct 
0-10 98.99 ± 0.64Aa 16.76 ± 0.43CDEab 12.17 ± 0.32Ca 1.91 ± 0.04ABCab 0.99 ± 0.05Aa 

10-20 95.81 ± 0.14Aa 20.65 ± 1.15Eb 17.30 ± 1.51Ca 1.70 ± 0.04Aa 1.03 ± 0.02Aa 

NTmt 
0-10 99.46 ± 0.16Aa 18.78 ± 1.25DEb 14.82 ± 1.58Ca 1.79 ± 0.03ABab 1.02 ± 0.06Aa 

10-20 95.55 ± 0.24Aa 19.83 ± 2.00DEb 16.34 ± 2.74Ca 1.74 ± 0.08ABa 0.99 ± 0.02Aa 

3.3. Soil Organic Carbon Fractions Distribution 

Tillage intensity effects on C fractions showed clear texture-dependent patterns. In loamy soil, 

all C fractions responded significantly to tillage in the upper 10 cm, with conservation tillage 

increasing C stocks through both labile and stable pools. In silty clay soil, inherent protection from 

high clay content moderated tillage effects, though vertical stratification patterns remained 

detectable. 

Organic carbon (C) fraction contents were generally higher at the SC site than at the L site, but 

the effects of tillage intensity were more pronounced at the L site, particularly in the top 10 cm (Figure 

4). At the L site, SOC exhibited significant stratification, with higher SOC under lower-intensity tillage 

(NTmt). SOC in CT was 28%, 32%, and 30% lower than in MT, NTct, and NTmt, respectively, in the 

top 10 cm, while no significant differences were observed at the SC site. 
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Figure 4. Soil organic carbon (SOC, t ha-1), mineral-associated organic carbon (MAOC <50 μm, t ha-1), particulate 

organic carbon (POC, t ha-1), permanganate-oxidizable organic carbon (POX-C, t ha-1) and dissolved organic 

carbon (DOC, t ha-1) for both sites (L – Loamy and SC – Silty clay) in different tillage treatments (CT – ploughing, 

MT – minimum tillage, NTct – no-till after CT, NTmt – no-till after MT) at depths (0–10 cm and 10–20 cm). 

Different letters indicate a significant difference (p<0.05) in C fraction between the treatments and depth at the 

same site. Presented are means and standard errors. 
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At the L site, MAOC also showed stratification under NTmt. In the top 10 cm, MAOC in CT was 

22%, 25%, and 23% lower than in MT, NTct, and NTmt, respectively; no differences were detected at 

10–20 cm. No significant differences in MAOC were observed at the SC site (Figure 4). 

POC contents were significantly stratified by depth at both sites, except in CT at L and in CT and 

NTct at SC. Tillage effects on POC were evident in the top 10 cm at L, where CT contained 46%, 43%, 

and 49% less POC than MT, NTct, and NTmt, respectively (Figure 4). 

POX-C exhibited significant stratification at L under NTmt and at SC under MT and NTmt, with 

higher contents in the upper layers. Tillage significantly influenced POX-C; at L, CT had 40%, 41%, 

and 46% lower POX-C than MT, NTct, and NTmt, respectively. At 10–20 cm, POX-C was lower in 

NTmt compared with other treatments (Figure 4). 

DOC at L was significantly lower under CT in the top 10 cm compared with NTct (−26%) and 

NTmt (−13%), whereas no significant differences were observed at SC (Figure 4). 

3.4. Carbon Saturation on Fine Soil Fraction (<20 µm) 

The saturation of the fine fraction (<20 μm) (Cₛₐₜ) and the potential of the fine fraction to 

sequester carbon (Csd, i.e., SOC deficit) were calculated for the top 10 cm (Table 3). Both sites exhibited 

positive Csd, with greater potential at the SC site, although no significant differences were observed 

among tillage treatments. At the L site, Csd under CT was 60% higher than under MT, indicating a 

larger deficit of MAOC. 

Tillage influenced the proportion of MAOC relative to total SOC, expressed as MAOC/(MAOC 

+ POC) (F), only at the SC site, where F was 20% lower under MT compared with CT (Table 3). The 

MAOC content in the fine fraction (% MAOC <20 μm) was generally similar across sites. At the L site, 

however, CT in the 0–10 cm layer had 25% and 21% lower MAOC than MT and NTct, respectively, 

with the lowest value (1.73%) observed under CT, indicating higher mineralization in ploughed, 

lighter soils. In all other cases, fine-fraction MAOC ranged from 2.08 to 2.45%, regardless of soil 

texture (Table 3). 

