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Editorial

Research on Soil Management and Conservation

Luis Eduardo Akiyoshi Sanches Suzuki

Center of Technology Development, Federal University of Pelotas, Pelotas 96010-610, Rio Grande do Sul State,
Brazil; dusuzuki@gmail.com

The soil is the base of a sustainable agricultural system; it is the key for food and
energy production, a reservoir of water and nutrients [1–3], and a filter for water and
contaminants [4]. However, inadequate soil management may significantly negatively
impact the environment [5–7], crop development and yield [8–12], natural resources such
as air and water [13–15], and human and animal health [16,17]. Soil management practices
that favor soil and water conservation and the improvement of soil functions and structure
are preferable. The diversity of soil uses and types [18–20], climate [21], relief, and origin
materials make the study of better soil management practices a worldwide challenge.
Thus, the Special Issue “Soil Management and Conservation” addresses topics such as soil
tillage, the influence of machinery on soil structure, erosion processes, control practices,
the influence of plants on soil structure, and practices used for soil conservation and the
improvement of soil structure. Strategies to avoid soil structure degradation, such as
studies on precompression stress and the compression index, were called upon to present
the new findings on that subject.

In this sense, we had the response of the scientific community, presenting their find-
ings in this Special Issue. The transition from irrigated cropland to irrigated management-
intensive grazing (MiG) as a proposal to sustainably intensify agroecosystems was eval-
uated through soil health indicators using the Soil Management Assessment Framework
(SMAF) and verified to have significant improvements in biological soil health indicators
such as β-glucosidase, microbial biomass carbon, and potentially mineralizable nitrogen,
while nutrient status was relatively stable (Trimarco et al., Contribution 1). On the other
hand, the authors verified that soil compaction, based on bulk density, reduced soil physical
health. In this context, the soil structure can be very susceptible to compaction, requiring
attention to machinery traffic and animal trampling, especially for loads larger than the
precompression stress that can overcompact the soil, despite the fact that loose soil is more
compressive, presenting greater deformation than a preserved soil structure (Suzuki et al.,
Contribution 2).

Our Special Issue also brought an alert to the effects of polyethylene polymer on
soil properties and plant growth, showing that the presence of polyethylene polymer
on microplastics in the soil may increase the amount of available Zn and Cd in highly
contaminated soils and lettuce and edible leaves, posing a risk to the environment and
human health (Bethanis and Golia, Contribution 3). We highlighted the challenges in the
management of environmentally fragile sandy soils, showing these soils play an important
role in aquifer recharge, but they are soils of low suitability for agricultural use and with a
high risk of leaching and aquifer contamination (Suzuki et al., Contribution 4).

Studies on soil management and conservation were presented in the Special Issue,
showing the no-tillage system maintains soil carbon in the deepest soil layers, but the loss
of carbon rate in the topsoil is greater than the input due to soil erosion and organic matter
mineralization (Thomaz and Kurasz, Contribution 5), while green manure together with
grass is an economical and environmentally sound strategy to restore the macrofauna of an
anthropogenically degraded soil (Bonini et al., Contribution 6). The adoption of conserva-
tion agriculture principles such as conservation tillage, permanent plant cover, and crop

Soil Syst. 2024, 8, 42. https://doi.org/10.3390/soilsystems8020042 https://www.mdpi.com/journal/soilsystems1



Soil Syst. 2024, 8, 42

diversification can contribute to the mitigation of climate change without compromising
food security on local and global scales, but knowledge about biophysical, technical, socio-
economic, cultural, and political barriers is still necessary since the success of the adoption
of conservation agriculture practices will depend on environmental–socio-economic factors
(Francaviglia et al., Contribution 7). In this line, conventional and organic management did
not significantly affect the decomposition rate of soil organic matter in cranberry soils but
varied with soil layer, incubation time, and temperature, with the rate of CO2 emissions
decreasing with elapsed time and the soil subsurface contributing increasingly to CO2
emissions (Dossou-Yovo et al., Contribution 8). Combinations of multiple conservation
management practices, such as crop residues, cover crop planting and termination timing,
seeding rate or species selection, tillage practices, and organic amendments such as manure
and compost, which affect soil water and nutrient dynamics, may improve soil water
functions (Ghimire et al., Contribution 9).

Models based on machine learning algorithms were used to understand the geograph-
ical distribution of gully erosion and identify regions more prone to gully formation to
ensure appropriate management (Eloudi et al., Contribution 10). We also presented that
the use of oat straw mulching decreased soil runoff, and the cost to replace the available
nutrients via mineral fertilizer varies from USD 75.4 (no mulching) to USD 2.70 per hectare
(8 Mg ha−1 oat straw mulching) (Suzuki et al., Contribution 11), showing the efficiency of
conservation practices in decreasing soil runoff. In this same way, it was verified that the
integration of GIS-based analyses with hydrological modeling at watershed scales provides
additional capabilities to quantify the effect of conservation practices on sediment loads by
spatially characterizing different types of conservation practices and scenarios and their
relative impact on sediment reduction (ElKadiri et al., Contribution 12). The water erosion
processes caused by intensive soil trampling on the tourist trails were also contemplated in
this Special Issue, indicating strategies for appropriate management and recovery of the
degraded trails and avoiding accidents involving visitors (Lima et al., Contribution 13).

In terms of soil functioning and behavior, we should consider that continuous wetting
and drying soil cycles may influence water retention, water holding capacity, and water
movement (Pires, Contribution 14). Moreover, the soil amendments with biochar and silica
have the potential to reduce the adverse effect of salt stress on cucumber (Al-Toobi et al.,
Contribution 15), which is a strategy to improve the soil environment for crop growth
and yield.

Future research was pointed out in this Special Issue, such as quantifying net carbon
accumulation in cranberry soils through litter burial by sanding and the development of
methodologies for site sampling and monitoring of the cranberry production system to
meet sustainable development goals for emissions (Dossou-Yovo et al., Contribution 8). The
need to develop region-specific, stakeholder-driven approaches for a more reliable estimate
of soil health in water-limited environments like arid and semi-arid regions of the USA,
since the indicators or weighting of them may differ from more humid regions or according
to climate context (Ghimire et al., Contribution 9). The soil organic carbon content can be
a good indicator of the effectiveness of the adoption of a certain conservation agriculture
practice, considering its agro-environmental benefits and its potential for climate change
mitigation, despite the fact that studies are necessary to accurately assess soil organic carbon
(SOC) gains and address the limitations of soil organic carbon sequestration, especially
the uncertainty associated with SOC estimations at the farm level (Francaviglia et al.,
Contribution 7).

Soil and site-specific studies are necessary to define the soil moisture needed to remove
animals from wet soils to reduce or avoid soil compaction caused by hoof pressure (Trimarco
et al., Contribution 1), as well as the knowledge of the precompression stress values and
their relationship with soil structure to avoid additional compaction caused by machinery
traffic and animal trampling (Suzuki et al., Contribution 2).

Further studies are still necessary to understand the mechanisms that catalyze the
synergistic toxicity of the coexistence of metals and microplastics in soils, which may pose
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risks to soil, plants, and human health, and to find appropriate appointments to reduce
such risks (Bethanis and Golia, Contribution 3).

Our Special Issue also reinforces the following: challenging application of study
results to farmers, extension agents, and stakeholders, such as conservationist agriculture;
mulching on the ground is kept; a crop rotation system is planned and not only a crop succession
(e.g., wheat–soybean); replacement of fallow by cover crops; and usage of contour tillage and
terraces wherever necessary (Thomaz and Kurasz, Contribution 5; Suzuki et al., Contribution 11);
and challenges in the management of sandy soils (Suzuki et al., Contribution 4).

Models based on machine learning algorithms for determining the gully formation
need further studies to test their performance under many subdivisions of the input data in
order to improve the prediction (Eloudi et al., Contribution 10), as well as their applicability
for identification of different types of practices, controlling parameters, and their location
in the watershed to reduce sediment load (ElKadiri et al., Contribution 12).

Our Special Issue achieved, directly or indirectly, at least some of the 17 sustainable
development goals (SDGs) [22], especially the goals (2) zero hunger, (6) clean water and
sanitation, (13) climate action, and (15) life on land. Goal (2) zero hunger: The papers
present strategies to improve the soil environment for crop growth and yield, although
more food yield does not mean equal distribution and access. Goal (6) clean water and
sanitation: Includes improving soil quality, reducing the input of sediments into the water,
and maintaining clean water. Goal (13) climate action: Some papers approached carbon
sequestration, which meets the climate action to combat climate change and its impacts.
Goal (15) life on land: Some papers met the actions to protect, restore, and promote
sustainable use of terrestrial ecosystems.

The Special Issue “Soil Management and Conservation” presented some advances and
contributions to the knowledge of some topics addressed and indicated the possibility for
future research.

Conflicts of Interest: The author declares no conflicts of interest.

List of Contributions

1. Trimarco, T.; Brummer, J.E.; Buchanan, C.; Ippolito, J.A. Tracking soil health changes in a
management-intensive grazing agroecosystem. Soil Syst. 2023, 7, 94. https://doi.org/10.3390/
soilsystems7040094.

2. Suzuki, L.E.A.S.; Reinert, D.J.; Secco, D.; Fenner, P.T.; Reichert, J.M. Soil structure under forest
and pasture land-uses affecting compressive behavior and air permeability in a subtropical soil.
Soil Syst. 2022, 6, 98. https://doi.org/10.3390/soilsystems6040098.

3. Bethanis, J.; Golia, E.E. Revealing the combined effects of microplastics, Zn, and Cd on soil prop-
erties and metal accumulation by leafy vegetables: a preliminary investigation by a laboratory
experiment. Soil Syst. 2023, 7, 65. https://doi.org/10.3390/soilsystems7030065.

4. Suzuki, L.E.A.S.; Pedron, F.d.A.; Oliveira, R.B.d.; Rovedder, A.P.M. Challenges in the man-
agement of environmentally fragile sandy soils in Southern Brazil. Soil Syst. 2023, 7, 9.
https://doi.org/10.3390/soilsystems7010009.

5. Thomaz, E.L.; Kurasz, J.P. Long term of soil carbon stock in no-till system affected by a rolling
landscape in Southern Brazil. Soil Syst. 2023, 7, 60. https://doi.org/10.3390/soilsystems7020060.

6. Bonini, C.d.S.B.; Maciel, T.M.d.S.; Moreira, B.R.d.A.; Chitero, J.G.M.; Henrique, R.L.P.; Alves,
M.C. Long-term integrated systems of green manure and pasture significantly recover the
macrofauna of degraded soil in the brazilian savannah. Soil Syst. 2023, 7, 56. https://doi.org/
10.3390/soilsystems7020056.

7. Francaviglia, R.; Almagro, M.; Vicente-Vicente, J.L. Conservation agriculture and soil organic
carbon: principles, processes, practices and policy options. Soil Syst. 2023, 7, 17. https://doi.
org/10.3390/soilsystems7010017.

8. Dossou-Yovo, W.; Parent, S.-É.; Ziadi, N.; Parent, L.E. CO2 emissions in layered cranberry soils
under simulated warming. Soil Syst. 2023, 7, 3. https://doi.org/10.3390/soilsystems7010003.

9. Ghimire, R.; Thapa, V.R.; Acosta-Martinez, V.; Schipanski, M.; Slaughter, L.C.; Fonte, S.J.; Shukla,
M.K.; Bista, P.; Angadi, S.V.; Mikha, M.M.; et al. Soil health assessment and management
framework for water-limited environments: examples from the great plains of the USA. Soil
Syst. 2023, 7, 22. https://doi.org/10.3390/soilsystems7010022.

3



Soil Syst. 2024, 8, 42

10. Eloudi, H.; Hssaisoune, M.; Reddad, H.; Namous, M.; Ismaili, M.; Krimissa, S.; Ouayah, M.;
Bouchaou, L. Robustness of optimized decision tree-based machine learning models to map
gully erosion vulnerability. Soil Syst. 2023, 7, 50. https://doi.org/10.3390/soilsystems7020050.

11. Suzuki, L.E.A.S.; Amaral, R.d.L.d.; Almeida, W.R.d.S.; Ramos, M.F.; Nunes, M.R. Oat straw
mulching reduces interril erosion and nutrient losses caused by runoff in a newly planted peach
orchard. Soil Syst. 2023, 7, 8. https://doi.org/10.3390/soilsystems7010008.

12. ElKadiri, R.; Momm, H.G.; Bingner, R.L.; Moore, K. Spatial optimization of conservation
practices for sediment load reduction in ungauged agricultural watersheds. Soil Syst. 2023, 7, 4.
https://doi.org/10.3390/soilsystems7010004.

13. Lima, G.M.d.; Guerra, A.J.T.; Rangel, L.d.A.; Booth, C.A.; Fullen, M.A. Water Erosion Processes
on the Geotouristic Trails of Serra da Bocaina National Park Coast, Rio de Janeiro State, Brazil.
Soil Syst. 2024, 8, 24. https://doi.org/10.3390/soilsystems8010024.

14. Pires, L.F. Changes in soil water retention and micromorphological properties induced by
wetting and drying cycles. Soil Syst. 2023, 7, 51. https://doi.org/10.3390/soilsystems7020051.

15. Al-Toobi, M.; Janke, R.R.; Khan, M.M.; Ahmed, M.; Al-Busaidi, W.M.; Rehman, A. Silica and
Biochar amendments improve cucumber growth under saline conditions. Soil Syst. 2023, 7, 26.
https://doi.org/10.3390/soilsystems7010026.

References

1. Mengel, K.; Kirkby, E.A.; Kosegarten, H.; Appel, T. The soil as a plant nutrient medium. In Principles of Plant Nutrition; Mengel,
K., Kirkby, E.A., Kosegarten, H., Appel, T., Eds.; Springer: Dordrecht, The Netherlands, 2001; pp. 15–110. Available online:
https://link.springer.com/chapter/10.1007/978-94-010-1009-2_2 (accessed on 10 March 2024).

2. Suzuki, L.E.A.S.; Lima, C.L.R.; Reinert, D.J.; Reichert, J.M.; Pilon, C.N. Estrutura e armazenamento de água em um Argissolo sob
pastagem cultivada, floresta nativa e povoamento de eucalipto no Rio Grande do Sul. Rev. Bras. Ciênc. Solo 2014, 38, 94–106.
[CrossRef]

3. FAO—Food and Agriculture Organization of the United Nations. Soils for Nutrition: State of the Art; FAO: Rome, Italy, 2022; 78p,
Available online: https://www.fao.org/documents/card/en/c/cc0900en (accessed on 10 March 2024).

4. Cheng, K.; Xu, X.; Cui, L.; Li, Y.; Zheng, J.; Wu, W.; Sun, J.; Pan, G. The role of soils in regulation of freshwater and coastal water
quality. Philos. Trans. R. Soc. B 2021, B376, 20200176. Available online: https://royalsocietypublishing.org/doi/10.1098/rstb.2020
.0176 (accessed on 10 March 2024). [CrossRef] [PubMed]

5. Lal, R. Soil erosion and sediment transport research in tropical Africa. Hydrol. Sci. J. 1985, 30, 239–256. [CrossRef]
6. Didoné, E.J.; Minella, J.P.G.; Merten, H. Quantifying soil erosion and sediment yield in a catchment in southern Brazil and

implications for land conservation. J. Soils Sediments 2015, 15, 11. [CrossRef]
7. Global Soil Partnership—GSP. Global Soil Partnership Endorses Guidelines on Sustainable Soil Management. 2016. Available

online: https://www.fao.org/global-soil-partnership/resources/highlights/detail/en/c/416516/ (accessed on 10 March 2024).
8. Kaiser, D.R.; Reinert, D.J.; Reichert, J.M.; Collares, G.L.; Kunz, M. Intervalo hídrico ótimo no perfil explorado pelas raízes de

feijoeiro em um latossolo sob diferentes níveis de compactação. Rev. Bras. Ciênc. Solo 2009, 33, 845–855. [CrossRef]
9. Moraes, M.T.; Debiasi, H.; Franchini, J.C.; Mastroberti, A.A.; Levien, R.; Leitner, D.; Schnepf, A. Soil compaction impacts soybean

root growth in an Oxisol from subtropical Brazil. Soil Tillage Res. 2020, 200, 104611. [CrossRef]
10. Nunes, M.R.; Pauletto, E.A.; Denardin, J.E.; Suzuki, L.E.A.S.; van Es, H.M. Dynamic changes in compressive properties and crop

response after chisel tillage in a highly weathered soil. Soil Tillage Res. 2019, 186, 183–190. [CrossRef]
11. Suzuki, L.E.A.S.; Reinert, D.J.; Alves, M.C.; Reichert, J.M. Critical limits for soybean and black bean root growth, based on

macroporosity and penetrability, for soils with distinct texture and management systems. Sustainability 2022, 14, 2958. [CrossRef]
12. Botta, G.F.; Antille, D.L.; Nardon, G.F.; Rivero, D.; Bienvenido, F.; Contessotto, E.E.; Ezquerra-Canalejo, A.; Ressia, J.M. Zero

and controlled traffic improved soil physical conditions and soybean yield under no-tillage. Soil Tillage Res. 2022, 215, 105235.
[CrossRef]

13. Minella, J.P.G.; Merten, G.H.; Reichert, J.M.; Santos, D.R. Identificação e implicações para a conservação do solo das fontes de
sedimentos em bacias hidrográficas. R. Rev. Bras. Ciênc. Solo 2007, 31, 1637–1646. Available online: https://www.scielo.br/j/
rbcs/a/RGKRtjfsRZjByjJGzjxWh7D/?format=pdf&lang=pt (accessed on 10 March 2024). [CrossRef]

14. Tiecher, T.; Minella, J.P.G.; Caner, L.; Evrard, O.; Mohsin Zafar, M.; Capoane, V.; Gall, M.L.; Santos, D.R. Quantifying land use
contributions to suspended sediment in a large cultivated catchment of Southern Brazil (Guaporé River, Rio Grande do Sul).
Agric. Ecosyst. Environ. 2017, 237, 95–108. Available online: https://hal.science/hal-01686523/document (accessed on 10 March
2024). [CrossRef]

15. Tiecher, T.; Minella, J.P.G.; Evrard, O.; Caner, L.; Merten, G.H.; Capoane, V.; Didoné, E.J.; Santos, D.R. Fingerprinting sediment
sources in a large agricultural catchment under no-tillage in Southern Brazil (Conceição River). Land Degrad. Dev. 2018, 29,
939–951. [CrossRef]

16. Dorici, M.; Costa, C.W.; Moraes, M.C.P.; Piga, F.G.; Lorandi, R.; Lollo, J.A.; Moschini, L.E. Accelerated erosion in a watershed in
the southeastern region of Brazil. Environ. Earth Sci. 2016, 75, 1301. [CrossRef]

4



Soil Syst. 2024, 8, 42

17. Lense, G.H.E.; Servidoni, L.E.; Parreiras, T.C.; Santana, D.B.; Bolleli, T.M.; Ayer, J.E.B.; Spalevic, V.; Mincato, R.L. Modeling of
soil loss by water erosion in the Tietê River Hydrographic Basin, São Paulo, Brazil. Semina Ciênc. Agrár. 2022, 43, 1403–1422.
[CrossRef]

18. Soil Survey Staff. Keys to Soil Taxonomy, 12th ed.; USDA—Natural Resources Conservation Service: Washington, DC, USA, 2014;
142p. Available online: https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/class/taxonomy/?cid=nrcs142p2
_053580 (accessed on 8 December 2021).

19. IUSS Working Group WRB. World Reference Base for Soil Resources 2014, Update 2015 International Soil Classification System for
Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy, 2015.

20. Santos, H.G.; Jacomine, P.K.T.; Anjos, L.H.; Oliveira, V.A.; Lumbreras, J.F.; Coelho, M.R.; Almeida, J.A.; Araujo Filho, J.C.; Oliveira, J.B.;
Cunha, T.J.F. Sistema Brasileiro de Classificação de Solos; Embrapa: Brasília, Brasil, 2018; Available online: https://ainfo.cnptia.embrapa.br/
digital/bitstream/item/199517/1/SiBCS-2018-ISBN-9788570358004.pdf (accessed on 29 November 2021).

21. IBGE—Instituto Brasileiro de Geografia e Estatística. Mapa Brasil Climas—Escala 1:5.000.000. 1978. Available online: https://geoftp.
ibge.gov.br/informacoes_ambientais/climatologia/mapas/brasil/Map_BR_clima_2002.pdf (accessed on 26 February 2023).

22. Department of Economic and Social Affairs, United Nations. Sustainable Development. The 17 Goals. 2024. Available online:
https://sdgs.un.org/goals (accessed on 12 March 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

5



Citation: Suzuki, L.E.A.S.;

Reinert, D.J.; Secco, D.; Fenner, P.T.;

Reichert, J.M. Soil Structure under

Forest and Pasture Land-Uses

Affecting Compressive Behavior and

Air Permeability in a Subtropical Soil.

Soil Syst. 2022, 11, 98.

https://doi.org/

10.3390/soilsystems6040098

Academic Editor: Heike Knicker

Received: 1 November 2022

Accepted: 10 December 2022

Published: 15 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Soil Structure under Forest and Pasture Land-Uses
Affecting Compressive Behavior and Air Permeability
in a Subtropical Soil

Luis Eduardo Akiyoshi Sanches Suzuki 1,*, Dalvan José Reinert 2, Deonir Secco 3, Paulo Torres Fenner 4

and José Miguel Reichert 2

1 Center of Technological Development, Federal University of Pelotas, Pelotas 96010-610, RS, Brazil
2 Soils Department, Federal University of Santa Maria, Santa Maria 97105-9000, RS, Brazil
3 Centro de Ciências Exatas e Tecnológicas, Universidade Estadual do Oeste do Paraná-UNIOESTE,

Cascavel 85819-110, PR, Brazil
4 Department of Forest Sciences, UNESP Universidade Estadual Paulista, Botucatu 18610-307, SP, Brazil
* Correspondence: luis.suzuki@ufpel.edu.br

Abstract: Machinery traffic and animal trampling can deform the soil and, consequently, impair
soil pore functioning. This study aimed to evaluate how soil structure affects the compressibility,
physical properties and air permeability of a Typic Paleudalf under forest, pasture and eucalyptus.
Soil samples with preserved structure were used to determine soil physical (bulk density, porosity,
degree of water saturation at 33 kPa-tension, air permeability) and mechanical properties (soil
deformation, precompression stress, compressibility index). After these evaluations, each soil sample
was fragmented, sieved, and the metal rings filled with structureless soil, and underwent the same
determinations as the samples with preserved structure. For loads greater than the precompression
stress (load greater than 200 kPa), soil with non-preserved structure had the largest deformation.
An increase in bulk density decreased macropores linearly (R2 = 0.77 and 0.87, respectively, to
preserved and non-preserved soil structure) and air flow exponentially. The soil with preserved
structure was less susceptible to further compaction. Air flow was greatest in soils with lower bulk
density, microporosity and water saturation degree, and a high volume of macropores. Soil structure
(preserved and non-preserved) had more significative differences in microporosity, compressibility
index, soil deformation, and bulk density at the end of the compression test.

Keywords: compressibility; precompression stress; soil compaction; soil permeability

1. Introduction

Soils are responsible for many processes essential to life [1], serving as a substrate
to support plant growth, a reservoir of nutrients [2,3], and the site for many biological
processes involving the decomposition and cycling of animal and plant compounds [4–6].
Soil influences air and water quality through interactions with the atmosphere, and as a
system for storing [7] and purifying water flowing through the soil profile [8].

Soil structural quality is essential for proper pore functioning for water and air flow
and biological activity, all important for the maintenance of life. In cultivated soil, its
structure is affected by machinery traffic, animal trampling and soil tillage, for example.
Management practices that alter the classes of pores with larger diameters will directly
affect flows of air and water in the soil [9]. Soil tillage alters the mechanical strength
of soil aggregates, pore continuity, and hydraulic, gas and heat fluxes [10]. Soil as a
three-phase system (solid–air–water) has limited resilience and sustainability and, when
stress-supporting limits are exceeded, soil properties and functions are affected, particularly
pore size and distribution, affecting the flux of water, gas and heat [11].
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Soil precompression stress and the compression index are useful indicators to apprise,
respectively, soil load bearing capacity and susceptibility to compaction [12,13]. When
pressure applied to the soil is lower than the precompression stress, elastic (recoverable)
deformation occurs in the soil, and physical properties undergo minor changes. However,
with pressure greater than the load-bearing capacity of the soil, plastic deformation (non-
recoverable) occurs, and soil physical properties change considerably [12,13].

A soil with good physical quality allows infiltration, retention and availability of
water to plants, streams and subsurface; responds to management and resists degradation;
allows exchange of heat and gases with the atmosphere and plant roots; and enables root
growth [14]. Water, oxygen, temperature and root penetration resistance directly affect plant
growth. These properties are affected by bulk density, aggregation, aggregate stability and
pore size distribution, all indirectly related to crop growth and yield [15]. Precompression
stress and compressibility index, soil mechanical parameters related to machinery traffic
and to animal trampling, are associated with soil structure [16–18] and plants [18], and
their knowledge may help maintain soil structure adequate for its functioning [19]. The
knowledge on the transition from elastic to plastic properties and changes of function
of the soil is essential to increase or at least maintain soil functions such as fluxes, root
penetrability, filtering and buffering [4].

Some studies were conducted to understand the influence of soil tillage (no-tillage,
plowing, chiseling) and land use (annual crops, forest, pasture) on the physical properties
of soil [19–34]. However, the knowledge on soil structure, especially porosity (arrangement
and continuity, for example), related to soil resistance to support loads and air flow is
still incipient.

Thus, for soil physical, chemical and biological processes to contribute to improved
environmental quality, soil structure must allow adequate aeration, infiltration and re-
tention of water and exchanges of gases and heat with the atmosphere. Furthermore,
field operations that involve soil rupture (e.g., by tillage) and/or machinery traffic and
animal trampling can substantially change soil structure (soil loosening or compaction),
modifying the conditions that determine root and plant growth and yield, and water and
air flows [18,34–36]. Remolded soil or non-preserved structure has been used in com-
pressibility tests, especially in engineering tests to demonstrate the soil supportability of
buildings [37–42], but few studies [43] have focused on soil function.

Considering the importance of soil structure, this study aimed to evaluate the effect
of soil structure on its compressibility, physical properties, and air permeability. Our
hypothesis was that a loose soil has lower load bearing capacity and is more susceptible
to soil compaction than a structured soil; and even with lower bulk density and greater
macroporosity, the loose soil has lower air permeability due to decreased pore continu-
ity. Therefore, this study contributes towards a better understanding of the relationship
between soil structure, compressibility, and permeability.

2. Materials and Methods

2.1. Study Site and Treatments

The study area is located in the municipality of Butiá, in the physiographic region
of the Southeast Mountain Range (Rio-Grandense Shield) of the Rio Grande do Sul State,
southern Brazil, with geographic coordinates of 30◦06′06′′ south latitude and 51◦52′18′′
west longitude (Figure 1). According to the Köppen system of climatic classification, the
climate in the region is “Cfa” type—subtropical, humid, without drought. Based on 30 years
of data (1981 to 2020), the minimum and maximum temperature of the hottest (January) and
least hot (July) month is, respectively, 19.4 and 30.8 ◦C and 9.4 and 19.2 ◦C, and the rainfall
varies from 99.6 mm (March) to 149.7 mm (June), with an annual average of 124.37 mm [44].
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Figure 1. Map of Brazil, with Rio Grande do Sul State shown as hatched; map of Rio Grande do Sul
State with Butiá shown as hatched; and image from Google Earth with the land uses studied. Image
of Google Earth dated 5 September 2005.

The soil in the area is classified as Typic Paleudalf [45], Umbric Rhodic Acrisol [46]
or “Argissolo Vermelho Distrófico” by the Brazilian Soil Classification System [47], with
low-activity clays, moderate A horizon (i.e., not included in other categories of A horizon),
medium texture in the horizon A/clay in the horizon B with gravel, smooth undulated
and undulated relief, and the soil parent material is granite. The uses or treatments in this
study were in contiguous areas and were as follows:

(1) Anthropized forest: forest composed by tree and shrub species with a height of approx-
imately 4 m, used as shelter for cattle. Due to the possibility of cattle gaining access to
this sampling point in the driest periods, this area was called anthropized forest;

(2) Pasture: 5-y-old pasture, consisting of brachiaria brizanta (Brachiaria brizantha) in-
tercropped with Pensacola (Paspalum lourai) and clover (Trifolium sp.). The pasture
was installed in an area of 1200 ha under conventional tillage (plowing and harrow-
ing) in 2001. Before the pasture, there was natural forest and pasture, and soybean
intermittently;

(3) Eucalyptus 20: a 20-y-old Eucalyptus saligna stand, with conventional tillage used to
plant the stand in 1986. Before the eucalyptus, the area consisted of pasture;

(4) Eucalyptus 4.5: clonal Eucalyptus saligna in a second rotation, with 4.5 years of age.
The original planting occurred in 1993, with soil tillage in strip and a three-stem chisel.
The harvesting of eucalyptus in the first cycle, at 8.5 years of age, was performed
manually with a chainsaw, and the wood extraction was carried out with a Forwarder
Valmet 890 with a load capacity of 18 Mg, without burning the crop residue. The
traffic for the harvesting of eucalyptus in the first cycle was at random, with number of
passes reaching up to 16. The second planting of eucalyptus was carried out between
the rows in 2002. Before the first planting in 1993, the area was used for soybean
and pasture.
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Soil particle size distribution and total organic carbon content in soils are presented in
Table 1.

Table 1. Mean values of gravel, particle size distribution and total organic carbon for the studied
land uses and six soil layers.

Layer (m)

Sand

Gravel
(20–2 mm)

Total
(2–0.05 mm)

Coarse
(2–0.2 mm)

Fine
(0.2–0.05 mm)

Silt
(0.05–0.002 mm)

Clay
(<0.002 mm)

* Total
Organic
Carbon

g kg−1 g dm−3

Anthropized Forest
0.00–0.05 8 407 245 162 191 402 34
0.05–0.10 12 385 210 175 193 422 21
0.10–0.20 12 379 213 166 187 434 17
0.20–0.40 23 345 198 147 179 476 14
0.40–0.60 48 293 171 122 165 542 14
0.60–1.00 47 277 167 110 144 579 11

Pasture
0.00–0.05 38 362 206 156 193 445 27
0.05–0.10 21 355 200 155 199 446 24
0.10–0.20 36 334 193 141 185 481 19
0.20–0.40 41 301 175 126 165 534 16
0.40–0.60 75 300 186 114 137 563 14
0.60–1.00 68 282 167 115 130 588 12

Eucalyptus 20
0.00–0.05 30 374 212 162 161 465 32
0.05–0.10 40 371 213 158 161 468 18
0.10–0.20 75 385 220 165 157 458 17
0.20–0.40 274 353 206 147 156 491 17
0.40–0.60 110 302 185 117 134 564 13
0.60–1.00 97 285 176 109 120 595 11

Eucalyptus 4.5
0.00–0.05 14 475 272 203 200 325 34
0.05–0.10 14 460 265 195 194 346 16
0.10–0.20 19 426 240 186 192 382 16
0.20–0.40 55 376 226 150 162 462 15
0.40–0.60 47 314 188 126 151 535 14
0.60–1.00 37 288 171 117 141 571 9

* Source: [48].

2.2. Soil Sampling and Analyses

Samples of soil with preserved or undisturbed structure, as it was in the field, were
collected in September 2006. For this purpose, three trenches in each use were opened and,
in each trench, two samples per soil layer were collected, totaling six replicates per layer.
The samples were collected in metal cylinders of 2.5 cm height and 6.1 cm diameter, in the
0.025 to 0.05 m, 0.10 to 0.125 m, and 0.20 to 0.225 m soil layers. These were saturated by
capillarity and, later, positioned on a tension table at 0.60 m of water column to determine
the microporosity [49]. Soil macroporosity was calculated by the difference between the
total porosity and the microporosity. The total porosity was calculated by the equation:

Tp = 1 − (Bd/Pd) (1)

where Tp is the total porosity (m3 m−3), Bd is the bulk density (Mg m−3), and Pd is the
particle density (Mg m−3). Soil particle density was determined by the method proposed by
Gubiani et al. [50], in soil samples with non-preserved structure collected in September 2006
in three trenches within each use, in the 0.00–0.05; 0.10–0.20 and 0.20–0.40 m soil layers.
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The soil samples with preserved structure were re-saturated, equilibrated at a tension
of 33 kPa using Richards pressure chambers [51] and, then, submitted to the air permeability
test using an air permeameter. Permeability was calculated as:

K = ρ*g*[(Δv*L)/(Δt*Δp*A)] (2)

where K is the air permeability (m s−1), ρ is the air density in the moment of measurement
(kg m−3), g is the acceleration of gravity (m s−2), Δv is the reading on the flowmeter (m3),
L is the height of the cylinder (m), Δt is the time (minutes), Δp is the air pressure applied
(hPa) and A is the area of the cylinder (m2). We used ρ = 1.169 kg m−3, g = 9.81 m s−2,
Δt = 1 min, and Δp = 1 hPa. Air density was calculated as:

ρ = ρn*[(Tn*p)/(pn*T)] (3)

where ρ is the air density in the moment of measuring (kg m−3), ρn is the standard air
density (kg m−3), Tn is the standard temperature (◦K), p is the atmospheric pressure in the
measurement (mbar), pn is standard atmospheric pressure (mbar), and T is the temperature
in the measurement (◦K). We used: ρn (atmospheric pressure of 1013 mbar and temperature
of 273.15 ◦K = 0 ◦C) = 1293 kg m−3, Tn (0 ◦C) = 273.15 ◦K, p = 1000 mbar, pn = 1013 mbar,
and T (25 ◦C) = 298.15 ◦K.

After the air permeability test, the soil samples were submitted to a uniaxial com-
pression test in the laboratory, with a five minutes application of successive static loads
of 12.5, 25, 50, 100, 200, 400, 800 and 1600 kPa in the Terraload model S−450 (Durham
Geo-Enterprises) consolidator, with pressure applied by compressed air. Maximum soil
deformation was determined by following the methodology of Silva et al. [52], without
considering pore water pressure changes during the test, since our apparatus had no such
capability. Although this loading time might be considered a short interval in the multistep
loading because of water pressure, as discussed in Rosa et al. [53], with the possibility of
saturation and prevention, this loading time allows more than 99% of soil deformation.
After the compression test, the soil samples were oven dried at 105 ◦C.

Before the compression test, soil bulk density (Bd) and degree of water saturation at
33 kPa matric tension (Sd) were calculated. Based on the vertical displacement measured
in the laboratory by the consolidometer after the application of each load, the deformation
(Def) of the soil at the end of the test was calculated. The compressibility index (Ci) and
the precompression stress (Pcs) were calculated using Casagrande’s method [54]. Soil
compression curves were plotted relating the observed bulk density to the applied pressure
in the uniaxial compression test.

After performing the determinations of macroporosity, microporosity, total porosity,
air permeability, bulk density and compressibility with the soil samples with preserved
structure, the samples from each ring were unstructured so that the particles passed through
a 2 mm mesh sieve. Then the rings were filled with their respective soil (particles > and
<2 mm), suffering a slight compaction so that all the soil filled the ring, maintaining the
original bulk density of the soil sample. That soil was named non-preserved structure. The
samples went through the same processes (saturated by capillarity, submitted at 0.60 m
tension on a tension table and at 33 kPa tension using Richards pressure chambers, and
oven dried at 105 ◦C) and determinations (bulk density, macroporosity, microporosity,
total porosity, air permeability, degree of water saturation at 33 kPa matric tension and
compressibility) of the samples with preserved structure.

A completely randomized design was used, comparing samples with preserved and
non-preserved structure for each soil layer and land use. The analysis of variance and the
Tukey test of means were performed considering 5% significance, as well as regression
analysis considering the properties evaluated.
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3. Results

Soil macroporosity, total porosity and initial bulk density were not significantly
(p > 0.05) influenced by soil structure (Tables 2 and 3), whereas microporosity was sig-
nificantly (p < 0.05) influenced by soil structure (preserved and non-preserved), with an
increase in the soil with non-preserved structure in the eucalyptus areas. However, this in-
crease in microporosity was not reflected in significant differences in total porosity (p > 0.05).
The unstructured, sieving and reorganization of soil particles during sample accommoda-
tion in the cylinder with non-preserved structure may have contributed to the increase in
the microporosity and decrease (not statistically significative) in the macroporosity.

Table 2. Coefficient of variation (cv) and mean values of macroporosity, microporosity and total
porosity, for soil with preserved (Pres) and non-preserved (NPres) structure under different land uses
and layers.

