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Abstract 
The “sustainability” concept means a process or state that can be maintained 
indefinitely in time and space at a defined level. In agricultural management, 
the concept of sustainability is also associated with the soil quality and produc-
tivity, and related to the physical, chemical, and biological fertility of the active 
layer. Since soil is a non-renewable resource, agriculture “4.0” must therefore 
avoid its exploitation and degradation in the intensification of cropping sys-
tems, according to the principles of marginal productivity in the use of pro-
duction factors. However, in many agricultural lands, over the fine earth frac-
tions, there are high coarse fractions percentages that hinder the functionality 
of cultivation machines and increase their wear. In this study, a deep burial 
reclamation trial was carried out, as alternative to stone removal and on-site 
crushing, to constitute a cultivation layer with a higher percentage of fine earth, 
with the aim of improving in long term the soil quality and workability, the 
efficiency of cultivation machines and the crop yield. The results obtained con-
firmed the achievement of set goals, avoiding the drawbacks of the other soil 
destoning systems, making the proposed method viable for a wide range of po-
tential users, both for the implementation of precision farming systems and the 
recovery of productivity of stony soils. 
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1. Introduction 

Conventional, integrated, organic, biodynamic, sustainable, conservative, regen-
erative...: the evolution of cultivation methods in income farming has led to the 
definition of various cultivation systems or models, developed according to polit-
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ical, market or social needs and sometimes adopted ignoring or neglecting their 
long-term effects, or their compatibility with crops characteristics or environmen-
tal sustainability of cultivation areas. Thus, the indiscriminate use of synthetic fer-
tilizers and pesticides, while it has allowed crop yields maximization in the short 
term, it has also led to the destabilization of agroecosystems and the depletion of 
organic soil fertility. The result has been a general flattening and even decreased 
soils productivity, with the consequent widespread increase of desertification pro-
cesses, sometimes compromising also the products wholesomeness. On the other 
hand, the totally renounce of the use of synthetic agro-chemicals, in the name of 
questionable quality and genuineness indices, would be difficult to reconcile with 
the profitability of agro-industrial crops, which is the main, if not the only, reason 
for committing resources and capital to income agriculture. Whatever the type of 
agriculture, the primary factor of the cultivation success is the soil management, 
since soil is the medium where plants are physically located and from which they 
draw their nutrients. Any soil processing considered useful in the different phases 
of the crop cycle must be, therefore, rationally planned and correctly executed, 
both to maximize its effects and to optimize time and operating costs, in order to 
satisfy the needs of: i) the crop, which draws support and nourishment; ii) the 
environment, since soil is a non-renewable resource, easily subject to degradation 
by anthropogenic pressure; iii) the economics, which conditions cultivation plans 
and operating methods (FAO, 2010). 

The concept of sustainable agriculture has been discussed for several decades 
and has focused on four general aims: sufficient food and fibre production, envi-
ronmental stewardship, economic viability, and social justice (Kirchmann & 
Thorvaldsson, 2000). Today, the commonly accepted concept of “sustainability” 
define a process or a state that can be maintained at a certain level indefinitely in 
time and space; and the American Society of Agronomy defines the Sustainable 
Agriculture “as something that, over the long term, enhances environmental qual-
ity and the resource base in which agriculture depends; provides for basic human 
food and fibre needs; is economically viable; and enhances the quality of life for 
farmers and the society as a whole’’ (ASA, 1989). 

More recently, the term “sustainability” has been associated with the concept of 
“net zero”; however, while the perception of the general public is that we should 
not use more resources and release more pollutants, to far-sighted thinkers the 
concept of “net zero” is not enough, because it does not solve the problem: it 
should be aiming for “net positive” (Brockotter & McCullough, 2022). 

Given that agriculture is the most important tool for the future of our planet, 
the greatest attention should be mainly focused also on the growth of world pop-
ulation to somewhere between 9 and 10 billion by 2050, which would entail a 70% 
increase in food production, while land consumption advances generating an ir-
reversible loss of environmental resources and ecosystem functions at a global 
level. This leads to a reduction of biodiversity and productivity and compromises 
the availability of resources, due both to anthropization (overbuilding), and un-
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sustainable choices in the use of resources that contribute to soil degradation (e.g., 
climate change, drought, SOC loss, desertification, desertization). 