Table 3. Organic carbon content in fine fraction <20 μm (MAOC, t ha-1), organic C sequestration potential in fine 

fraction (Csat, t ha-1), organic C sequestration deficit (Csd, t ha-1), MAOC fraction of SOC sequestered in fine 

fraction (F) and MAOC content in fine fraction (MAOC in fine fraction <20 μm, %) at both sites (L – Loamy and 

SC – Silty clay) under different tillage treatments (CT – ploughing, MT – minimum tillage, NTct – no-till after 

CT, NTmt – no-till after MT) and at 0–10 cm depth. The values are mean values ± SEM. Different lower-case 

letters within each column indicate a significant difference (p<0.05) between treatments at the same site and 

upper case letters between treatments at both sites. 

Site and 

treat. 

MAOC <20 µm 

(Cfine)  
Csat   Csd  

F1 
MAOC in fine fraction 

<20 µm (%)2  
(t ha-1) 

L 

 

CT 10.58 ± 0.33Aa 21.62 ± 0.59Aa 11.04 ± 0.56ABb 0.71 ± 0.02ABCa 1.73 ± 0.04Aa 

MT 13.35 ± 0.56ABb 20.26 ± 0.70Aa 6.91 ± 1.17Aa 0.66 ± 0.02ABCa 2.33 ± 0.13Bb 

NTct 13.80 ± 0.30ABb 21.39 ± 0.39Aa 7.59 ± 0.50Aab 0.66 ± 0.02ABCa 2.20 ± 0.09ABb 

NTmt 13.39 ± 0.38ABb 21.30 ± 0.55Aa 7.90 ± 0.93Aab 0.64 ± 0.02ABa 2.12 ± 0.12ABab 

SC 

 

CT 18.22 ± 1.09Ca 34.20 ± 0.38Ba 15.98 ± 1.34Ba 0.76 ± 0.02Cb 2.08 ± 0.05ABa 

MT 17.23 ± 1.78BCa 32.49 ± 0.92Ba 15.26 ± 0.86Ba 0.61 ± 0.00Aa 2.45 ± 0.20Ba 

NTct 19.56 ± 1.53Ca 33.96 ± 0.10Ba 14.40 ± 1.58Ba 0.74 ± 0.01BCb 2.20 ± 0.11ABa 

NTmt 19.38 ± 0.25Ca 33.88 ± 0.57Ba 14.50 ± 0.66Ba 0.64 ± 0.05ABCab 2.28 ± 0.10ABa 

1 F = MAOC proportion of total organic carbon (SOC), MAOC/(MAOC+POC). 2 proportion of MAOC in fine 

fraction <20 μm (%). 
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3.5. Correlation Between Aggregate Distribution, Structural Stability Indices and Organic Carbon Fractions 

Spearman correlation analysis (p < 0.05) between organic C fractions, aggregate size classes, and 

structural stability indices is presented in Figure 5. Smaller aggregates (0–0.5, 0.5–1, 1–2, 2–4, and 4–

8 mm) were negatively correlated with clay, fine fraction, and organic C fractions (SOC, DOC, MAOC 

<20 μm, and MAOC <50 μm), whereas 8–20 mm aggregates showed no significant correlations. The 

largest aggregates (>20 mm) were positively correlated with clay, fine fraction, and SOC, POC, 

MAOC <20 μm, and MAOC <50 μm. 

Structural stability indices were strongly associated with organic C fractions. Dm was negatively 

correlated with DOC, MAOC <20 μm, and MAOC <50 μm (rS = −0.68, −0.62, −0.63), while GMD and 

MWD showed strong positive correlations with the same fractions (GMD: rS = 0.69, 0.64, 0.65; MWD: 

rS = 0.71, 0.65, 0.66). The Dn index also correlated positively with DOC, MAOC <20 μm, and MAOC 

<50 μm (rS = 0.61, 0.60, 0.59). 

Water-stable aggregates (WSA) correlated moderately with POX-C and POC (rS = 0.59 and 0.51) 

and weakly with DOC, MAOC <20 μm, and MAOC <50 μm (rS = 0.37, 0.32, 0.38). Strong positive 

correlations were observed among organic C fractions, notably DOC with MAOC <20 μm and MAOC 

<50 μm (rS = 0.87, 0.90), and between POX-C and POC (rS = 0.80) (Figure 5). 
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Figure 5. Correlation matrix (n = 64) for aggregate stability indices and organic carbon fractions. The numbers 

indicate the Spearman correlation coefficient (rS), which is highlighted by the colour scale. Blank areas indicate 

non-significant correlations (p>0.05). 