Layer, m
Macroporosity, m3 m−3 Microporosity, m3 m−3 Total Porosity, m3 m−3

Pres NPres cv, % Pres NPres cv, % Pres NPres cv, %

Forest
0.025–0.05 0.109 a 0.149 a 41.73 0.367 a 0.337 b 5.93 0.475 a 0.486 a 7.54
0.10–0.125 0.159 a 0.183 a 17.10 0.347 a 0.335 a 6.42 0.506 a 0.518 a 2.64
0.20–0.225 0.150 a 0.146 a 18.66 0.336 a 0.348 a 5.06 0.486 a 0.495 a 2.54

Pasture
0.025–0.05 0.093 a 0.094 a 35.96 0.356 a 0.370 a 4.03 0.449 a 0.463 a 4.90
0.10–0.125 0.105 a 0.107 a 26.10 0.358 a 0.366 a 3.84 0.463 a 0.473 a 4.25
0.20–0.225 0.140 a 0.126 a 46.87 0.342 a 0.363 a 9.21 0.482 a 0.489 a 6.72

Eucalyptus 20
0.025–0.05 0.354 a 0.333 a 10.25 0.237 b 0.258 a 4.78 0.591 a 0.591 a 5.00
0.10–0.125 0.226 a 0.204 a 52.43 0.287 a 0.315 a 17.59 0.513 a 0.519 a 11.95
0.20–0.225 0.205 a 0.196 a 26.27 0.303 a 0.319 a 11.66 0.508 a 0.515 a 4.13

Eucalyptus 4.5
0.025–0.05 0.082 a 0.068 a 54.58 0.299 b 0.339 a 3.08 0.381 a 0.407 a 9.97
0.10–0.125 0.127 a 0.099 a 51.04 0.286 b 0.330 a 6.24 0.413 a 0.429 a 11.67
0.20–0.225 0.120 a 0.085 b 17.09 0.311 b 0.355 a 4.20 0.432 a 0.440 a 4.08

Means followed by same letters in a given line, for each physical property, do not differ statistically from each
other by Tukey’s test at 5% significance.

Although the initial bulk density was equal for soil with preserved and non-preserved
structure, the latter soil reached the highest values at the end of the compression test
and, consequently, the largest soil deformation (Table 3, Figures 2–5). As the initial bulk
density increased, there was a decrease in soil deformation, and this decrease was more
pronounced in soil with preserved structure (Figure 6a). Macropores decreased as bulk
density increased (R2 = 0.77 and 0.87, respectively, for preserved and non-preserved soil
structure) (Figure 6b); therefore, the soil became less compressive, i.e., lower deformation
occurred (R2 = 0.88 and 0.32, respectively, for preserved and non-preserved soil structure)
(Figure 6c). With an increase in the initial bulk density, there was an increase in the range of
the final bulk density between soil with preserved and non-preserved structure (R2 = 0.46
and 0.74, respectively, for preserved and non-preserved soil structure) (Figure 6d).
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Table 3. Coefficient of variation (cv) and mean values of bulk density in the beginning and in the end
of the uniaxial compression test, and deformation, for soil with preserved (Pres) and non-preserved
(NPres) structure under different land uses and layers.

Layer, m
Bulk Density Initial, Mg m−3 Bulk Density Final, Mg m−3 Deformation, mm

Pres NPres cv, % Pres NPres cv, % Pres NPres cv, %

Forest
0.025–0.05 1.28 a 1.25 a 6.93 1.64 b 1.80 a 3.31 0.551 b 0.759 a 12.41
0.10–0.125 1.25 a 1.23 a 2.69 1.72 a 1.81 b 1.61 0.673 b 0.792 a 8.76
0.20–0.225 1.30 a 1.27 a 2.41 1.73 b 1.85 a 1.72 0.624 b 0.783 a 6.11

Pasture
0.025–0.05 1.38 a 1.32 a 3.39 1.73 b 1.89 a 3.03 0.513 b 0.744 a 7.91
0.10–0.125 1.36 a 1.33 a 3.77 1.72 b 1.88 a 3.61 0.538 b 0.728 a 6.24
0.20–0.225 1.29 a 1.27 a 6.67 1.69 a 1.78 a 6.14 0.593 a 0.711 a 17.38

Eucalyptus 20
0.025–0.05 1.03 a 0.99 a 6.33 Not determined Not determined
0.10–0.125 1.19 a 1.21 a 13.24 1.79 a 1.89 a 4.87 0.639 a 0.756 a 15.03
0.20–0.225 1.23 a 1.21 a 4.35 1.78 a 1.78 a 3.65 0.769 a 0.702 a 11.46

Eucalyptus 4.5
0.025–0.05 1.50 a 1.47 a 6.82 1.87 b 1.99 a 2.88 0.483 b 0.650 a 16.10
0.10–0.125 1.47 a 1.43 a 8.48 1.86 a 1.96 a 5.77 0.539 a 0.656 a 16.70
0.20–0.225 1.44 a 1.42 a 3.19 1.82 b 1.96 a 2.38 0.530 b 0.695 a 8.25

Means followed by same letters in a given line, for each physical property, do not differ statistically from each
other by Tukey’s test at 5% significance.

  
(a) (b) 

  
(c) (d) 

Figure 2. Soil compression curve for soil with preserved and non-preserved structure in the
0.025–0.05 m soil layer for four land uses. Vertical error bars for each pressure indicate the least
significance difference, while vertical bars that accompany the superior and inferior axes in the figure
indicate the precompression stress value for the preserved and non-preserved soil structures.
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(a) (b) 

  
(c) (d) 

Figure 3. Soil compression curve for soil with preserved and non-preserved structure in the
0.10–0.125 m soil layer for four land uses. Vertical error bars for each pressure indicate the least
significance difference, while vertical bars that accompany the superior and inferior axes in the figure
indicate the precompression stress value for the preserved and non-preserved soil structures.

  
(a) (b) 

  
(c) (d) 

Figure 4. Soil compression curve for soil with preserved and non-preserved structure in the
0.20–0.225 m soil layer for four land uses. Vertical error bars for each pressure indicate the least
significance difference, while vertical bars that accompany the superior and inferior axes in the figure
indicate the precompression stress value for the preserved and non-preserved soil structures.
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Figure 5. Soil with preserved and non-preserved structure with the same bulk density before the
uniaxial compression test and the differences in soil deformation and pores decrease at the end of
the test.

 
(a) (b) 

 
(c) (d) 

Figure 6. Regression between physical properties for soil with preserved (P) and non-preserved
(NP) structure. Macro = macroporosity; Bdi and Bdf = bulk density in the beginning and in the
final of the uniaxial compression test, respectively; Def = soil deformation in the final of the uniaxial
compression test.

Soil precompression stress was similar for both types of soil structure (p > 0.05)
(Table 4), while differences between soil structure occurred at loads greater than the pre-
compression stress, i.e., greater than 200 kPa (Figures 2–4). Soil compressibility index was
affected by soil structure (p < 0.05) for forest and pasture uses, where the non-preserved
structure presented highest values (Table 4), i.e., the soil was more susceptible to com-
paction. The increase in bulk density (R2 = 0.79 and 0.76, respectively, for preserved and
non-preserved soil structure) (Figure 7a) and the degree of water saturation (R2 = 0.78
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and 0.65, respectively, for preserved and non-preserved soil structure) (Figure 6b) was
associated with a decrease in the compressibility index.

Table 4. Coefficient of variation (cv) and average values of precompression stress, compressibility
index, degree of water saturation and air permeability for soil with preserved (Pres) and non-
preserved (NPres) structure under different land uses and layers.

Layer, m
Precompression Stress, kPa Compressibility Index Degree of Water Saturation, % Air Permeability, mm h−1

Pres NPres cv, % Pres NPres cv, % Pres NPres cv, % Pres NPres cv, %

Forest
0.025–0.05 47.53 a 49.85 a 18.46 0.25 b 0.39 a 18.69 66.52 a 52.71 b 16.67 17.29 a 27.71 a 87.15
0.10–0.125 48.10 a 49.85 a 20.18 0.33 a 0.38 a 16.67 57.07 a 50.37 b 7.84 34.55 a 30.69 a 80.60
0.20–0.225 39.35 b 51.92 a 17.42 0.28 b 0.40 a 7.89 61.73 a 54.04 b 9.56 19.03 a 19.78 a 95.27

Pasture
0.025–0.05 44.56 a 38.47 a 20.31 0.21 b 0.34 a 10.51 69.62 a 64.21 a 6.74 26.09 a 10.07 a 69.75
0.10–0.125 35.53 a 35.50 a 22.58 0.22 b 0.32 a 9.83 67.39 a 62.34 a 11.93 15.09 a 10.21 a 53.41
0.20–0.225 34.42 a 40.76 a 39.80 0.25 a 0.33 a 21.35 61.94 a 60.04 a 17.74 16.10 a 14.75 a 65.28

Eucalyptus 20
0.025–0.05 31.24 a 35.85 a 28.57 0.60 a 0.58 a 16.43 36.65 a 33.92 a 8.58 Not determined

0.10–0.125 42.20 a 54.40 a 32.70 0.43 a 0.45 a 26.76 45.87 a 47.98 a 29.49 192.70
a 110.99 a 78.48

0.20–0.225 46.47 a 46.62 a 27.51 0.38 a 0.45 a 15.23 50.33 a 47.42 a 13.60 66.33 a 119.39 a 67.66

Eucalyptus 4.5
0.025–0.05 46.00 a 38.65 a 18.27 0.18 a 0.25 a 24.57 68.45 a 67.83 a 15.84 19.16 a 7.37 a 117.84
0.10–0.125 42.27 a 34.85 a 28.26 0.21 a 0.28 a 24.41 63.23 a 59.95 a 18.08 27.53 a 17.18 a 107.33
0.20–0.225 50.92 a 39.33 a 25.42 0.21 b 0.29 a 12.01 62.02 a 61.27 a 5.11 26.35 a 9.67 a 78.51

Means followed by same letters in a given line, for each physical property, do not differ statistically from each
other by Tukey’s test at 5% significance.

 
(a) (b) 

Figure 7. Regression between physical properties for soil with preserved and non-preserved structure.
Bdi = bulk density in the beginning of the uniaxial compression test; Dws = degree of water saturation;
Ci = compressibility index.

The degree of water saturation was affected by soil structure type (preserved and
non-preserved) (p < 0.05) only in forest (Table 4). By decreasing macroporosity (R2 = 0.87
and 0.91, respectively, for preserved and non-preserved soil structure) (Figure 8a) and
increasing microporosity (R2 = 0.47 and 0.71, respectively, for preserved and non-preserved
soil structure) (Figure 8b), there was an increase in the degree of water saturation. Air
permeability did not differ statistically (p > 0.05) between soil structure types (Table 4).
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(a) (b) 

Figure 8. Regression between physical properties for soil with preserved and non-preserved structure.
Macro = macroporosity; Micro = microporosity; Dws = degree of water saturation.

Increase in air permeability was associated with an exponential decrease in bulk
density (Figure 9a), degree of water saturation (Figure 9b), microporosity (Figure 9d), and
an increase in macropores (Figure 9c). This behavior shows that the air flow occurred
mainly in the macropores. By increasing macroporosity (Figure 9c) and reducing the degree
of water saturation (Figure 9b), more pores were available for air flow.

 
(a) (b) 

 
(c) (d) 

Figure 9. Regression between physical properties for soil with preserved and non-preserved structure.

Soil structure condition (preserved or not) had few influences on bulk density, macro-
porosity, total porosity, air permeability, and precompression stress (p > 0.05). However,
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for loads greater than the precompression stress (load greater than 200 kPa), the soil with
non-preserved structure had greater deformation. The results show that compaction re-
duced macropores and air flow; as a consequence the soil experienced less deformation
with further loading and was less susceptible to additional compaction.

4. Discussion

We observed that soil structure (preserved and non-preserved) had significant in-
fluence, especially on microporosity, compressibility index, soil deformation, and bulk
density at the end of the compression test. Increasing bulk density and degree of water
saturation decreased air permeability, soil deformation, macropores and compression index
(Figure 10).

Figure 10. Scheme showing alterations on bulk density and degree of water saturation, with changes
on physical and compressive properties and air permeability.

Chiseling and/or harrowing disaggregate the soil and modify the relation of mass/volume
in the field [19,34,55]. In our case, in the laboratory the soil mass was the same for both preserved
and non-preserved structure, justifying the similar values of bulk density and total porosity
in both structural conditions. However, when the soil sample with non-preserved structure
was disrupted, sieved and rearranged in the metal ring, the relation between microporosity
and macroporosity was modified, with an increase in the microporosity and a decrease in the
macroporosity. Pores in the soil with preserved structure were more continuous, formed by the
decomposition of roots and biological activity [56,57], while pores in the soil with non-preserved
structure were randomly distributed in the soil mass.

We expected greater values of precompression stress for undisturbed soil samples
because of the history of loads applied by machinery traffic and animal trampling, and dif-
ferences in the precompression stress values when comparing the soil structure (preserved
and non-preserved), but our expectations were not confirmed. For instance, the pressure ap-
plied on the soil by forest machines and by horse-hoof can exceed 300 kPa [58]. When com-
paring soil tillage treatments (no-tillage, chisel plow, conventional tillage), Veiga et al. [43]
obtained differences using undisturbed soil samples, but less difference in the precom-
pression stress between treatments when using remolded soil samples, and suggested that
remolding soil samples eliminates the effect of age hardening and soil aggregation.

Furthermore, in our study, we did not observe significative differences in the porosity
and bulk density that could differently influence the precompression stress values when
comparing preserved and non-preserved soil structure. For instance, Suzuki et al. [59]
demonstrated the negative and positive correlation between precompression stress with,
respectively, total porosity and bulk density, and Nunes et al. [18] showed correlation of
precompression stress with macroporosity and bulk density.

17



Soil Syst. 2022, 11, 98

Our precompression stress values (31.24 to 54.40 kPa) were low, suggesting a possible
effect of mineralogy and contents of gravel and sand. The studied soil was derived from
granite substrate and may have contained micas in its mineralogical composition, including
in the clay fraction 1:1 clay minerals, such as kaolinite dominant in the clay fraction,
and feldspars in the sand and silt fractions [60]. Horn and Lebert [61] stated that soil
compressibility depends on soil strength, particle size distribution, type of clay mineral,
content and type of organic substances, root distribution, soil bulk density, soil distribution,
pore size and pore continuity in soil and simple aggregates, and water content and/or water
potential. The resistance of the soil to decrease its volume when subjected to pressure is less
pronounced in sandy soils and less aggregated. The increment in clay content increased the
precompression stress, while the compression index decreased in denser soils and increased
in clay soils and with higher void index, except in higher soil moisture [62]. Sandy soils
retain less water on their surfaces [63–67], and present greater friction resistance between
soil particles, which makes it difficult for particles to move to close-together positions [68].

Other studies [69,70] have shown higher precompression stress values (77 to 183 kPa
for natural forest, annual crop and pasture areas in Oxisols, and values larger than 230 kPa
for non-irrigated and irrigated grazing systems in Hapludalf) than those obtained in our
study (31.24 to 54.40 kPa). However, Capurro et al. [71] showed similar values (35 to 47 kPa)
in Vertissol under grazing cattle to those of our study, while Horn et al. [58] found values
lower than 60 kPa in Inceptisol under forest. Suzuki et al. [59] verified precompression
stress values ranging from 57.09 to 232.42 kPa depending on the sampling position (wheel
line, interline planting, line planting and near the peach plant) and soil depth in a peach
orchard, and that values were correlated positively with bulk density and negatively with
total porosity.

As shown, there is a wide range of precompression stress values in the literature, in
different soil types, use and management, and in our study the lower values may have been
associated to mineralogy, gravel and sand influence. Corroborating with this suggestion,
in the same site of the present study, Suzuki et al. [7] verified that soil texture (sand, silt
and clay) and organic matter presented greater correlation with mean weight-diameter
of aggregates than with properties related to soil structure, such as porosity and bulk
density. The authors also found that, even in a small amount, gravel decreased the mean
weight–diameter of aggregates because its low reactivity and greater diameter hindered
the formation of stable aggregates.

A classification for precompression stress was proposed by Horn and Fleige [72],
considering pF values of 1.8 and 2.5, (respectively, for soil when macropores are drained,
and soil at field capacity), density and shear strength parameters. The authors classified
precompression stress as very low (<30 kPa), low (30–60 kPa), medium (60–90 kPa), high
(90–120 kPa), very high (120–150 kPa), and extremely high (>150 kPa). In our study, the
range of precompression stress (31.24 to 54.40 kPa) was considered low according to the
proposed classification.

Although the initial bulk density was equal for soil with preserved and non-preserved
structure, the latter soil reached the highest values of bulk density at the end of the
compression test and, consequently, the largest soil deformation. When the internal soil
strength is high, the rigidity of the pore system will be more pronounced, and the more
elastic the soil will be within the recompression load range [73]. As the initial bulk density
increased, there was a decrease in soil deformation and macropores, making the soil less
compressive. Suzuki et al. [17,59] also observed that soil with larger bulk density had
smaller deformation and was less susceptible to soil compaction (larger load bearing
capacity) when submitted to external loads. Powers et al. [74] observed that soil bulk
density augmented with increased compaction, particularly in soils with low or moderate
initial bulk density, while for soils with higher bulk density this increase was small. This
behavior was attributed to the difficulty in compressing smaller pores, caused by high bulk
density and pores filled with water. Soil deformation occurs when particles are able to
separate and move towards each other, having their movements limited by friction and
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bonds between particles. Therefore, the more compact the soil and the closer the particles,
the greater the friction forces, which are responsible for resistance [75].

With increasing bulk density, the soil becomes less compressive and less susceptible
to compaction. Additionally, increasing the degree of water saturation increases moisture,
firstly in micropores, resulting in the pore–pressure effect. Water in the micropores receives
the applied load and, as the drainage of these pores is very slow, decreases soil susceptibility
to compaction. Pore-pressure is the pressure exerted by water that occupies the pore space
of the soil and corresponds to a force that can delay the consolidation of a cohesive soil [13].

When soil aggregates (from homogeneous via prismatic to subangular blocky and
finally crumbly structure) are formed, the accessibility of particle and pore surfaces is
better and maintains site productivity and biodiversity. However, soil compaction and
deformation result in a platy rigid structure that is difficult for the roots to access water, ions
and gas and change flux directions, and this occurs within the virgin compression stress
range [4]. Mentges et al. [76] mention that the type of soil structure (prismatic, massive, for
example) should be considered in studies that relate elastic parameters of soil.

Soil with non-preserved structure presented the highest values of compressibility
index, while the increase in bulk density and degree of water saturation decreased the
compressibility index. Other authors [17,59,77] also observed that the increase in bulk
density decreased the compressibility index, while Reichert et al. showed that by increasing
moisture, the compressibility index increased as well [77].

Although the types of soil structure did not show statistical differences for macrop-
orosity and air permeability, a greater permeability was expected in samples with preserved
structure due to greater pore continuity associated with the activity and root decomposition,
while in samples with non-preserved structure there were possible less-continuous pores
due to soil disruption and rearrangement. Mechanical deep-ploughing or soil loosening
result in less dense soil layers, but they deprive soils of their internal strength and destroy
pore continuity and the increased sensitivity to further soil settlement [78]. Even with
lower total porosity than in conventional tillage, soil under no-tillage in agricultural areas
generally conducts water more efficiently [79], due to bioporosity [57,80]. Mando et al. [56]
found the efficiency of biological pores in increasing water infiltration.

We observed that increase in air permeability was associated with a decrease in bulk
density, microporosity and degree of water saturation, and an increase in macropores,
demonstrating that the air flow occurred mainly in the macropores; while increasing
macroporosity and reducing degree of water saturation caused more pores to be available
for air flow. During compaction, the larger pores responsible for soil aeration decreased
and were replaced by smaller pores, mainly pores that retain water.

This decrease in aeration porosity can be 1.5–2 times greater than the decrease in
total pore space. The decrease in the oxygen diffusion coefficient, however, will depend
on the geometry and stability of aeration pore channels and deformation degree during
compaction [81]. Horn et al. [58] found that soils with low bulk density generally have
high air permeability. Soil compaction caused by a tractor changed the pore orientation
that persisted two years after the traffic event in a Typic Argiudoll [82]. A long-term
no-tillage (around 25 years old), increased soil bulk density and reduced air-filled porosity
and macroporosity, but created a continuous and stable pore organization system, which is
one of the most important properties for gas transport through soils [83].

With reduction in soil moisture, there was an increase in air permeability because
of a greater amount of water-free and continuity of pores available for air flow [84,85].
Mentges et al. [84] also found that, in areas under no-tillage for annual crops, the increase
in permeability is greater in sandy soils than in clayey ones. In an area with eucalyptus,
the variation in soil saturated hydraulic conductivity and in air permeability was related
to pore size distribution, especially for the >300 μm diameter pores [8]. When a load is
applied to the soil surface, the stress is transmitted three-dimensionally through the solid,
liquid and gas phases. If air permeability in the soil is high enough to allow the immediate
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deformation of the pores filled with air, the air flow can be interrupted by changes in water
content or pore-pressure [13].

5. Conclusions

Our results contribute towards a better understanding of the relationship between soil
structure, compressibility and air permeability in a Typic Paleudalf under forest, eucalyptus
and pasture, with gravel and clay content ranging from 325 to 595 g kg−1. Total porosity and
initial soil bulk density were not influenced by soil structure (preserved and non-preserved),
but the relation between macroporosity and microporosity was influenced; moreover, by
increasing bulk density, there was a decrease in macropores and in deformation of soil
under loading.

Precompression stress was low (<54.40 kPa) and similar between soil structure (condi-
tion preserved and non-preserved), refuting one of our hypotheses that preserved structure
would have a larger precompression stress due to the history of loads applied by machinery
traffic and animal trampling. Structure effect occurred for loads above the precompression
stress (load larger than 200 kPa), where non-preserved structure presented a larger defor-
mation. Compressibility index was highest for non-preserved soil under forest and pasture
uses. With an increase in bulk density and degree of water saturation, the compressibility
index decreased.

Air permeability was not affected by soil structure (preserved and non-preserved) in
this soil with presence of gravel, and increase in air permeability was associated with a
decrease in bulk density, microporosity and degree of water saturation, and increase of
macropores, refuting our hypothesis since we expected lower air permeability in the loose
soil due to the absence of pore continuity.

Soil structure (preserved and non-preserved) significantly influenced microporosity,
compressibility index, soil deformation and bulk density at the end of the compression test.

In terms of farm management, both soil structures (preserved and non-preserved)
require greater care in machinery traffic and animal trampling because of compaction
susceptibility, especially for loads larger than the precompression stress, that can over-
compact the soil, increasing bulk density and decreasing macroporosity and air flow.
However, loose soil (non-preserved soil structure) requires more care, especially for loads
greater than 200 kPa, when the soil becomes more compressive (greater deformation) than
preserved structure.
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Abstract: Sanding to bury the overgrowth of uprights and promote new growth results in alternate
sand and organic sublayers in the 0–30 cm layer of cranberry soils contributing to global carbon
storage. The aim of this study was to measure CO2 emission rates in cranberry soil sublayers under
simulated warming. Soil samples (0–10, 10–20 and 20–30 cm) were incubated in jars for up to 105 days
at 10, 20 and 30 ◦C. The CO2 emission rate was measured biweekly by gas chromatography. The CO2

emission rate increased with temperature and decreased in deeper soil sublayers. Linear regression
relating CO2 efflux to soil sublayer and temperature returned R2 = 0.87. Sensitivity of organic matter
decomposition to temperature was estimated as activation energy and as Q10 coefficient, the increase
in reaction rate per 10 ◦C. Activation energy was 50 kJ mol−1, 59 kJ mol−1 and 71 kJ mol−1 in the in
the 0–10, 10–20 and 20–30 cm sublayers, respectively, indicating higher molecular-weight compounds
resisting to decomposition in deeper sublayers. The Q10 values were significantly higher (p < 0.01) in
the 10–30 cm (2.79 ± 0.10) than the 0–10 cm (2.18 ± 0.07) sublayers. The 20–30 cm sublayer where
less total carbon was stored was the most sensitive to higher temperature. Cranberry soils could be
used as sensitive markers of global warming.

Keywords: carbon accumulation; cranberry soils; activation energy; temperature-dependent CO2

emissions rate

1. Introduction

Terrestrial carbon (C) is three times greater than atmospheric C [1]. Soil C sequestration
is the conversion of atmospheric CO2 into long-lived C pools [2]. While soil C sink capacity
of managed ecosystems is the estimated historic cumulative C loss of 55–78 Gt, the attain-
able capacity is only 50–66% of that potential [3]. Cranberry agroecosystems are exceptions
to this general perspective [4]. The fate of organic matter in soils depends primarily on its
intrinsic decomposability and on protection mechanisms such as soil aggregation [5] in
silty or clayey agricultural soils [6].

In North America, conventionally and organically managed cranberry agroecosystems
are mostly established on acid sandy soils arranged as flat beds in low-lying positions to
facilitate water transfer [7]. Beds are diked, then capped with 0.3–1.0 m of sand. Native
soil C is accumulated in dikes, beds, and the subsoil. The seasonal C flux of leaf and stem
litterfall was estimated at 2.15–2.57 Mg C ha−1 (153-d)−1 in Wisconsin [8]. The belowground
vegetative biomass may contribute up to 2/3 of total vegetative C stocks. The overgrowth
of uprights is buried every 2–5 years by spreading two to five cm of sand onto frozen soil
to promote new growth [9]. This results in alternate layers of sand and organic matter
in the root zone [10] and high potential for C storage due to physical protection through
anthropic surface sanding [4].

The composition and biomass of the microbial community generally differ between
upper and lower soil layers [11–13]. The decreasing rates of CO2 emissions in deeper soil
layers [14,15] have been attributed to the vertical distribution of soil organic carbon in
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terms of amount and quality [13–16]. Indeed, the C:N ratio is narrower, and soil organic
matter (SOM) is more decomposed, in deeper layers of cranberry soils [10]. Temperature at
depth should also be considered. The threshold temperature for mineralization activity of
cranberry soil was set at 13 ◦C [8].

The effect of temperature on organic matter decomposition is crucial to understand the
global C cycle and potential feedbacks to the climate system [17]. The largest C stocks have
been found at high latitude [18,19]. While the seasonal CO2 emission of Quebec cranberry
soils has been estimated at 2.7–3.4 t CO2 eq ha−1 [20], the effect of global warming on CO2
emission in the soil profile as a function of temperature has not been established. The
activation energy of decomposition and the Q10 coefficient as increase in reaction rate per
10 ◦C [17,21,22] can reflect the differential contribution of soil layers to CO2 emissions in
cranberry agroecosystems in areas of rapid climate change such as Eastern Canada.

We hypothesized that activation energy of soil organic matter (SOM) decomposition
and Q10 differ in alternate sand and organic matter layers due to the differential C/N ratio
and decomposition degree of organic matter in two differently managed cranberry soils.
The aim of this study was to measure the decomposition rate of SOM in layered cranberry
soils as a function of management (conventional vs. organic), soil layer, incubation time
and temperature under controlled environments to assess the differential effects of global
warming on soil C storage in cranberry soils.

2. Materials and Methods

2.1. Soil Sampling and Analysis

Sites were selected to cover the two main management practices in south-central
Quebec. Site #45 (46◦16′34.7′′ N, 71◦51′30.0′′ W, elevation 112 m) was conventionally
managed, and site #A9 (46◦14′16.5′′ N, 72◦02′13.4′′ W, elevation 92 m) was organically
farmed. Sites #45 and #A9 have been planted to cultivar “Stevens” in 1999 and 2004,
respectively. The climate of the region is sub-humid temperate and continental with cold
winters and hot summers. Soil series were the Saint-Jude series at site #45 and Sainte-
Sophie series at site #9, both classified as Humo-Ferric Podzols in the Canadian System
Haplorthods in the U.S. Soil Taxonomy, and Orthic Podzols in the World Reference Base for
Soil Resources. The soil contained 937 g sand kg−1, 37 g silt kg−1, and 26 g clay kg−1 at site
#45, and 915 g sand kg−1, 49 g silt kg−1, and 36 g clay kg−1 at site #9 [4].

Fields received 40 kg N ha−1 yr−1 as ammonium sulfate (site #45) or granules of
poultry manure (site #9). The source of phosphorus was mono-ammonium phosphate
at site #45 as recommended locally from soil and tissue tests, and granules of poultry
manure at site #9 from a N-based recommendation. Potassium was applied at a rate of
100 kg K ha−1 as KCl, sul-po-mag and/or granules of poultry manure. Micro-nutrients
were applied at need depending on the results of tissue testing. Fields were sprinkler-
irrigated at need.

Soil samples were collected for physical analyses in spring 2018. Three soil layers were
sampled (0–10; 10–20; 20–30 cm) at four places per site using cylinders (diameter = 5.5 cm,
height = 7.6 cm). Samples were sealed in plastic bags and stored at 4 ◦C until use within a
week. Soil samples were air dried, and 2 mm sieved before analysis. Soil pH was measured
in 0.01 M CaCl2 (soil to solution ratio of 1:2 v:v). Soil carbon and nitrogen were quantified
by combustion [23] using the Leco CNS model 630-300-200 (Leco Corporation, Saint-Joseph,
MI, USA). Soil bulk density was determined as the mass of air-dry soil divided by the
volume of the cylinder. Soil carbon content and porosity were computed in each 10 cm
thick layers as follows [24]:

Cs = Pb × Cc (1)

Clayer = Cs × [layer thickness]× area (2)

TP =
(
1 − Pb/Pp

)× 100 (3)

Pd =
100

%Organic matter
1.55 + 100−%Organic matter

2.65

(4)
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where Cs = carbon stock (kg m−3), Cc = carbon content (%), TP is total soil porosity
(volumetric fraction); Pb = soil bulk density (g cm−3); Pd = soil particle density assuming
1.55 g cm−3 as the particle density of organic matter and 2.65 g cm−3 as the particle density
of mineral matter [25].

2.2. CO2 Emission

Soils were sampled at three depths (0–10 cm, 10–20 cm, 20–30 cm) and four locations
in each field (785 mL per sample using cylinders 10 cm in height and 10 cm Ø) and
introduced in plastic bags. The 72 fresh soil samples were 6 mm sieved, filled to 1/3 of the
volume of 250-mL Mason jars with 100 g dry-based material, and placed in temperature-
controlled chambers following a completely randomized design with four replications per
site. There were three (3) soil layers (0–10; 10–20; 20–30 cm), three (3) temperatures (10, 20
and 30 ◦C), four (4) replicates and two (2) sites. Soil water content was adjusted twice a
week with distilled water to water-filled pore space (WFPS) close to 0.50–0.70 as volumetric
fraction [24,26]. Water content was assessed by weighing the jars, assuming a density of
one g cm−3.

Soil CO2 flux was measured using a close chamber protocol [26]. At sampling time
taken biweekly during 105 d, jars were capped with a lid containing two male slips. One
slip was fitted to a septum for headspace sampling using a 20 mL polypropylene syringe.
The other slip was used to equilibrate the jar internal pressure during sampling. Air
samples were taken at 0 and 24 h, then transferred into pre-evacuated 12 mL glass vials
(Exetainer, Labco, High Wycombe, UK). Gas samples were analyzed for CO2 using a gas
chromatograph fitted to a Ni-NO3 (10%) catalyst column and a flame ionization detector
(Model 3800, Varian Inc., Walnut Creek, CA, USA), equipped with a headspace auto-
injector (Combi Pal, CTC Analytics, Zurich, Switzerland). The CO2 flux (Fc, μg g−1 h−1)
was measured as [26].

Fc =
dc
dt

× v
Mv

× Mm

W
, (5)

where dc/dt (μL L−1 h−1) is change rate of headspace CO2 concentration in dry air sam-
ples estimated at time = 0 and time = 24 h, assuming that CO2 emissions vary linearly
through time; v (L) is pot headspace volume; Mv (L mol−1) is molecular volume at the
pre-deployment air temperature (22–24 ◦C); Mm (μg mol−1) is molecular mass of CO2
(44,000,000); and W (g) is dry soil mass.

2.3. Statistical Analysis
2.3.1. First Order Kinetics

The decomposition rate constant (k) was computed as follows [27]:

k =
ln([Cinitial − CO2_Ct]/Cinitial)

t
(6)

where Cinitial (mg kg−1) is initial soil carbon content, and CO2_Ct (mg kg−1) is cumulative
CO2 released during incubation period t.

2.3.2. Q10 and Activation Energy

The increase in reaction rate per 10 ◦C was reported as follows [21,22]:

Q10 =
k × (t + 10)

k(t)
(7)

where k(t) is k at temperature t (◦K) and k(t+10) is k at temperature t + 10 (◦K).
Activation energy was derived from the Arrhenius equation [19,22] as follows [21]:

k = A × exp(−Ea/RT) (8)
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where A is pre-exponential factor and Ea is activation energy assumed to be independent
of temperature, R is the universal gas constant, and T is absolute temperature (◦K).

2.3.3. Statistical Analysis

Statistical analyses were performed in the R environment version 4.1.0 [28]. The
difference between conventional and organic farming systems were tested using a mixed
model. The CO2 emission rates were fitted to elapsed time, temperature and soil layers
across farming systems using the lm linear regression model as follows [29]:

y = β0 + β1x1 + . . . + βkxk + ε (9)

where y (CO2 emission rate) is the predicted value, x1 through xk are k independent
variables or predictors (time, temperature in ◦K, soil layers), β0 is the value of y where
independent variables take zero values, and β1 through βk are estimated regression coeffi-
cients. The R codes and dataset are available online at https://bit.ly/3gbi6Ov (accessed on
8 January 2023).

3. Results

3.1. Soil Properties

Soil properties are presented in Figure 1. Soil carbon content varied from 1.67
to 30.9 Mg C ha−1, being larger in the 0–10 cm (16.55 ± 1.15), than in the 10–20 cm
(13.63 ± 2.95) and the 20–30 cm (6.09 ± 1.44) layers (Figure 1A). The C:N ratios were
20.08 ± 1.05, 16.01 ± 1.91 and 9.02 ± 1.96 in 0–10, 10–20 and 20–30 cm layers, respectively
(Figure 1B). Soil bulk density increased in lower layers as a result of sand accumulation
and organic matter decomposition while biomass production reduced bulk density in the
upmost layer. Lower pH values in upper layers under conventional farming are attributable
to soil acidification by elemental sulfur amendment and ammonium sulfate fertilization.
In organic farming, high-ammonium poultry manure granules likely acidified the upper
soil layer in the first place. Soil porosity, water content and bulk density followed the same
trends as inter-related properties.

Figure 1. Soil properties in layers of cranberry soils: (A) C stock, (B) C:N ratio, (C) bulk density,
(D) pHCaCl2 , (E) total porosity (volumetric fraction), (F) water content (volumetric fraction).
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3.2. CO2 Emission Rate

The CO2 emission rates did not differ significantly between sites (p-value > 0.05),
decreased (p-value ≤ 0.05) through time and soil depth, and increased (p-value ≤ 0.05) with
temperature (Figure 2). The soil layer showed the largest effect followed by temperature
and incubation time. The CO2 emissions are presented in Figure 3 for significant treatments.

Figure 2. Effect of temperature, management, elapsed time and soil layer on CO2 emissions. Proba-
bility for significance is 0.05.

Figure 3. Influence of soil layer, temperature and time on CO2 emission rate.

The CO2 emission rate was highest in the 0–10 cm layer at 30 ◦C and lowest in the
20–30 cm layer at 10 ◦C. At 10 ◦C, 87.2% of the total across-layer CO2 emissions during
the incubation period occurred in the 0–10 cm layer compared to 12.1% in the 10–20 cm
layer and 0.7% in the 20–30 cm layer. At 20 ◦C, 83.1% of total across-layer CO2 emission
occurred in the 0–10 cm layer compared to 14.3% in the 10–20 cm layer and 2.5% in the
20–30 cm layer. At 30 ◦C, 82.8% of total across-layer CO2 emission occurred in the 0–10 cm
layer compared to 13.5% in the 10–20 cm layer and 3.8% in the 20–30 cm layer. The R2 value
of the equation relating CO2 emission to temperature, soil depth and elapsed time was 0.87
and root-mean-square-error was 0.24 (Figure 3).
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The effect of temperature on SOM decomposition rates indicated large differences
between layers in biochemical composition of the organic materials and SOM resistance to
decomposition. The slope of the Arrhenius equation (−Ea/R) was highest in the (0–10 cm)
layer, intermediate in the 10–20 cm layer and lowest in the 20–30 cm layer (p-value < 0.001)
(Figure 4). The activation energy required to decompose SOM was 50 kJ mol−1 in the
0–10 cm layer, 59 kJ mol−1 in 10–20 cm layer and 71 kJ mol−1 in 20–30 cm layer (Figure 5).
The Q10 (mean ± SE) was 2.79 ± 0.10 in the 20–30 cm layer and 2.18 ± 0.07 in the 0–10 and
10–20 cm layers (p-value < 0.001) (Figure 6).

Figure 4. Relationship between observed and predicted CO2 emission rates.

Figure 5. Experimental data fitted to the Arrhenius equation (p-value < 0.001).
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Figure 6. Time variation of Q10 across soil layers (p-value < 0.001).

4. Discussion

Several factors such as climate, the amount and quality of plant residues, soil man-
agement, mineralogy, texture [30–33], bulk density [34], as well as layer location in the soil
profile [10,15,16,35,36] control organic matter turnover in soils. Organic matter decomposi-
tion rate also depends on the spatial distribution of organic matter, and the site-specific
microbial community impacted by land use, temperature, rainfall, soil type and bulk
density [12,37]. In cranberry soils documented in Figure 1, differences in soil parameters
should be further addressed in relation with carbon accumulation and microbe abundance
and diversity.