In this scenario, the rise of the Global Hunger Index (GHI, 2021) is plausible in 
an increasingly large part of the world’s “industrialized” population—also given 
the increasingly intensity of migration flows—with increasing discrimination be-
tween ethnic groups and social classes that will be able to enjoy quality and nutri-
tionally viable food and others, much more people, forced to feed on insects, al-
ready touted as “sustainable food” or “food of the future” or “perfect candidates 
for ecological and sustainable food” from multiple sources (FAO, 2021; Klein, 
2019), with the global market for edible insects that is expected to reach approxi-
mately USD 8 billion by 2030 (Research and Markets, 2019); as well as rodents, 
which are already food sources for many cultures in various parts of the world 
(Gruber, 2016). Currently, it is implausible to increase the agricultural production 
by the expected 70% only by “improving sustainable production”, or even by using 
the latest genetic technologies; and the near future of human feed seems to be the 
one provided by the “Super Sprout Factories” (Murakami Farm, 2021). 

It is peculiar how such conditions of food scarcity are generally attributed to 
climate change, wars or epidemics, ignoring or rather almost intentionally, avoid-
ing any mention of overpopulation as the primary cause of hunger in the world. 

In these conditions it need recovery of abandoned or not adequately managed 
agricultural areas, adopting the more usefulness agricultural reclamation systems 
in the different agricultural lands, for the restoration of physical, chemical and 
biological fertility; also to allow the implementation of the most modern technol-
ogies of 4.0 agriculture in precision farming systems, to maximize production 
yields, contain production costs and reduce the environmental impact of agro-
industrial crops (Bongiovanni & Lowenberg-DeBoer, 2004; Dayioğlu & Türker, 
2021; Tey & Brindal, 2012) and contribute to achieve the “Net positive” balance 
of the future agriculture. 

However, the efficiencies of agricultural soil management systems are strongly 
conditioned by the presence of coarse fractions (skeleton) in the cultivation layer. 
These fractions can interfere with the cultivation needs, damage the machinery, 
penalize the seedbed quality, and require more energy in tillage operation; till to 
making the use of some cultivation machines impractical. In this context, the goal 
of this project was to evaluate/validate a deep burial reclamation technique of 
stony soils, alternative to the stone removal or the on-site stone crushing, for the 
long-term improvement of the structural and textural characteristics of the arable 
layer, to optimize operative efficiency of PA cultivation machines, and maximize 
crops profitability in terms of both yield increase and reduction of cultivation 
costs. 

2. Soil Skeleton 

The rock fragments or coarse fractions of soil by over 2 mm of diameter up to 
those with a horizontal dimension less than the size of a pedon, constitute the soil 
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skeleton (USDA, 1999). As intensive agriculture is predominantly interested in 
fine-and the medium-textured active layer of soils, the fractions over 2 mm of 
diameter (gravel and stones) are usually excluded in determining the soil texture 
because considered as an inert fraction in crops dynamics. However, the skeleton 
can play a significant role in soil physical and chemical properties, such as water 
retention and flow, structure improvement, protection against compaction and 
erosion, thermal regulation, and bulk density. In some cases, the skeleton also 
shows chemical properties similar to or higher than those of the fine earth con-
tributing to the dissolution of carbonates, forming secondary minerals, and re-
leasing nutrients. Therefore, coarse fractions play a significant role as a reservoir 
of nutrients, a source of cation exchange capacity (ECEC) and as adsorber of or-
ganic pollutants, also with favorable effects on plant growth (Poesen & Lavee, 
1994; Ugolini, Corti, Agnelli, & Piccardi, 1996; Flint & Childs, 1994). On the other 
hand, an excessive presence of skeleton in the soil’s arable layers hinders or is in-
compatible with the operational requirements of modern machinery and cultiva-
tion techniques (e.g., minimal tillage, precision sowing), which require arable lay-
ers of fine heart. 

Soil Stoniness Assessment 

The coarse fractions of the soil’s arable layer have been variously defined in terms 
of skeleton classes percentage by weight, size, surface coverage, volume (Buchter, 
Hinz, & Flühler, 1994; Corti, Ugolini, & Agnelli, 1998; Miller & Guthrie, 1984); or 
through dimensionless indexes such as: Stoniness Degree (Equation (1)), Crush-
ing Degree (Equation (2)), Stoniness Index (Equation (3)): 

 SD = StM/SoM  (1) 

 
5

0CD ii
n StMi

SoM
=

⋅
= ∑   (2) 

 SI = SD/CD  (3) 

where StM = Stones Mass; SoM = Soil Mass; i and n index as per Table 1 (Colzani, 
Cammilli, & Pirrone, 1989a). 