4. Discussion 

4.1. Dual Time-Scale Responses to Tillage Reduction 

Our experimental design uniquely separates transitional (5-year NT) from long-term (11-year 

MT) tillage effects, revealing differential response rates among C pools and aggregate properties. The 

rapid response of labile fractions (POX-C, POC) to 5-year NT conversion indicates that some soil 

health improvements emerge relatively quickly after reducing disturbance. In contrast, MAOC 

accumulation appeared more gradual, with 11-year MT showing clearer differentiation from CT than 

5-year NT transitions. This temporal pattern aligns with the hierarchical aggregate formation model 

[5], where microaggregate-protected C accumulates more slowly than free particulate matter. 

However, the 5-year NT period was sufficient to shift aggregate size distribution toward larger 

classes, suggesting that physical structure recovery may proceed faster than complete C saturation 

of newly formed aggregates. Importantly, the NTmt treatment (5 years NT after 11 years MT) 

consistently showed equal or superior performance to long-term MT alone, suggesting that 

eliminating even shallow tillage provides additional benefits. This supports a progressive model of 

soil health improvement where each reduction in disturbance intensity yields measurable gains. 

4.2. Organic C Fractions 

In light soils, after 11 years of MT and 5 years of NT, SOC in the top 10 cm was significantly 

higher under MT, NTct, and NTmt compared with CT, consistent with previous studies showing 

lower SOC under intensive tillage, particularly in the upper soil layers [41, 42, 43]. MAOC followed 

a similar pattern, with higher concentrations under reduced tillage. This increase likely reflects 

enhanced organo-mineral associations and the formation of micro- and macroaggregates that provide 

physical protection for organic matter [5]. Under CT, MAOC was uniform with depth, presumably 

due to plough-induced homogenization, whereas reduced tillage resulted in lower MAOC at 10–20 

cm than at 0–10 cm, indicating enrichment of MAOC and POC in the upper soil layer from surface 

residues, root exudates, and microbial inputs [44]. Reduced tillage may also slow decomposition by 

maintaining a higher proportion of macroaggregates [45]. 

In heavier soils (SC), SOC was higher than in L soils regardless of tillage, reflecting stronger 

physical protection from degradation. This is supported by larger aggregates (Figure 3), higher MWD 

and GMD, lower Dm (Table 2), and strong correlations between SOC and structural indices (Figure 

5). Lower clay soils are better aerated, accelerating organic matter decomposition [46]. In the top 10 

cm, MAOC comprised 61–76% of total SOC, highlighting its dominant role in SOC stabilization. 

Reduced tillage decreased the MAOC relative proportion in the topsoil, retaining more POC, while 

the opposite trend was observed at 10–20 cm (Figure 4), and MAOC as a percentage of SOC generally 

increased with depth [47]. 

DOC was higher under reduced tillage, likely due to increased surface residues and microbial 

activity [48], and correlated strongly with MAOC <20 μm and <50 μm (rS = 0.87 and 0.90), suggesting 

DOC is closely associated with mineral-bound C [49]. POX-C, a labile and partially stabilized SOC 

fraction [50, 51], was higher in the upper layers under reduced tillage, whereas CT showed lower 

POX-C due to enhanced decomposition. Labile fractions are better protected within aggregates under 

reduced tillage, allowing SOC accumulation [52]. The strong correlation between POX-C and POC (rS 

= 0.80; Figure 5) confirms that POX-C responds to soil management and can track SOC dynamics 

across soils of contrasting texture [53, 10]. 
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4.3. SOC Saturation in Fine Fraction (<20 µm) 

The proportion of MAOC/(MAOC+POC) (F) in the 0–10 cm layer was highest under CT at both 

sites, likely due to lower surface plant residues (less POC) caused by ploughing and soil mixing. SOC 

stocks followed the order CT (28.7) < NTct (31.2) < MT (33.4) < NTmt (34.7 t C ha⁻¹), reflecting the 

accumulation of POC under less intensive tillage (Figure 4). 

The potential for binding organic C to the fine fraction (Csd) in the top 10 cm has not been reached 

at either site. Conservation tillage effects on C sequestration were detectable only at the loamy site 

(L), where Csd was significantly higher under CT than MT and NT treatments. This is likely because 

surface residues in reduced tillage (MT, NT) must first decompose before forming MAOC [54], 

whereas mechanical mixing in CT enhances degradation. Less intensive tillage promotes aggregate 

preservation and formation, stabilizing SOC and increasing SOC stocks [5]. 