Cranberry agroecosystems were shown to contribute to CO2 emissions much less
(2.7–3.4 t CO2 eq ha−1) compared to other horticultural cropping systems [20]. Indeed,
slowly decomposing carbon can accumulate in large amounts in layered cranberry soils
after burial of organic matter through regular sanding. This paper quantified layer ×
temperature interactions regulating CO2 emissions in cranberry soils.

4.1. Dependency of CO2 Emission on Soil Depth

The decreasing CO2 emission rate in deeper soil layers results in part from the ver-
tical distribution of soil organic carbon (SOC) in terms of amount and quality [16]. The
biochemical composition varies considerably among cranberry soil layers [4]. The bio-
chemical quality of plant species and that of the soil are the main factors driving litter
decomposition under otherwise similar conditions of temperature and rainfall [38–40]. For
example, litter quality differs considerably among tundra, grassland, and boreal, conifer,
deciduous, and tropical forest biomes [38]. Litter decomposability is associated with species’
ecological strategy within different ecosystems globally [39]. The effect of climate on litter
mass loss can be offset by differences in soil parameters as mediated by soil microbial
populations [40].

Fresh sources of SOC such as shoot litter, senescent roots, and root exudates [41,42]
are directly available to soil microbes in upper layers [43]. Fresh organic matter decreases
deeper in the soil profile [36,44,45]. There is abundant young fast-cycling C in upper layers
compared to ancient slow-cycling C in the subsoil [36]. As a result, soil respiration is
greater near soil surface (0–5 and 5–10 cm layers) compared to lower layers [46]. The
cranberry litter deposited on the floor of cranberry beds contains approximately 80% of
lignocellulose while 89% of the particles are larger than 2 mm in size and the C:N ratio is
55 in average [4]. Lignocellulose is a compact material made of strongly bound cellulose,
lignin, and hemicellulose in structural networks in stems and roots [47]. Lignocellulose is
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broken down by a suite of extracellular enzymes [48]. Due to structural and biochemical
constraints, litter is slowly decomposed in cranberry soils [4].

4.2. Temperature Sensitivity on CO2 Emission Rates

The activation energy required to decompose SOM in cranberry agroecosystems
was lower in upper layers (50–59 kJ mol−1) than in the 20–30 cm layer (71 kJ mol−1)
where high-molecular-weight phenolic compounds abound [4]. In comparison, the Ea
values for enzyme activities were 75 kJ mol−1 for phenol oxidase and, 40–45 kJ mol−1

for β-glucosidase, cellobiohydrolase and peroxidase in the A horizons of three temperate
biomes [48], compared to that of pyrophosphatase that averaged 22–33 kJ mol−1 in Histosols
and 33–43 kJ mol−1 in mineral soils [49].

Low-quality organic C limits the energy available to the microbial community [43,50].
Humic substances, complex organic molecules and recalcitrant SOM as shown by higher
activation energy requirements in lower soil layers resist microbial attack and may com-
bine with minerals to reduce microbial degradability even more [51]. As a result, higher
temperatures showed disproportionate impacts on the depolymerization of high-molecular
weight constituents of SOM [40]. More decomposed soil organic matter in the deepest
layer is shown by the lower C:N ratios compared upper layers (Figure 1). In upper layers,
cranberry plant residues show high C:N ratio of 66.7 ± 5.7 [4], indicating a decreasing
gradient of C:N ratios from litter in upper soil layers and to more decomposed materials in
the lower layer of cranberry soils [7].

The Q10 values were higher (2.79 ± 0.10) in the 20–30 cm than upper (2.18 ± 0.07)
layers in the range of 283–303 K in the present study. In comparison, the Q10 values varied
between 1.2 and 2.8 within temperature range of 278–308 K in the 0–29 cm layer of cropland,
grassland, deciduous forest, and coniferous forest ecosystems [52]. The Q10 values of
Massachusetts forest soils in the 278–303 K range were 2.43–5.00 for hemlock, 2.62–3.77 for
young birch, and 2.59–5.23 for mature birch [53]. Indeed, compared to commonly used
values of 1.5–2.0, the Q10 values may vary widely from 1 to 12 depending on land use,
C:N ratio and degradability of SOM, soil class, moisture content, texture, and acidity [54].
Mycorrhizae may impact Q10 values of carbon sources. Ericoid mycorrhizal (ErM) foliar
litters, fine roots, fungal biomass and the necromass generally decomposes slower than
those of arbuscular and ecto-mycorrhizal fungi, which could contribute to organic matter
accumulation in sites where ErM plants occur [55]. This aspect could be further examined
in cranberry agroecosystems.

5. Conclusions

The the decomposition rate of SOM in cranberry soils did not vary significantly with
management (conventional vs. organic), but varied with soil layer, incubation time and
temperature. The rate of CO2 emissions decreased with elapsed time. Activation energy
was 50–59 kJ mol−1 in upper layers (0–20 cm) compared to 71 kJ mol−1 in the 20–30 cm
layer required to decompose high-molecular-weight materials. The Q10 values were 2.9–3.1
in the deepest layer compared to 1.9–2.3 for the Q10 values in upper layers. Temperature
sensitivity of C decomposition rate in layered cranberry soils thus impacted differentially
the C storage capacity of cranberry agroecosystems. Activation energy and Q10 increased
deeper in the soil, indicating higher temperature sensitivity of the most recalcitrant sources
of SOM. Despite their smaller contribution to total C storage compared to upper layers of
cranberry soils, the 20–30 cm soil layer would contribute increasingly to CO2 emissions in
the context of global warming.

Future research could quantify net C accumulation in cranberry soils through litter
burial by sanding since the establishment of cranberry beds and the management prac-
tices required to promote C storage as ecosystem service. This will require developing a
methodology for site sampling and monitoring covering several aspects of the cranberry
production system to meet sustainable development goals, addressing the destruction of
native ecosystems as well as the carbon already accumulated in dikes and the subsoil. Or-
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ganic layers alternating with sand layers in cranberry beds and showing disproportionate
contributions to CO2 emissions could be used as sensitive markers of the impact of global
warming on soil C storage capacity over decades.
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Abstract: Conservation practices (CPs) are used in agricultural watersheds to reduce soil erosion
and improve water quality, leading to a sustainable management of natural resources. This is es-
pecially important as more pressure is applied on agricultural systems by a growing population
and a changing climate. A challenge persists, however, in optimizing the implementation of these
practices given their complex, non-linear, and location-dependent response. This study integrates
watershed modeling using the Annualized Agricultural Non-Point-Source model and a GIS-based
field scale localization and characterization of CPs. The investigated practices are associated with
the implementation of riparian buffers, sediment basins, crop rotations, and the conservation re-
serve program. A total of 33 conservation scenarios were developed to quantify their impact on
sediment erosion reduction. This approach was applied in an ungauged watershed as part of the
Mississippi River Basin initiative aiming at reducing one of the largest aquatic dead zones in the
globe. Simulation results indicate that the targeted approach has a significant impact on the overall
watershed-scale sediment load reduction. Among the different evaluated practices, riparian buffers
were the most efficient in sediment reduction. Moreover, the study provides a blueprint for similar
investigations aiming at building decision-support systems and optimizing the placement of CPs in
agricultural watersheds.

Keywords: AnnAGNPS; ungauged watershed; conservation practices; agricultural watershed; soil
erosion; sediment load; watershed modeling; GIS; riparian buffer; sediment basin

1. Introduction

Soil erosion is a global challenge causing the siltation of waterways and dams, the
degradation of water quality and the reduction of soil fertility and crop yield among other
environmental and socio-economic issues [1–4]. These problems are projected to increase
with a changing climate characterized by a higher frequency and intensity of extreme
precipitation events [5,6], hence threatening further, the future of food security. Presently,
the U.S. agricultural sector loses about $44 billion per year from soil erosion impacts on
fertile soil quantity and water quality [7]. In fact, 80% of freshwater bodies in the U.S. are
impacted by nonpoint source pollution [8,9], which is primarily caused by soil movement
from agricultural fields [10].

Over the last few decades, conservation practices have proven to be an effective
measure for preventing or minimizing soil erosion and its negative impacts on crops,
water, and soils [11–13]. These practices include, but are not limited to, minimum tillage,
permanent soil cover, riparian vegetation buffer, crop rotation, terraces, sedimentation
basins, strip cropping, and intercropping [14,15]. The implementation of these practices has
shown results in terms of water quality improvement, soil erosion reduction, soil fertility
increase, soil moisture retention, long-term yield increase, and food security [16].

However, conservation practices range broadly in effectiveness, since water, nutrients
and soil particles are transported along various pathways and controlled by multiple natu-
ral and anthropogenic processes [17–23]. One of the main factors impacting conservation
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practices effectiveness is their spatial placement within the watershed. The non-point
source pollution reduction results vary as a function of the upstream area drainage patterns,
soil characteristics, topography, vegetation density and land management among other
physical factors [23–27]. Hence, the need for investigations to determine the best imple-
mentation conditions of these conservation practices while accounting for their complex,
nonlinear, and location dependent response. Often, the evaluation of conservation practices
at the watershed-scale is conducted by two types of studies.

The first type involves the identification of candidate locations for conservation prac-
tices implementation in agricultural watersheds using geographic information system
(GIS) analyses [28,29]. These efforts support the development of decision support sys-
tems to aid watershed scale conservation plans based on ranking location suitability for
specific conservation practices. However, despite the significant contribution of these
studies in identifying potential sites for practice implementation, they are not designed
to generate temporal sediment yield and load estimates like in the case of comparable
watershed models.

The second type involves investigations conducted to evaluate the impact of con-
servation practices using watershed-scale hydrological models. In this type of study,
characterization and simulation of conservation practices is often performed indirectly.
Input parameters controlling flow and/or infiltration are adjusted to estimate the impact of
the conservation practice within the basic modeling unit (e.g., Hydrological Response Unit
(HRU)). For example, in studies based on the Soil and Water Assessment Tool (SWAT) [30],
contour farming has been described by adjustments to curve numbers (CNs) [11], conserva-
tion tillage has been described by adjustments to CNs and Manning’s roughness coefficient
(n) [31], and vegetative practices has been simulated by adjusting CN, n, and universal soil
loss equation cover management factor (USLE–C) [32]. In addition to an indirect represen-
tation of these conservation practices, their location is also under-characterized since the
location of HRUs within the sub-catchment is not considered in the calculations [31]. These
factors increase the uncertainties in the evaluation of most conservation practices in which
efficiency is dependent on location and physical characteristics (e.g., width of the riparian
buffer, size of the sediment basin).

In this study, a comprehensive evaluation of conservation practices efficiency was
conducted through the integration of both hydrological modeling and GIS-based field scale
localization and characterization of these practices in a wide range of scenarios. Four sets
of conservation practices are targeted in this study: riparian buffers, sediment basins, crop
rotations, and the conservation reserve program. These practices were selected due to
their high efficiency in reducing sediment detachment and/or transport at field and/or
watershed scales [33–39], in addition to the suitability of the developed integrated method-
ology in quantifying their location-dependent impact [40–48]. This overarching goal can
be further subdivided into the following specific objectives: (1) evaluation of conservation
scenarios based on location of conservation practices at field-scale informed by hydrological
model results and characterized at raster-grid scale by GIS tools, (2) quantification of type
and placement of conservation practices efficiency locally, where they were implemented,
and their contribution to the overall watershed’s sediment load, and (3) assessment of the
tradeoff between gains in sediment load reduction and potential loss in productive area
based on a multi-objective function.

2. Materials and Methods

2.1. Study Area

The North Fork Forked Deer River watershed used in this study is in the northern
portion of the Lower Mississippi hydrological region in West Tennessee (Figure 1). The
total drainage area is 631.31 km2 flowing into the Forked Deer River. The average annual
precipitation in the watershed is 1437 mm, with about 70% occurring during the growing
season (March–October), March being the wettest month of the year (i.e., 167 mm on
average), and August the driest month (i.e., 84 mm on average). Soils in the watershed
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include 55 classes as defined by the USDA Web Soil Survey [49], with silt loam being the
most dominant soil texture in the watershed.

 

Figure 1. Location of the study area in the lower Mississippi water resource region, including six
USGS HUC-12 sub-watersheds.

The watershed consists of six USGS 12-digits hydrologic-unit code (HUC-12), referred
to as sub-watersheds by the U.S. Geological Survey (Figure 1). The North Fork Forked Deer
River Upper covers a total area of 147.80 km2 with an average slope of 7%. Predominant
land uses include agricultural cropland (38%), forest (36%), pastures (19%), and developed
land (7%). Cain Creek is in the southernmost region with a total area of 43.56 km2 with
average slopes of 6.0%. Predominant land uses include agricultural cropland (59%), forest
(18%), pastures (10%), and developed land (13%). Mud Creek is in Gibson County. It
covers a drainage area of 84.64 km2 and has an average slope of 4.89%. Predominant land
uses within this sub-watershed include agricultural cropland (78%), forest (11%), pastures
(4%), and developed land (7%). The North Fork Forked Deer River middle is the largest
of the HUC-12 divisions with a total area of 161.13 km2 and an average slope of 5.6%.
Predominant land uses include agricultural cropland (51%), forest (33%), pastures (8%),
and developed land (7%). The Doakville Creek is the western-most HUC 12 division and
is in Dyer County. It is the second smallest sub-watershed, with a total area of 77.49 km2.
Predominant land uses within this sub-catchment include agricultural cropland (80%),
forest (7%), pastures (7%), and developed land (6%). The North Fork Forked Deer River
lower covers a drainage area of 115.38 km2 and has an average slope of 3.84%. Land uses
within this sub-watershed include agricultural cropland (73%), forest (19%), pastures (4%),
and developed land (4%).

The lack of streamflow observations in most catchments around the world and the
nation, especially in small catchments in rural areas has created a setback for hydrological
and conservation investigations in these regions [50]. This ungauged watershed represents
a study case of this challenge, where conservation practices are needed but cannot be
supported by field measured streamflow and sediment data. Methods to minimize the
uncertainties introduced by the lack of field gauges are discussed in Section 3.1.

2.2. The AnnAGNPS Model

The USDA Annualized Agricultural Non-Point Source (AnnAGNPS) [40–44] water-
shed pollution model was designed to evaluate the impact of integrated long-term effects
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of farming and conservation practices on water quality within ungauged agricultural water-
sheds. The model contains components to describe processes controlling pollutants sources
and sinks, their corresponding movement throughout the watershed, and their interrelated
contribution to the watershed total pollutant load. A description of the AnnAGNPS model’s
components and mathematical formulation has been provided in previous studies [40–44],
and only a summary of the AnnAGNPS model’s key characteristics relevant to this study
is provided.

The watershed is internally represented within AnnAGNPS as cells connected to
reaches. Reaches are designated to simulate physical processes resulting from concentrated
flow (channels) while cells (often referred to as sub-catchments, fields, or AnnAGNPS cells
to distinguish from raster grid cells) are designed to simulate physical processes occurring
at upland areas that drain into reaches. Sub-catchments are hierarchically connected to
reaches to describe surface and shallow subsurface flow, sediment detachment, transport
and deposition processes, and pollutants transport throughout the overland flow areas of
the watershed. Upland erosion processes include sheet and rill, tillage-induced ephemeral
gullies, and classical and edge-of-field gullies. Reaches and sub-catchments are individually
described in terms of topography, weather, soil, and management. Sizes of sub-catchments
are often selected based on field sizes to enhance the spatial characterization of practices [45].
Specifically, management input databases are designed to describe farming practices on
high temporal resolution (up to daily) to capture unique farming management schedules
and their associated operations at the field scale.

2.3. Characterization and Modeling of Riparian Buffers

Riparian buffers are defined as either natural or planted vegetation located at the edge
of fields or along reaches. They are designed to reduce the delivery of eroded sediment from
fields or sub-catchments (cell-located buffers) into reaches or the delivery of sediments from
one reach to another (reach-located buffers). The potential maximum sediment trapping
efficiency input for each AnnAGNPS cell containing a riparian buffer was determined
using a GIS approach available from the AGNPS Buffer Utility Feature (AGBUF) software
package [46]. Using a user-provided GIS layer describing spatially the location of the buffer
and the vegetation type, the software analyzes raster grid cells within the sub-catchment to
calculate the potential maximum sediment trapping efficiency based on slope, drainage
area, and vegetation type [42]. The actual sediment trapped by riparian buffers for each
of the five AnnAGNPS sediment particle size classes is determined using relationships
involving the potential maximum sediment trapping efficiency from AGBUF and daily
surface flow [47]. The advantage of the approach is the scale at which calculations are
conducted (3 m raster grid cell) to describe and place the riparian buffer within each
sub-catchment (i.e., AnnAGNPS cell).

2.4. Characterization and Modeling of Constructed Sediment Basins

Similar to the riparian buffer component, sediment basins are optimally located within
the watershed and physically characterized using GIS-based analyses and the AGNPS Wet-
land Feature (AGWET) software package [47]. The latter is designed to record information
of each sediment basin’s surface area, barrier height, presence/absence of vegetation, loca-
tion in the watershed, and upstream drainage area are calculated using the user-provided
GIS layers [48]. The development of the sediment basin input databases for the AnnAGNPS
model is generated using AGWET. The AnnAGNPS watershed pollution model is then
used to determine the change in energy between inflows and outflows and the respective
impact on water quality processes for each sub-catchment. The conservation of mass is ap-
plied to both hydrology and pollutant balances. The integration of GIS analyses including
the spatial distribution of constructed sediment basins with the sub-catchment, and the de-
scription of soil, land use, and topography at raster grid scales enhance the characterization
of each sediment basin and its location driven impacts on water and sediment.
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2.5. Baseline Conditions
2.5.1. Topography

Topographic information was obtained from LiDAR datasets available in the public
data repository of the Tennessee Department of Finance and Administration [51]. Datasets
were provided as raster grids with one-meter spatial resolution. Raster grids were mosaiced,
reprojected, scaled, resampled to three-meter spatial resolution, and hydrologically en-
forced. Topographic analyses were performed with the GIS TopAGNPS software package.
The TopAGNPS technology is built based on the Topographic Parameterization (TOPAZ)
software [52,53]. In addition to standard GIS operations for processing DEM, TopAGNPS
has the tools to sub-divide the watershed into reaches and sub-catchments. An iterative
approach was applied where datasets generated by the TopAGNPS computer program
were compared to high-resolution imagery and auxiliary GIS layers to determine whether
manmade obstructions would hinder the flow routing algorithm. The latter could cause
structures to work as pseudo-dams resulting in an incorrect surface flow network and/or in-
crease ponding beyond normal levels. A custom computer program has been developed to
modify user-selected regions in the DEM to enforce surface flow. Two user-provided param-
eters control how the watershed is subdivided into sub-catchments and reaches. A critical
source area (CSA) value of five hectares and a maximum source channel length (MSCL)
value of 250 m were selected, yielding a total of 12,573 sub-catchments and 5047 reaches
(Table 1 and Figure 2).

Table 1. Discretization of the watershed into AnnAGNPS cells.

HUC-12 Name

AnnAGNPS Cells (Sub-Catchments)

Number Average Area (ha) Average Slope (%) Average Flow Length (m)

North Fork Forked Deer River Upper 2946 5.00 8% 246.45
Cain Creek 904 4.81 8% 245.89
Mud Creek 1682 5.04 6% 255.84

North Fork Forked Deer River Middle 3165 5.10 5% 259.92
Doakville Creek 1565 4.95 6% 243.84

North Fork Forked Deer River Lower 2311 4.99 4% 259.56
Total 12,573

Figure 2. Discretization of the watershed into sub-catchments representing fields (upper map) and
reaches representing concentrated flow (lower map).
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2.5.2. Climate

Climate datasets at daily temporal scale from 2008 to 2018 were obtained from the U.S.
National Oceanic and Atmospheric Administration (NOAA) [54] for Gibson, Dyer, Weakley,
Carroll, Crockett, and Madison Counties. These datasets, including daily precipitation
and minimum and maximum air temperature information, were pre-processed, quality
controlled, and analyzed to identify the weather stations with the greatest temporal data
coverage and their location in relation to the watershed. However, most of these stations
were located outside of the study area boundaries (Figure 3). Hence, neighboring stations
from outside the watershed were used to fill data gaps in the stations located within
the study area (referred to as secondary stations). Decision on which station to draw
information from was based on spatial zones of influence using Thiessen polygons. The
primary station was defined to be in the centroid of the study area (Figure 3) and to be
the average of all stations. In the AnnAGNPS watershed model, the primary climate
station is only used as a backup to fill a missing data point in the secondary stations. The
secondary station records were also filled with data from the nearest neighboring stations
(Figure 3) and were evaluated to remove data anomalies. In the AnnAGNPS model, each
sub-catchment (i.e., AnnAGNPS cell) is assigned to a secondary climate station.

Figure 3. Climate station locations used in the study.

Weather characteristics not available from the historic observations were also gener-
ated using AGNPS Generation of weather Elements for Multiple applications (AgGEM)
software package [55], including dew point, sky cover, wind speed, and solar radiation.
The AgGEM software package generates synthetic data for these four parameters based on
long-term statistics derived from records of different regions in the US.

2.5.3. Soil

Soil spatial distribution data was retrieved from the Web Soil Survey (WSS) using
the Natural Resources Conservation Service’s (NRCS) website [56] for Gibson and Dyer
counties. Complementary soil description of physical and chemical properties in tabular
format were retrieved from the USDA Soil Data Access website [57]. A custom SQL script
was used to query and retrieve soil information needed for the input soil database (e.g.,
hydrologic soil group, erodibility factor, impervious depth, specific gravity, clay, silt, sand
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and rock ratios, and number of soil layers). These datasets were post processed using
the National Soil Information System (NASIS) Import to AnnAGNPS (NITA) software
package (i.e., a component of the AGNPS modeling system) to ensure the accuracy of the
soil characteristics table. Once the data were quality controlled, the soil characteristics data
table was joined with the attribute table of the original soil shapefile. Using GIS analysis,
each sub-catchment was assigned to a soil type based on spatial majority analysis. A total
of 80 unique soil types were used.

2.5.4. Management

Field management within the AnnAGNPS model is represented by a multi-year tem-
poral sequence of operations describing key farming activities and their potential impact
on soil cover, surface runoff/infiltration, fertilizer application, irrigation strategy, and soil
disturbance by equipment. Each sub-catchment in the watershed is assigned to a manage-
ment ID. This procedure ensures that farming practices, land cover, and their impact on
soil detachment and transportation are characterized in time and space. Land use/land
cover information were obtained from the U.S. Department of Agriculture—National Agri-
cultural Statistics Service—CropScape website [58]. Agricultural land use information,
referred to as crop data layer (CDL), were downloaded as annual raster grids at 30 m spatial
resolution describing crop types and main non-agricultural land covers [59]. In this study,
raster grids from 2008 to 2018 were used. Statistical analyses were performed to determine
dominant crop types based on datasets for the years 2008, 2013, and 2018. Nine major
classes were ascertained from the original land use classes. The nine dominant consistent
classes are corn, cotton, winter wheat/soybean, forest, developed, grass/pasture, soybeans,
woody wetlands, and water. These classes represent about 99% of the watershed. Crops
that were less conventional, such as pumpkins or Christmas trees, were classified under
“grass/pasture”, given that they represent about 1% of the total watershed area, and their
incorporation in the management schedule and operations will significantly increase the
processing time and complexity. The original raster grids for all years were re-coded to the
nine main land use classes. For each year considered, a majority spatial zonal statistic GIS
analysis was used to assign the dominant land use for each sub-catchment (Figure 4).

 

Figure 4. Spatial-temporal characterization of land use. The procedure was applied for all years, but
only 2008 is included for illustration purposes.
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The input AnnAGNPS farming management database was assembled by integrating
three sources of information: (1) spatiotemporal crop type information at sub-watershed
scale (from annual discretized CDL datasets), (2) average annual crop type yield information
at county scale (from agricultural census downloaded from USDA-NASS [60]), and (3) one-
year farming practices (from RUSLE 2 database). The latter represent typical farming
operations and schedules for a particular crop type in this region (Table 2). The three
datasets were combined using a custom Python script, generating 4135 unique 11-year
crop/landuse rotations for the 12,573 sub-catchments in the study area. The output from
the custom script are management schedule and operation databases required by the
AnnAGNPS model.

Table 2. Example of the annual management schedule for three major crops in the study area.

Crop Date Operation

Corn

15 Mar. Bedder/Lister

1 Apr. Disk

13 Apr. Fertilizer

14 Apr. Disk

15 Apr. Sprayer

16 Apr. Plant

9 May Sprayer

15 May Fertilizer

29 May Sprayer

15 Sep. Harvest

16 Sep. Weed Growth

Cotton

17 Apr. Sprayer

18 Apr. Fertilizer

1 May Plant

15 May Sprayer

15 June Fertilizer

16 June Sprayer

15 July Sprayer

31 July Sprayer

15 Aug. Sprayer

29 Aug. Defoliant

15 Oct. Weed Growth

Soybean

20 Mar. Chisel

5 May Fertilizer

10 May Disk

11 May Plant

29 May Sprayer

20 July Sprayer

28 Aug. Sprayer

15 Oct. Harvest

20 Oct. Weed Growth
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2.6. Conservative Practices Scenarios
2.6.1. Riparian Buffer

A riparian buffer is an area of vegetation designed to slow down and spread surface
flow thus promoting infiltration and allowing contaminants and sediment to be deposited.
Riparian covers typically include vegetation like grasses, sedges, rushes, and ferns that are
tolerant of intermittent flooding or saturated soils. They are established and managed as
the dominant vegetation in the transitional zone between upland areas such as agricultural
fields and aquatic habitats such as streams [61,62]. The overall sediment trapping efficiency
of riparian buffers is impacted by location and buffer physical characteristics (e.g., width,
length, vegetation density). In this study we simulate the potential impact of riparian
buffers in a wide range of scenarios based on varying their width and location within
the watershed.

The use of sediment yield to define potential riparian buffer implementation scenarios,
allows to investigate the impact of the conservation practice when is targeted toward
hotspot areas only, when is implemented around all streams in the watershed which
represents a theoretical maximum reduction, and in-between scenarios. Hence, the first
two scenarios involve the implementation of riparian buffers (1) around all streams in
the watersheds, and (2) around all streams adjacent to agricultural fields (Figure 5A). In
addition, results from the baseline conditions simulation were used to calculate the mean
(i.e., 8.94 Mg/ha/year) and the standard deviation (i.e., 5.24 Mg/ha/year) of sediment yield
from all agricultural fields in the study area. These values were used in defining a range of
location scenarios within the watershed for potential implementation of riparian buffers:
(3) around all streams adjacent to agricultural fields that have a sediment yield higher than
mean minus standard deviation (referred to as “>medium”) (Figure 5B), (4) around all
streams adjacent to agricultural fields that have a sediment yield higher than mean plus
standard deviation (referred to as “>high”) (Figure 5C), and (5) around all streams adjacent
to agricultural fields that have a sediment yield higher than mean plus two standard
deviations (referred to as “>very high”) (Figure 5D).

Figure 5. Study area agricultural fields classified by sediment yield ((A): All agricultural fields,
(B): medium class, (C): high class, and (D): very high class). These four classes are used as scenarios
in our final simulations to estimate the contribution of using conservation practices in reducing
sediment yield (from least to most restrictive).
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The simulated riparian buffer has widths of 10 m, 30 m and 60 m. We selected these
buffer widths, given that the EPA defines narrow buffer width as 1–15 m and wide buffer
width as broader than 50 m. State and federal guidelines range from seven to 200 m [63,64].
Multiple studies investigated and reported an efficient and cost-effective buffer at widths
ranging between 10 and 30 m [65–67]. In addition to these two typical widths (10 and
30 m), we simulated a wide buffer (i.e., 60 m) to quantify the impact of doubling the
riparian width from the typical previously investigated scenarios, while still being within
the applicable limits [68]. The channel network was buffered by the three buffer widths and
the resulting polygon layers were intersected with sub-catchments that meet the sediment
yield condition of the respective simulated class.

The combination of these different conditions (i.e., sediment yield class, all or just
agricultural areas, buffer width) yielded a total of 15 scenarios (Figure 6a). In addition, a
sixteenth scenario was created to represent existing riparian buffer conditions. The existing
riparian vegetation (mainly trees) was delineated using a custom script, consisting of a
pretrained machine learning canopy detection model based on LiDAR point cloud data [69].

 

Figure 6. Flowchart summarizing all simulated conservation practice scenarios and their differences (a–d).
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These 16 riparian buffer GIS layers were further processed at a 3 m spatial reso-
lution using the AGBUF GIS tool (Section 2.3) to evaluate all flow paths through the
riparian layer and allowing the determination of a potential sediment trapping efficiency
for each sub-catchment. The outcomes of this analysis are used as input databases de-
scribing physical properties of riparian zones for each sub-catchment for 16 separate
AnnAGNPS simulations.

2.6.2. Sediment Basin

Sediment basins are built to capture runoff, changing the energy of surface flow,
and, therefore, allowing the settlement of sediment and other suspended solids [70]. The
existing sediment basins were digitally delineated by researching and examining all the
water bodies in the watershed using publicly available high resolution remotely sensed
imagery, available via Google Earth and ESRI base-maps. As a result, 57 water bodies were
identified as sediment basins (Figure 7). These polygons were described using the AGWET
tool (Section 2.4) by performing GIS analysis at 3 m spatial resolution to determine area,
barrier height, average water depth, and other properties [48,71]. AGWET was used in
an iterative mode to delineate the extent of the existing sediment basins and determine
the appropriate weir height for each one of them that matches their observed surface
area in high resolution satellite imagery. The goal of this process is to find a relationship
between sediment basin weir height and upstream area specific to this watershed. This
relationship is used to partially determine the morphological characteristics of the proposed
new sediment basins in the watershed.

Figure 7. Distribution of existing sediment basins in the study area.

The potential new sediment basin locations were selected based on three criteria:
(1) channel stream order to ensure intermittence of flow (i.e., stream order 1 or 2), (2) channel
stream length above a statistical threshold (i.e., mean length) to eliminate noisy minuscule
channels, and (3) sub-catchment sediment yield categorized into four classes based on
its statistical distribution in the targeted sub-catchments as well as on sediment yield in
the delineated existing sediment basins, to ensure replication of similar conditions and
expansion of impact.

Results from the baseline conditions simulation were used to calculate the mean
sediment yield for the AnnAGNPS cells in which the 57 existing sediment basins are
located (i.e., 15 Mg/year/ha), and the mean and the standard deviation of all the targeted
AnnAGNPS cells by criteria 1 and 2 (i.e., mean: 79 Mg/year/ha and standard deviation:
90 Mg/year/ha). These values were then used in defining a range of location scenarios
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within the watershed. The considered sediment yield classes are: (1) above mean sediment
yield for existing sediment basins (i.e., 15 Mg/year/ha), (2) above mean sediment yield of
the considered sub-catchments (i.e., 79 Mg/year/ha), (3) above (mean + standard deviation)
sediment yield of the considered sub-catchments (i.e., 169 Mg/year/ha), and (4) above
(mean + 2 × standard deviations) sediment yield of the considered sub-catchments (i.e.,
259 Mg/year/ha). The use of a statistical distribution to generate simulation classes allow
testing the impact of sediment basins based on a spectrum of scenarios ranging from most
to least conservative in terms of number of basins, location, and sediment yield, providing
multiple options of targeted implementation for stakeholders.

The combination of the aforementioned three criteria (i.e., sediment yield, stream order
and channel length) led to eight total scenarios (Figure 8) including 233 sediment basins for
class A, 147 sediment basins for class B, 67 sediment basins for class C, 21 sediment basins
for class D, 527 sediment basins for class E, 297 sediment basins for class F, 126 sediment
basins for class G, and 54 sediment basins for class H. A sediment basin scenario generation
flowchart is summarized in Figure 6b.

Figure 8. Proposed sediment basin locations corresponding to 8 scenarios (i.e., (A–H) described in
Section 2.6.2).

Each proposed sediment basin location was analyzed using AgWET. The weir height
and surface area of each sediment basin were determined based on the local topography and
the average characteristics of the existing delineated sediment basins. These characteristics
alongside the location of the basins were inputted into AnnAGNPS to simulate sediment
basin impact on sediment reduction in the watershed.
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2.6.3. Crop Rotation

Conservation crop rotation was applied as a seasonal sequence of crops grown in the
same field yielding a multi-crop rotation cycle. The crops in the rotation should include a
high residue producing crop such as wheat or corn along with a low residue producing
crop such as soybeans or vegetables. Conservation crop rotation has many benefits which
includes reducing sheet, rill, and wind erosion, increasing soil health and organic matter
content, and improving soil moisture efficiency [72–75].

The only major crop in our study area that allows rotation is soybeans, so we simulated
the soybeans/winter wheat rotations in four location scenarios: (1) all soybean agricultural
fields amounting to 7340 AnnAGNPS cells (Figure 5A), (2) soybean agricultural fields that
have a sediment yield higher than mean—standard deviation (referred to as “>medium”)
amounting to 5689 AnnAGNPS cells (Figure 5B), (3) soybean agricultural fields that have a
sediment yield higher than mean + standard deviation (referred to as “>high”) amounting
to a total of 1166 AnnAGNPS cells (Figure 5C), and (4) soybean agricultural fields that
have a sediment yield higher than mean + 2 × standard deviation (referred to as “>very
high”) amounting to a total of 424 AnnAGNPS cells (Figure 5D). The used mean (i.e.,
5.25 Mg/ha/year) and standard deviation (i.e., 8.94 Mg/ha/year) values represent the
statistical distribution of sediment yield baseline conditions of all agricultural fields in the
study area as highlighted in Section 2.6.1.

The simulation of the crop rotation scenarios was conducted by adjusting the manage-
ment schedule from Soybean to Soybean/Winter Wheat (Table 3) for each AnnAGNPS cell
under the respective four crop rotation scenarios. These four scenarios are summarized in
Figure 6c.

Table 3. Comparison of annual management schedule for soybean and soybean + winter wheat rotation.

Crop Date Operation

Soybean
(with no rotation)

20 Mar. Chisel

5 May Fertilizer

10 May Disk

11 May Plant

29 May Sprayer

20 July Sprayer

28 Aug. Sprayer

15 Oct. Harvest

20 Oct. Weed Growth

Winter Wheat
+ Soybean Rotation

30 Oct. Sprayer

31 Oct. Fertilizer

1 Nov. Rill or Air Seeder

15 Nov. Sprayer

15 Feb. Fertilizer

15 Mar. Sprayer

10 May Disk

15 May Sprayer

10 June Harvest

11 June Sprayer

13 June Plant

27 June Sprayer

20 July Sprayer

28 Aug. Sprayer

15 Oct. Harvest

20 Oct. Weed Growth
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2.6.4. Conservation Reserve Program

The Conservation Reserve Program (CRP) is a voluntary program implemented by
the USDA Farm Service Agency (FSA) in coordination with agricultural landowners, to
remove environmentally fragile land from agricultural production and improve water
quality, wildlife habitat, and prevent soil erosion. During the period of the program, the
land is not farmed or ranched but planted with native plant species that improve the
long-term environmental health and quality of the land. The contract between farmers
and FSA lasts between ten to fifteen years with annual rental payments and cost share
assistance provided by FSA [76–78].

The simulation period for this study is 11 years (January 2008–December 2018), which
fits the typical duration range of CRP. The selected scenarios for this conservation practice
are: (1) all agricultural fields (Figure 5A), (2) all agricultural fields that have a sediment
yield higher than mean minus standard deviation (referred to as “>medium”) (Figure 5B),
(3) all agricultural fields that have a sediment yield higher than mean + standard deviation
(referred to as “>high”) (Figure 5C), and (4) all agricultural fields that have a sediment yield
higher than mean + 2 × standard deviation (referred to as “>very High”) (Figure 5D). The
used mean (i.e., 5.25 Mg/ha/year) and standard deviation (i.e., 8.94 Mg/ha/year) values
represent the statistical distribution of sediment yield baseline conditions of all agricultural
fields in the study area as highlighted in Section 2.6.1.

We implemented CRP in our simulations by changing the crop type and schedule to
grass for the selected cells under each considered scenario. The grass rotation simulates the
conditions of land being returned to native plant species with no farming activities. The
four CRP scenarios are summarized in Figure 6d.

2.6.5. Optimization and Comparison of Conservation Practice Scenarios

A multi-dimension scoring function was employed to compare all the considered
conservation scenarios. This cost function was designed to account for the relative reduction
in annual average sediment yield per unit area while, at the same time, consider the
potential reduction in productive agricultural land. This analysis was performed for all
individual sub-catchments affected by the conservation practice. Both sediment yield per
unit area and the area of land converted from agricultural production to conservation
were normalized to values between 0 and 1 and the totals from all sub-catchments were
calculated. The score for each alternative scenario i was calculated as follows:

Scorei =
(TSi × WS) +

(
TLi × WL

)
(Ws × WL)

(1)

where TSi is the total scaled sediment yield per unit area for scenario i, TLi is the total
area converted into a conservation practice, and WS and WL are the weighting factors for
sediment load and spatial footprint, respectively.