 
Table 1. Stone classes indexes. 

i value Stone Size (mm) n value 

0 <2 1.0 

1 2 ÷ 20 0.8 

2 20 ÷ 50 0.6 

3 50 ÷ 150 0.4 

4 150 ÷ 400 0.2 

5 >400 0.0 

 
While the workability Disturbance Degree (DD) evaluates the stoniness impact 
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on the efficiency and operational capabilities of soil tilling and cultivation ma-
chines. The DD relates to the size of the stones, and the distribution of their size 
classes as per Equation (4) (Colzani, Cammilli, & Pirrone, 1989b): 

 DD = 0 × X + 10 × Y5 + 10 × Z2 + 10 × U0.9 + 10 × W0.5  (4) 

where X, Y, Z, U, W, indicate the proportions, expressed in unit terms, of the 
different particle size classes, the sum of which must always be equal to 1 (100%). 

Of these, the X class, corresponding to the fine earth, always has zero value; Y 
class (gravel, fine & medium gravel: 2 - 20 mm) does not represent an impediment 
to soil tillage’s; the Z class (gravel, coarse gravel; medium stone: 20 -50 mm), at 
about 40% - 50% affects the operational capabilities of the PTO moved machines; 
the U class (cobble, large stones: 50 - 150 mm), sets significant limits for machin-
ing already from 15% - 30%; the W class (stones, huge stones: >150 mm), involves 
severe problems of soil tillage’s management already at the 10% of presence. 

Based on the different levels of Disturbance Degree, in Figure 1 are reported 
the operative limits of some cultivation machines: in the graph, the green zone 
indicates soils that can be tilled without limitations; the yellow zone, the soils 
workable with appropriate precautions, to avoid early wear or breakage of the 
working tools; the red zone, represent soils having stoniness incompatible with an 
acceptable quality of work and/or the integrity of respective cultivation machines. 

 

 
Figure 1. Operative limits of some cultivation machines at different DD levels of soils ston-
iness. 

 
Since stone reclamation is a very expensive process, the choice of best reclama-

tion method depends on environmental and management factors, such as soil 
structure, percentage, types and size of stones, crop needs, and machinery availa-
bility. The most used destoning systems in agricultural lands are basically three: 
the stones collection and removal from the field, the on-site stones crushing, and 
the stones burial (Toscano, Brambilla, Cutini, & Bisaglia, 2022a). 
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3. Materials and Methods 

This case study was conceived from the assessment of the high stoniness of Trevi-
glio’s countryside soils, that lie between the high gravel plain and the river valleys 
of the Holocene waterways (Figure 2). 

 

 
Figure 2. Soils of Bergamo’s province (Lombardy, Italy). 

 
In the research center facility of CREA-IT on Treviglio (Bergamo’s province, 

Northern Italy, 45˚31'14"N; 9˚35'27"E; +128 m asl), the soils have a stoniness with 
varying degrees of hardness, from limestone to crystalline shale and quartzites of 
hardness from 3 to 7 degrees Mohs, with “B” workability class, and Disturbance 
Degree (DD) between 3.2 and 5. On these soils, some experimental reclamation 
activities of stone removal and on-site crushing were carried out at the end of the 
1990s (Colzani, Cammilli, & Pirrone, 1989c). However, these methods have some 
drawbacks that limit their effectiveness, such as low operating depth, reduction of 
topsoil volume, and stones resurfacing after soil tillage’s; solving the cultivation 
problems only partially and in the short-term. In this project, an alternative 
destoning method was tested of long-term effectiveness, for the constitution of an 
arable layer more compatible with the operative needs of cultivation machines. 

For the planned reclamation activities, in a previously geoelectrical character-
ized field of high stoniness (Figure 3) (Brambilla, Romano, Toscano, Cutini, Bi-
occa, Ferré, Comolli, & Bisaglia, 2021), four contiguous plots of 10 × 20 m (Figure 
4) were identified as P1, P2, P3, P4. The P1 and P3 plots was reclaimed by using a 
crawled arm excavator, equipped with a dozer blade, a toothed bucket, a smooth-
blade bucket, and a sieving bucket with 40 mm grid holes; while the P2 and P4 
contiguous plots have represented the undisturbed control tests, for the planned 
agro-mechanical comparisons. 