At the heavier SC site, differences in Csd among tillage treatments were not significant, as 

decomposition is slower even under CT, and aggregates are larger and more stable, with higher 

MWD and GMD compared to site L. 

The proportion of MAOC in the fine fraction (%) was similar at both sites, ranging 2.1–2.5%, 

except at L in CT (1.7%), where Csd was higher. This narrow range suggests the fine fraction may 

approach its effective MAOC capacity; however, this should be interpreted cautiously. Apparent 

plateaus in MAOC may reflect input-dependent equilibrium rather than true mineral C saturation, 

as mineral surfaces may not be fully occupied but balanced with current organic matter inputs [55]. 

Observed patterns could also result from kinetic limitations in organo-mineral associations [56] or 

transient conditions influenced by residue quantity and quality, altering partitioning between 

particulate and mineral-associated C [57, 58]. While fine-fraction MAOC similarity suggests strong 

mineral control, further evidence, such as mineral surface area or mineralogical analyses, is needed 

to confirm true C saturation [59]. 

The contrasting responses between sites highlight a fundamental trade-off in detectability versus 

baseline protection. Loamy soils showed clearer tillage effects because lower clay content provides 

less inherent SOC stabilization, making management-induced changes more apparent. Conversely, 

silty clay soils exhibited smaller relative changes because high clay content already provides 

substantial protection even under CT. This has important implications for monitoring programs: 

lighter soils may be better sentinels for detecting early management effects, while heavier soils may 

require longer observation periods or more sensitive indicators (e.g., labile fractions, aggregate-scale 

analyses) to detect improvements. 

4.4. Aggregation and Structural Indices 

The effects of tillage intensity were evident in the distribution of structural aggregates 

determined by dry sieving (DASD). In the upper 10 cm, no-till systems (NTct, NTmt) contained more 

large aggregates and fewer small aggregates than CT, indicating that reduced tillage preserves 

existing aggregates, promotes the formation of new aggregates, and enhances structural stability. 

Tillage type is thus a key factor in macroaggregate formation [60, 61]. 

For smaller aggregates, where stabilization is primarily mediated by polysaccharide-clay 

interactions, tillage effects were also observed in the top layer at both sites. Intensive tillage increased 

the proportion of smaller aggregates (<0.5, 0.5–1, 1–2, 2–4 mm) due to crushing and faster turnover 

of macroaggregates, resulting in fewer macroaggregates and fewer newly formed microaggregates 

in CT [45]. 

Indicators MWD and GMD were higher in heavier soils, with MWD significantly greater in 

NTmt than in CT at the SC site, reflecting improved aggregation, stability, and larger aggregate size. 

Clay content explains >50% of aggregate distribution variability, particularly for larger aggregates 

[15], which is consistent with our results: correlations with clay ranged from negative for the smallest 

(<0.5 mm, rS = -0.78) to positive for the largest (>20 mm, rS = 0.70) aggregates. 
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MWD and GMD were strongly positively correlated with DOC and MAOC (<20 μm and <50 

μm) (p<0.05; Figure 5), indicating that organic matter contributes to aggregate size and stability. 

While clay enhances aggregate stability in heavier soils, CT reduces this effect (Table 2). 

The Dm index differed between sites. Contrary to expectations for clayey soils, Dm was lower 

at the SC site due to the predominance of larger aggregates and associated larger pores, reflecting 

lower bulk density and higher SOC. Dm decreased with depth at SC, indicating increased 

aggregation and stability, whereas the highest Dm occurred in CT (0–10 cm), consistent with lower 

aggregate stability and the lowest WSA values, indicating greater susceptibility to dispersion. 

4.5. Rethinking Carbon Saturation in Agricultural Soils 

The remarkably consistent MAOC concentrations in fine fractions (2.0-2.5%) across treatments 

and textures—except CT in loamy soil (1.73%)—raise important questions about C saturation 

dynamics. Traditional saturation models [31, 55] suggest mineral surfaces have finite capacity, but 

our results indicate that apparent plateaus may reflect input-output equilibria rather than true 

saturation [56, 57]. Three mechanisms could explain these patterns: (i) Current organic matter inputs 

maintain steady-state MAOC levels that are below true mineral capacity; (ii) kinetic limitations slow 

MAOC formation such that systems remain in transient states for decades; or (iii) decomposition 

rates at steady state balance new MAOC formation, creating apparent saturation. The deviation in 

CT loamy soil is particularly informative. Lower MAOC combined with higher Csd suggests that 

tillage-accelerated decomposition depleted mineral-associated C below the system's equilibrium 

level. This demonstrates that management can push soils below their "practical" C saturation 

threshold, even if absolute mineral capacity remains higher. To distinguish among these scenarios, 

future research should combine mineralogical analyses (specific surface area, mineral composition) 

with isotopic approaches to quantify MAOC turnover rates. Understanding whether observed 

MAOC levels reflect approaching saturation or steady-state equilibrium is critical for predicting long-

term C sequestration potential under different management scenarios. 