3. Results

3.1. Baseline Conditions

Evaluation of simulation results were performed spatially (Figure 9) and temporally
(Figure 10) using two output parameters: sediment yield and sediment load, respectively.
Sediment yield is reported as annual average per unit area for each sub-catchment in Mega
grams per hectare per year and it represents eroded sediment by inter-rill and rill processes
leaving the field into streams. The annual average sediment yield per unit area is intended
to describe non-point sources spatially and to serve as a reference to quantify the effect of
conservation practices locally (field scale at different parts of the watershed). Sediment load
is reported as the annual average at the watershed outlet in Mega grams and is intended to
demonstrate how the overall watershed responds to natural drivers (e.g., climate/weather),
anthropogenic drivers (e.g., farming management), and to quantify the combined effect of
conservation practices on the system. Both parameters are described by key particle sizes:
sand, silt, and clay.
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Figure 9. Spatial distribution of sediment yield for different particles sizes: (a) clay, (b) sand, (c) silt,
and (d) total sediment, estimated using the AnnAGNPS model to describe existing conditions
(baseline condition simulation). Graph depicts standardized approach in which values are expressed
as deviations from the mean value of all 12,573 sub-catchments.

Figure 10. Streamflow (a) and suspended sediment load for silt (b), clay (c), and sand (d) sizes at the
watershed outlet as simulated by the AnnAGNPS model representing existing conditions.
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The lack of streamflow observations in most catchments around the world and the
nation, especially in small catchments in rural areas has created a setback for hydrological
and conservation investigations in these regions [67]. In this study, the uncertainties
caused by the lack of observed data (streamflow and sediment gauges) were minimized
by the following. First, the AnnAGNPS watershed pollution model was selected due
to its suitable application to agricultural ungauged watersheds based on the detailed
spatiotemporal information needed to characterize natural and anthropogenic processes
in this type of watersheds [79–85]. Second, relative measurements were used instead of
absolute to evaluate conservation scenarios. This was achieved by comparing average
sediment load at the outlet of the watershed for each scenario (33 different AnnAGNPS
simulations describing conservation practices) to baseline conditions. Absolute sediment
load/yield was not used as the basis for any recommendation. Third, comparisons of annual
average streamflow with the publicly available web-based Generalized Watershed Loading
Function Enhanced (GWLF-E) model [86] indicate that the two estimates are in agreement
(i.e., 42.22 cm/year and 42.27 cm/year for AnnAGNPS and GWLF-E, respectively).

Sediment yield was reported as annual average per unit area for each sub-catchment.
Results were classified for each particle size per its statistical distribution to facilitate
visualization and allow a spatial identification of hot spot sub-catchments in terms of
sediment yield (Figure 9). The generated maps were used as the basis for the development
of alternative conservation scenarios to target problematic sub-catchments and reduce their
sediment yield.

Results from the baseline simulation indicates an overall low sand particle yield
relatively to both silt and clay. Sediment yield of both silt and clay are high especially in
Mud Creek, North Fork Forked Deer River Lower and Doakville Creek in comparison
to Cain Creek and North Fork Forked Deer River Upper (Figure 9). Simulation results
demonstrate the combined effect of complex processes driving sediment sources and sinks
as well as the spatiotemporal variation of land cover, climate, soil, and farming practices,
with agricultural fields driving most of the sediment detachment and transport in the
study area.

Temporal evaluation of monthly streamflow at the outlet (Figure 10a) highlights
a major rainfall event in 1–2 May 2010, responsible for significant floods in the region.
Streamflow peaks correlate with peaks of suspended silt (Figure 10b) and clay (Figure 10c).
Sand load peaks does not correlate with streamflow peaks, with the former peaking in 2016
(Figure 10d). It is important to note that estimates of sediment load of sand size particles
are two orders of magnitude smaller than silt and clay.

3.2. Conservation Practices Scenarios

In addition to the baseline condition simulation, 33 AnnAGNPS simulations (i.e., 16
for riparian buffer, 9 for sediment basin, 4 for crop rotation and 4 for CRP), with a computer
run time of up to 50 h per simulation, were performed to explore the impact of these
conservation practices on sediment reduction in a wide range of conditions.

Tables 4–7 summarize the simulation results for the four sets of the investigated
conservation practices. Each table includes scenario characteristics, relative reduction of
sediment load at the outlet of the watershed from the baseline conditions, as well as the
area of land used to implement the practice. The implementation decision is a tradeoff,
between maximizing soil erosion reduction and minimizing the economic burden on
farmers represented by the area of land that is taken out of production.
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Table 4. Riparian buffer scenarios results.

Simulation ID Location Description
Riparian Buffer

Width
Sediment Load

(Mg/Year)
Sediment

Reduction (%)
Spatial

Footprint (Ha)

1 All Streams 10 m 71,312.7 65% 506.6

2 All Streams 30 m 44,970.2 78% 1458.3

3 All Streams 60 m 39,745.7 81% 2728.2

4 All streams adjacent to agricultural fields. 10 m 113,389.3 45% 338.0

5 All streams adjacent to agricultural fields. 30 m 99,602.6 52% 1018.9

6 All streams adjacent to agricultural fields. 60 m 96,321.7 53% 2043.8

7
All streams adjacent to agricultural fields

with a sediment yield higher than
3.7 Mg/ha/year

10 m 118,246.5 43% 228.6

8
All streams adjacent to agricultural fields

with a sediment yield higher than
3.7 Mg/ha/year

30 m 105,205.8 49% 893.9

9
All streams adjacent to agricultural fields

with a sediment yield higher than
3.7 Mg/ha/year

60 m 101,905.8 51% 1823.0

10
All streams adjacent to agricultural fields

with a sediment yield higher than
14.2 Mg/ha/year

10 m 178,229.7 13% 60.9

11
All streams adjacent to agricultural fields

with a sediment yield higher than
14.2 Mg/ha/year

30 m 175,074.4 15% 175.0

12
All streams adjacent to agricultural fields

with a sediment yield higher than
14.2 Mg/ha/year

60 m 174,124.0 15% 357.9

13
All streams adjacent to agricultural fields

with a sediment yield higher than
19.4 Mg/ha/year

10 m 195,271.1 5% 19.1

14
All streams adjacent to agricultural fields

with a sediment yield higher than
19.4 Mg/ha/year

30 m 194,101.3 6% 52.7

15
All streams adjacent to agricultural fields

with a sediment yield higher than
19.4 Mg/ha/year

60 m 193,756.4 6% 106.5

16 Existing riparian buffer Variable 178,956.2 13% 4683.8

Baseline
Conditions No buffer is integrated into the model 0 m 205,880.2 0% 0

Table 5. Sediment basin scenarios results.

Simulation ID
Scenario Classification

(Figure 6b)
Sediment Load (Mg/Year) Sediment Reduction (%) Spatial Footprint (Ha)

17 Class A 10,699.1 95% 214.3

18 Class B 70,137.00 66% 200.7

19 Class C 184,607.9 10% 91.2

20 Class D 199,254.0 3% 39.9

21 Class E 164,705.5 20% 252.1

22 Class F 179,666.4 13% 276.4

23 Class G 179,073.7 13% 172.2

24 Class H 198,661.2 4% 79.6

25 Existing Sediment Basins 204,992.0 0% 82.8

Baseline conditions 205,880.2 0% 0
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Table 6. Crop rotation scenarios results.

Simulation ID Description
Sediment Load

(Mg/year)
Sediment

Reduction (%)
Spatial Footprint

(Ha)

26 Crop rotation is applied to all
soybean fields in the watershed 182,278.4 11% 0 *

27

Crop rotation is applied to all
soybean fields in the watershed

with a sediment yield higher
than 3.7 Mg/ha/year

193,476.4 11% 0 *

28

Crop rotation is applied to all
soybean fields in the watershed

with a sediment yield higher
than 14.2 Mg/ha/year

182,969.3 6% 0 *

29

Crop rotation is applied to all
soybean fields in the watershed

with a sediment yield higher
than 19.4 Mg/ha/year

197,905.3 4% 0 *

Baseline Conditions No additional crop rotation is
integrated into the model 205,880.2 0% 0 *

* No land is taken out of production during crop rotation, since winter wheat is planted in the winter when the
land is not being used to grow other crops.

Table 7. CRP scenarios results.

Simulation ID Description
Sediment Load

(Mg/Year)
Sediment

Reduction (%)
Spatial Footprint

(Ha)

30 CRP is applied to all agricultural
fields in the watershed 38,598.1 81% 7146.9

31

CRP is applied to all agricultural
fields in the watershed with a

sediment yield higher than
3.7 Mg/ha/year

44,460.2 78% 6792.5

32

CRP is applied to all agricultural
fields in the watershed with a

sediment yield higher than
14.2 Mg/ha/year

154,930.8 25% 1519.3

33

CRP is applied to all agricultural
fields in the watershed with a

sediment yield higher than
19.4 Mg/ha/year

186,290.7 10% 388.5

Baseline Conditions No CRP is simulated in the model 205,880.2 0% 0

Riparian buffers work by slowing surface flow and promoting infiltration and fine
sediment deposition. Our simulations results indicate that sediment reduction of this
practice when compared to the baseline condition range between 6% and 81% based on
location and buffer width (Table 4). Even though implementation of riparian buffers around
every stream in the watershed is not feasible, the value of 81% represents a theoretical
maximum potential reduction by this practice. The simulations also indicate that existing
riparian buffers provide a reduction of 13% as opposed to a maximum potential of 81%,
demonstrating that the watershed is under-served in terms of riparian buffers.

In addition, simulation results indicate that an increase of riparian buffer width
from 30 m to 60 m leads to a sediment load reduction at the outlet of the watershed
of only 1%, 2%, 0%, and 0% in scenarios 6, 9, 12 and 15, respectively (Table 4). These
results highlight a non linear relationship between the buffer width and sediment trapping
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efficiency, indicating that the expansion of the overall length of the riparian buffer is more
effective than increasing the width beyond a certain optimal value [46,87,88].

Sediment basin simulation results indicate a wide range in sediment load reduction
from 4% to 95% (Table 5). The overall reduction is a function of not only the number of
sediment basins but also their placement throughout the watershed. It can be observed that
a similar reduction in sediment load for scenarios 22 and 23 represent a different spatial
footprint (i.e., 276.4 and 172.2 hectares, respectively). Additionally, alternative scenarios 17
and 18 that focus on stream order 2 seem significantly more efficient than scenarios 21 and
22. Based on these findings, it is suggested to prioritize the size of the upstream area when
deciding where to place sediment basins in the candidate locations in the watershed.

Simulation results indicate that crop rotation between soybean and winter wheat
would reduce sediment load at the outlet of the watershed by 4% in case of selecting the
top (i.e., mean plus two standard deviations) fields in terms of sediment production and by
about 11% in case of implementation in all soybean fields (Table 6), which represent about
27% of the total area of the watershed. This represents a relatively small sediment load
reduction, but is a cost-effective alternative since the production areas are not reduced. The
only major crop rotation identified in the study area was soybean with winter wheat. A
more widespread application of crop rotation could further decrease the sediment yield in
the watershed.

Sediment reduction using CRP ranges between 10% and 81% for the study area based
on how many fields were removed from production (Table 7). While CRP is one of the most
effective tools to address nutrient loss, sediment erosion and wildlife habitat reduction,
CRP is one of the costliest practices for the landowners by taking their land completely out
of production; hence financial incentives are often provided by the U.S. federal government
for this purpose [76,77,89,90].

4. Discussion

An effective implementation of conservation practices designed to promote water
quality and minimize soil erosion depends on a comprehensive understanding of watershed
processes, farming practices and sediment and agrochemical sources and sinks [48]. This
study is an integrated approach using both GIS spatial analysis and watershed modeling
to provide stakeholders with a blueprint for targeted conservation plans especially in
ungauged watersheds. This investigation allowed us to make four major observations.

4.1. Prioritization of Conservation Practice Location

The definition for the optimal spatial distribution of the proposed conservation prac-
tices and their temporal impact on sediment and nutrient detachment, transport, depo-
sition, and trapping is important [28,48]. The description of these spatiotemporal rela-
tionships requires the incorporation of specialized technology into watershed modeling,
that allows a careful selection of the location and type of practice to optimize implementa-
tion [47,48,91,92].

An example corroborating the importance of conservation location is from riparian
buffer simulations. Despite an overall positive correlation between the size of the buffer
and the amount of sediment reduction, Figure 11 shows that scenarios 4 and 12 use an
almost equal buffer surface area (i.e., 338 and 357.9 ha, respectively) but lead to a large
difference in sediment load reduction (i.e., 45% and 15%, respectively). Similarly, scenarios
7 and 11 are based on a similar surface area (i.e., 228.6 and 175 ha, respectively) but also
lead to a large difference in sediment yield reduction (i.e., 43% and 15%, respectively).
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Figure 11. Relative sediment reduction (%) from baseline conditions for riparian buffers in function
of their surface area. The numbers refer to scenario ID from Table 4. The two red circles highlight two
examples in which a similar riparian buffer area size leads to a large difference in sediment reduction.

A second example is from sediment basin simulations. It was found that proposed
scenarios 17 and 18 (i.e., classes A and B of sediment basin) that focus on stream order 2
are significantly more efficient than scenarios 21 and 22 (i.e., classes E and F for sediment
basin). In fact, scenario 17 was simulated using optimally located 147 basins, leading to a
reduction of 66% in sediment load whereas scenario 22, including more sediment basins
(i.e., 297) leads to a reduction of only 13%. Hence, it is suggested to prioritize the size
of the upstream area when placing sediment basins in the watershed, while respecting
NRCS guidelines.

The selection of where to place the conservation practice within the watershed is
important to optimize the available resources and maximize the conservation practices
impact on non-point source pollutants.

4.2. Optimization and Comparison of Conservation Practice Scenarios

Three optimization evaluations were performed by varying the weights of both
considered parameters: (a) sediment reduction and spatial footprint have equal weight
(Figure 12a), (b) a weight of 5 to 1 prioritizing reduction in sediment yield (Figure 12b) and
(c) a weight of 5 to 1 prioritizing reduction in spatial footprint (Figure 12c).

When comparing all alternative scenarios using the cost function, riparian buffer
seems to be the most efficient. Varying weights can generate different outcomes and this
approach can be used by stakeholders to tailor outputs to fit their priorities. Scenarios 1, 2,
3, and 7, representing variations in riparian buffers, were identified as the most efficient
conservation practice under all weighting conditions. Conversely, scenarios 21 and 17,
representing sediment basins, were scored as least efficient, especially when weights were
adjusted to prioritize sediment reduction. Scenarios 30 and 31, which both represent CRP
practices, were scored as least efficient when a larger weight was placed on converting land
from production to support conservation efforts.
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Figure 12. Scoring results comparing alternative conservation scenarios based on sediment yield per
unit area and total land converted from agricultural production to a conservation practice. Three
evaluations were performed: (a) equal weight for sediment yield and spatial footprint, (b) prioritize
reduction in sediment yield by a factor of 5 to 1, and (c) prioritize reduction in spatial footprint by a
factor of 5 to 1.

4.3. Building Decision Support Tools Based on Study Results: A Riparian Buffer Example

Simulation results indicate riparian buffers to be the most effective conservation
practice for sediment reduction in this watershed, hence they were selected to demonstrate
the utility of building decision support tools for stakeholders when implementing practices
on the ground designed for optimal reduction of non-point source pollution. Representing
simulation results as ranked ratio of accumulated sediment yield per unit of area and
accumulated contributing area (Figure 13) illustrates a simple, but effective way, to evaluate
individual conservation practices and/or contrast multiple conservation alternatives. For
example, based on the AnnAGNPS simulation representing baseline conditions, 40% of the
watershed total area has shown to produce 75% of sediment leaving fields into streams. A
conservation strategy designed to reduce sediment yield by 25%, could be implemented
by targeting specifically those sub-catchments. Alternatively, it is possible to evaluate
a wide range of alternative scenarios based on their potential overall reduction. The
alternative conservation scenario considering implementing 60 m constructed riparian
buffers at sub-catchments classified as “very high” sediment producing locations reduces
the overall sediment yield by 7% when compared with baseline conditions. Instead, an
alternative scenario considering 10 m constructed riparian buffers implemented in sub-
catchments identified as “high” lead to an overall reduction of 27% when compared with
baseline conditions. A cluster of alternative scenarios implementing riparian buffers at all
agricultural fields and at “medium” classified sub-catchments produce similar reductions
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(38–48%) when compared to the baseline scenario. This indicates potential flexibility in
selecting where in the watershed and what buffer width to install to obtain similar overall
reductions. This decision support tool can assist in the design of conservation practices
unique to each watershed.

Figure 13. Ranked ratio analysis between accumulated sub-catchment annual average sediment yield
per unit area and their corresponding accumulated drainage area.

4.4. Methodology Uncertainties

It is important to recognize that, conservation efforts are often implemented at the
watershed scale as a combination of practices varying in type, location, and stakeholder
in charge of implementation. In this study, each type of conservation practice was consid-
ered separately; this approach was chosen to quantitatively evaluate the effectiveness of
individual practices and to provide a platform to compare them. Furthermore, there is an
infinite number of possibilities when considering all potential combinations of types of
conservation practice, their controlling parameters (width, area, vegetation type, etc.), and,
more importantly, their location at the watershed. Additionally, in this investigation, the
main quantified sources of sediment are from inter-rill and rill processes, and therefore,
channel processes (streambank and streambed erosion) were outside the scope of the study
and were kept constant between simulations.

5. Conclusions

Development of conservation plans designed to improve water quality in agricultural
watersheds, and in downstream waterways, depends on a detailed spatiotemporal under-
standing of natural and anthropogenic controlling variables and processes. This constitutes
a challenge for conservation stakeholders while managing limited resources, minimizing
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agricultural production loss, and maximizing sediment load reduction. Watershed mod-
eling technology can support the spatial optimization of conservation practices even at
ungauged watersheds.

The integration of GIS-based analyses with hydrological modeling at watershed scales
provides additional capabilities to quantify the effect of conservation practices to sediment
loads by spatially characterizing different types of conservation practices and scenarios
and their relative impact on sediment reduction.

The proposed methodology was applied to the North Fork Forked Deer River wa-
tershed in west Tennessee as part of the Mississippi River Basin Initiative (MRBI). This
watershed was identified as impaired due to high loads of suspended sediment from
agricultural sources [93]. Despite the non-availability of continuous runoff and sediment
monitoring stations, a detailed characterization of anthropogenic and natural drivers was
performed to obtain a relative evaluation of sediment reduction between baseline condi-
tions and potential conservation scenarios. This could serve as a pilot study toward the
improvement of non-point source pollution from agricultural activities in ungauged water-
sheds across the nation and in the Mississippi basin specifically, given that it is responsible
for one of the largest aquatic dead zones in the world.

Future directions of this investigation could involve the inclusion of more variables in
the scoring function, such as costs of implementation, costs of maintenance, and potential
loss of income from a reduced production area. Additionally, the integration of this
methodology with machine learning algorithms could aid in the task of selecting and
simulating a combination of different types of practices, controlling parameters, and their
location in the watershed. This technology could lead to the development of a hybrid
customized solutions for impaired watersheds.
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Oat Straw Mulching Reduces Interril Erosion and Nutrient
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Abstract: Soil erosion is one of the major problems in the agricultural areas in the world, and straw
mulching is a conservation practice that may reduce soil runoff. How much straw mulching is
necessary to reduce soil runoff? The objectives of this study were to quantify and characterize the
runoff under different levels of oat straw mulching, as well as to analyze the cost of soil erosion. An
experiment was performed in a site with the soil recently tilled for peach orchard implementation. In
the ridges in the row of the peach orchard, plots were placed in order to quantify soil and nutrient
losses by surface runoff due to interril erosion on the dates 23 August 2015 and 13 March 2016,
considering the treatments were composed of different amounts of oat straw mulching (0, 1, 2, 4 and
8 Mg ha−1). The results showed that the use of oat straw mulching decreased soil runoff, especially
the doses ≥2 Mg ha−1, and the cost to replace the available nutrients P, K, Ca and Mg via mineral
fertilizer varies from US$ 75.4 (no mulching) to US$ 2.70 per hectare (8 Mg ha−1 oat straw mulching).

Keywords: water erosion; sediment; soil conservation; crop residue; vegetative practices of soil
conservation; cost of erosion

1. Introduction

Soil is the foundation for terrestrial life and the sustainability of humankind. However,
this natural resource has become increasingly threatened by excessive tillage, limited crop
rotations, poor irrigation management, and contaminants [1]. According to FAO [2], one-
third of the world’s soil resources have been degraded and the remaining topsoil could
become unproductive within 60 years if current rates of degradation continue. Agriculture
practices may harm the soil due to compaction, acidification, loss of soil organic matter,
and soil erosion. Those changes degrade soil physical properties, increase nutrient loss,
and reshape fields, ultimately impacting productivity and environmental outcomes [1].

Soil erosion from agricultural fields is estimated to be currently 10 to 20 times (no-
tillage) to more than 100 times (conventional tillage) higher than the soil formation rate,
and the current levels of global warming are associated with moderate risks from increased
soil erosion [3]. Using simulations carried out from 1901 to 1990, soil erosion at the global
scale has been increased during the last century, pointing out Brazil as the region with the
largest increase, with human activity being the greatest responsible determinant [4]. Yang
et al. [4] highlight that in the 2090s, climate change, mainly induced by rainfall increases, is
projected to increase soil erosion by around 9% globally, while land use would change about
5%. Higher global temperatures, as impact of climate changes, intensify the hydrological
cycle, resulting in more intense rainfall, which is an important driver of soil erosion [5].

Peach orchard production is of great socio-economic importance in southern Brazil,
mainly within the Rio Grande do Sul (RS) State, which is the greatest producer in Brazil,
accounting for 60.5% of the total Brazilian peach harvest, and it is mainly cultivated by small
farmers, with a total area cultivated of 12,468 hectares [6]. However, orchards represent
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one of the land-uses for which runoff rates and sediment losses may occur if soil and water
conservation practices are not adopted, especially in hill slopes.

Runoff and soil erosion have been reported worldwide and are usually associated
with (i) the location on hill slopes and disposition of rows along the slope, which makes
runoff and erosion stronger [7], (ii) maintenance of bare soil between rows by mechanical
or chemical weeding [8–10], and (iii) intense machinery traffic along fixed paths, which
promote soil compaction and reduce soil water holding capacity and water infiltration [11].

Runoff and soil erosion in peach orchards tend to be more intense in the first years
after plantation, which can be associated with deep and intensive tillage during orchard
installation, disaggregating the soil and exposing it to rainfall. A few studies have reported
higher runoff and soil erosion rates due to the orchards’ installation practices [9,12,13]. Deep
tillage is usually applied to incorporate fertilizer and lime and to improve the soil’s physical
condition prior to plantation; however, it can also decrease soil aggregate stability [14],
increase soil organic matter mineralization [15], and promote soil surface crusting [16], as
well as decrease water infiltration, which leads to soil erosion [17].

The physical processes of erosion and the control of those events have been studied
across a long time and have been established but soil erosion continues to be the greatest
threat to soil health and ecosystem services in many regions of the world, having some
controversial points that make the establishment of erosion control measures around the
world difficult [18].

The use of cover crops and/or mulching in orchards has the potential to reduce runoff
and soil erosion [19]. IPCC [3] references growing green manure and cover crops, crop
residue retention, reduced/zero tillage, and maintenance of soil covering through improved
grazing management as options to reduce vulnerability to soil erosion and nutrient loss.
Mulching and cover crops have been proven to be efficient practices to (1) protect the
soil from water droplet impact, (2) enhance aggregate stability, (3) improve soil water
infiltration, (4) interrupt runoff pathways, (5) improve nutrient cycling and soil water
storage, and (6) reduce soil temperature variation and water loss to evaporation [20,21].
Additionally, higher sediment losses and herbicide residues in runoff water were found in
bare soil under avocado (Persea americana Mill) hillside orchards [9].

Stark and Thorne [12] argued that peach orchards cannot be maintained over a long
time without adequate management practices to maintain soil organic matter and to control
soil erosion, suggesting the use of cover crops. A literature review by Wolstenholme et al. [8]
has also highlighted the benefits of using mulching in avocado orchards. They found that
using mulching and/or cover crops decreased tree stress, improved root growth and health,
and improved both fruit size and yield compared to avocado under bare soils. These
positive effects of mulching within orchards related in past studies were confirmed recently
by some other studies around the world [22–24]. However, there is still a gap in knowledge
about the effect of cover crop residue as mulch on the triggering of runoff and soil water
erosion in peach orchards in southern Brazil, as well as on the exact amount of mulching,
considering this involves costs to the farmers. Furthermore, little information exists about
the impact of runoff and soil erosion on environmental health (i.e., water contamination),
soil losses and their costs for peach farmers in that region.

Therefore, this study aimed to quantify and characterize (i) the runoff and soil ero-
sion under different levels of oat (Avena sativa) straw mulching in a commercial peach
orchard; (ii) the cost of soil erosion and runoff during the first year after the peach orchard’s
installation. We hypothesized that straw mulching would decrease the soil runoff and,
consequently, reduce nutrient losses and the production costs in the peach production
system in southern Brazil.

2. Materials and Methods

2.1. Experimental Area and Treatments

The experimental area is a 0.7 ha commercial peach orchard (variety “sensação”)
installed in 2015, with 21% slope located in Pelotas City, “Rio Grande do Sul” State, Brazil
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(Latitude 31◦34′11,76” S, Longitude 52◦30′16,51” W, 171 m altitude) (Figure 1). The climate
is subtropical humid (Cfa) according to the Köppen’s Climate Classification System. The
mean annual rainfall is 1367 mm at the Pelotas Agroclimatology Station, in the period
1971–2000 [25]. The mean annual temperature is 17.8 ◦C, January being the hottest month,
at 23.2 ◦C, and July being the coldest, at 12.3 ◦C (Figure 2).

 

Figure 1. Map from South America (a), Brazil and “Rio Grande do Sul” State highlighted (b), and
“Rio Grande do Sul” State with Pelotas City highlighted (c); image from Google Earth with the
experimental area surrounded in a white color (d). Image of Google Earth dated 7 July 2015.

Figure 2. Mean monthly temperature and rainfall of the period 1971–2000. Source: [25].

The soil type at the study region is dominated by Entisols, Mollisols, Ultisols, Incepti-
sols, Plinthic, Alfisols and Entisols [26] (respectively Neossolos, Chernossolos, Argissolos,
Cambissolos, Plintossolos, Planossolos and Gleissolos, accordingly with the Brazilian
System of Soil Classification [27]). At the experimental site, the soil was classified as Cam-
bissolo Háplico Tb Distrófico according to the Brazilian System of Soil Classification [27],
which corresponds to Inceptisol in Soil Taxonomy [26].
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The treatments were composed of different amounts of oat straw (Avena sativa)
mulching placed on plots with the soil being tilled. The plots were used to measure
the soil and nutrient losses by surface runoff.

The site was prepared for planting (peach orchard implementation) in June 2015. For
instance, the soil was tilled by plowing (approximately 30 cm deep) followed by harrowing.
The ridges in the row were made using the soil from the interrow. The height of the ridges
was approximately 0.40 m, having the interrow of the orchard as a reference. The distance
between plants in the row was 2.5 m, and in the interrow it was 5.0 m. The soil fertility
adjustment was realized in the peach orchard implementation.

On 9 July 2015 (i.e., around one month after orchard implementation), in order to
quantify soil and nutrient losses by surface runoff due to interril erosion, plots were placed
in the ridges (Figure 3). These plots were constructed using polyvinyl chloride (PVC),
with strips of 0.5 m length and 0.15 m height, forming a triangle delimiting an area of
0.11 m2, and were fitted using PVC pipe with a height of 0.25 m. The strips of the plots were
linked through slots, to facilitate assembly, disassembly, and transport of such material.
A polyethylene terephthalate (PET) bottle was cut in half and placed in the lower edge
of the plot to collect the soil loss by surface runoff. In the field, a hole was opened in the
ground for fixing the PET bottle, where its border remained close to the ground surface
and the PVC strips connected to the border of the PET bottle. The soil loss by runoff in
the delimited area (0.11 m2) was captured in the PET bottle with a capacity of nearly 1.5 L.
Plots larger than 0.11 m2 were not possible to be used because the area of the ridge was
smaller to support larger plots. Because of the plots’ size and configuration, only interril
erosion was possible to measure, as well as the impact and disaggregation of soil as part of
erosion process.

 

Figure 3. Plots to assess the soil losses by surface runoff, installed in the ridge of the peach’s orchard
row on 23 August 2015, which was date of application of the treatments with different amounts of
oat straw (Avena sativa) mulching.

Overall, 15 triangular plots (0.11 m2) were constructed. The soil within each of
those plots was covered by different amounts of oat (Avena sativa) straw mulching, which
represents the treatments: 0 Mg ha−1, 1 Mg ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1 dry
biomass (Figure 4). Each treatment had three replicates. The plots were installed on 9 July
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2015 and received the treatments with oat straw mulching on 23 August 2015. When the
straw mulching of each treatment was totally or almost totally decomposed in the plots, it
was replaced along the experiment, avoiding the zero-straw mulching and being possible
to evaluate the period of soil cover and decomposition, considering the different amounts
of oat straw mulching. Thus, on 8 November 2015 the oat straw mulching was replaced in
the treatments 1 and 2 Mg ha−1 and, on 13 January 2016, a new replacement of oat straw
mulching was realized in all treatments (1 Mg ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1).

   
(a) (b) (c) 

  
(d) (e) 

Figure 4. Plots to assess the soil losses by surface runoff, installed in the ridge of the peach’s
orchard row, covered by different amounts of oat (Avena sativa) straw mulching, which represent the
treatments: 0 Mg ha−1 (a), 1 Mg ha−1 (b), 2 Mg ha−1 (c), 4 Mg ha−1 (d), 8 Mg ha−1 (e) dry biomass.
Pictures dated 23 August 2015 (application of the treatments).

The oat straw used as mulching in the plots was collected in a peach orchard next
to the studied area and forwarded to the laboratory to dry at a temperature of 65 ◦C
(standard method to quantify dry biomass of plants) and, afterwards, was placed in the
plots according to each treatment. In this same orchard, which was twelve years old, in
its interrow, oat straw used as mulching was sampled in four random points, in an area
of 1 m2 each one, in its senescence period, to verify the oat straw yield in a management
system where it has the objective to protect the soil. The average yield of oat straw was
3 Mg ha−1 (dry weight at a temperature of 65 ◦C). That twelve year-old orchard was chosen
because it is next to the studied area and frequently uses oat straw in its interrows.

2.2. Soil Characterization of the Ridges of the Peach Orchard’s Row

In order to characterize the soil in the ridges of peach orchard’s row (i.e., where the
plots for assessment of soil losses by surface runoff were placed), disturbed soil samples
were collected within 0 to 0.10 m, 0.10 to 0.20 m and 0.20 to 0.40 m depth. Those samples
were analyzed for particle size distribution, dispersible clay in water, particle density, and
soil fertility (i.e., pH and soil nutrients). Undisturbed soil samples were also collected in
the same depths in metal cylinders of 4.7 cm diameter and 3.0 cm height. These samples
were used to evaluate soil porosity, bulk density and saturated hydraulic conductivity.
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2.2.1. Soil Chemical Characterization

Disturbed soil samples were also analyzed for pH, organic matter (OM), phosphorus
(P), potassium (K), sulfur (S), calcium (Ca), magnesium (Mg), iron (Fe), copper (Cu), zinc
(Zn), manganese (Mn), sodium (Na), aluminum (Al) and potential acidity (H + Al), as
described by Tedesco et al. [28]. Soil pH was measured using a 1:1 soil-to-water ratio.
Through these determinations, the effective cation exchange capacity and that at pH 7.0
(respectively, CECeffective and CECpH7.0), base saturation (V) and aluminum saturation
(m) were calculated. The H + Al was determined for the SMP index, while the extractant
KCl 1 mol L−1 was used to determine Ca, Mg, Mn and Al, and the extractant Mehlich I
was used to determine P, K, Na, Zn and Cu. To determine organic matter we used moist
digestion.

2.2.2. Soil Physical Characterization

Particle size distribution analysis was performed by the pipette method [29]. The
dispersion of the soil samples followed the method described by Suzuki et al. [30], i.e., 20 g
of sample, 10 mL of 6% NaOH (chemical dispersant), 50 mL of distilled water and two nylon
spheres (each one weighing 3.04 g, diameter of 1.71 cm and density of 1.11 g cm−3) were
put in 100 mL glass bottles, which were shacked horizontally at 120 rpm for four hours.

Afterwards, the soil particles were separated into sand (diameter between 2 and
0.053 mm) by sieving, and silt (diameter between 0.053 and 0.002 mm) by calculus between
the difference of the sum of sand and clay (diameter < than 0.002 mm), which was de-
termined by pipette. The sand fractions were separated by sieving in very coarse sand
(2 to 1 mm), coarse sand (1 to 0.5 mm), medium sand (0.5 to 0.25 mm), fine sand (0.25 to
0.125 mm) and very fine sand (0.125 to 0.053 mm).

The results of the particle size distribution analysis were used for soil textural classifi-
cation, using the soil texture triangle available from the National Resource Conservation
Service/United States Department of Agriculture [31].

Dispersible clay in water was quantified following the same procedure used for total
clay evaluation but without using the chemical dispersant.

The calculus of the degree of flocculation (DF, %) followed the Equation (1):

DF = [(total clay-dispersible clay in water)/total clay] × 100 (1)

The particle density was determined by the volumetric balloon method, according to
Viana et al. [32].

2.2.3. Soil Porosity, Bulk Density, and Saturated Hydraulic Conductivity

The undisturbed soil samples were saturated through capillarity and balanced on a
tension table (at 6 kPa tension) to determine macroporosity (pores > than 50 μm). After that,
the samples were oven-dried (105 ◦C) to determine microporosity (pores < than 50 μm),
total porosity and bulk density [33].

Samples with a preserved soil structure were also used to quantify the saturated
hydraulic conductivity of the soil, using a permeameter of constant charge, as described
by Klute and Dirksen [34]. Before beginning recording the measurements, the samples re-
mained for some minutes with the water passing through the samples, to reach equilibrium
and constancy. Three measurements for each sample were realized and we calculated the
mean value.

Equation (2) below was used to calculate the saturated hydraulic conductivity:

KS = (V × L)/[A × t(h + L)] (2)

where: KS = saturated hydraulic conductivity, mm h−1; V = volume of water passed
through the soil sample, mm3; L = length of soil sample, mm; A = area of the transversal
section of the soil sample, mm2; t = time of lecture, hours; h = pressure potential (hydraulic
charge) in the top of the soil sample, mm.
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2.3. Soil and Nutrient Losses by Surface Runoff

In order to quantify the soil loss, the soil runoff plus water accumulated of rain in
the PET bottle fixed in the lower edge of each plot was taken after each one of the ten
rainfall events, sent to the laboratory and dried at 110 ◦C. Afterwards, the soil was broken
manually and passed through a sieve with 2 mm mesh to separate particles larger and
smaller than 2 mm. The total soil loss by surface runoff per hectare was quantified.

Soil runoff was collected 10 times between 23 August 2015 and 13 March 2016. A
composite sample of soil with diameter < than 2 mm for each treatment (0 Mg ha−1, 1 Mg
ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1 oat straw mulching dry biomass), collected in the
ten events, was used to determine the particle size distribution and soil fertility indicators
using the same procedures described above. Joining the soil of the 10 events of soil runoff to
make a composite sample was necessary due to small amount of soil runoff in each event.

By multiplying the total amount of soil (<2 mm) runoff along the period of evaluation
(data presented in Table 4, expressed in kg ha−1), and the nutrient concentration in that soil
(data presented in Table 6, expressed in kg dm−3) the available P, K, Ca, and Mg runoff in
one hectare (kg ha−1), was calculated.

The cost of soil erosion (from 23 August 2015 to 13 March 2016) was calculated as
the cost to replace the amount of soil nutrients (i.e., P, K, Ca and Mg) lost by runoff in
one hectare using commercial mineral fertilizers. Specifically, superphosphate triple (41%
P2O5) was considered for P, potassium chloride (50% K) for K, and dolomitic limestone
(32% CaO + 6% MgO) for Ca and Mg replacement. The information about each nutrient
concentration in the fertilizer was obtained in the Normative instruction number 39 of the
Ministry of State of Agriculture, Livestock and Supply of Brazil [35], and the fertilizer cost
was obtained using current market values (Pelotas City, Brazil).

The rainfall for the period of study was obtained from the monthly weather re-
port available at Agrometeorology Laboratory of the Embrapa Temperate Climate (Em-
brapa/”Laboratório de Agrometeorologia” [36]), with data collected in an automatic
weather meteorologic station installed in the Headquarters Weather Station of the Embrapa
Temperate Climate/Pelotas City/”Rio Grande do Sul” State, around 14 km away of the
experiment.

2.4. Data Analyses

The data were analyzed in terms of relative percentage; an analysis of variance and
the Tukey test of means were performed considering 5% significance.