In the P1 and P3 plots, the soil was dug up to about 1 m deep; the dug soil was 
then sieved, time to time discharging in the trenches the stones retained by the 
grid of sieving bucket. The stone layer formed at the bottom of the trenches was 
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levelled and compacted with repeated passages of the crawled excavator; then the 
filling of the trenches with the sieved fine earth, including skeletal fractions up to 
40 mm (Y and Z classes), was completed (Toscano, Cutini, Cabassi, Pricca, Ro-
mano, & Bisaglia, 2022b). 

 

 
Figure 3. Sample of soil profile. 

 

 
Figure 4. Experimental plots: P1, P3 destoned; P2, P4, undisturbed control. 

 
For the validation of this reclamation system some other collateral trials have 

been carried out to analyse the different responses of reclaimed vs. undisturbed 
soil, in terms of both mechanical and agronomical soil quality, as described in 
Results section below. 

4. Results and Discussion 

In this section are reported the results obtained on soil quality, sowing efficiency 
and crop biomasses. 
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4.1. Soil Quality 

With this deep stone burial reclaiming system, a noticeable improvement of the 
original soil profile composition in terms of soil disturbance degree (DD) and 
workability class was obtained: from a class “B” and DD = 4.15 (estimated X = 0.6, 
Y = 0.1, Z = 0.1, U = 0.15, W = 0.05), to an arable layer of about 600 mm of “A” 
workability class and DD = 0.1 (estimated X = 0.8, Y = 0.1, Z = 0.1, U = 0, W = 0); 
with the U and W stone classes that constituting a draining layer of about 400 
mm. This result was obtained without lowering the field plan, as occurred in the 
case of stones removal that, in our trial condition, would amount to 400 mm; nor 
the chemical characteristics of fine earth in the constituted arable layer, as in case 
of stones crushing. The very low value of the calculated Disturbance Degree in the 
reclaimed plots, does not constitute obstacles for the cultivation machines (har-
row, seeder), while the presence of Y and Z gravel classes can be useful in the 
preservation of some soil structural characteristics, contributing to the reduction 
of physical degradation of fine-textured soils (Magdoff & Van Es, 2021). 

The enhancement of soil quality in reclaimed plots has been evidenced also by 
soil profile traces recorded by Ground Penetrating Radar survey carried out in the 
experimental plots, using a GSSI UtilityScan RLT3 with 350 MHz HyperStacking 
antenna (Codevintec, 2004). 

The difference between A (P1 and P3: reclaimed) and B (P2 and P4: undis-
turbed) plots is evident in the 0 - 600 mm depth, corresponding to the “fine earth” 
layer obtained by sieved soil: the low backscatter of the signal is due to the lack of 
agglomerations and stones in the reclaimed areas (A) (Figure 5(a)); meanwhile, in 
undisturbed areas (B), the signal has greater backscatter and attenuation along  

 

 
(a) 
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(b) 

Figure 5. (a) Soil A (reclaimed) GPR profile. The red line shows the bottom layer of re-
claimed soil; (b) Soil B (undisturbed) GPR profile with more scattered layer compared to 
the soil A profile. 

 
the depth axis (Figure 5(b)) (Toscano, Cutini, Filisetti, Premoli, Porcu, Catalano, 
Bisaglia, & Brambilla, 2022c). 

4.2. Sowing Efficiency 

Various authors have evaluated the performances of different seeders in different 
areas and for different crops; however, neither bibliographic references nor tech-
nical documentation report correlations between machinery performances and 
soil condition, assuming that the soil is optimal for the performances of the de-
scribed machines. On the contrary, the type and structural conditions of the soil 
on which sowing occurs heavily affect the operational efficiency of seeders in 
terms of waving, humidity, seedbed preparation and presence of skeleton in the 
cultivation layer. 

In particular, soil stoniness can severely compromise the efficiency of seeders, 
in terms of both sowing effectiveness and structural integrity, even for those 
equipped with the most advanced vibration-damping and downforce control sys-
tems of sowing elements, limiting their operating speed up to a third of the oper-
ative potentiality. 

Being seeders a key tool for optimizing crop results, a sowing trial was carried 
out on four soil plots to verify whether the vibration and noise arising during this 
operation significantly change with varying the stoniness disturbance degree on 
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soil workability (Toscano, Cutini, Filisetti, Premoli, Porcu, Catalano, Bisaglia, & 
Brambilla, 2022c). 