5. Conclusions 

This study demonstrates that reducing tillage intensity consistently preserves and rebuilds soil 

organic matter and structure across contrasting soil textures, but the magnitude, rate, and 

detectability of responses are texture-dependent. Key findings from our dual time-scale experiment: 

1. “Temporal dynamics”: Labile C pools (POX-C, POC) and aggregate recovery respond 

within 5 years of NT conversion, demonstrating that some soil health improvements emerge 

relatively quickly. However, complete MAOC recovery likely requires longer time scales, particularly 

in lighter soils where baseline protection is lower. 

2. “Texture-dependent responses”: Loamy soils showed pronounced tillage effects across 

all C fractions due to lower baseline protection, while silty clay soils exhibited more subdued 

responses because high clay content buffers against management-induced changes. This highlights a 

fundamental trade-off between detectability and resilience. 

3. “Fine-fraction C consistency”: The remarkably uniform MAOC concentrations (2.0-2.5%) 

across treatments and textures—except depleted levels under CT in loamy soil—suggest that 

agricultural soils may operate near input-dependent equilibria rather than absolute mineral 

saturation. This challenges simple interpretations of C saturation and underscores the need for 

integrated mineralogical and kinetic studies. 

4. “Physical protection mechanism”: Strong correlations between aggregate stability indices 

(MWD, GMD, Dm) and C fractions confirm that soil structural improvements directly support C 

stabilization. Conventional tillage systematically disrupted this protection, increasing small 

aggregate proportions and accelerating C losses. 

5. “Progressive improvement”: The superior performance of NTmt (NT after MT) compared 

to MT alone indicates that each incremental reduction in soil disturbance yields additional benefits, 

supporting a progressive rather than threshold model of soil health recovery. 
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From an applied perspective, these findings affirm that conservation tillage is an effective 

strategy for rebuilding soil health across diverse textures. However, practitioners and policymakers 

should recognize that: (i) lighter soils will show faster, more pronounced responses, making them 

ideal for demonstrating early benefits; (ii) heavier soils require longer observation periods or 

sensitive indicators (labile fractions, aggregate analyses) to detect improvements; and (iii) even small 

reductions in tillage intensity (e.g., MT to NT) provide measurable advantages. 

Future research should prioritize: (i) extending observations beyond 15 years to capture full 

MAOC equilibration in lighter soils; (ii) integrating mineralogical analyses to distinguish true 

saturation from kinetic limitations; (iii) quantifying the economic and environmental trade-offs of 

different tillage intensities across texture classes; and (iv) exploring whether aggregate-protected C 

fractions can serve as early warning indicators for soil degradation. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Cfine soil organic carbon in fine fraction (<20 µm) (= MAOC <20 µm) 

Csat soil organic carbon saturation of the fine fraction (<20 µm) 

Csd potential deficit for binding organic carbon in fine fraction (<20 µm) 

CT conventional ploughing 

Dm mass fractal dimension 

Dn Rosin-Rammler index 

DOC dissolved organic carbon 

F proportion of mineral-associated organic carbon (<50 µm) (MAOC <50 µm) 

Fine fraction soil mineral fraction of clay and fine silt (<20 µm) 

GMD (mm) geometric mean diameter (mm) 

L site loamy texture site  

MAOC in fine fraction 20 µm 

(%) 
percentage of mineral-associated organic carbon per unit of fine fraction (<20 µm) 

MAOC <20 µm mineral associated organic carbon in clay and fine silt (<20 µm) 

MAOC <50 µm mineral-associated organic carbon in clay and silt (<50 µm) 

MT non-inversion shallow tillage 

MWD (mm) mean weight diameter (mm) 

NT no tillage 

NTct no tillage following conventional ploughing 

NTmt no tillage following non-inversion shallow tillage 

POC particulate organic carbon 
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POX-C permanganate oxidizable carbon 

rS coefficient of correlation by Spearman 

SC site silty clay texture site 

SOC soil organic carbon 

WRB World Reference Base 

WSA (%) water stable aggregates (%) 
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