3. Results and Discussion

The ridges of the peach orchard’s row where the plots to assess the soil losses by
surface runoff were installed present a high soil fertility (Table 1). These results reflect the
addition of high doses of chemical fertilizers before the orchard implementation, with high
and very high nutrients content in the soil [37].

The soil runoff is basically the surface layer and the knowledge of its nutrient concen-
tration is important to preview the possible environment impacts and economical losses
due to soil runoff.

Tables 2 and 3 show the physical characterization of the soil ridges of peach orchard’s
row where the plots to assess the soil losses by surface runoff were installed. Overall,
the soil had low average bulk density (1.12 Mg ha−1), high macro (0.26 m3 m−3), micro
(0.30 m3 m−3) and total (0.56 m3 m−3) porosity, and high saturated hydraulic conduc-
tivity (197 mm h−1). These results were expected and reflect the short-term loose and
disaggregated soil effect of tillage on those soil physical properties and processes. Within
this area, deep tillage was performed around 1 month before soil sampling to incorporate
fertilizer and to build the ridges where the peach plants were planted. In the short term,
tillage can improve soil physical qualities for plant growth, however, this practice can
also decrease aggregate stability [14] and promote soil surface crusting, which in turn can
reduce the water infiltration rate and promote soil erosion [17]. Indeed, the tilled soil in the
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experimental area had a high content of dispersible clay in water and a low flocculation
degree, suggesting a soil with high level of disaggregation (Table 2). Therefore, these
results confirm the high potential of new planted peach orchards for nutrient losses and
environmental degradation associated with runoff and interril soil erosion.

Table 1. Soil chemical characterization of the ridges of peach orchard’s row where the plots to assess
the soil losses by surface runoff were installed.

Soil Depth, m

Attribute Unit 0–0.10 0.10–0.20 0.20–0.40 Mean

SOM g kg−1 27.6 (medium) 26.2 (medium) 27.6 (medium) 27.1 (medium)
P-Melich mg dm−3 108.1 (very high) 155.6 (very high) 202.1 (very high) 155.3 (very high)
Exch. K mg dm−3 95.0 (high) 128.0 (very high) 143.0 (very high) 122.0 (very high)

Ca cmolc dm−3 7.8 (high) 7.9 (high) 7.4 (high) 7.7 (high)
Mg cmolc dm−3 2.9 (high) 3.0 (high) 2.7 (high) 2.9 (high)
Na mg dm−3 11.0 12.0 13.0 12.0
Al cmolc dm−3 0.0 0.0 0.0 0.0

H + Al cmolc dm−3 2.0 1.6 2.5 2.0
CECeffective cmolc dm−3 11.0 11.3 10.5 10.9

CECpH7.0 cmolc dm−3 13.0 (medium) 12.9 (medium) 13.0 (medium) 13.0 (medium)
pH water 6.4 (high) 6.4 (high) 6.0 (medium) 6.3 (high)

AlS % 0.0 (very low) 0.0 (very low) 0.0 (very low) 0.0 (very low)
BS % 85.0 (high) 87.0 (high) 81.0 (high) 84.0 (high)

SOM: soil organic matter; P: phosphorus; Exch. K: exchangeable potassium; Ca: calcium; Mg: magnesium; Na:
sodium; Al: aluminum; H + Al: potential acidity; CEC: cation exchange capacity; AlS: aluminum saturation; BS:
base saturation. In parentheses is the interpretation of the soil fertility [37].

Table 2. Soil physical and hydraulic characterization of the ridges of the peach orchard’s row where
the plots to assess the soil losses by surface runoff were installed.

Depth,
m

BD,
Mg m−3

TP,
m3 m−3

Macro,
m3 m−3

Micro,
m3 m−3

KS,
mm h−1

DCA,
%

DF,
%

PD
Mg m−3

0.00–0.10 1.05 0.593 0.259 0.333 142.71 8.94 31.65 2.56
0.10–0.20 1.12 0.538 0.276 0.262 300.58 8.42 31.54 2.52
0.20–0.40 1.20 0.548 0.231 0.318 148.86 8.92 29.04 2.54

Mean 1.12 0.560 0.255 0.304 197.38 8.76 30.74 2.54
BD: bulk density; TP: total porosity; Macro: macroporosity; Micro: microporosity; KS: saturated hydraulic
conductivity; DCA: dispersible clay of soil in water; DF: degree of flocculation; PD: particle density.

Table 3. Particle size distribution and textural classification of the ridges of the peach orchard’s row
where the plots to assess the soil losses by surface runoff were installed.

Depth, m

Sand
Textural

Classification
[31]

Total
Very

Coarse
Coarse Medium Fine

Very
Fine

Silt Clay

%

0–0.10 63.34 11.99 11.44 11.79 16.83 11.30 23.58 13.08 Sandy loam
0.10–0.20 64.10 13.16 11.74 11.31 17.58 10.31 23.60 12.30 Sandy loam
0.20–0.40 63.71 12.41 11.55 11.56 17.70 10.49 23.72 12.57 Sandy loam

Mean 63.72 12.52 11.58 11.55 17.37 10.70 23.63 12.65
Total sand: particles with diameter between 2 and 0.05 mm; very coarse sand: diameter between 2 and 1 mm;
coarse sand: diameter between 1 and 0.5 mm; medium sand: diameter between 0.5 and 0.25 mm; fine sand:
diameter between 0.25 and 0.125 mm; very fine sand: diameter between 0.125 and 0.053 mm; silt: diameter
between 0.053 and 0.002 mm; clay: diameter < than 0.002 mm.

The degree of flocculation is low (Table 2), and the sand content is a high sandy loam
textural class (Table 3), reinforcing the necessity of soil and water conservation practices
in that soil. Clay is an important agent of soil aggregation [38–44], therefore, the larger
the clay dispersible in water, the larger the possibility to occur water erosion, especially in
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the topsoil that is more susceptible to the rainfall drop and runoff. The increment of clay
dispersible in water decreases water infiltration or water conductivity [45,46] and favors
the runoff probably because it closes the pores of soil [47].

It is important to know the relation between the particle size distribution and other
soil physical attributes to understand the susceptibility of soil to erosion and sealing
of its surface. According to Resende et al. [48], besides particle size distribution [16],
other variables should be considered about water erosion: the depth [49], the slope [50–
52] and its length [53], the porosity, and others, because they help us to preview the
susceptibility to erosion, since water infiltration and storage are related to the variables
cited. For example, Suzuki et al. [54] verified that the runoff correlated positively with
coarse sand and saturated hydraulic conductivity of soil, while Keesstra et al. [10], using
multivariate analysis, observed that vegetation cover, soil moisture and organic matter
were negatively correlated with the bulk density, total runoff, runoff coefficient, sediment
yield and soil erosion.

Regarding the particle sizes of soil and erosion, sand particles are difficult to be
transported because of their size but they are easily detached from the soil mass; although
silt soils generally are well aggregated, the aggregates break down easily when wetted,
and the particles are easily detached and transported, and the clay particles are difficult to
detach but they are transported across larger distances when separated from the soil [38].

The soil runoff in the plots with no straw mulching was larger and differed signif-
icantly from the other treatments (Figure 5); besides, according to the increase in the
mulching, the soil runoff decreased at most times (Table 4 and Figure 5). This is because
the soil is exposed to the rainfall according to the decrease of mulching, which is more
susceptible to rainfall drops and splashes. Besides this, the topsoil was tilled to enhance
the orchard’s performance, breaking the soil aggregates and loosening it. Falling raindrops
and running water are the two major agents in water erosion, and both are related to the
energy necessary to detach and transport soil particles [38]. However, planting or mulching
at the soil’s surface intercepts raindrops and slows down runoff [38,49,51,55]. Other prac-
tices used together with straw mulching such as the disposal of branches from the yearly
pruning on the interrows, harvesting manually, and opting for using a compact tractor
contribute to avoiding soil compaction and probably soil erosion [56], as well as the use of
terracing [57–60], such as dry-stone wall or earth bank terraces [53], and keyline arrange-
ment [61,62].

Figure 5. Tendency of total soil losses by surface runoff (particles with diameter < than 2 mm) in the
period between 29 August 2015 to 13 March 2016, according to the amount of oat straw mulching
in the plots. Total soil losses followed by same letters do not differ statistically from each other by
Tukey’s test at 5% significance.

71



Soil Syst. 2023, 7, 8

Table 4. Soil losses by surface runoff (particles with diameter < than 0.002 mm) (Mg ha−1) and
percentage of losses by surface runoff in relation to the treatment without mulching, and rainfall
accumulated up until the sampling date.

Sampling 1 Rainfall Treatment (Amount of Oat Straw Mulching, Mg ha−1)

Date Accumulated 0 1 2 4 8 Total

mm Mg ha−1

29 August 2015 110.5 0.86 (100%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.86
7 September 2015 28.9 0.27 (100%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.27
27 September 2015 284.0 11.53 (100%) 3.00 (26%) 1.35 (12%) 0.53 (5%) 1.03 (9%) 17.44

25 October 2015 299.2 18.73 (100%) 4.34 (23%) 2.29 (12%) 1.27 (7%) 0.94 (5%) 27.57
2 8 November 2015 42.4 0.00 0.00 0.00 0.00 0.00 0.00
14 November 2015 92.4 8.72 (100%) 2.19 (25%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 10.91
8 December 2015 164.1 7.43 (100%) 2.97 (40%) 0.64 (9%) 0.89 (12%) 0.58 (8%) 12.51
2 13 January 2016 251.6 28.90 (100%) 7.12 (25%) 1.78 (6%) 4.86 (17%) 2.34 (8%) 45.00
16 February 2016 180.2 24.11 (100%) 4.81 (20%) 0.80 (3%) 0.00 (0%) 0.00 (0%) 29.72

13 March 2016 188.6 20.39 (100%) 1.83 (9%) 0.70 (3%) 0.00 (0%) 0.00 (0%) 22.92

Total 120.94 26.26 7.56 7.55 4.89
1 Source: “Laboratório de Agrometeorologia da Embrapa Clima Temperado” (Agrometeorology Laboratory of the
Embrapa Temperate Climate) [36]. 2 On 8 November 2015, the oat straw mulching was replaced in the treatments
1 and 2 Mg ha−1 and on 13 January 2016 a new replacement of oat straw mulching was realized in all treatments
(0 Mg ha−1, 1 Mg ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1 oat straw mulching dry biomass).

Those values of soil losses are high, because according to FAO [2], rates of tolerable
soil loss calculated using soil production rates range from 0.2 to 2.2 Mg ha−1 year−1 and
tolerable rates based on maintenance of crop production range from approximately 1 to
11 Mg ha−1 year−1, and these ranges reinforce the need for site-specific studies to evaluate
the different sensitivities of soils for the removal of surface soil through erosion.

These results agree with other studies, where the use of cover crops and/or mulching
in orchards has the potential to reduce runoff and soil erosion [10,19,63].

In a rainfall simulation experiment using organic mulching in an urban forestry
park, the runoff amount and runoff generation rate decreased by 28–83% and 21–83%,
respectively, when using 0.25 kg m−2 and 0.50 kg m−2 of mulching, compared to bare
soil [64]. Testing different mulching types of banana (Musa sp.) leaves, coconut (Co-
cos nucifera) leaves, and vetiver (Vetiveria zizanoides) and various amounts (0 Mg ha−1,
10 Mg ha−1, 20 Mg ha−1 and 40 Mg ha−1) in farm fields with an 8% slope after seeding
the plots with maize, the banana leaves at 10 Mg ha−1 and coconut leaves at 40 Mg ha−1

mitigated soil and nutrient erosion to, respectively, 28.9% and 57.3%, contributed to the me-
chanical barrier provided by the mulches, and also to the reduction of raindrops acting on
the soil aggregates [65]. The author [65] verified that mulching also contributed to increas-
ing the infiltration rate, lowering the temperature and, therefore, lowering evaporation.

On 8 November 2015 there was no soil runoff, even with rainfall before this date,
corresponding to 14 days after the sampling in October. On this same date (8 November)
the oat straw mulching was replaced in the treatments 1 and 2 Mg ha−1 because it was
totally or almost totally decomposed in the plots, avoiding the zero-straw mulching. The
larger soil runoff in the 4 Mg ha−1 mulching treatment compared to 2 Mg ha−1 mulching
treatment, on 8 December and after, may be associated with this replacement of mulching,
when the treatment with 4 Mg ha−1 mulching could be presenting less mulching than
the treatment with 2 Mg ha−1 because of its decomposition since the installation of the
experiment, considering the replacement of mulching on 8 November 2015 was realized
only in the treatments with 1 and 2 Mg ha−1.

On 13 January 2016 a new replacement of oat straw mulching was realized in all
treatments. The straw mulching replacement along the experiment was necessary to
maintain the same or almost the same cover density during the period, avoiding the
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zero-straw mulching, and to verify the biomass time of decomposition according to each
treatment.

Considering the application of mulching in the treatments on 23 August 2015, the
decomposition practically totaled 2 Mg ha−1 of oat straw mulching at around 80 days
(23 August 2015 to 8 November 2015), while the larger amounts of straw mulching
(4 and 8 Mg ha−1) would take more than 140 days (23 August 2015 to 13 January 2016) to
totally decompose, taking into account the conditions of the present study. The time of
decomposition of the straw mulching is important because the longer it spends on the soil
surface, the more soil protection against rainfall it provides. Besides, it was verified in the
field that the plots with mulching presented a smaller incidence of spontaneous plants,
especially at 4 and 8 Mg ha−1, which was practically null. That is an important finding.
In organic tree fruit fields, for example, the farmers have limited options for controlling
weeds and furnish nutrients at the appropriate time and adequate amount [66].

Although the soil runoff was statistically the same with straw mulching (1 to
8 Mg ha−1), from 2 Mg ha−1 straw mulching there was less soil runoff (Figure 5); it
is possible to indicate this value as minimum amount of mulching in the peach orchard or
any other condition of soil tilled to reduce soil erosion, but it is important to say that the
time spent on decomposition and soil exposure will be greater than with larger amounts of
mulching. This value (2 Mg ha−1) is smaller than the 3 Mg ha−1 value, representing the
average yield of oat straw mulching in its senescence (see Material and methods). In areas
where the spontaneous weed is used, it would be interesting to evaluate its straw mulching
yield if it is comparable to oat straw.

We verified soil runoff in all plots with different amounts of straw mulching, although
with different amounts along the period of study, either because of rainfall intensity (not
measured) or when the soil reached its capacity of infiltration. When the soil is exposed, it
is more susceptible to rainfall. Then, when mulching or cover crops are used, the rainfall
dropping onto the soil and topsoil compaction are decreased, and this reduces flooding
speed [49,51,55,67,68]. According to some authors [51,67,68], the speed of the covering of
plants is important, because the soil runoff is associated with the time of soil exposure, being
susceptible to erosion. Water loss through runoff in Aquic Argiudoll (Luvic Phaeozem) soil
was more related to the number of months in the year with the presence of crops than to
the soil physical properties related to porosity and water flow [69].

According to Bertoni and Lombardi Neto [70], in Brazil, the soil runoff in agricultural
areas is caused especially by water erosion, and this happens generally in the period of soil
being tilled to crops’ plantation, which is also the case in the present study; the tillage of
the soil and implementation of the orchard changed its physical characteristics, and the soil
was also exposed to rain and wind.

In general, there was an increase in accumulated rainfall that increased soil runoff
(Figure 6). The total rainfall is not the most important variable when soil erosion is
evaluated, the most relevant are the rainfall drop, the intensity (volume of rainfall during
a certain period), speed and specially volume, duration and time to return the rainfall
in the watershed [53,71]. Natural rainfalls larger than 70 mm resulted in similar runoff
coefficients in an Aquic Argiudoll (Luvic Phaeozem) soil with a 3.5% slope, in natural
plots under monocultures, rotation, pasture, and tilled soil without vegetation, while for
intermediate and small rainfalls the runoff coefficients were different [69]. The rainfall in
the “Rio Grande do Sul” State is well-distributed along the year, but its volume is different:
the mean rainfall in the south is between 1299 mm and 1500 mm, while in the north it
is between 1500 mm and 1800 mm [72]. The Pelotas mean annual rainfall is 1367 mm,
according to the Pelotas Agroclimatology Station, in the period 1971–2000 [25], lower than
the mean of the “Rio Grande do Sul” State.

According to Volk and Cogo [73], the main variables used to determine soil runoff are
the rainfall intensity and flooding associated with it [52], the particle size distribution [16]
and the degree of consolidation of the soil surface, the type of erosion (sheet, rill or gully),
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the soil cover [49,51,55], the microrelief or surface roughness resulting from soil tillage and
the size and stability of soil aggregates [55].

Figure 6. Total soil losses by surface runoff considering the sum of all treatments (amount of oat
straw mulching) and accumulated rainfall until each sampling date.

Independent of rainfall intensity, the mulching prevented or reduced the runoff compared
to bare soil, and the larger the amount of mulching, the greater the soil protection. In this sense,
Suzuki et al. [54] verified less runoff under no tillage compared to conventional tillage.

The textural class of the soil runoff (Table 5) is the same one of the ridges of the peach
orchard’s row (Table 3). Comparing it with the soil depth 0–0.10 m of the ridges of peach
orchard’s row, the soil runoff has less clay, fine and very fine sand, and increases in the
other particle sizes. Statistically, coarse, medium and fine sand did not differ significantly
between treatments.

Table 5. 1 Particle size distribution of the soil runoff in the plots. 2 In parentheses is the percentage of
increment or decrease of the particle compared to the soil depth 0–0.10 m (data available in Table 3).

Sand
Textural

ClassificationTreatment Total
Very

Coarse
Coarse Medium Fine

Very
Fine

Silt Clay

%

0 Mg ha−1 64.07 c
(+0.73)

10.98 b
(−1.01)

14.78 a
(+3.34)

12.90 a
(+1.11)

14.70 a
(−2.13)

10.70 a
(−0.60)

28.29 a
(+4.71)

7.65 ab
(−5.43) Sandy Loam

1 Mg ha−1 67.32 bc
(+3.98)

18.58 ab
(+6.59)

15.97 a
(+4.53)

12.30 a
(+0.51)

12.77 a
(−4.06)

7.70 b
(−3.60)

24.04 bc
(+0.46)

8.65 a
(−4.43) Sandy Loam

2 Mg ha−1 70.13 ab
(+6.79)

15.40 ab
(+3.41)

15.53 a
(+4.09)

13.33 a
(+1.54)

15.47 a
(−1.36)

10.40 ab
(−0.90)

24.92 b
(+1.34)

4.95 c
(−8.13) Sandy Loam

4 Mg ha−1 73.73 a
(+10.39)

22.33 a
(+10.34)

16.20 a
(+4.76)

13.13 a
(+1.34)

13.80 a
(−3.03)

8.27 ab
(−3.03)

21.20 c
(−2.38)

5.07 c
(−8.01) Sandy Loam

8 Mg ha−1 67.53 bc
(+4.19)

15.47 ab
(+3.48)

14.87 a
(+3.43)

12.40 a
(+0.61)

14.60 a
(−2.23)

10.20 ab
(−1.10)

26.17 ab
(+2.59)

6.30 bc
(−6.78) Sandy Loam

Total sand: particles with diameter between 2 and 0.05 mm; very coarse sand: diameter between 2 and 1 mm;
coarse sand: diameter between 1 and 0.5 mm; medium sand: diameter between 0.5 and 0.25 mm; fine sand:
diameter between 0.25 and 0.125 mm; very fine sand: diameter between 0.125 and 0.053 mm; silt: diameter
between 0.053 and 0.002 mm; clay: diameter < than 0.002 mm. 1 Values obtained from a composite sample of
soil runoff in each sampling date. 2 Calculation considering particle size of the soil runoff–particle size of the soil
depth 0–0.10 m. Means followed by same letters in each column do not differ statistically from each other by the
Tukey’s test at 5% significance.

The soil runoff is basically composed of the topsoil of the ridges, generally with a
larger amount of organic matter and nutrients (Table 6). In general, comparing with the
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soil depth 0–0.10 m of the ridges of peach orchard’s row, the soil from runoff was more acid
and, consequently, with slightly higher Al concentration and Al saturation. In addition, Na
and K concentration was higher in the soil runoff than the 0–0.10 m depth.

Table 6. 1 Chemical characterization of the soil runoff in the plots. 2 In parentheses is the percentage
of increase or decrease of the chemical element compared to the soil depth 0–0.10 m (data available in
the Table 1) and the interpretation of the soil fertility [37].

Soil
Attribute

Unit
Treatment (Amount of Oats Mulching)

0 Mg ha−1 1 Mg ha−1 2 Mg ha−1 4 Mg ha−1 8 Mg ha−1

SOM g kg−1 27.6 (0.00/medium) 2.90 (+0.14/medium) 2.49 (−0.27/low) 2.76 (0.00/medium) 2.90 (+0.14/medium)

P-Melich mg dm−3 70.7 (−37.4/very high) 27.3 (−80.8/high) 146.5 (+38.4/very high) 122.3 (+14.2/very high) 97.0 (−11.1/very high)

Exch. K mg dm−3 103 (+8/high) 133 (+38/very high) 141 (+46/very high) 154 (+59/very high) 171 (+76/very high)

Ca cmolc dm−3 8.5 (+0.7/high) 7.8 (0.0/high) 7.8 (0.0/high) 8.1 (+0.3/high) 7.0 (−0.8/high)

Mg cmolc dm−3 2.9 (0.0/high) 2.7 (−0.2/high) 2.7 (−0.2/high) 2.7 (−0.2/high) 2.4 (−0.5/high)

Na mg dm−3 32 (+21) 32 (+21) 43 (+32) 35 (+24) 35 (+24)

Al cmolc dm−3 0.1 (+0.1) 0.1 (+0.1) 0.1 (+0.1) 0.1 (+0.1) 0.1 (+0.1)

H+Al cmolc dm−3 2.0 (0.0) 2.5 (+0.5) 2.0 (0.0) 2.0 (0.0) 2.2 (+0.2)

CECeffective cmolc dm−3 11.9 (+0.9) 11.1 (+0.1) 11.1 (+0.1) 11.4 (+0.4) 10.1 (−0.9)

CECpH7.0 cmolc dm−3 13.8 (+0.8/medium) 13.5 (+0.5/medium) 13.0 (0.0/medium) 13.3 (+0.3/medium) 12.2 (−0.8/medium)

pH water 1:1 6.0 (−0.4/medium) 5.7 (−0.7/medium) 6.0 (−0.4/medium) 5.7 (−0.7/medium) 5.7 (−0.7/medium)

AlS % 0.8 (+0.8/very low) 0.9 (+0.9/very low) 0.9 (+0.9/very low) 0.9 (+0.9/very low) 1.0 (+1.0/low)

BS % 86 (+1/high) 81 (−4/high) 85 (0/high) 85 (0/high) 82 (−3/high)

SOM: soil organic matter; P: phosphorus; Exch. K: exchangeable potassium; Ca: calcium; Mg: magnesium; Na:
sodium; Al: aluminum; H + Al: potential acidity; CEC: cation exchange capacity; AlS: aluminum saturation; BS:
base saturation. 1 Values obtained from a composite sample of soil runoff in each sampling date. 2 Calculation
considering chemical element of the soil runoff–chemical element of the soil depth 0–0.10 m.

The other variables, such as base saturation and Ca, Mg and organic matter levels
(except 0 Mg ha−1) (Table 6), did not present larger differences than 0–0.10 m depth, and
may be associated with the lower clay content in the soil runoff (Table 5) compared to the
0–0.10 m depth (Table 3), since the reactivity and cation exchange capacity (CEC) of soil are
derived from the clay. Troeh and Thompson [39] cite that the sequence of attractive forces
between a cation and a micelle is the following one: Al3+ > Ca2+ > Mg2+ > K+ = NH4+ > Na+.

The soil surface has organic matter and nutrients, and in agricultural areas it has seeds,
fertilizers and agrochemicals as well, and depending on soil runoff, this material may be
carried to down in the relief, and may pollute and degrade soil and rivers, decrease the
soil capacity of yield and increase costs of production, because it may be necessary for the
addition of more fertilizers and interventions to stop soil erosion. Suzuki et al. [74] verified
high concentrations of nutrients in the soil runoff, with the prevalence of silt and clay, in
areas under annual crops. This has a strong relation with particle size due to CEC. The
cations are adsorbed to the negative charges of the soil, and control the availability of Ca,
Mg, K, Na, NH4 and Al [75].

Along with mulching increments, the available nutrients P, K, Ca and Mg decreased
in the soil runoff (Table 7). This was especially true for Ca; it presented expressive losses
in surface runoff, followed by Mg, which was associated with the larger amount of these
elements in the soil compared to P and K.

Table 7. Available nutrient losses in surface runoff according to their concentration in the soil runoff.

P K Ca Mg

Treatment kg ha−1

0 Mg ha−1 8.6 12.5 206.0 42.6
1 Mg ha−1 0.7 3.5 41.0 8.6
2 Mg ha−1 1.1 1.1 11.8 2.5
4 Mg ha−1 0.9 1.2 12.3 2.5
8 Mg ha−1 0.5 0.8 6.9 1.4

P: phosphorus; K: potassium; Ca: calcium; Mg: magnesium.
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The losses for erosion are variable but the total number of bases lost in eroded soils
may be almost the same number being exported by the harvested plants [39].

The cost to replace lost nutrients (Table 7) via mineral fertilizer (using respectively,
superphosphate triple-41% P2O5, potassium chloride-50% K, dolomitic limestone-32% CaO
+ 6% MgO) would be US$ 75.4 per hectare, considering the larger losses for no-mulching
(Table 8), and this cost would be reduced to US$ 2.70 per hectare for 8 Mg ha−1 oat straw
mulching. It is important to highlight that other costs, such as transport and application of
the fertilizer, fuel, depreciation, and others, were not considered in this cost, besides the
impacts to the environment.

Table 8. Amount of mineral fertilizer necessary to replace the available nutrients lost in surface runoff
and the cost of fertilizer, considering the treatments with larger (0 Mg ha−1 oat straw mulching) and
smaller (8 Mg ha−1 oat straw mulching) losses.

Treatment

Variables 0 Mg ha−1 8 Mg ha−1

Superphosphate triple (41% P2O5), kg ha−1 9 1
Potassium chloride (50% K), kg ha−1 21 1
Dolomitic limestone (32% CaO + 6 % MgO), kg ha−1 460 15

Cost of Superphosphate triple (US$ 240.00/ton), US$/ha 2.18 0.12
Cost of Potassium chloride (US$ 202.50/ton), US$/ha 4.19 0.28
Cost of Dolomitic limestone (US$ 150.00/ton), US$/ha 69.05 2.30
Total cost with mineral fertilizer, US$/ha 75.4 2.70

The cost of soil erosion varies according to its clay, organic matter, nutrient contents
and other characteristics of soil but, due to concentrations in the topsoil layer, a ton of
eroded soil may be more fertile and therefore more valuable than a ton of soil [38].

Other studies have showed the cost of soil erosion around the world. For example,
Bucur et al. [76] verified mean annual losses of 10.24 kg ha−1 N, 0.62 kg ha−1 P2O5,
1.38 kg ha−1 K2O, 0.66 kg ha−1 Ca2+, 0.19 kg ha−1 Mg2+ and 195.95 kg ha−1 humus in
a wheat–maize rotation, in a Cambic chernozem of Romania. Those values, however,
decreased with the increase in crop rotation (i.e., the inclusion of pea, wheat, alfalfa, and
perennial grasses into the cropping system), which protected the soil against erosion.

In vineyard fields in Spain, Martínez-Casasnovas and Ramos [77] verified that soil ero-
sion exported 14.9 kg ha−1 of N and 11.5 kg ha−1 of total P, which represented
6 and 26.1% of the annual intakes and 2.4 and 1.2% of the annual income from the sale
of the grapes, respectively. On the other hand, under the perennial crops of banana or
banana-coffee, Onesimus et al. [78] observed a soil loss of, respectively, 38.5, 6.6 and
0.87 Mg ha−1 year−1, with the replacement of NPK losses, caused by erosion, equaling a
cumulative cost of, respectively, US$ 16,663, 4404 and 442 ha−1 year−1, and the authors
also verified that the total cost of replacing nutrients was higher, US$ 15,451 ha−1 year−1,in
areas without conservation practices (terraces), than in areas with terraces, equaling US$
6,058 ha−1 year−1.

Asfaw et al. [79] cite for their study that subsidizing fertilizers for the least productive
farmers is a way to replace topsoil nutrients lost by soil erosion, but it does not provide
cost-effective targeting criteria, being that erosion control practices are more effective in
supporting this type of farmer.

The lack of information on erosion requires farmers to adopt soil conservation practices,
and not adopting such practices affects farmers and society, since the society will bear the
cost of repairing the off-site damage caused by soil erosion [80].

Our results come contribute information about water erosion and soil runoff using
conservation practices such as mulching in peach orchards. Especially in the implementa-
tion of the orchard, when the soil is tilled, the use of mulching is efficient in reducing soil
runoff by interril erosion and consequently the costs of fertilizers exported by runoff.
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4. Conclusions

The use of oat straw mulching was efficient to protect the soil from water erosion,
especially the doses ≥ 2 Mg ha−1, with considerably decreasing soil runoff by interril
erosion from peach orchard.

The straw mulching decomposition time is important to protect soil against rainfall.
Eighty days after its addition, 2 Mg ha−1 of oat straw mulching was totally decomposed.
Meanwhile, the decomposition of the largest added amounts of oat straw mulching (4 and
8 Mg ha−1) took more than 140 days. Furthermore, we visually verified in the field that the
plots with straw mulching presented a smaller incidence of spontaneous plants, and was
practically null at 4 and 8 Mg ha−1 straw mulching.

The textural class of the soil runoff is the same one of the ridges of peach orchard’s
row (sandy loam) but, with less clay and fine and very fine sand, and with increases in
silt, and medium–large–very large sand compared with the topsoil of the ridges of peach
orchard’s row.

Compared with the topsoil of the ridges of peach orchard’s row, the soil runoff is
enriched with Na and K, but with more acid and with slightly larger Al concentrations and
Al saturations.

With the incremental increase in straw mulching, the available nutrients P, K, Ca and
Mg decreased in the soil runoff by interril erosion, and the cost to replace these nutrients via
mineral fertilizer (using, respectively, superphosphate triple-41% P2O5, potassium chloride-
50% K, dolomitic limestone-32% CaO + 6% MgO) is US$ 75.4 per hectare, considering the
larger losses for no mulching, and this cost is reduced to US$ 2.70 per hectare for 8 Mg ha−1

oat straw mulching. We did not consider other costs such as transport and application of
the fertilizer, fuel, and depreciation, nor did we assess the impacts on the environment.
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Abstract: Quartzipsamments are environmentally fragile soils, being highly susceptible to water and
wind erosion. Despite this, it seems that political and economic issues favor the advancement of agri-
culture in these soils. Therefore, studies are necessary for a better understanding of these soils and to
minimize the impacts of land use. This work aims to characterize the morphological, physical–hydric,
and chemical properties of Quartzipsamments under sandyzation in southwest Rio Grande do Sul
State, Brazil. Soil morphology was evaluated in six profiles in areas under native field with the
presence of gullies, and soil samples with preserved and non-preserved structures were collected to
evaluate the physical–hydric and chemical properties. We verified that these soils have high macro-
porosity (0.253 to 0.373 m3 m−3) and saturated hydraulic conductivity (127.85 to 672.26 mm h−1),
and predominantly low organic matter (0.05 to 2.36%) and clay (23.03 to 126.29 g kg−1) content, but
correlation analysis showed that increasing pH and organic matter can improve the fertility of these
soils. Quartzipsamments have a low volume of available water to plants (0.006 to 0.038 m3 m−3)
and have a potential risk of leaching and aquifer contamination. The use of these soils demands the
adoption of conservation practices.

Keywords: soil erosion; soil conservation; physical–hydric properties; soil morphology; soil fertility;
Quartzipsamments; sandyzation

1. Introduction

The southwestern region of Rio Grande do Sul State, Southern Brazil, is part of the
Pampa Biome, a natural ecosystem rich in biological and pedological diversity with envi-
ronmental, economic, and socio-cultural importance for Brazil, Uruguay, and Argentina [1],
but the fragility of the soil, flora, and fauna makes the Pampa Biome vulnerable to agri-
culture conversion and degradation [2]. In this region, there are extensive areas in the
process of sandyzation [3]. According to Bellanca and Suertegaray [4], such conditions have
been interpreted in various ways, from natural origin and resulting from water processes
acting on the lithology and specific soils, to anthropic causes associated with overgrazing
and land use without conservation practices. In addition to these, Caneppele [5] also
refers to the introduction of wheat and soybean crops and eucalyptus monocultures in
the region as conditioning factors of erosion processes in these areas, as well as the use
of heavy machinery and non-conservationist soil practices since 1970, causing soil com-
paction, the creation of preferential paths for drainage, and soil exposure through plowing
or suppression of vegetation.

Quartzipsamments are predominantly in areas of the sandyzation process, and they
have a sandy texture and a fragile structure, and are not very resistant to wind and water
erosion [2], besides having low water availability, low natural fertility, and low cation
exchange capacity [1,6,7].
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Agricultural expansion in Quartzipsamments has been taking place [5], and few
studies have been carried out on this soil and its use and management. In this sense, a
better understanding of these environments is necessary so that the impacts of land use
are minimized, since the intensive non-sustainable use of the land has taken negative
consequences in this biome [2], at levels that are difficult to control.

In Brazil, Quartzipsamments together with other sandy and sandy loam soils represent
8% of the territory [8]. The authors state that in the past, these soils were of little agricultural
relevance due to their limitations, even in areas favorable to mechanization, but currently,
agriculture is establishing itself in these areas due to advances in production systems and
agricultural practices. FAO [9] considers these soils as part of the group of Arenosols, cov-
ering about 900 million hectares or 7% of the earth’s surface. In this sense, the study and
understanding of the behavior and processes involved in sandy soils become relevant, either
for its representative area in terms of Brazil and the world, or the advance of agricultural
exploitation of these soils of low agricultural land suitability and high environmental fragility.

The fragility of the sandy areas, due to the morphogenetic soil characteristics where
the ravine and gully processes are present, conditions a high risk of landscape degradation
through the occupation of the soil by crops and forestation [10,11]. In a review of recent studies
of sandy soils (considered by the authors those with sand > 50% and clay < 20%), Huang
and Hartemink [12] consider these soils as more sensitive to climate change and anthropic
activities when compared to others, and due to population growth and urbanization, they
have been widely used in the supply of food and other products and services for society.

Although Quartzipsamments are environmentally fragile, they have been widely used
for agricultural purposes. Despite their low agricultural land suitability, it seems that politi-
cal and economic issues favor the advance of the agricultural use of Quartzipsamments in
southern Brazil, but little information is available about these soils, especially their mor-
phology, fertility, and physical–hydric properties, as well as practices for better agricultural
use. Thus, this work aims to characterize the morphological, chemical, and physical–hydric
properties of Quartzipsamments; point out some difficulties and challenges in the use and
management of these soils; and propose strategies for better soil use. Our hypothesis is that
Quartzipsamments are soils of low suitability for agricultural use due to their low fertility
and available water to plants, besides being unstructured due to the low content of organic
matter and clay, demanding conservation practices to improve their properties.

2. Materials and Methods

2.1. Sampling Sites

The study was conducted in areas under sandyzation in southwest Rio Grande do Sul
State, southern Brazil, specifically in the cities of Quaraí, Manoel Viana, and São Francisco
de Assis (Figure 1).

The annual average temperature and precipitation in the region are, respectively,
around 17.8 ◦C and 1388 mm; torrential rains larger than 160 mm may occur in 24 h and
frosts from April to November [13], and the mean monthly rainfall and temperature to the
period 1981–2010 are presented in Figure 2.
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Figure 1. Map without scale from South America (a) Brazil and Rio Grande do Sul State highlighted
(yellow) (b) and the cities of Quaraí (latitude 30◦23′17′′ S; longitude 56◦29′56′′ W; 112 m mean altitude;
area ∼= 3238 km2), Manoel Viana (latitude 29◦35′07′′ S; longitude 55◦29′13′′ W; 113 m mean altitude;
area ∼= 1391 km2), and São Francisco de Assis (latitude 29◦33′01′′ S; longitude 55◦07′52′′ W; 125 m
mean altitude; area ∼= 2507 km2), Rio Grande do Sul State (c).

Figure 2. Mean monthly rainfall and temperature for the period 1981–2010. Climatological mean
based on 30 years of data (1981–2010), using official INMET stations, and later interpolating for
locations that do not have a meteorological data measurement station. Source: [14].
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Six sites with Neossolos Quartzarênicos (NQ) (Brazilian Soil Classification System [15]),
or Quartzipsamments, for “US Soil Taxonomy” [16], were chosen.