On the pneumatic seeder used, 5 triaxial accelerometers and 1 microphone were 
applied for vibrations and sound pressure level collection. As a result, the highest 
accelerations were found at the roller and ranged from 0.3 g in the destoned soil 
to 0.59 g in the undisturbed plots, with significant differences in all the five accel-
erometers. For the phonometric survey too, significant differences (6 dBA and 
dBC) in the noise value between the different plots were found. Both parameters 
could therefore be used in TIM (Tractor Implement Management) systems to op-
timize the operational efficiency of precision seeders, automatically adjusting the 
forward speed according to the acceleration or noise levels induced in real time 
by the soil characteristics on which the machine operates, thus reducing the risk 
of wear or breakage, and the related costs due to downtime and repairs. 

4.3. Biomass Yields 

For the final validation of this deep burial reclamation system, in the three-year 
period 2022-2024 the biomass yields were detected among the reclaimed vs. control 
plots of different crops usually grown in the geographical area of investigation. 

As shown in Table 2, in destoned plots higher biomass yield (Δ%) were rec-
orded in all years, respectively: 

i) in 2021 winter Triticale, sown at a density of 180 kg/ha and 125 mm row 
spacing, by 20.7%; 

ii) in 2022 spring mowing Sorghum, sown at 30 kg/ha and 375 mm row spacing, 
by 23.1%; 

iii) in 2022 winter barley, sown at 80 kg/ha and 125 mm row spacing, by 23.6%; 
iv) in 2024 spring dual-purpose hybrid sorghum, sown at 34 seeds/sqm and 700 

mm row spacing, by 22.8%. 
 

Table 2. Crop biomasses at harvest (Avgs. equivalent t/ha). 

 Winter Triticale 
(31/05/2022) 

Spring Mowing 
Sorghum 

(05/10/2022) 

Winter Barley 
(17/05/2023) 

Dual-purpose hybrid 
spring Sorghum 

(20/09/2024) 

Avg. Recl. 21.6 16.0 22.5 43.0 

Avg. Ctrl 17.9 13.0 18.2 35.0 

Δ% 20.7 23.1 23,6 22.8 

5. Conclusion 

Suitable soil management is a key factor for successful farming process in any 
cropping system and, more significantly, in modern site-specific agricultural sys-
tems. In the current state of soil consumption, degradation, and desertification 
processes, it needs to maximize the efficiency of agricultural management for the 
optimization of the physical, chemical, and biological fertility of soil’s active lay-
ers, reducing the production costs, and enhancing the environmental sustainabil-
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ity of agro-industrial crops; at the same time avoiding the overexploitation and 
degradative phenomena of the non-renewable resource “soil”. Among the factors 
that most influence cultivation managements, the soil skeleton negatively affects 
the tillage quality, the performance and integrity of cultivation machines and the 
crop yields. Although the stones reclamation of agricultural land is an expensive 
process, given the operational needs of agro-industrial crops and the diffusion of 
precision farming techniques, it needs to operate—as far as possible—on fine 
earth arable layers, or with a stoniness compatible with cultivation machines (i.e., 
precision seeders). If the skeletal amount exceeds the workability Disturbance De-
gree (DD) acceptable by machinery, it becomes necessary to proceed with deston-
ing, for which can be adopted various technologies and machinery designed for 
different environmental and stoniness conditions. The choice of the best method 
involves various factors, such as nature and distribution of coarse fractions, crop 
needs and machinery availability; also considering the possible negative effects of 
the destoning methods, such as the lowering of the field plan, in the case of the 
stone’s removal, or the modification of the chemical-physical characteristics of the 
soil, in the case of on-site crushing. The deep stone burial reclamation system 
tested in this case study has instead proven to be more effective in the long term, 
both in terms of soil quality and workability, and improvement in crop yield, as 
achieved in our experimental conditions, without the drawbacks of the two other 
systems mentioned. Although the remediation process used in this case study is 
not feasible on a large scale, the specific long-term cost/benefit analyses, in the 
different agropedological conditions of interest, could encourage the development 
of specific machines for the execution in same time of the reclamation steps (ex-
cavation, sieving, stratification, filling), and significantly reducing the reclamation 
costs. This would make the proposed method viable for a wide range of potential 
users, encouraging the implementation of PA techniques, and recovering produc-
tivity and profitability even from stony soils, according to the principles of Mar-
ginal Productivity of the production factors in agro-industrial crops. 
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