The sampling sites occur in undulating to slightly undulating relief, and the soils
were sampled in areas under native field with the presence of gullies. Quartzipsamments
NQ1 (Datum: UTM—WGS-84, Zone 21J, longitude 571,558 m E; latitude 6,629,425 m S;
146 m altitude) and NQ2 were sampled in Quaraí city, NQ3 (Datum: UTM—WGS-84,
Zone 21J, longitude 657,414 m E; latitude 6,725,226 m S; 117 m altitude) and NQ4 (Datum:
UTM—WGS-84, Zone 21J, longitude 655,845 m E; latitude 6,717,142 m S; 114 m altitude) in
Manoel Viana city, and NQ5 (Datum: UTM—WGS-84, Zone 21J, longitude 678,086 m E; lat-
itude 6,725,002 m S; 140 m altitude) and NQ6 (Datum: UTM—WGS-84, Zone 21J, longitude
682,571 m E; latitude 6,724,585 m S; 109 m altitude) in São Francisco de Assis city (Figure 3).
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(c) (d) 

Figure 3. Cont.
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Figure 3. Cont.
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(k) (l) 

Figure 3. Quartzipsamments profiles NQ1 and NQ2 from Quaraí city (respectively, (a,c)), NQ3 and
NQ4 from Manoel Viana city (respectively, (e,g)), NQ5 and NQ6 from São Francisco de Assis city
(respectively, (i,k)), Rio Grande do Sul State, and their respective landscape (respectively, (b,d,f,h,j,l)).
Each color on the measuring tape represents 10 cm in the profile pictures. Source: pictures taken by
F.d.A. Pedron and L.E.A.S. Suzuki.

2.2. Morphological Analysis

The six soil profiles were described in the field according to Santos et al. [17] and
Schoeneberger et al. [18], considering morphological procedures such as horizon sequence
and depth, its boundary, texture, structure, consistency, and soil Munsell color.

2.3. Physical–Hydric Analysis

In each sampling site, the horizons of the profile were separated, and in the mid-
dle of the horizon, three samples with preserved structure by horizon were collected in
cylinders with 0.047 m diameter and 0.030 m height, and one sample by horizon with a
non-preserved structure.

The samples with a preserved structure were saturated for capillarity under 48 h. The
saturated hydraulic conductivity of soil was determined after saturation in the laboratory
using a permeameter of constant load [19].

Next, the samples were submitted and equilibrated in the tensions of 1 kPa and 6 kPa
in the tension table and in the tensions of 10, 100, 500, and 1500 kPa in the Richards’ pressure
chamber [20]. Finally, the samples were oven-dried at a temperature of 105 ◦C. Using this
information, the macroporosity (pores of diameter larger than 50 μm) to the tension of
6 kPa, the microporosity (pores of diameter smaller than 50 μm), the total porosity, the bulk
density [21], and the volume of available water using the volumetric moisture between
the field capacity (tension = 10 kPa) and the permanent wilt point (tension = 1500 kPa)
were calculated.

The volumetric moisture was obtained by the ratio between the water retained in a
determined tension and the volume of the cylinder used for sampling.

In the laboratory, the soil samples with a non-preserved structure were air-dried,
broken individually and manually, and passed through a sieve of 2 mm mesh, the soil
that passed through the sieve being used to determine the particle density by the volu-
metric balloon method [22], and the particle size distribution analysis using the pipette
method [23]. The soil particles were separated in the fraction sand (2–0.053 mm) by sieving,
silt (0.053–0.002 mm) by calculus between the difference of the sum of sand, and clay
(<0.002 mm), which was determined by a pipette. The sand was sieved in very coarse sand
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(2–1 mm), coarse sand (1–0.5 mm), medium sand (0.5–0.25 mm), fine sand (0.25–0.125 mm),
and very fine sand (0.125–0.053 mm).

The results of the particle size distribution analysis were used to determine textural
classification, using the soil texture triangle available from the USDA-NRCS [24] and
according to Santos et al. [15].

Dispersible clay in water was quantified following the same procedure used for total
clay evaluation but without using the chemical dispersant.

The degree of flocculation (DF, %) was calculated using the following equation:

DF = [(total clay − clay disperse in water)/total clay] × 100 (1)

2.4. Chemical Analysis

The soil samples with a non-preserved structure were also used for chemical char-
acterization using the analytical procedures presented in Tedesco et al. [25] to determine:
pH in water 1:1 (soil/water) (pH water) and KCl (pH KCl), calcium (Ca), magnesium
(Mg), sodium (Na), potassium (K), aluminum (Al), potential acidity (cations H + Al),
and organic carbon. Through these determinations were calculated the effective cation
exchange capacity at pH 7.0 (respectively, CECeffective and CECpH7.0), base saturation,
and aluminum saturation.

H + Al was determined for SMP index, while Ca, Mg, and Al were extracted with KCl
1 mol L−1 and measured with an atomic absorption spectrophotometer, and the extractant
Mehlich I solution (0.05 mol L−1 HCl + 0.0125 mol L−1 H2SO4) was used for K and Na and
measured by flame photometry.

Soil organic carbon was analyzed by the wet combustion method [25], and then soil
organic matter was calculated according to Tedesco et al. [26]:

Soil organic matter = 1.724 × soil organic carbon (2)

2.5. Data Analysis

The statistical analysis was realized by Pearson’s correlation considering 10% signifi-
cance, and coefficient of variation and mean values were determined using the statistical
program SAS [27].

3. Results

The morphological data (Table 1) show that all Quartzipsamments profiles have a
weak structure in subangular blocks that break down into single grains. They are very
deep soils (>100 cm), with colors ranging from reddish (2.5 YR) to yellowish (10 YR),
always with high values and chromas (≥4). The color indicates the good drainage of the
analyzed profiles. The consistency verified was loose and non-plastic and non-sticky for
virtually all profiles. The horizon boundary distinctness varied predominantly between
clear and gradual.

Table 1. Morphological data of the Quartzipsamments profiles of the Southwest of Rio Grande do
Sul State, southern Brazil.

Horizon Depth (cm) Moist Color 1 Moist Consistency Wet Consistency Horizon Boundary Structure

NQ1
Ap 0–20 10YR 6/4 L NP/NS I-C SB-SG
A 20–65 10YR 4/4 VF NP/NS S-G SB-SG
C1 65–94 10YR 5/6 L-VF NP/NS S-G SB-SG
C2 94–150 10YR 6/6 L-VF NP/NS S-G SB-SG
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Table 1. Cont.

Horizon Depth (cm) Moist Color 1 Moist Consistency Wet Consistency Horizon Boundary Structure

NQ2
A 0–12 10YR 4.5/5 L NP/NS I-A SB-SG
C1 12–42 10YR 4/5 L NP/NS S-C SB-SG
C2 42–85 10YR 4/5 L NP/NS S-G SB-SG
C3 85–145 10YR 5/8 L NP/NS S-G SB-SG

NQ3
A 0–22 7.5YR 5/7 L NP/NS S-C SB-SG
C1 22–53 7.5YR 5/6 L NP/NS S-C SB-SG
C2 53–93 7.5YR 4.5/6 L NP/NS S-G SB-SG
C3 93–150 7.5YR 7/4 L NP/NS S-G SB-SG

NQ4
A 0–15 2.5YR 3.5/4 L NP/NS S-C SB-SG
C1 15–40 2.5YR 4/4 L NP/NS S-C SB-SG
C2 40–72 2.5YR 4/6 L NP/NS S-C SB-SG
C3 72–140 2.5YR 4/7 L NP/NS S-C SB-SG

NQ5
A 0–20 5YR 5/8 L NP/NS S-C SB-SG
C1 20–66 5YR 5/8 L NP/NS S-G SB-SG
C2 66–100 5YR 5/8 L NP/NS S-C SB-SG
C3 100–170 5YR 5/8 L NP/NS S-C SB-SG

NQ6
A1 0–18 5YR 5/4 L NP/NS S-C SB-SG
A2 18–43 5YR 5/6 L NP/NS S-G SB-SG
C1 43–60 5YR 5/8 L NP/NS S-G SB-SG
C2 60–93 5YR 4/8 L NP/NS S-A SB-SG
C3 93–125 5YR 4.5/8 L NP/NS S-C SB-SG
C4 125–170 5YR 4/8 L NP/NS S-C SB-SG

1 Consistency: L—Loose, VF—Very Friable, NP—Non-plastic, NS—Non-sticky; Horizon boundary: A—Abrupt,
C—Clear. G—Gradual, D—Diffuse, S—Smooth, I—Irregular; Structure: SB—Subangular Blocky, SG—Single
Grain. NQ1 and NQ2: Quartzipsamments from Quaraí city; NQ3 and NQ4: Quartzipsamments from Manoel
Viana city; NQ5 and NQ6: Quartzipsamments from São Francisco de Assis city.

The particle size distribution is shown in Tables 2 and 3. There is a predominance of
medium and fine sand fractions, with mean values in the horizons ranging from, respec-
tively, 218.13 to 756.38 g kg−1 and 178.66 to 577.04 g kg−1. In the sand fraction, quartz
mineralogical composition predominates. The silt and clay contents were extremely low,
the mean values in the horizons ranging from, respectively, 4.53 to 57.35 g kg−1 and 23.03
to 126.29 g kg−1. The textural class of horizons, according to Santos et al. [15], is sandy, and
according to the USDA-NRCS [24], it is sand and loamy sand only for horizons with more
than 100 g kg−1 of clay, such as C1 of NQ1 and NQ6, and C3 of NQ2.

Table 2. Sand size distribution of the Quartzipsamments profiles of the Southwest of Rio Grande do
Sul State, southern Brazil.

Sand

Horizon Depth Total Very Coarse Coarse Medium Fine Very Fine

(cm) (g kg−1)

NQ1

Ap 0–20 954.94 1.54 12.94 633.33 287.51 19.62
A 20–65 947.57 0.33 12.42 477.15 393.57 64.10
C1 65–94 843.69 2.42 16.78 498.24 297.21 29.04
C2 94–150 904.97 3.26 16.65 414.45 422.12 48.49

Mean 912.79 1.89 14.70 505.79 350.10 40.31
CV, % 5.19 70.91 21.83 17.36 19.54 46.80
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Table 2. Cont.

Sand

Horizon Depth Total Very Coarse Coarse Medium Fine Very Fine

(cm) (g kg−1)

NQ2

A 0–12 941.92 0.00 27.75 420.95 243.49 249.73
C1 12–42 947.26 0.00 30.51 431.11 419.48 66.16
C2 42–85 923.14 0.00 21.91 261.84 538.37 101.02
C3 85–145 846.04 4.77 27.41 543.40 248.72 21.74

Mean 914.59 1.19 26.90 414.33 362.52 109.66
CV, % 4.76 188.22 16.38 26.14 44.87 115.91

NQ3

A 0–22 948.51 0.00 29.29 402.02 445.93 71.27
C1 22–53 912.02 3.06 25.55 480.54 364.94 37.93
C2 53–93 897.23 2.72 11.71 348.15 458.68 75.97
C3 93–150 916.99 1.38 10.97 466.44 362.87 75.33

Mean 918.69 1.79 19.38 424.29 408.11 65.13
CV, % 2.18 76.36 45.81 13.38 12.14 26.52

NQ4

A 0–15 925.40 1.00 15.54 508.97 337.40 62.49
C1 15–40 874.73 1.76 14.72 473.65 349.89 34.71
C2 40–72 970.86 1.41 7.14 542.24 389.55 30.52
C3 72–140 957.40 2.04 16.06 577.46 333.79 28.05

Mean 932.10 1.55 13.37 525.58 352.66 38.94
CV, % 4.25 26.70 34.77 8.20 7.84 39.06

NQ5

A 0–20 949.14 3.48 29.33 615.37 278.91 22.05
C1 20–66 930.60 0.00 29.84 302.17 515.25 83.34
C2 66–100 914.61 0.07 33.18 350.22 484.30 46.84
C3 100–170 947.89 0.00 38.13 389.14 448.74 71.88

Mean 935.56 0.89 32.62 414.23 431.80 56.03
CV, % 1.62 185.16 15.40 31.03 22.59 45.43

NQ6

A1 0–18 914.35 2.73 18.22 443.06 406.10 44.24
A2 18–43 929.86 0.05 15.96 218.13 577.04 118.68
C1 43–60 834.04 4.54 22.59 541.46 243.44 22.01
C2 60–93 967.48 1.93 23.08 756.38 178.66 7.43
C3 93–125 955.04 3.31 14.53 505.03 393.05 39.12
C4 125–170 923.81 1.20 15.36 531.54 311.22 64.49

Mean 920.76 2.29 18.29 499.27 351.59 49.33
CV, % 4.86 69.79 23.87 33.73 38.84 76.22

Very coarse sand: 2–1 mm; Coarse sand: 1–0.5 mm; Medium sand: 0.5–0.25 mm; Fine sand: 0.5–0.25 mm; Very
fine sand: 0.25–0.05 mm. CV: coefficient of variation. NQ1 and NQ 2: Quartzipsamments from Quaraí city; NQ3
and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQ6: Quartzipsamments from São Francisco de
Assis city.
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Table 3. Silt and clay content, degree of flocculation (DF), and textural class [24] of the Quartzipsam-
ments profiles of the Southwest of Rio Grande do Sul State, southern Brazil.

Horizon Depth Silt Clay DF Textural

(cm) (g kg−1) (%) Class

NQ1

Ap 0–20 18.32 26.73 73.49 Sand
A 20–65 14.93 37.50 78.70 Sand
C1 65–94 34.43 121.87 31.47 Loamy sand
C2 94–150 28.93 66.10 56.08 Sand

Mean 24.15 63.05 59.94
CV, % 36.65 62.54 33.16

NQ2
A 0–12 28.05 30.03 38.46 Sand
C1 12–42 29.71 23.03 8.78 Sand
C2 42–85 31.29 45.57 28.59 Sand
C3 85–145 42.10 111.85 46.85 Loamy sand

Mean 32.79 52.62 30.67
CV, % 21.53 71.43 49.66

NQ3

A 0–22 20.48 31.01 30.53 Sand
C1 22–53 35.26 52.72 32.44 Sand
C2 53–93 57.35 45.42 36.21 Sand
C3 93–150 28.42 54.59 47.74 Sand

Mean 35.38 45.94 36.73
CV, % 41.89 21.63 22.34

NQ4

A 0–15 20.64 53.97 30.33 Sand
C1 15–40 31.86 93.42 54.18 Sand
C2 40–72 4.53 24.62 59.00 Sand
C3 72–140 9.44 33.17 72.69 Sand

Mean 16.62 51.30 54.05
CV, % 68.84 55.36 31.71

NQ5

A 0–20 13.83 37.03 71.61 Sand
C1 20–66 38.79 30.62 39.46 Sand
C2 66–100 37.42 47.96 25.82 Sand
C3 100–170 21.60 30.50 77.03 Sand

Mean 27.91 36.53 53.48
CV, % 40.78 20.88 43.27

NQ6

A1 0–18 37.55 48.10 45.88 Sand
A2 18–43 36.57 33.57 43.35 Sand
C1 43–60 39.66 126.29 56.84 Loamy sand
C2 60–93 7.51 25.01 53.99 Sand
C3 93–125 13.90 31.06 49.94 Sand
C4 125–170 16.27 59.92 80.79 Sand

Mean 25.24 53.99 55.13
CV, % 53.90 66.45 8.24

Silt: 0.05–0.002 mm; Clay: <0.002 mm. CV: coefficient of variation. NQ1 and NQ2: Quartzipsamments from
Quaraí city; NQ3 and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQ6: Quartzipsamments from
São Francisco de Assis city.

The flocculation degree, which represents the resistance of the soil structure to disinte-
gration, presented a wide range of values (8.78 to 80.79%) (Table 3).
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The Quartzipsamments profiles showed high values of macroporosity and saturated
hydraulic conductivity and low values of microporosity and available water (Table 4). These
results are consistent with the characteristics of these sandy soils. The high conductivity
was associated with macropores, the main responsible for the flow of air and water, and
the low availability of water due to lower microporosity, pores responsible for retention
and availability of water.

Table 4. Mean values of physical–hydric properties of Quartzipsamments profiles of the Southwest
of Rio Grande do Sul State, southern Brazil.

Horizon Depth (cm) TP (m3 m−3) Macro (m3 m−3) Micro (m3 m−3) BD (Mg m−3) PD (Mg m−3) KS (mm h−1) AW (m3 m−3)

NQ1

Ap 0–20 0.522 0.373 0.150 1.32 2.63 223.51 0.013
A 20–65 0.443 0.282 0.161 1.48 2.67 170.37 0.028
C1 65–94 0.429 0.272 0.157 1.48 2.63 244.22 0.021
C2 94–150 0.432 0.279 0.153 1.47 2.67 293.76 0.027

Mean 0.457 0.302 0.155 1.44 2.65 233.83 0.022
CV, % 2.18 3.26 4.17 2.80 0.00 13.19 35.03

NQ2

A 0–12 0.458 0.323 0.135 1.44 2.70 398.19 0.015
C1 12–42 0.398 0.275 0.124 1.42 2.67 447.97 0.022
C2 42–85 0.385 0.253 0.132 1.41 2.70 430.58 0.019
C3 85–145 0.380 0.254 0.127 1.45 2.70 346.73 0.025

Mean 0.407 0.278 0.130 1.43 2.69 407.57 0.020
CV, % 4.93 7.50 6.80 4.70 0.00 8.88 32.81

NQ3

A 0–22 0.466 0.348 0.118 1.33 2.70 478.13 0.014
C1 22–53 0.419 0.300 0.120 1.43 2.67 367.27 0.021
C2 53–93 0.411 0.284 0.127 1.46 2.74 339.20 0.029
C3 93–150 0.401 0.260 0.141 1.46 2.70 342.98 0.022

Mean 0.424 0.300 0.127 1.42 2.70 377.15 0.022
CV, % 4.34 6.32 4.80 3.10 0.00 15.30 33.09

NQ4

A 0–15 0.480 0.308 0.171 1.43 2.67 220.83 0.023
C1 15–40 0.446 0.263 0.182 1.49 2.70 127.85 0.034
C2 40–72 0.449 0.294 0.155 1.42 2.70 262.80 0.032
C3 72–140 0.453 0.305 0.147 1.43 2.74 414.66 0.038

Mean 0.457 0.293 0.164 1.44 2.70 268.23 0.032
CV, % 4.99 7.99 4.49 3.60 0.00 19.71 40.12

NQ5

A 0–20 0.484 0.346 0.138 1.39 2.70 313.93 0.017
C1 20–66 0.452 0.316 0.136 1.39 2.74 347.01 0.027
C2 66–100 0.438 0.310 0.128 1.38 2.74 475.60 0.019
C3 100–170 0.436 0.313 0.123 1.47 2.74 458.28 0.022

Mean 0.452 0.322 0.131 1.41 2.73 399.49 0.021
CV, % 2.68 4.28 3.22 2.10 0.00 12.93 30.77

NQ6

A1 0–18 0.491 0.382 0.109 1.36 2.74 672.26 0.018
A2 18–43 0.464 0.359 0.105 1.39 2.70 671.87 0.022
C1 43–60 0.442 0.351 0.091 1.51 2.70 473.61 0.006
C2 60–93 0.409 0.295 0.114 1.42 2.70 402.51 0.017
C3 93–125 0.419 0.312 0.107 1.47 2.78 237.20 0.007
C4 125–170 0.461 0.378 0.083 1.64 2.74 645.44 0.007

Mean 0.448 0.346 0.102 1.47 2.73 513.80 0.013
CV, % 4.33 5.91 10.87 4.96 0.00 14.07 64.04

TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD: particle density; KS:
saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and 1500 kPa-tension). CV:
coefficient of variation. NQ1 and NQ 2: Quartzipsamments from Quaraí city; NQ3 and NQ4: Quartzipsamments
from Manoel Viana city; NQ5 and NQ6: Quartzipsamments from São Francisco de Assis city.

In general, the surface horizon showed higher total porosity and macroporosity
(Table 4). Generally, the bulk density was higher with increasing depth.

The evaluated Quartzipsamments are acidic and, in general, with low fertility, with
predominantly low Ca and Mg contents and very low K [28] (Table 5). The cation exchange
capacity at pH 7.0 and the organic matter are predominantly low [28] (Table 6), reflecting
a high risk of leaching and impact on the environment due to smaller adsorption sites
and high hydraulic conductivity (Table 4) and, in terms of agricultural use, requiring an
application in installments of fertilizers. These results corroborate the single-grain soil
structure (Tables 1 and 4), since electrical charges and organic matter contribute to soil

92



Soil Syst. 2023, 7, 9

aggregation. The chemical results are consistent with the low clay content of these soils
(Table 3) because, in this particle size, soil reactivity occurs [29].

Table 5. Mean values of chemical parameters and interpretation * of Quartzipsamments profiles of
the Southwest of Rio Grande do Sul State, southern Brazil.

Horizon
Depth (cm) pH Water pH KCl Ca Mg Na K

cmolc kg−1

NQ1

Ap 0–20 5.1 4.7 4.5 (High) 0.99 (Medium) 0.27 0.44 (Very low)

A 20–65 5.3 4.8 3.75 (Medium) 0.73 (Medium) 0.27 0.26 (Very low)

C1 65–94 5.4 4.9 4.00 (Medium) 0.82 (Medium) 0.27 0.20 (Very low)

C2 94–150 5.4 4.9 4.42 (High) 0.94 (Medium) 0.40 0.20 (Very low)

Mean 5.3 4.8 4.19 (High) 0.87 (Medium) 0.30 0.28 (Very low)

CV, % 1.82 1.65 12.92 16.23 39.42 40.39

NQ2

A 0–12 5.4 4.9 2.97 (Medium) 0.54 (Medium) 0.48 0.52 (Very low)

C1 12–42 5.4 4.9 0.84 (Low) 0.14 (Low) 0.35 0.29 (Very low)

C2 42–85 5.3 4.7 0.29 (Low) 0.08 (Low) 0.30 0.20 (Very low)

C3 85–145 5.3 4.8 1.36 (Low) 0.21 (Low) 0.27 0.17 (Very low)

Mean 5.4 4.8 1.37 (Low) 0.24 (Low) 0.35 0.30 (Very low)

CV, % 2.11 2.55 83.37 53.65 30.31 50.86

NQ3

A 0–22 5.0 4.5 2.16 (Medium) 0.35 (Low) 0.22 0.38 (Very low)

C1 22–53 5.1 4.5 0.90 (Low) 0.15 (Low) 0.14 0.13 (Very low)

C2 53–93 5.2 4.7 0.85 (Low) 0.11 (Low) 0.05 0.05 (Very low)

C3 93–150 5.2 4.7 0.13 (Low) 0.06 (Low) 0.11 0.04 (Very low)

Mean 5.1 4.6 1.01 (Low) 0.17 (Low) 0.13 0.15 (Very low)

CV, % 3.17 5.60 79.58 38.44 65.45 101.51

NQ4

A 0–15 5.3 4.8 10.16 (High) 3.71 (High) 0.19 0.32 (Very low)

C1 15–40 5.4 4.8 7.75 (High) 2.11 (High) 0.29 0.23 (Very low)

C2 40–72 5.2 4.8 3.08 (Medium) 0.55 (Medium) 0.15 0.14 (Very low)

C3 72–140 5.2 4.7 1.78 (Low) 0.28 (Low) 0.16 0.13 (Very low)

Mean 5.3 4.8 5.69 (High) 1.66 (High) 0.20 0.21 (Very low)

CV, % 0.87 0.67 64.41 82.58 31.41 40.48

NQ5

A 0–20 4.8 4.1 0.05 (Low) 0.05 (Low) 0.32 0.13 (Very low)

C1 20–66 5.0 4.3 0.31 (Low) 0.08 (Low) 0.22 0.08 (Very low)

C2 66–100 5.3 4.8 0.03 (Low) 0.03 (Low) 0.16 0.03 (Very low)

C3 100–170 5.2 4.8 1.05 (Low) 0.12 (Low) 0.18 0.05 (Very low)

Mean 5.1 4.5 0.36 (Low) 0.07 (Low) 0.22 0.07 (Very low)

CV, % 0.89 1.61 124.67 21.85 38.87 57.46

NQ6

A1 0–18 5.1 4.5 1.49 (Low) 0.23 (Low) 0.10 0.19 (Very low)

A2 18–43 5.0 4.5 0.04 (Low) 0.05 (Low) 0.35 0.11 (Very low)

C1 43–60 5.1 4.7 0.35 (Low) 0.08 (Low) 0.25 0.08 (Very low)

C2 60–93 5.1 4.5 0.05 (Low) 0.04 (Low) 0.08 0.07 (Very low)

C3 93–125 4.8 4.2 0.49 (Low) 0.07 (Low) 0.15 0.04 (Very low)

C4 125–170 4.9 4.2 0.81 (Low) 0.13 (Low) 0.40 0.07 (Very low)

Mean 5.0 4.4 0.54 (Low) 0.10 (Low) 0.22 0.09 (Very low)

CV, % 4.96 5.78 99.36 27.89 63.36 51.40

pH water: pH determined in water 1:1 (soil:water); pH KCl: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium; CV: coefficient of variation. * Interpretation: in parentheses is the interpretation
of levels according to the “Manual de adubação e de calagem para os Estados do Rio Grande do Sul e Santa
Catarina/Manual of fertilization and liming to the Rio Grande do Sul and Santa Catarina States” [28], while some
chemical parameters do not have available the interpretation in the handbook. NQ1 and NQ 2: Quartzipsamments
from Quaraí city; NQ3 and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQ6: Quartzipsamments
from São Francisco de Assis city.
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Table 6. Mean values of chemical parameters and interpretation * of Quartzipsamments profiles of
the Southwest of Rio Grande do Sul State, Brazil.

CEC Saturation

Horizon Depth Al3+ H + Al Effective pH7.0 Bases Al OM

(cm) (cmolc kg−1) (%)

NQ1

Ap 0–20 0.29 1.3 6.6 7.5(Low) 83.3 4.36 1.58 (Low)

A 20–65 0.29 1.1 5.3 6.1(Low) 82.7 5.40 0.51 (Low)

C1 65–94 0.17 1.5 5.5 6.7(Low) 78.4 3.15 1.14 (Low)

C2 94–150 0.23 1.1 6.2 7.0(Low) 85.0 3.70 0.40 (Low)

Mean 0.25 1.3 5.9 6.8(Low) 82.4 4.15 0.91 (Low)

CV, % 35.56 17.63 14.14 12.50 3.83 33.03

NQ2

A 0–12 0.23 1.9 4.7 6.4(Low) 70.7 4.83 2.02 (Low)

C1 12–42 0.52 2.3 2.1 3.9(Low) 41.5 24.17 2.18 (Low)

C2 42–85 0.40 2.1 1.3 2.9(Low) 29.3 31.87 0.77 (Low)

C3 85–145 0.40 1.7 2.4 3.7(Low) 54.8 16.60 0.42 (Low)

Mean 0.39 2.0 2.6 4.2(Low) 49.1 19.37 1.35 (Low)

CV, % 29.67 14.70 52.71 33.78 30.48 53.73

NQ3

A 0–22 0.17 1.9 3.3 5.0(Low) 62.5 5.23 3.37
(Medium)

C1 22–53 0.40 1.9 1.7 3.2(Low) 41.3 23.37 1.16 (Low)

C2 53–93 0.52 2.3 1.6 3.3(Low) 31.8 32.73 1.07 (Low)

C3 93–150 0.52 2.5 0.9 2.8(Low) 12.2 59.98 0.32 (Low)

Mean 0.40 2.2 1.9 3.6(Low) 37.0 30.33 1.48 (Low)

CV, % 40.79 14.35 48.56 24.72 46.70 65.81

NQ4

A 0–15 0.23 2.5 14.6 16.9 (High) 85.3 1.57 4.38
(Medium)

C1 15–40 0.57 3.3 10.9 13.7
(Medium) 75.9 5.23 2.94

(Medium)

C2 40–72 0.69 3.5 4.6 7.4 (Low) 52.8 14.92 1.93 (Low)

C3 72–140 0.75 3.1 3.1 5.4 (Low) 43.1 24.08 1.32 (Low)

Mean 0.56 3.1 8.3 10.9
(Medium) 64.3 11.45 2.64

(Medium)

CV, % 39.54 14.03 59.76 45.20 27.56 82.95

NQ5

A 0–20 0.52 2.7 1.1 3.2 (Low) 17.2 48.05 1.56 (Low)

C1 20–66 0.57 2.5 1.3 3.2 (Low) 21.8 45.36 1.33 (Low)

C2 66–100 0.40 2.7 0.6 2.9 (Low) 8.3 62.20 0.84 (Low)

C3 100–170 0.40 2.3 1.8 3.7 (Low) 38.0 22.32 0.46 (Low)

Mean 0.47 2.6 1.2 3.3 (Low) 21.3 44.48 1.05 (Low)

CV, % 26.19 8.37 35.15 10.06 43.42 31.00

NQ6

A1 0–18 0.52 3.3 2.5 5.3 (Low) 37.8 20.48 3.57
(Medium)

A2 18–43 0.52 3.3 1.1 3.9 (Low) 14.4 48.08 2.36 (Low)

C1 43–60 0.40 3.1 1.2 3.9 (Low) 19.6 34.67 0.91 (Low)

C2 60–93 0.34 2.3 0.6 2.5 (Low) 9.4 59.25 0.53 (Low)

C3 93–125 0.17 1.5 0.9 2.2 (Low) 34.0 18.58 0.43 (Low)

C4 125–170 0.23 1.3 1.6 2.7 (Low) 53.1 13.89 0.05 (Low)

Mean 0.36 2.5 1.3 3.4 (Low) 28.1 32.49 1.31 (Low)

CV, % 43.47 37.32 47.05 32.47 49.79 52.99

Al3+: aluminum; H + Al: potential acidity; CEC effective: effective cation exchange capacity; CECpH7.0: cation
exchange capacity at pH 7.0; OM: organic matter; CV: coefficient of variation. * Interpretation: in parentheses is
the interpretation of levels according to the “Manual de adubação e de calagem para os Estados do Rio Grande do
Sul e Santa Catarina/Manual of fertilization and liming to the Rio Grande do Sul and Santa Catarina States” [28],
while some chemical parameters do not have available the interpretation in the handbook. NQ1 and NQ 2:
Quartzipsamments from Quaraí city; NQ3 and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQ6:
Quartzipsamments from São Francisco de Assis city.
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According to Pearson’s correlation analysis, the increment in macroporosity increases
the total porosity (r = 0.80) and decreases the microporosity (r = −0.50), with a consequent
increase in the saturated hydraulic conductivity (r = 0.45) and a decrease in available water
(r = −0.41) (Table 7). The increase in bulk density decreases its total porosity (r = −0.19),
although with no effect on macroporosity and microporosity, which suggests that there
is a decrease in the size of the macropore with increasing bulk density, but no increase in
microporosity. Because the vertical flow of water in the soil occurs mainly in macropores,
while the water available to plants is in the micropores, increasing microporosity decreases
hydraulic conductivity (r = −0.75) and increases available water (r = 0.47). Particle density
showed an inversely proportional relationship with microporosity (r = −0.45) and a positive
relationship with hydraulic conductivity (r = 0.40); that is, with an increase in particle
density, there is a decrease in microporosity and an increase in hydraulic conductivity.

Table 7. Pearson’s correlation between the soil physical–hydric properties of Quartzipsamments of
the Southwest of Rio Grande do Sul State, southern Brazil.

TP Macro Micro BD PD KS

Macro 0.80 **
Micro ns −0.50 **

BD −0.19 *** ns ns
PD ns ns −0.45 ** ns
KS ns 0.45 ** −0.75 ** ns 0.40 **
AW ns −0.41 ** 0.47 ** ns ns ns

TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD: particle density; KS:
saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and 1500 kPa-tension). ns:
not significant; ** p < 0.01; *** p < 0.10.

Soil bulk density showed a positive and significant correlation with clay (r = 0.45)
(Table 8), indicating that clay, even in small proportion in these soils, can occupy the
spaces between larger particles (silt and sand), decreasing the size of the macropore, with a
consequent decrease in total porosity and an increase in bulk density, but with no influence
on microporosity, as seen in Table 7. At 10% probability, the degree of flocculation was
positively correlated with total porosity (r = 0.30) and bulk density (r = 0.33).

Table 8. Pearson’s correlation between the soil physical–hydric properties and the particle size and degree
of flocculation of Quartzipsamments of the Southwest of Rio Grande do Sul State, southern Brazil.

Sand

Very
Coarse

Coarse Medium Fine Very Fine Silt Clay DF

TP ns ns ns ns ns ns ns 0.30 ***
Macro ns ns ns ns ns ns ns ns
Micro ns ns ns ns ns ns ns ns

BD ns ns ns ns ns ns 0.45 * 0.33 ***
PD ns ns ns ns ns ns ns ns
KS ns ns ns ns ns ns ns ns
AW ns ns ns ns ns ns ns ns

TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD: particle density; KS:
saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and 1500 kPa-tension); DF:
degree of flocculation. ns: not significant; * p < 0.05; *** p < 0.10.

Increasing pH water and pH KCl, there is an increase in the availability of Ca (r = 0.47 and 0.44,
respectively), Mg (r = 0.38 and 0.35), and K (r = 0.37 and 0.37), and an increase in CECeffective
(r = 0.46 and 0.43), CECpH7.0 (r = 0.44 and 0.42), and base saturation (r = 0.45 and 0.43) and a
decrease in Al saturation for pH KCL (r = −0.34) (Table 9). Increasing organic matter, there is an
increase in CECeffective (r = 0.57) and CECpH7.0 (r = 0.66), with a consequent increase in the
availability of Ca, Mg, and K and base saturation, and a decrease in Al saturation, evidencing the
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effect of organic matter in the chemical improvement of these soils where the clay content is low,
and the adjustment of pH improves soil fertility.

Table 9. Pearson’s correlation between the soil chemical variables of Quartzipsamments of the
Southwest of Rio Grande do Sul State, southern Brazil.

pH
Water pH KCl Ca Mg Na K Al3+ H + Al

CEC
Effective

CECpH7.0 Base Sat. Al Sat.

pH KCl 0.94 **
Ca 0.47 * 0.44 *
Mg 0.38 *** 0.35 *** 0.96 **
Na ns ns ns ns
K 0.37 *** 0.37 *** 0.56 ** 0.45 * 0.50 **

Al3+ ns ns ns ns ns −0.35 ***
H + Al ns ns ns ns ns ns 0.77 **

CECeffective 0.46 * 0.43 * 0.99 ** 0.97 ** ns 0.56 ** ns ns
CECpH7.0 0.44 * 0.42 * 0.97 ** 0.97 ** ns 0.51 ** ns ns 0.98 **
Base sat. 0.45 * 0.44 * 0.82 ** 0.67 ** −0.37 * 0.70 ** 0.44 * −0.48 * 0.79 ** 0.70 **
Al sat. ns −0.34 *** −0.70 ** −0.55 ** −0.37 *** −0.65 ** 0.43 * 0.42 * −0.67 ** −0.59 ** − 0.94 **

OM ns ns 0.54 ** 0.58 ** ns 0.53 ** ns 0.45 * 0.57 ** 0.66 ** ns ns

pH water: pH determined in water 1:1 (soil:water); pH KCl: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium. Al3+: aluminum; H+Al: potential acidity; CECeffective: effective cation exchange
capacity; CECpH7.0: cation exchange capacity at pH 7.0; Base sat.: base saturation; Al sat.: aluminum saturation;
OM: organic matter. ns: not significant; ** p < 0.01; * p < 0.05; *** p < 0.10.

The Na (r = 0.47) and K (r = 0.42) showed a positive and significant correlation with
very fine sand, while Ca had a negative correlation with coarse sand, as well as CECeffective
and CECpH7.0 (Table 10). The increase in pH water decreases the degree of flocculation of
the soil (r = −0.34).

Table 10. Pearson’s correlation between the soil chemical variables and the particle size and degree
of flocculation of Quartzipsamments of the Southwest of Rio Grande do Sul State, southern Brazil.

Sand

Very Coarse Coarse Medium Fine Very Fine Silt Clay DF

pH water ns ns ns ns ns ns ns −0.34 ***
pH KCl ns ns ns ns ns ns ns ns

Ca ns −0.36 *** ns ns ns ns ns ns
Mg ns ns ns ns ns ns ns ns
Na ns ns ns ns 0.47 * ns ns ns
K ns ns ns ns 0.42 * ns ns ns

Al3+ ns ns ns ns ns ns ns ns
H + Al3+ ns ns ns ns ns ns ns ns

CECeffective ns −0.35 *** ns ns ns ns ns ns
CECpH7.0 ns −0.33 *** ns ns ns ns ns ns
Base sat. ns ns ns ns ns ns ns ns
Al sat. ns ns ns ns ns ns ns ns

OM ns ns ns ns ns ns ns −0.36 ***

pH water: pH determined in water 1:1 (soil:water); pH KCl: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium; Al3+: aluminum; H + Al: potential acidity; CECeffective: effective cation exchange
capacity; CECpH7.0: cation exchange capacity at pH 7.0; Base sat.: base saturation; Al sat.: aluminum saturation;
OM: organic matter; DF: degree of flocculation. ns: not significant; * p < 0.05; *** p < 0.10.

Increasing organic matter, there is an increase in total porosity (r = 0.53) and a decrease
in bulk density (r = −0.47) (Table 11). The effect of some chemical variables on soil physics
may be associated with electrical charges and aggregate formation. In these soils, the
increase in microporosity has a positive effect on increasing the availability of Ca (r = 0.74),
Mg (r = 0.67), K (r = 0.38), and on CECeffective (r = 0.74), CECpH7.0 (r = 0.72) and base
saturation (r = 0.58), and decreasing Al saturation (r = −0.37).
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Table 11. Pearson’s correlation between the soil chemical and physical–hydric properties of Quartzip-
samments of the Southwest of Rio Grande do Sul State, southern Brazil.

TP Macro Micro BD PD KS AW

pH water −0.33 *** 0.64 ** 0.58 ** ns −0.45 * ns 0.50 **
pH KCl ns −0.53 ** 0.51 ** ns −0.47 * ns 0.44 *

Ca 0.36 *** ns 0.74 ** ns −0.47 * −0.58 ** ns
Mg 0.33 *** ns 0.67 ** ns −0.40 * −0.51 ** ns
Na ns ns ns ns −0.33 *** ns ns
K 0.39 * ns 0.38 *** −0.34 *** −0.57 * ns ns

Al3+ ns ns ns ns ns ns 0.62 **
H+ Al3+ ns ns ns ns ns ns ns

CECeffective 0.37 *** ns 0.74 ** ns −0.47 * −0.56 ** ns
CECpH7.0 0.40 * ns 0.72 ** ns −0.41 * −0.49 * 0.35 ***
Base sat. ns ns 0.58 ** ns −0.54 ** −0.50 ** ns
Al sat. ns ns −0.37 *** ns 0.37 *** 0.36 *** ns

OM 0.53 ** ns ns −0.47 * ns ns ns

pH water: pH determined in water 1:1 (soil:water); pH KCl: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium. Al3+: aluminum; H+Al: potential acidity; CECeffective: effective cation exchange
capacity; CECpH7.0: cation exchange capacity at pH 7.0; Base sat.: base saturation; Al sat.: aluminum saturation;
OM: organic matter; TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD:
particle density; KS: saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and
1500 kPa-tension). ns: not significant; ** p < 0.01; * p < 0.05; *** p < 0.10.

4. Discussion

The low clay contents in these soils are highlighted because practically all the reactivity
of the soil, such as the cation exchange capacity, is available in this particle size [29]. The
availability of nutrients to the soil in the medium and long term from weathering is not
significant due to the predominantly quartz mineralogical composition. The flocculation
degree resulted in a wide range of values (8.78 to 80.79%), and this soil property is especially
important in terms of soil water erosion resistance because it represents the resistance of
the soil structure to disintegration.

Although the bulk density values showed a wide range of variation (1.32 to 1.64 Mg m−3),
the mean value of the profiles did not show significant variation (1.41 to 1.47 Mg m−3) (Table 4).
According to FAO [9], Arenosols have high bulk density values, ranging from 1.5 to 1.7 Mg m−3,
and considering the quartz density of around 2.65 Mg m−3, the total porosity is around 0.36 to
0.46 m3 m−3. Although the total porosity was obtained directly by weighing, the values (0.380
to 0.522 m3 m−3) are close to those indicated by FAO [9].

The range of macroporosity and microporosity values found are, respectively, 0.253 to
0.373 m3 m−3 and 0.083 to 0.182 m3 m−3. Working with different uses of Quartzipsamment
in Rio Grande do Sul State, Reichert et al. [30] found microporosity values similar to this
study (0.073 to 0.169 m3 m−3) but higher to macroporosity (0.398 to 0.570 m3 m−3). The
values found in the present study and by the aforementioned authors are completely
opposite to what is usually found for clayey soils. For example, in comparative terms,
Suzuki et al. [31], studying different land use and management systems, verified for an
Oxisol (clay between 640 and 664 g kg−1) macroporosity and microporosity values of,
respectively, 0.219 to 0.017 m3 m−3 and 0.476 to 0.354 m3 m−3, and total porosity of 0.573
to 0.460 m3 m−3, which refers to a lower agricultural and environmental suitability of
Quartzipsamments when compared to other soils. Variations in bulk density according to
its clay content are well documented [32–35]. The higher total porosity and macroporosity
verified in most of the profiles in the superficial horizon can be associated with the action
of the few roots in this superficial soil layer, while the greater values of bulk density with
an increase in the depth can probably be related to the smaller action of roots and by the
weight of the upper soil layers causing pressure on the subsurface layers.

The saturated hydraulic conductivity is extremely high in the Quartzipsamments
evaluated, ranging from 127.85 to 672.26 mm h−1, associated with the large volume of
macropores (water-flow pores), as also observed by Reichert et al. [30]. According to
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Mesquita and Moraes [36], the flow of water in saturated soil occurs preferentially in macro-
pores (pores with diameter >50 μm). FAO [9] points out Arenosols as water-permeable
soils, with the saturated hydraulic conductivity varying between 300 and 30,000 cm day−1

(125 and 12,500 mm h−1), and depending on the particle size distribution and the organic
matter content, the available water capacity can be less than 3 to 4% or greater than 15
to 17%. FAO [9] also mentions that because most pores are relatively large, much of the
retained water is drained at a tension of only 100 kPa.

Suertegaray [7] even mentions that the water dynamics in Quartzipsamments from
Southwest of Rio Grande do Sul State, with regard to erosion, are associated with concen-
trated superficial processes, which originate furrows, ravines, and gullies. According to the
author, laminar flow is not characteristic of these areas due to the high infiltration capacity
of these soils.

A fact that draws attention is the low coefficient of variation of the saturated hydraulic
conductivity (8.88 to 19.71%) (Table 4). Generally, this property presents great spatial vari-
ability, generating a high coefficient of variation and requiring a greater number of samples
to reduce this variability [36]. Coefficient of variation values can be greater than 200% for
hydraulic conductivity [37]. According to the same authors, this variability is associated
with types and land use, position in the landscape, depth, instruments and measurement
methods, and experimental errors. The lower variability in Quartzipsamments allows
the minimum number of soil samples in spatial variability studies. The low coefficient of
variation of the saturated hydraulic conductivity in our study may be associated with the
single-grain structure and high sand content in the soil profiles.

The volume of available water is extremely low (0.006 to 0.038 m3 m−3) (Table 4),
associated with the sandy texture and low volume of micropores (pores responsible for
water retention and availability). Reichert et al. [38] found for soils from Rio Grande do
Sul State that field capacity and permanent wilting point increased in a similar proportion
with increasing clay content of the soils. The authors also verified an average volume of
available water to plants of 0.089 m3 m−3 for sandy soils and 0.124 m3 m−3 for very clayey
soils, reaching 0.191 m3 m−3 for silty clay soils.

Compaction, so harmful in soils with higher clay content, can increase microporosity
in sandy soils and the volume of available water to plants. However, studies are needed to
indicate the appropriate level of compaction to improve water retention and availability
for plants without preventing their root growth by increasing soil bulk density.

Working with four profiles of sandy soils from the Brazilian semiarid region, San-
tos et al. [39] recommend lower irrigation rates and more frequent application, due to the
lower water-holding capacity of these soils and greater risk of nutrient leaching.

In sandy soil (89% sand), the incorporation of clay together with organic matter
increased aggregate stability, total soil porosity, and available water content and decreased
soil bulk density. Moreover, increasing plant height and number of shoots of physic nut
(Jatropha curcas L.) were observed [40]. While the biochar added to sandy soil (93.2% sand)
increased water-holding capacity, decreased drainage, and increased available water for
crop use [41].

The high acidity and low fertility of these soils require an adjustment of pH and
mineral reserve, which would demand high costs with fertilizer. Due to high sand and
low clay contents, these soils require split fertilization to reduce leaching rates and increase
the efficiency of nutrient uptake by plants. According to the “Manual de adubação e de
calagem para os Estados do Rio Grande do Sul e Santa Catarina/Manual of fertilization
and liming to the Rio Grande do Sul and Santa Catarina States” [28], for these sandy soils
(<20% clay) or with CEC < 7.5 cmolc dm−3, it is recommended to avoid total corrective
fertilization of K or P due to the possibility of leaching these nutrients or salinity problems,
as well as the splitting of nitrogen fertilization.

Due to the smaller adsorption sites (low cation exchange capacity at pH 7.0 and or-
ganic matter) and the high hydraulic conductivity, there is a high risk of leaching and
environmental damage, requiring an installment of fertilizer application in the agricultural
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use of these soils. In order to improve the chemical efficiency of these soils, it is recom-
mended to increase their levels of organic matter, something that should occur gradually,
with consequent improvement of the physical structure and biological activity of these
soils. Meanwhile, due to the low levels of clay and organic matter, these soils need, at each
crop, to be corrected through high doses of limestone and fertilizers, which can become
financially unfeasible in the short and medium term.

Considering the very low K contents, for its total correction, the amount of 120 kg of
K2O per hectare is recommended [28]. To correct the pH, raising it to a value of 6.0, the
equation indicated by the SBCS-NRS/CQFS [28] was used:

NC= −0.516 + 0.805OM + 2.435Al (3)

where NC is the limestone requirement in t ha−1 (with relative power of total
neutralization—PRNT 100%), OM is the organic matter content (in %), and Al is the
exchangeable aluminum content of the soil (in cmolc dm−3).

From the calculations, considering the variation in Al and organic matter contents
in the topsoil horizon, the limestone requirement ranged from 1.46 to 3.63 Mg ha−1. This
calculus of K2O fertilizer and limestone reflects the high costs for fertility adjustment.

As reported by Donagemma et al. [8], a common practice adopted by technicians and
farmers in sandy soils is the application of limestone doses above 6 Mg ha−1, and may even
exceed 10 Mg ha−1 because, according to farmers, when applying the dose of 2 Mg ha−1,
as recommended in corrective and fertilizer handbooks, crop yield will be very low. The
authors explain this due to the low reactivity of limestone in these soils, associated with the
low aluminum content and low buffering power of the soil, and possible losses of cations
in depth, by leaching.

Hartemink and Huting [42], Bezabih et al. [43], Reichert et al. [30], and Olorun-
femi et al. [44] also found in sandy soil a correlation between organic matter and CEC,
and Bezabih et al. [43] also observed a correlation between pH and CEC, and porosity
and bulk density with organic carbon and CEC. The results of Olorunfemi et al. [44]
agree with the observations of this study on the negative correlation between base and
aluminum saturation.

According to Reichert et al. [30], for most sandy soils, a large part of the CEC comes
from organic matter. From the collection of published data from tropical sandy soils in
western and eastern Africa, Blanchart et al. [45] showed that organic matter is the main
determinant of soil fertility, nutrient storage, aggregate stability, and microbiological and
enzymatic activities. According to the authors, although cultural practices or land use have
a lower impact on the increase of organic matter when compared to clayey soils, this is the
way to increase them and improve soil biofunction, which determines the agronomic and
environmental potential of the sandy soils.

Reichert et al. [30] verified changes in the physical properties of a Quartzipsamment
related to organic carbon, which lead to a resistance of this soil to degradation. According
to the authors, the accumulation of organic matter in sandy soils is more important than in
clayey soils due to their fragility and difficulty in increasing their organic matter content.
In sandy soils, the soil aggregation is mainly controlled by carbon dynamics [46], and
our study corroborates considering the low organic matter content and the single-grain
soil structure.

The increase in organic matter can lead to a decrease in the use of mineral fertilizers [28]
and, as a consequence, less leaching and risks of contamination of water resources (surface
due to erosion and subsurface due to leaching). In addition, its sandy texture requires split
fertilization to decrease nutrient leaching and increase plant uptake [28].

Alternatives are being studied to improve soil structure and fertility of sandy soils.
For example, the use of clay and natural polymers increased the CEC and the number of
available cations, and decreased the leached cations of coastal sandy soil (98% sand) [47].
While long-term application of organic amendments improved physical (bulk density
was decreased, available water-holding capacity was increased), biological (enhanced
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the overall soil microbial activity, such as species number and diversity, especially of the
desirable groups such as heterotrophic aerobes, actinomycetes, and pseudomonads), and
chemical properties (increasing soil organic matter, carbon, pH, Mehlich 1-extractable P, K,
Ca, Mg, Mn, Cu, Fe, and Zn concentrations, CEC) of a sandy soil [48].

The application of sewage sludge in sandy soil (87.69% sand) increased the organic
matter content of soil; improved the infiltration rate, decreasing the water erosion under
simulated high-intensity rainfall; decreased bulk density and increased the tendential
air permeability of soil; and the soil compaction level was reduced in the first year after
compost re-treatment. However, all the beneficial effects of sewage sludge last only for two
years [49]. While the use of liming and catch crops alone did not influence cereal yield and
straw and plant height, in the fourth year of study, all yield trait components significantly
increased with the use of farmyard manure, liming, and catch crops together in a Podzol
sandy soil (62.9% sand) [50].

It is known that current production techniques and technologies have evolved and
improved and are accessible; however, it is worth highlighting the high cost of agricultural
production of these soils, requiring a careful analysis in terms of production costs and sales
value of the products.

Table 12 presents the difficulties and challenges specific to or associated with Quartzipsamments.

Table 12. Difficulties and challenges associated with the Quartzipsamments of the Southwest of Rio
Grande do Sul State, southern Brazil.

Difficulties

− Sandy texture;
− Low water-holding capacity;
− Low volume of available water;
− Low aggregation;
− Low content of organic matter;
− Low fertility;
− High leaching;
− High susceptibility to erosion;
− Little vegetation cover;
− Difficulty of plant species to develop;
− Low agricultural land suitability;
− Agricultural expansion;
− High environmental fragility.

Challenges

− Identify plant species adapted to this soil and that produce a large volume of biomass to
increase organic matter and physical structure of the soil;

− Increase biological activity;
− Due to agricultural expansion, identify the most appropriate uses and management for

this soil;
− From the use of this soil, what level of compaction it can reach, and what level is harmful to

the development of plants;
− The recommendation of fertilization (doses and splitting) that best suits this soil, considering

the risks of contamination of surface water by erosion and subsurface water by leaching;
− Soil and water conservation techniques best suited for these soils;
− Quantity and frequency of irrigation;
− For livestock use of these native pastures, what are the recommendations for better soil,

animal, and pasture management;
− Monitor the soil (physical, chemical, and biological variables), erosion processes, surface and

subsurface water quality, and nutrient leaching and contaminant flow;
− Evaluate the performance of growth and yield of crops managed in these soils;
− Evaluate the economic viability of agricultural use of these soils.

Due to the sandy texture (Table 2) and low organic matter content of these soils
(Table 6), reflected in poorly structured soils (Tables 1 and 4), they are very susceptible to
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erosion and the sandyzation process, requiring complex and permanent techniques and
practices for the conservation of the soil, such as terracing and maintenance of permanent
vegetation cover on the soil surface. Associated with this, there is still little vegetation
cover, usually native pasture, although soybean cultivation is expanding in these soils and
the use of the land with agriculture and livestock without grazing control and no adoption
of conservation practices. Suertegaray et al. [10] highlight that the dynamics of land use,
without prior recognition of its agricultural land suitability, is capable of intensifying the
morphogenetic processes, weakening the landscape in a relatively shorter time than the
dynamics of nature itself. Therefore, sustainable land use in Biome Pampa is just possible if
the economical activities consider the soil suitability and the adaptations of its plant and
animal communities [2].

In this sense, studying a toposequence with three sandy soils (sand between 89 and
95% and clay between 9 and 3%), Thomaz and Fidalski [51] observed that the soil position
in the toposequence and the total sand content were the variables that best explained the
erodibility interrill, in an experiment under simulated rainfall, and emphasized the need
for differentiated management systems along the toposequence.

Furthermore, the low volume of available water (Table 4), considering these soils
of low agricultural land suitability, and the high hydraulic conductivity and low water-
holding capacity (Table 4), associated with the minimum contents of clay, silt (Table 3), and
organic matter (Table 6), characterize these soils as very fragile environmentally [2], and
should be used very carefully, especially due to the risks of leaching; transport of metals,
pesticides, and other agrochemicals; and contamination of surface and subsurface water
resources, besides the high susceptibility to erosion and sandyzation.

Suertegaray [7] reported that, due to the fragility of the soils where the sands occur,
they are highly susceptible to erosion when their agricultural management occurs through
heavy machinery, which forms rills that can evolve into the formation of ravines and gullies.
According to the author, intensive pastoral activity, with animal overcrowding is indicated
as a cause of erosion, linked to the formation of rills by the trampling of cattle through trails.

Figure 4 shows water and wind erosion and the extensive areas of bare and exposed
Quartzipsamments to sandyzation.

  

Figure 4. Pictures showing the native field. Soil exposing the sandyzation and erosion in the
Quartzipsamments of the Southwest of Rio Grande do Sul State, southern Brazil. Source: pictures
taken by L.E.A.S. Suzuki.

The use of cover plants is efficient in reducing the transport of sand by the wind in these
soils, being an effective alternative to contain the expansion of the sandyzation process [52].

In recent years, the return of soybean cultivation in Quartzipsamments has been
observed; however, for their agricultural use, planning is essential to improve the structure
of these soil, with the use of cover plants with a significant contribution of biomass to
increase organic matter, soil physical structuring, and increase biological activity, and
the use of soil and water conservation techniques. Moreover, cover crops can reduce
evapotranspiration, a factor that can be limiting in these soils with low water-holding
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capacity. For example, Eltz and Rovedder [53] observed temperatures above 40 ◦C at 3 cm
depth in exposed soil in a sandyzation area, but when this area was replanted with cover
crops, the soil temperature was reduced by around 18.6%.

Among alternatives for cover crops, Rovedder [54] cites Lupinus albescens (lupine) as
a potential specie for the recovery of sandy soils, while Reichert et al. (2016) found that
eucalyptus was more efficient in increasing soil organic carbon after conversion from native
field to conventional planting, eucalyptus and unvegetated area.

Silva [55] cites the dwarf butia tree (Butia lalemanti), a common palm in the sandy top
relief and deep soil, mainly in the cities of São Francisco de Assis and Manoel Viana, as a
contributor to the minimization of laminar erosion caused by floods, besides being a specie
adapted to water stress.

Gass et al. [56] cite that the advance of monocrops on the sands of Rio Grande do Sul
State have occurred without the knowledge of the potential use of native plant species
endemic to the region, most of which are unknown in their food, medicinal, ornamental,
aromatic properties, condiments, and for use in projects for the recovery of degraded areas.

From our study, we verify the low agricultural suitability and the high environmental
fragility of Quartzipsamments in Rio Grande do Sul State. The agricultural use of these
soils will be intensified, especially due to political and economic issues; therefore, studies
are needed to guide farmers, extensionists, and stakeholders on the best way to use and
manage them. Any incentive to use these sandy soils and the availability of technologies
(e.g., irrigation, fertilizers, and machinery, among others) requires technical monitoring,
specific recommendations for these soils, and monitoring of the soil and the environment.
Specific recommendations include lower irrigation rates and more frequent application,
due to the lower water-holding capacity of these soils and greater risk of nutrient leaching;
split fertilization to reduce leaching and increase the efficiency of nutrient uptake by
plants; include plant species adapted to this soil and climatic conditions in a rotation crop
system, to produce enough volume of biomass to increase organic matter content, with
consequent improvement of the soil physical structure and biological activity; maintenance
of permanent vegetation cover on the soil surface to reduce water evaporation and erosion;
and use of techniques and practices for soil and water conservation, such as terracing and
keyline arrangement.

5. Conclusions

Quartzipsamments are soils with high macroporosity and saturated hydraulic conduc-
tivity, and these soils play an important role in aquifer recharge. On the other hand, their
low content of clay and organic matter hinders the soil’s physical structuring and biological
activity, making these soils susceptible to water and wind erosion and the sandyzation
process, besides a high possibility of leaching.

Their sandy texture, extremely low volume of available water to plants, low fertility,
and cation exchange capacity, besides wind erosion, hinder the development of vegeta-
tion in these soils and, given these characteristics, make these soils of low suitability for
agricultural use and with a high risk of leaching and aquifer contamination. However, we
verified that the increase in pH and organic matter can improve the fertility of these soils
(especially Ca, Mg, K, cation exchange activity), and for organic matter, an improvement in
the physical structure of the soil (increase in total porosity and decrease in bulk density)
can occur also.

Some difficulties and challenges in the use and management of Quartzipsamments
were pointed out in our study, and specific recommendations for better use and manage-
ment of these soils were indicated.
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Abstract: Intensive agriculture causes land degradation and other environmental problems, such
as pollution, soil erosion, fertility loss, biodiversity decline, and greenhouse gas (GHG) emissions,
which exacerbate climate change. Sustainable agricultural practices, such as reduced tillage, growing
cover crops, and implementing crop residue retention measures, have been proposed as cost-effective
solutions that can address land degradation, food security, and climate change mitigation and
adaptation by enhancing soil organic carbon (SOC) sequestration in soils and its associated co-benefits.
In this regard, extensive research has demonstrated that conservation agriculture (CA) improves soil
physical, chemical, and biological properties that are crucial for maintaining soil health and increasing
agroecosystem resilience to global change. However, despite the research that has been undertaken to
implement the three principles of CA (minimum mechanical soil disturbance, permanent soil organic
cover with crop residues and/or cover crops, and crop diversification) worldwide, there are still many
technical and socio-economic barriers that restrict their adoption. In this review, we gather current
knowledge on the potential agronomic, environmental, and socio-economic benefits and drawbacks
of implementing CA principles and present the current agro-environmental policy frameworks.
Research needs are identified, and more stringent policy measures are urgently encouraged to achieve
climate change mitigation targets.

Keywords: reduced tillage; permanent soil cover; crop diversification; soil and water conservation;
ecosystem services; carbon sequestration; climate change mitigation and adaptation; adoption barriers;
economic incentives; agro-environmental policies

1. Background and Rationale

The concept of conservation agriculture (CA) was born in the 1930s when Edward
Faulkner first questioned the utility of ploughing in a manuscript called Ploughman’s Folly,
and it gained popularity during the 1960s in the mid-western United States as a means
of preventing soil degradation after the Dust Bowl ecological disaster that occurred in
the 1930s. Since then, research on adapting CA practices to cropping systems has been
undertaken worldwide. In addition to reducing tillage intensity, CA also implies the
application of organic amendments, such as manure, compost, and by-products from agro-
industry [1], and the improvement of N management if mineral fertilizers are adopted to
decrease N2O emissions [2].

The exploitation of agricultural soils based on crop monocultures and deep tillage
with inversion of the layers has resulted in progressive soil structure degradation and
compaction and reductions in soil organic matter content. These detrimental developments
have triggered negative cascade effects on the soil biota and fertility, increasing soil water
and wind erosion and CO2 emissions [3,4]. Among alternative management systems to
conventional agriculture that aim at the sustainability of crop systems, CA represents one
of the most advanced models.
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2. Adoption of Conservation Agriculture (CA)

CA is defined by the Food and Agriculture Organization [5,6] as “a sustainable agricul-
tural production system for the protection of water and agricultural soil that integrates agro-
nomic, environmental and economic aspects”. CA is based on three principles (Figure 1):
minimum mechanical soil disturbance through conservation tillage (i.e., no tillage, mini-
mum tillage), permanent soil organic cover with crop residues and/or cover crops, and
crop diversification through rotations and associations involving at least three different
crops (including a legume crop). The benefits of CA are shown in Table 1.

Figure 1. Principles of conservation agriculture, benefits of increasing SOC, and future needs.
Modified from [7].

Kassam et al. [8] analysed the spread of the adoption of CA in 2015–2016 in different
countries based on data available from government statistics, no-till farmer organi-
zations, ministries of agriculture, non-governmental organizations, and research and
development organizations.

The highest cropland areas were in South and North America (Table 2), with 69.9
and 63.2 M ha of cropland areas employed for CA, representing 38.7 and 35.0% of the
total cropland employed for CA, respectively. However, CA represented 63.2% of the
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cropland area in South America and 28.1% in North America. The corresponding values for
Australia/New Zealand and Asia were 22.7 and 13.9 M ha (12.6 and 7.7% of total cropland),
representing 45.4 and 4.1% of croplands in the respective regions. Cropland areas employed
for CA decreased in the order Russia/Ukraine > Europe > Africa from 5.7 to 1.5 M ha;
i.e., from 3.6 to 1.1% of these regions’ total cropland areas, respectively. Globally, the total
cropland area employed for CA was 180.4 M ha, equivalent to 12.5% of total cropland.

Table 1. Benefits of conservation agriculture [9].

Target Soil Cover
Minimal or No

Soil Disturbance
Legumes in the

Rotation
Crop

Diversification

Simulate “forest floor” conditions X X
Reduce evaporative loss of moisture from soil surface X

Reduce evaporative loss from upper soil layers X X
Minimize oxidation of SOM and CO2 loss X

Minimize compaction due to intense rainfall and the
passage of machinery X X

Minimize temperature fluctuations at the soil surface X
Maintain supply of OM as substrate for soil biota X

Increase and maintain nitrogen levels in the root zone X X X X
Increase CEC of the root zone X X X X

Maximize rain infiltration and minimize runoff X X
Minimize soil loss in runoff X X

Maintain natural layering of soil horizons through actions
of soil biota X X

Minimize weeds X X X
Increase rate of biomass production X X X X

Speed up recuperation of soil porosity by soil biota X X X X
Reduce labour input X

Reduce fuel-energy input X
Recycle nutrients X X X X

Reduce pests and diseases X
Rebuild damaged soil conditions and dynamics X X X X

Table 2. Cropland areas employed for CA by region in 2015–16, CA area as percentage of global total
cropland, and CA area as percentage of cropland of each region [8].

Region CA Cropland Area (M ha) Total Cropland CA Area (%) CA Area Cropland in the Region (%)

South America 69.90 38.7 63.2
North America 63.18 35.0 28.1

Australia/New Zealand 22.67 12.6 45.5
Asia 13.93 7.7 4.1

Russia/Ukraine 5.70 3.2 3.6
Europe 3.56 2.0 5.0
Africa 1.51 0.8 1.1

Global Total 180.44 100 12.5

3. Principles: Conservation Tillage, Permanent Plant Cover, and Crop Diversification

3.1. Conservation Tillage (CT)

Tillage is needed for different agricultural processes (e.g., seedbed preparation, weed
control, crop residue management, improving soil aeration and avoiding soil compaction,
optimizing soil temperature and moisture regimes). However, as a consequence, soil phys-
ical and chemical properties (structure, bulk density, pore size distribution, and fertility
condition) are also altered, ultimately leading to good or poor crop performance [10]. Ap-
propriate tillage practices, such as CT, aim to avoid soil degradation without compromising
crop yields and while maintaining agroecosystem stability [11].

CT, as defined by the Conservation Tillage Information Center (CTIC, West Lafayette,
Indiana, USA), excludes those tillage operations that invert the soil and bury crop residues.
It consists of reducing the ploughing depth occasionally or continuously, applying shal-
lower tillage with other implements, and/or reducing the intensity of seedbed preparation.
Thus, it minimizes soil disturbance and reduces losses in soil and water, for which at least
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30% of the soil surface must be covered by crop residues. Therefore, CT is a general term
that includes specific operations, such as no-tillage, minimum tillage, reduced tillage, and
mulch tillage practices [12–14]. Interest in CT systems increased globally after the 1930s
following the Dust Bowl events, as they were seen as a way to halt soil erosion and pro-
mote water conservation [15]. However, extensive research has further demonstrated the
multiple environmental benefits of adopting CT, such as enhancement of soil organic car-
bon (SOC) content, maintenance of agricultural productivity, and savings in the costs—in
terms of time, fuel, and machinery—of seedbed preparation [13,14]. Moreover, it has been
demonstrated that leaving crop residues on the soil surface also reduces evapotranspiration,
improves infiltration, and suppresses weed growth [12,16]. According to the CTIC, there
are five types of CT systems.

(1) No tillage (NT)

The NT system is a specialized type of CT consisting of a one-pass planting and
fertilizer operation in which the soil and the surface residues are minimally disturbed [17].
NT systems eliminate all pre-planting mechanical seedbed preparation except for the
opening of a narrow (2–3 cm wide) strip or small hole in the ground for seed placement
that ensures adequate seed–soil contact [11]. Retaining crop residues and leaving them on
the soil surface is pivotal for soil and water conservation. Weed control can be managed
using herbicides, a brush cutter, or biological control methods, such as crop rotation, inter-
cropping, or vegetation strips. However, the use of herbicides may have detrimental effects
on the soil system and its functions; thus, they should be applied with caution. Indeed, the
new European agro-environmental policy framework discourages the use of herbicides;
thus, use of mechanical or biological control methods should be boosted. Among the
potential benefits of NT compared to other tillage systems are that it is more effective in
controlling soil erosion, it improves soil water storage capacity, and it results in lower
energy costs per unit of production and higher grain yields, especially in low-slope areas.
However, as already stated, major disadvantages of NT are the heavy use of herbicides for
weed control and the risk of soil compaction and nutrient stratification [18,19] in intensive
agricultural systems (e.g., low residue input, machine traffic).

(2) Mulch tillage

Mulch tillage is based on the principles of causing the least disturbance to the soil and
leaving the maximum percentage of crop residue on the soil surface. For this purpose, in
addition to in situ crop residues, the use of live mulch derived from cover crop residues is
becoming a common practice. This practice can be adopted in herbaceous and woody crop
systems by either allowing spontaneous plant cover to become established or by growing
cover crops in the fallow period (in the case of herbaceous crop systems) or in the inter-tree
rows (in the case of woody crop systems). Regardless of the type of plant cover used, this
practice consists of maintaining plant cover that can protect the soil for as long as possible
without causing the problem of competition for water and nutrients with the main crop. To
do so, in accordance with the crop type and climate conditions, the spontaneous or seeded
plant covers are mowed before the water-limiting period starts, and their residues are left
on the soil surface as mulch.

(3) Strip or zonal tillage

Strip tillage is a practice in which soil disturbance is limited to the crop rows while
the rest of the soil is left undisturbed [20]. This tillage practice emerged as an alternative
soil management practice in attempts to solve and mitigate the problems derived from
conventional tillage or direct seeding methods [21]. The seedbed is divided into a seedling
zone (5–10 cm wide), which is mechanically tilled to optimize the soil and micro-climate
environment for germination and establishment of seedlings, and an inter-row zone, which
is left undisturbed and protected by mulch or managed using chiselling to improve water
infiltration and root development [22]. Today, strip tillage can benefit from the use of global
positioning system (GPS) guidance equipment [23].
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(4) Ridge till

Ridge tillage consists of leaving the soil undisturbed before planting and then tilling
about one third of the soil surface when planting with sweeps or row cleaners. Crops are
planted in rows on cultivated ridges, while weeds are controlled with herbicides. This
tillage practice gained popularity as a conservation agriculture practice for maize and
soybean production in the USA [17].

(5) Reduced and minimum tillage or occasional tillage

Reduced tillage (RT) is a soil management practice that consists of reducing the
total number of tillage passes per year needed before seed planting (in both annual and
perennial crops) or for soil aeration and decompaction (particularly in perennial crops).
RT is also called minimum tillage and shallow tillage since, in some cases, it refers to
reducing the depth at which the soil is tilled and/or using a cultivator or chisel plough
to avoid soil inversion. Occasional tillage refers to the practice of one-time tillage, where
tillage is conducted once every 5 or 10 years—depending on the soil, climate, and crop
type—in an otherwise continuous NT system. This tillage practice is generally applied to
mitigate the potential negative effects that tillage cessation may cause in some cases, such
as soil compaction and nutrient stratification, particularly in rainfed perennial cropping
systems [24,25].

3.1.1. Context of Application

CT is presently applied worldwide under a wide variety of climate conditions and
with a wide variety of soil types and crops. However, the potential benefits and drawbacks
of CT vary with climate (dry vs. moist), soil type (clayey vs. sandy), crop type (arable
vs. perennial), and management (rainfed vs. irrigated); therefore, CT must be locally
adapted or combined with other practices to become more cost-effective. This practice has
been widely adopted in humid, sub-humid, and tropical regions, particularly for arable
crops. However, the adoption of CT can be a challenge in dry regions because of (1) low
biomass production and (2) the fact that crop residues are needed as fuel or animal feed.
Nevertheless, and despite the fact that CT has been proven to have several environmental
benefits, there are still some limitations and barriers to overcome, as discussed in the
following sections.

3.1.2. Potential for SOC Sequestration

The enhancement of SOC content when shifting from conventional (intensive) tillage
to CT has been demonstrated worldwide [2,26]. However, variations in SOC sequestration
rates can be found among studies depending on the climate conditions, soil character-
istics, initial SOC levels, crop type (arable vs. woody cropping systems), management
(rainfed vs. irrigated), and the duration of the experiments. Results from various meta-
analyses and modelling studies indicate SOC sequestration rates ranging from 0.27 to
1.1 t ha−1 yr−1 when CT is adopted in Mediterranean woody cropping systems [1,27,28].
Under Mediterranean conditions, average values about five times higher were reported for
woody compared to arable crops for SOC sequestration rates [29]. Under tropical conditions,
SOC sequestration rates oscillated between 0.12 and 1.56 t SOC ha−1 yr−1 depending on
the crop type and climate regime [2,26]. As would be expected, higher SOC sequestration
rates were estimated for moist compared to dry conditions regardless of the crop type [26].
However, SOC sequestration rates were generally higher for arable compared to woody
crops under tropical conditions. Under boreal conditions, a local study estimated SOC
sequestration rates of between 0.28 and 0.39 t ha−1 yr−1 across different soil types [30].
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3.1.3. Co-Benefits

The enhancement of SOC content when shifting from conventional (intensive) tillage
to CT has multiple beneficial effects, as has been demonstrated worldwide [2,27]. Sev-
eral studies have demonstrated that CT improves soil physical, chemical, and biological
properties crucial for maintaining soil condition and health. Indeed, conservation agri-
culture is indicated by the Intergovernmental Panel on Climate Change (IPCC) as one of
the frameworks aimed at addressing land degradation, food security, and greenhouse gas
(GHG) emissions [31]. For example, CT prevents soil sealing [32]. It is also well-known that
increasing soil carbon sequestration by reducing tillage intensity (frequency and depth)
improves soil biodiversity [33]. The presence of a vegetation cover due to CT increases soil
biodiversity and can provide a habitat for arthropod predators and parasitoids, promoting
biological control of pests and pathogens [16,34,35]. In addition, the build-up of soil organic
matter derived from below-ground plant biomass inputs provides food and energy sources
for microorganisms, favouring microbial growth and activity. Microorganisms decompose
organic matter and increase nutrient availability for crops [33,36]. The presence of plant
cover improves soil structure, porosity, aggregate stability, and water infiltration compared
to bare soil. Therefore, CT also influences water regulation through the increase in soil
water infiltration, which in turn fosters groundwater storage and lessens surface runoff,
improving the availability of water for crops [16,37]. Moreover, it has been demonstrated
that CT reduces soil erosion by water and wind due to the development of a vegetation
cover. Reductions in runoffs of between 30% and 65% and in erosion of between 63 and
80% with decreasing tillage intensity have been observed worldwide [38–40], which ulti-
mately lead to reductions in the nutrient losses resulting from erosion. Additionally, CT
has been proven to improve nitrogen availability [35,41]. Other beneficial effects of CT
are that the presence of the plant cover enhances soil aggregation, thus improving the
protection of SOC against erosion, tillage operations, and abrupt soil temperature and
moisture fluctuations [42].

Generally, CT positively impacts crop yields because the enhancement of the organic
matter inputs into the system improves water infiltration and storage capacities and the
availability of nutrients in soils [43]. In any case, the benefits are sometimes observed a few
years after adoption, and the magnitude of the impacts of CT on crop yields depends on
pedoclimatic conditions, crop types (arable or woody), and management practices (e.g.,
rotations, irrigation, and fertilization) [44,45].

In relation to climate change mitigation and adaptation, CT generally reduces GHG
emissions compared to conventional (intensive) tillage systems. First, the reduction in the
number of passes per year not only mitigates direct CO2 emissions from the machinery
but also prevents the peaks of CO2 emissions from soils that typically occur after tillage
operations [42]. Second, since CA usually includes improvements in N management, N2O
emissions from soils are reduced or, at least, a decrease in yield-scaled N2O emissions is
achieved [46,47]. Moreover, the presence of plant cover all year round not only protects
the soil against erosion while improving its water retention capacity but also increases
its buffer capacity against temperature extremes, making soils more resilient to extreme
rainfall events, droughts, and warming [33,39,42].

CT has also been proven to have other socio-economic benefits, such as: (i) fuel, fertil-
izer, and pesticide savings; (ii) reducing erosion and flood risks and associated damage to
infrastructure; (iii) sustainable preservation of cultural landscapes; and (iv) maintenance of
crop yields, agricultural activity, and long-term employment, contributing to maintaining
the local population in rural areas [16,48]. The impact of SOC sequestration goes beyond im-
proving soil properties and synergizes with other biophysical ecosystem services, positively
affecting further non-material ecosystem services—or nature’s contribution to people—by
providing learning opportunities and inspiration, as well as physical and physiological
experiences, and supporting identities [49,50].
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3.1.4. Possible Drawbacks and Recommendations

Various biophysical, technical, social, economic, cultural, and political barriers can
restrict the adoption of CT worldwide. For any given location, the success or failure of CT
will depend on one or more of the following factors.

(a) Biophysical barriers

Local pedoclimatic conditions (soil type—particularly its organic matter content and
texture—rainfall amount and distribution, and temperature), together with slope, crop
type (arable vs. woody crops, water requirements, growing period, rooting characteristics),
and management (rainfed vs. irrigated, conventional vs. organic), determine the viability
of field operations, as well as whether crops will be established and their yields. For
example, in arid and semiarid regions, the adoption of CT may be hampered because of
competition for water and nutrients between the plant cover and the main crop [51,52],
this effect being more visible when aridity and temperature increase [43]. On the other
hand, in water-logged and heavy-clay soils (e.g., rice fields), reduced tillage is hampered.
Moreover, on-site and off-site soil and water contamination problems may arise if pesticides
and inorganic fertilizers are applied in high doses [16]. It is also important to note that
the positive impacts of reducing tillage operations (i.e., reducing direct emissions from the
activities and fostering sinks via SOC sequestration) can be counterbalanced by the increase
in soil N2O emissions in cases where higher doses of inorganic fertilizer are needed, as has
been pointed out in a recent meta-analysis [53]. However, the results vary depending on:
(1) the duration of the experiment and (2) the management type (e.g., fertilizer type and
application rate, use and type of spontaneous and planted cover crops, and crop residue
management); therefore, no general conclusions can be drawn. In this regard, CT needs to
be accompanied by wise management of nitrogen and weeds.

(b) Technical barriers

One technical barrier that hinders the wider adoption of NT practices in Europe is
the unavailability of proper machinery, such as direct drilling machines or machinery to
manage crop residues or cover crops [54]. For instance, the adoption of direct sowing is still
a challenge for many crops—in particular, small-seed crops—in silty soils prone to crust
and heavy compaction in the topsoil [55]. Due to their weight, direct drilling machines may
cause soil compaction, hampering the germination of seeds and the effective establishment
of seedlings [56]. Although machines can be adapted to specific soil conditions to reduce
soil compaction, the increase in purchase costs makes them unaffordable for farmers. In
addition to these technical constraints, one important limitation is the heavy dependence on
herbicides and pesticides, which can lead to severe pollution of soil, water, and biodiversity
resources. To overcome this problem, the development of cheap alternative methods for
weed control is pivotal. In this regard, wise management of ground cover and cover crops
(i.e., selection of species and varieties to combat weeds, promotion of mechanical instead of
chemical termination, leaving plant residues on the soil surface, combining CT with other
practices to control weeds, etc.) is recommended.

(c) Economic barriers

The absence of financial incentives or subsidies to motivate farmers or compensate
them for possible yield losses restricts the adoption of CT practices in many regions.
Generally, yields are reduced in the short term, but this trend can be reverted in the long
term, especially if CT is adopted in combination with other practices (e.g., addition of
organic or green manure [57]). As already mentioned, CT normally encompasses the use of
agrochemicals (pesticides and mineral fertilizers), resulting in increased costs that farmers
cannot afford [58]. In many cases, investments in adapted machinery are necessary but not
affordable by farmers because of limited finance and access to capital for implementation.
Uncertainty about the development of policies and market fluctuations, together with
internal farm factors (such as farm size, debt, tenure, and family status), are other important
barriers to overcome.
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(d) Social, cultural, and political barriers

Lack of access to appropriate technologies, practices, and equipment is a major barrier
in many countries [48]. Moreover, there are other many factors that hinder the adoption
of CT, such as farm size and type, the availability of a power source, family structure and
composition, the labour situation, access to cash and credit facilities, peer pressure, the
degree of autonomy in choosing and implementing results, and community support [59,60].
The main cultural factors that hamper the adoption of CT are lack of awareness among
farmers, lack of innovativeness, lack of motivation, and lack of understanding of the
agroecosystem [61,62]. In some regions, CT is in conflict with an important cultural symbol
of hard work, as tillage is generally believed to symbolize a hard worker, and with the
social recognition that a field properly ploughed is “clean” [56,62].

The objectives and priorities of each government will determine how agriculture is
managed at the regional and national levels. Lack of economic incentives and support
from governments, including subsidies [60]—and, in particular, the lack of strictness in
legislation and standards [63]—are the main reasons why the adoption of CA, despite
its well-known agro-environmental benefits in the long term, continues to fail in many
countries. In this regard, carbon schemes and other political initiatives are urgently needed
(see Section 6).

3.2. Permanent Plant Cover

Permanent plant cover refers to those practices involving the growth of a permanent
spontaneous or seeded plant cover within the crop system (intercropping systems) or
between periods of normal crop production for soil protection and improvement. In
the case of spontaneous plant covers, weeds grow in accordance with the pedoclimatic
conditions of the area, and species are typically wild species. When the plant cover is
seeded by employing what is known as a cover crop, species are selected for which the
products can be harvested for food or feed. They may be leguminous (e.g., vetch) so that the
cover crop can help to improve the N content, the crops may be used for forage or human
consumption (e.g., rye, rapeseed), or mixtures of two or more species may be employed.
Spontaneous plant cover can either be removed with a reduced tillage operation so that
the plant residues are quickly incorporated into the soil or left on the soil surface; thus, the
incorporation of the C and other nutrients will be slower. When seeded cover crops are
harvested, their residues are usually left on the soil surface.

3.2.1. Context of Application

Growing a permanent plant cover in intercropping systems is more commonly found
with woody crops, since competition for water and nutrients between the woody crop and
the plant cover is lower than in the case of arable crops, for which plant covers are usually
adopted between normal crop production periods.

Permanent plant covers can be adopted worldwide. However, in rainfed agriculture,
they are highly dependent on the precipitation regime. Thus, in arid climates, water
availability conditions can place strong limitations on the growth of a permanent plant
cover. Regarding the species, a wide variety of wild or seeded species can be grown;
therefore, the species composition of the plant cover should be adapted to the specific
pedoclimatic conditions and management practices [64]. In the case of seeded cover crops,
economic viability plays an important role [65].

3.2.2. Potential for SOC Sequestration

The immediate effect of protecting soil and improving soil conditions is an increase
in SOC content. However, the extent of this increase varies with the type of crop, the
pedoclimatic conditions, and the specific management practices. Thus, it can range from
0.27 to 1.03 t C ha−1 yr−1 (Table 3).
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Table 3. Summary of meta-analyses assessing SOC sequestration rates in different locations and
climatic zones. Authors’ elaboration published in [66].

Location Climate Zone
Additional C

Storage Potential
(t C ha−1 yr−1)

Duration (Years) Cropping System Reference

Regional Warm temperate dry 0.27 10.6 A + W [27]
Global Arid, temperate, and tropical 0.56 8.5 A [67]

Regional Warm temperate dry 0.43 5.6 AC + W [43]
Regional Warm temperate dry 1.01 6.7 PC + W [43]
Global Temperate and tropical 0.32 11.9 A [68]

Regional Warm temperate dry 1.03 7.7 W [1]

A—arable crops, W—woody crops, AC—annual cover crops, PC—permanent cover crops.

The highest values were achieved for woody crops under warm temperate conditions
at around 1.0 t C ha−1 yr−1, whereas this figure was between 0.3 and 0.6 t C ha−1 yr−1 for
arable crops. This was mainly due to the lower soil disturbance when the plant cover is
grown in the inter-row area of woody crops than in the case of arable crops. Average SOC
sequestration rates are typically higher in low-duration experiments, when SOC levels are
closer to the equilibrium, than in longer ones [69].

3.2.3. Co-Benefits

Cover crops and spontaneous plant covers have been reported to not only increase
SOC content but also improve other physical (e.g., aggregate stability, water infiltration,
and bulk density) [70], chemical (e.g., N, P, and K contents) [71,72], and biological (e.g.,
microbial diversity, abundance, and activity) properties [73,74], leading to a decrease in
the effects of wind and water erosion [70,71] and to higher and more stable yields [75].
SOC increases and improvements in other chemical properties are especially visible with
spontaneous plant covers, where the biomass is left on the soil surface or incorporated into
the soil with reduced tillage. Cover crops are harvested and eventually used for animal
feed or biofuel production [76].

Another benefit of planting cover crops is the weed control resulting from the compe-
tition for light, water, and nutrients or the release of allelopathic exudates [75,77]. Cover
crops reduce weed density and biomass during the growth of the subsequent cash crop by
10% and 5%, respectively [69]. Weed competition among winter and early-season weeds has
been found to have an important role during cover crop growth. On the other hand, growth
of spontaneous plant cover in orchards can improve biodiversity and, thus, pollination
services and pest control [78].

For cover crops, the diversity of species is also a key driver for the delivery of ecosys-
tem services. However, it becomes a problem when it comes to selecting which species
should be planted and how they should be mixed. Indeed, in addition to species diversity,
the functional complementary between species is of high importance when mixing plant
species. Thus, objective criteria for the selection of species with functional complementary
and, thus, the maximization of the delivered ecosystem services have been established [79].

However, it is not only biophysical (provisioning, regulating, and supporting) services
that are improved but also cultural and economic ones. The improvement in the soil
properties and the competition with weeds in the case of cover crops can lead to reductions
in inorganic fertilization and pesticide application, thus leading to lower dependence
on external inputs and positive effects on human safety [71]. On the other hand, these
better soil conditions might lead to higher and more stable yields [80] because of the
increase in the soil resilience. Moreover, in the case of spontaneous plant covers in orchards,
improvements to landscape quality (e.g., rural aesthetics) must be considered, as well as
other derived socio-economic benefits (e.g., ecotourism and recreational activities) [81].
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3.2.4. Possible Drawbacks and Recommendations

The main trade-off from cover crops might be the GHG emissions associated with the
decomposition of the organic matter [71], which can be mitigated by using cover crops with
low C:N ratios and minimizing the tillage intensity [82,83]. However, these extra emissions
might take place only after removing the plant cover. In this context, it has been found
that, in olive orchards with spontaneous plant cover and conventional management (weeds
controlled with herbicides), the overall amount of CO2 emissions was negative in both
treatments (i.e., sinks) but, in the case of the spontaneous plant cover management, the CO2
uptake was double that for the conventional management (−140 and −70 g C m−2 yr−1,
respectively) [84]. This was mainly due to the increase in the photosynthesis of the plant
cover during the growing season, which offset the CO2 emissions after the removal of the
plant cover.

In addition to the direct effects from the different management practices on ecosystem
services, trade-offs between the different ecosystem services affected by the management
practices should be considered [71]. For instance, two positive impacts of cover cropping
are the increase in seed production and the increase in faunal activity. However, increases
in granivorous faunal activity increase seed predation and, therefore, the subsequent cover
crop growth may be negatively affected. These authors suggested applying various tillage
activities that could help to control the populations of these insects. Another trade-off is the
increase in the soil N content from leguminous cover crops that improve nutrient cycling
but, at the same time, may stimulate nematode populations and weed abundance [85,86].
Therefore, determining the right mixture between legume and non-legume species and
the right tillage activities could be a way to mitigate these trade-offs between ecosystem
services and, at the same time, maintain yields [71]. Cover crop mixtures represent an
optimal way to overcome some of these trade-offs [87–89]. Nevertheless, these trade-offs
are less common with woody crops under spontaneous plant covers where different and
adapted species appear and, therefore, greater self-regulation is achieved.

3.3. Crop Diversification

Crop diversification (CD) is a farming system that encourages the cultivation of
different plant species in the same field as opposed to monoculture farming [90,91]. There
are different options for implementing CD, such as crop rotations (at least two crops in
different years), multiple cropping (different crops grown in succession during the same
year), and intercropping (crops grown together on the same field). In intercropping, crops
can be planted in alternate rows and harvested together (row intercropping) or in wide
rows and mechanically harvested separately (strip intercropping), or they can be sown
together (mixed intercropping); i.e., with no separation between rows or strips.

In addition to allowing a higher number of crops to be grown and alternated on a
field, CD has several objectives [7]:

(a) Covering and protecting the soil from climatic agents in a continuous and effective way;
(b) Maintaining and improving soil structure through the action of the root systems of

the plants;
(c) Stimulating biological activity in the soil and eliminating periods with no crop cover;
(d) Limiting environmental risks due to nitrate leaching, erosion and surface runoff, and

loss of biodiversity.

3.3.1. Context of Application

CD can potentially be applied worldwide, but barriers to its adoption can emerge
from biophysical constraints and cultural and socio-economic factors. In arid and semiarid
environments, the climate is warm, and low rainfall limits the cultivation of summer crops
if irrigation cannot be supplied; thus, cropping systems are mainly based on winter crops,
such as cereals and pulses. Conversely, in cold and wet environments, cropping systems
are mainly based on spring–summer crops, since low temperatures, snow accumulation,
and the surplus of water during the autumn–winter months can restrict crop growth.
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3.3.2. Potential for SOC Sequestration

In a global data analysis of 97 paired treatments from long-term experiments (Figure 2),
the results indicated that enhancing rotation complexity (i.e., changing from monoculture
farming to continuous rotation cropping or from crop–fallow to continuous monoculture
or rotation cropping or increasing the number of crops in a rotation system) increased
SOC by 0.15 ± 0.11 t C ha−1 on average [92]. However, changing from continuous corn
to corn–soybean rotation did not help sequester C (−0.19 ± 0.19 t C ha−1) due to the
lower residue return and C input in the rotation compared to the corn monoculture. This
result was consistent with findings from the Midwestern USA [93] reporting a SOC loss of
0.15 t C ha−1 for corn–soybean rotations with NT and residue incorporation. Not consider-
ing corn–soybean rotation, the average SOC sequestration rates were 0.20 ± 0.12 t C ha−1

and 0.16 ± 0.14 t C ha−1 under conventional tillage and 0.26 ± 0.56 t C ha−1 with NT
rotations. Rotations with grass, hay, or pasture increased SOC by 0.19 ± 0.08 t C ha−1

on average. Decreasing the fallow period in wheat experiments (e.g., changing from a
wheat–fallow rotation to a wheat–wheat–fallow rotation) and rotating wheat with one or
more different crops (e.g., wheat–sunflower or wheat–legume rotations) increased SOC
by 0.51 ± 0.47 t C ha−1 and were more effective than changing from wheat–fallow to
continuous wheat farming (0.06 ± 0.08 t C ha−1).

Figure 2. Effects of rotation complexity on SOC change. C to C-S—continuous corn to corn–soybean,
CT—conventional tillage, NT—no tillage, WF to WWF—wheat–fallow to wheat–wheat–fallow, WF
to CW—wheat–fallow to continuous wheat. Authors’ elaboration based on [92].

The effects of the number of crops included in a rotation were investigated in a meta-
analysis including 122 studies with 454 observations [94]. The results indicated that total
soil C (TC) increased by 3.6% on average with the addition of one or more crops in the
rotation compared to a monoculture. TC increased by 1.9% with two crops in the rotation,
7.5% with three crops, and 3.7% with four crops. The highest TC responses to rotation were
found for soybean (11%), sorghum (7.9%), and wheat (2.9%) monocultures, but rotations
did not increase soil C compared to corn monocultures. The introduction of a cover crop in
the rotation increased TC by 7.8%, but no significant effect was found in rotations without
cover crops. Mean annual temperature and rainfall were correlated positively with rotation
effects on TC.
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A recent data analysis (304 paired samples) assessed SOC content as affected by CD in
different European regions [90]. SOC increased by 18% compared to the control treatment
(no rotation/no legumes) when adopting more complex rotations and introducing legume
crops. In contrast, SOC decreased in long rotations without legumes (6%) and in short
rotations with legumes (3–5%). Furthermore, SOC increases were greater in semiarid
climates (11%) compared to humid and sub-humid conditions. The results also indicated
greater SOC increases (28%) 2–10 years after adopting CD; in contrast, SOC changes were
showed a decreasing trend after 11–20 years (6%) and became definitely negative (−6%) in
sites where CD had been adopted for very long time periods (>20 years), showing that a
steady-state condition was reached.

Table 4 illustrates the Spearman rank correlation analysis for changes in SOC and
several pedoclimatic and predictive variables of CD (e.g., rotation, tillage, fertilization, and
residue management). The significant negative coefficient found for the duration of the
experiment in years (−0.45) indicates that SOC changes were greater when CD had been
established more recently, while significant positive coefficients for SOC changes were
found for crop rotations ≥ 3 years (0.61), legumes in the rotations (0.60), conventional tillage
(0.22), and the removal of crop residues (0.58). Negative coefficients were also found for no
tillage (−0.32), residue incorporation and mulching (−0.31 and −0.33, respectively), mixed
fertilization (−0.16), autumn–winter cereals in the Southern Mediterranean region (−0.45),
and clay and loam textures types (−0.28 and −0.41, respectively). Positive coefficients were
found for semiarid climates (0.16), autumn–winter cereals of the Northern Mediterranean
region (0.17), and sandy clay loam soil textures (0.61).

Table 4. Spearman rank correlation coefficients (rs) for changes in SOC content and the predictive
variables for crop diversification. Authors’ data based on [88].

Variable Coefficient

SOC control * 0.20
Rotation every 3 years * 0.61

Years * −0.45
Legumes * 0.60
Cover crop −0.04

Conventional tillage * 0.22
No tillage * −0.32

Mineral fertilization 0.08
Mixed fertilization * −0.16
Organic fertilization 0.11

Residue incorporated * −0.31
Residue mulched * −0.33
Residue removed * 0.58

Semiarid * 0.16
Subhumid −0.14

MedNCerAw * 0.17
MedSCerAW * −0.45

BorFodMix 0.11
Clay * −0.28
Loam * −0.41

Sandy clay loam * 0.61
The asterisks (*) indicate both positive and negative correlations with significant coefficients at p < 0.05 above
rs = |0.15|.

3.3.3. Co-Benefits

Adopting CD provides further benefits for soil properties. It can lead to an overall
improvement in soil structure resulting from the aggregation of mineral particles and
organic materials. Germination and rooting of crops are facilitated by the higher resistance
of the soil aggregates to physical stress [95,96], and better soil aggregation also improves
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carbon storage due to the physical protection of organic materials [97]. Furthermore, soil
crusting and erosion are avoided [98].

CD also improves soil biological properties because different crop species have dif-
ferent C:N ratios (residue qualities), which enhance the activities of different types of soil
microorganisms. Furthermore, adopting CD is more effective if coupled with other CA
practices (e.g., RT or NT). For example, in the temperate conditions of the northeastern
USA [99], adopting NT and cover crops in a crop rotation (maize and perennial grass)
system improved active C, respiration, and protein content. Similarly, a rotation system
with wheat and forage crops enhanced the microbial biomass carbon under both rainfed
and irrigated conditions (by 0.4 and 14.9%, respectively) in comparison to continuous
wheat cropping [100]. Furthermore, soil microbial richness and diversity were increased by
C (15.11 and 3.36%, respectively) [36].

Crop rotations also spread out the need for labour, reduce equipment costs and peak
labour demand, smooth out price fluctuations in markets, and increase local community
interaction for labour [101]. However, the possible lack of a market for the alternative crops
adopted for CD can represent an economic barrier [102].

Crop yields are generally higher if crops are cultivated after unrelated species, which
is known as the break-crop effect. Cultivating a break crop increased wheat yield from 0.5
to 1.2 t ha−1, particularly when wheat was cultivated after legumes (e.g., faba beans and
chickpeas) [103]. It has also been reported that longer and more complex crop rotations
increased yields by 12% compared to monocropping systems, and the increase was lower
(5%) for the shortest rotations (2 years) [104].

Nitrogen fertilization is the main agricultural contributor of soil nitrous oxide (N2O)
emissions to the atmosphere [105]. Since legumes fix the atmospheric N that is available for
plant nutrition, their adoption in CD implies the supply of lower amounts of N fertilizers,
thus reducing the N2O emissions and mitigating their global warming potential. Some
examples have been reported from the Northern Great Plains of North America [106],
France [107], and Australia [108].

3.3.4. Possible Drawbacks and Recommendations

Local pedoclimatic conditions (e.g., rainfall and soil texture) can limit the cultivation of
some crops in specific environments, and the market opportunities for each crop included
in the diversification scheme must be considered. As already mentioned, cereals (e.g.,
wheat) have high nitrogen requirements; thus, including N2-fixing legumes in the planned
rotations can both increase cereal yields and limit nitrogen losses through N2O emissions
and leaching [109].

Farmers often perceive CD negatively because they fear possible decreases in yields
and economic benefits. However, the crops adopted in diversification should be those
already grown locally as monocultures, since they have been proven to be suitable for
the soil and climatic conditions and provide good yields. Therefore, farmers only need to
learn how to use them in rotations, multiple cropping, or intercropping systems. However,
not all farmers are skilled in CD. Therefore, providing adequate training to agricultural
technical advisors is crucial to successfully disseminate diversified cropping systems among
farmers [102,104].

4. Processes

4.1. The Soil Carbon Balance and Different Processes of SOC Loss in Agroecosystems

Soil carbon storage in agricultural systems is governed by the difference that exists
between the carbon inputs from crop biomass (roots plus aboveground crop residues after
harvesting and pruning) and any endogenous (e.g., ground covers) and/or exogenous (e.g.,
manure, compost, sludge, and/or cover crops) organic matter added to the soil, on the one
hand, and the carbon outputs, as affected by erosion, leaching, and the decomposition and
mineralization of plant material and organic matter at both short- and long-term scales, on
the other hand (Figure 3).
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Figure 3. The soil carbon balance in herbaceous (left) and woody (right) cropping systems depends
on the difference between carbon inputs and outputs throughout the agroecosystem, as explained in
the text. © María Almagro.

To date, most studies focused on the assessment of the effects of CA practices on
the soil carbon balance have been based on empirical data derived from field plots and
laboratory assays, and scaling up the potential for carbon sequestration from the farm to
the global scale still remains a challenge for the scientific community. An excellent indicator
of the effectiveness of a certain CA practice is undoubtedly the increase in SOC content,
given its well-known agro-environmental benefits and its potential for climate change
mitigation [16,110,111]. However, further research and a robust monitoring, verification,
and reporting framework are still needed to increase carbon gains and address the limita-
tions of SOC sequestration [112]. In this regard—and given the huge uncertainty associated
with SOC estimations at the farm level, particularly in the short term—it is recommended
that long-term monitoring programs assess SOC changes a decade after the implementation
of the CA practice. However, shorter-term assessments may be needed to guide policy
debates and decisions. To address this, estimations of the carbon gains and losses occurring
throughout the agroecosystem when a certain management practice is adopted can be used
to anticipate decisions concerning agriculture management based on early assessments
of SOC net balances. In other words, if the annual amounts of carbon entering the soil
due to the addition of organic amendments, the implementation of cover crops, and crop
residue retention exceed the carbon losses through erosion, leaching, and decomposition,
the SOC balance will be positive and SOC sequestration will be achieved in the short term.
However, if the opposite occurs, organic carbon will be lost from the soil system. Notably,
each of the described process causing carbon gains or losses at the agroecosystem level
contributes differently depending on the specific site (i.e., local climate, soil and crop type,
slope, etc.) and management (i.e., rainfed vs. irrigated regime, low- vs. high-input systems)
conditions, which, in turn, drive the direction and magnitude of the impact on the net soil
carbon balances.

4.2. Erosion by Water

Soil water erosion refers to lateral movement of soil downhill caused by significant
rainfall events. Soils in natural ecosystems are considered to be under steady-state condi-
tions, as the loss of soil material due to erosion from a given area is approximately balanced
by the formation of soil as a result of weathering [113]. However, manmade actions, such
as intensive agriculture, deforestation, and soil sealing, have increased soil erosion rates
by 10–40 times globally, causing on-site and off-site negative environmental impacts [114].
On-site negative impacts include the loss of carbon and nutrients, such as nitrogen and
phosphorus, from the topsoil, reducing soil fertility and crop productivity and causing land
degradation and desertification, as recognized by the Soil Thematic Strategy [115] of the
European Commission. Off-site effects include sedimentation of reservoirs, eutrophication
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of water bodies, and damage to infrastructure [116]. Although normally overlooked, this
process is relevant for the soil carbon and nutrient budgets of agroecosystems. Moreover,
soil erosion interacts with other relevant processes, such as organic matter decomposition,
SOC sequestration, and net primary productivity [117–119].

A global review of empirical data indicated that soil erosion rates from conventionally
ploughed agricultural fields (~1 mm yr−1) are, on average, one to two orders of magnitude
greater than the rates of soil formation, erosion under native vegetation, and long-term
geological erosion [113]. These results prove that conventional tillage is unsustainable,
particularly in Mediterranean regions where extreme high-rainfall events can cause great
soil losses through erosion in a few hours [120]. The same study also indicated that NT
systems produce erosion rates much closer to soil formation rates (~3 mm century−1,
as reported in [121]), highlighting their contributions to soil conservation, mitigation
of climate change through the retention of carbon in soils, and sustainable agriculture.
However, the success of the various CT practices that can be adopted depends on the local
environmental conditions (e.g., soil type, climate, and management practices), as well as
the socio-economic, cultural, and political contexts [48,54]. Moreover, the combination
of two or more CA practices is generally more effective than the adoption of a single
agricultural practice. A comprehensive overview of different soil and water conservation
practices in Europe and in the Mediterranean Basin indicated that annual runoff and soil
loss rates can be reduced by 20–74% if CA practices are adopted [122]. However, this
review also concluded that vegetation management practices (such as the adoption of cover
crops and mulching) were the most effective in reducing annual runoff and soil loss rates,
followed by mechanical techniques (such as terraces, contour bounds, and geotextiles)
and soil management practices (such as NT, RT, contour tillage, and soil amendment),
which were the least effective in controlling runoff and erosion. These results highlight the
importance of ensuring permanent soil cover in order to reduce soil erosion rates globally.
Nevertheless, the more erosion-prone conditions are (i.e., erodible soils, steeper slopes,
areas with low-frequency occurrence of high-intensity rainfall events), the more effective
these CA practices will be in reducing runoff and soil erosion rates.

4.3. Decomposition

Decomposition refers to the physical, biological, and chemical breakdown and leach-
ing of soluble compounds of plant biomass residues (leaves, shoots, and roots) and soil
organic matter (SOM), along with the subsequent mineralisation and humification of or-
ganic compounds [123]. Decomposition is one of the most important processes in terrestrial
ecosystems because it controls SOM formation and the release of organic nutrients and
energy for plant growth and soil microorganisms [124,125]. Moreover, it is a major compo-
nent of carbon and nutrient cycling in ecosystems and a key driver of soil fluxes of carbon
dioxide (CO2), methane (CH4), and nitrous oxide (N2O) into the atmosphere. It is estimated
that 60 Pg of CO2 is emitted annually by the decomposition of plant litter and SOM [126].

Among the main environmental drivers of plant litter decomposition are temperature,
moisture availability, the chemical composition of plant litter, and the soil biotic community
structure and activity, which altogether control carbon and nutrient sequestration efficiency
in agricultural soils [127]. However, despite the importance of this process, it is still unclear
which environmental factors control it and how we can ensure that a significant proportion
of the decomposed plant material is returned to the soil instead of released into the atmo-
sphere in the form of CO2 and N2O. This is particularly important in arid and semiarid
environments, such as in many Mediterranean regions, where solar ultraviolet (UV) radi-
ation has been identified as a significant driver of plant litter decomposition [128,129]. In
this process—known as photodegradation—solar radiation directly breaks down organic
matter components, releasing CO2 and other gases and, thus, promoting the direct loss
of carbon and nutrients from ecosystems into the atmosphere without incorporation into
the SOM pool [128]. Photodegradation is a complex process in which several abiotic (e.g.,
ambient temperature and moisture, plant residue chemical composition) and biotic (e.g.,
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local microbial community response to solar UV radiation) factors interact; as a result,
its net effect on plant litter decomposition can be positive, negative, or neutral [130,131].
A recent meta-analysis showed that exposure of plant residues to solar radiation sped
up decomposition by 23% [129]. Therefore, photodegradation can negatively impact the
SOC content and fertility level in semiarid agricultural soils if crop residues are not wisely
managed in these environments. In other words, if photodegradation dominates the de-
composition process under certain environmental conditions, facilitating the direct loss of
carbon and nutrients from plant residues into the atmosphere, then it may be desirable to
incorporate them into the soil through RT (rather than leaving them on the soil surface as
mulching) to promote SOC sequestration and fertility.

On the other hand, under arid and semiarid conditions, the decomposition of plant
residues mediates soil inorganic carbon (SIC) dynamics and can, therefore, change the net
carbon balances of agricultural systems, converting them into sources or sinks depending
on their management (rainfed vs. irrigated, the chemical composition of crop residues,
and crop residue incorporation into the soil vs. mulching) and local conditions (mainly
mean annual precipitation and soil pH). Specifically, the fate of the released CO2 during the
decomposition and mineralization of plant residues can lead to formation or dissolution of
pedogenic carbonate, leading to its sequestration or to its direct release into the atmosphere,
depending on the aridity conditions and soil pH [132].

4.4. Leaching

Soil leaching is the downward movement of nutrients (i.e., nitrate, phosphorus, and
base cations) and other constituents in the soil profile, such as dissolved organic carbon
(DOC) and dissolved inorganic carbon (DIC), following the percolation of rain or irrigation
water. This process occurs when the soil pores become filled with water and water moves
downward in the soil, hampering the availability of soil nutrients for plants and, therefore,
reducing soil fertility and plant yield [133]. Moreover, leaching may cause environmental
problems, such as eutrophication, when large amounts of certain nutrients move into
ground- and surface water.

Natural ecosystems normally have a point of equilibrium between demand and supply
for nutrients, with a closed loop recycling essential nutrients. However, in agricultural
cropping systems, the supply of nutrients normally exceeds the demand; therefore, leaching
occurs. Global change drivers, such as climate change, land-use change, and agriculture
intensification and contamination, affect soil leaching trends.

Leaching of DOC and DIC represents a relatively small but continuous loss of carbon
from terrestrial ecosystems. However, only a few studies have estimated carbon losses
through leaching in different land-use systems; thus, their contribution to the net ecosystem
carbon balance is uncertain [134]. Additionally, climate change may increase the frequency
of extreme precipitation events in arid and semiarid regions, leading to increases in SOC
losses through both leaching and respiration [135].

For instance, the levels of SOC leached across Europe from forests, grasslands, and
croplands have been estimated to be 15.1, 32.4, and 20.5 g C m−2 yr−1, respectively, which
represent 4, 14, and 8% of net ecosystem exchanges, respectively [134]. On the other hand,
leaching of biogenic DIC in the same land-use types accounted for lower losses (8.3, 24.1,
and 14.6 g m−2 yr−1 for forests, grasslands, and croplands, respectively) [134].

Additionally, leaching of carbon stored in surface litter and soil layers is considered a
main source of DIC and DOC in inland waters [136]. In particular, SIC is more prone to
leaching in arid and semiarid regions than SOC via sporadic high precipitation events [135].
This is of great relevance, since SIC stocks and sequestration rates are between two and ten
times higher than those for SOC in these areas [137].

121



Soil Syst. 2023, 7, 17

5. Practices

5.1. Conventional Tillage

As mentioned above, SOC sequestration rates vary among studies depending on the
local climate conditions, soil characteristics, initial SOC levels, crop type (arable vs. woody
cropping systems), previous and current management (rainfed vs. irrigated; low vs. high
input systems), and the duration of the experiments. Nevertheless, the increase in SOC in
soils is limited in time by the carbon saturation level, and, after a certain point, the rate of
accumulation slows down towards a plateau, depending on the soil type, the length of the
growing period, and the climatic conditions [26].

It was demonstrated that reducing tillage improved soil aggregation and the protection
of organic carbon within the aggregates against erosion or ploughing in two organic rainfed
almond orchards under semiarid Mediterranean conditions [42]. The promising results
from reducing tillage intensity and frequency were further confirmed by Martínez-Mena
et al. [41], who demonstrated that passing from conventional moldboard ploughing at
a 40 cm depth (5–7 passes yr−1) to minimum tillage at a 20 cm depth (2 passes yr−1) in
a rainfed cereal field and an organic almond field reduced soil erosion by 65% and 85%,
respectively, preventing the carbon losses associated with this process. As a result, SOC
stocks at a 30 cm depth increased by 37% and 25%, respectively, in the cereal field and the
almond field after six years. On the other hand, however, it was also found that shifting from
minimum tillage at a 15 cm depth (twice per year) to NT did not significantly reduce soil
CO2 emissions from the soil and negligibly improved SOC stocks (by 1%) after four years in
an organic rainfed almond orchard under the same semiarid Mediterranean conditions [42].
Furthermore, crop yields decreased abruptly from the beginning of the cessation of tillage,
making this practice unsustainable for local farmers. The failure of NT in this particular
case study can be explained by the fact that no fertilization was applied [39], highlighting
the importance of adopting NT in combination with other practices, such as addition of
organic or green manure, in order to improve N management in semiarid rainfed woody
crop systems [138]. Indeed, in an irrigated woody cropping system (i.e., Citrus limon)
where drip ferti-irrigation was applied together with the addition of pruning residues as
mulching, NT was proved to be successful in enhancing SOC stocks, soil aggregation, and
OC physicochemical protection at 0–5 cm soil depths after 20 years, thus improving soil
structure and halting carbon losses [139]. Nevertheless, given the high spatial variability
observed when measuring SOC in agricultural fields, long-term studies are encouraged
to assess SOC stock trends over time and thereby estimate average SOC sequestration
rates more accurately. For example, SOC was sequestered at a rate of 1 t C ha−1 yr−1 when
shifting from conventional to RT at a 20 cm depth after 10 years in an organic rainfed
woody crop system, while a rate of 0.33 t C ha−1 yr−1 was obtained when shifting from RT
to NT at a 15 cm depth under the same conditions [140].

For traditional cereal–fallow rotation and a continuous cropping system with barley
under semiarid Mediterranean conditions in northeastern Spain, the results indicated
that the adoption of RT (with chisel ploughing at 25–30 cm depths) and NT in formerly
conventionally tilled (with mouldboard ploughing at 30–40 cm depths) fields improved
soil aggregate formation and stability, as well as the OC content associated with them, after
15 years, particularly in the NT system under continuous cropping [141].

In the north of France, the effects of changing from conventional full-inversion tillage
to NT and shallow tillage in combination with different crop management systems (i.e.,
crop types, residue removal, rotation, and use of catch crops) on SOC stocks were compared
after 41 years [142]. The authors demonstrated that tillage and crop residue management
had no significant effects on SOC stocks after 41 years at either the formerly ploughed
layer (i.e., 0–28 cm) or in whole soil profile (0–58 cm). In the shallow and NT systems,
SOC content increased in the surface layer (0–10 cm), reaching a plateau after 24 years,
but declined continuously in the subsurface layer (10–28 cm) at rates of 0.42–0.44% yr−1.
In both the RT and NT systems, SOC sequestration rates increased rapidly during the
first four years and then remained more or less constant at average rates of 2.17 and
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1.31 t C ha−1 yr−1, respectively, for the next 24 years, after which they started to decrease.
The authors attributed these drops to the water balance in those years, stating that the
studied cropping systems sequestered less SOC in wet compared to dry periods, which is
the opposite of what occurs under semiarid conditions.

In Lithuania, impacts on SOC sequestration were assessed when shifting from con-
ventional tillage to RT and NT in combination with different fertilization levels in a crop
rotation system including winter wheat, spring oilseed rape (Brassica napus L.), spring
wheat, spring barley (Hordeum vulgare L.), and pea (Pisum sativum L.) in which crop residue
retention was implemented [143]. The SOC sequestration rates were estimated in two
long-term (11 years) experiments set up on loam and sandy-loam textured soil. In this
study case, NT enhanced SOC sequestration by 5–35% compared to the conventional and
RT systems when fertilizer was applied. Specifically, the adoption of NT increased the SOC
stocks in the loam soil by 27 and 7% and the SOC stocks in the sandy-loam soil by 29 and
33% compared to the conventional and RT systems, respectively.

The abovementioned contrasting findings highlight the importance of understand-
ing the effects of tillage on SOC sequestration and its interaction with environmental
and management factors before drawing conclusions on the potential of CT itself for
SOC sequestration.

5.2. Cover Cropping

In a meta-analysis of 51 studies and 144 datasets, an average value for the SOC
sequestration rate of about 1 t C ha−1 yr−1 for spontaneous plant covers and cover crops
was estimated for Mediterranean woody crops [1]. However, it has been shown that, under
Mediterranean climatic conditions, the proportion of non-protected SOC (i.e., available for
decomposition and, therefore, not really sequestered SOC) might be between 10% and 50%
of the total SOC [144]. Nevertheless, these authors also found that the amount of total SOC
in the spontaneous plant cover would be two times higher than that found for conventional
management, and statistically significant differences were found for all SOC fractions and
the two considered depths (0–5 cm and 5–15 cm), suggesting that the consequences of
vegetation cover for SOC extend beyond particulate organic matter and might affect all
protected SOC fractions in the first 15 cm.

Similar results were found for grass and legume cover crops in vineyards in Aus-
tralia [145], where significantly higher concentrations of total, coarse, and fine organic
C for the grass–legume mixture and grass-only cover crops were found. However, for
the legume-only cover crops, significantly higher values were achieved only for coarse
SOC (Table 5). In this study, it was also found that, for mixed cover crops, the total N
was generally higher, and extractable N was 75% higher than for the control; furthermore,
importantly, plant-available N was 17% greater than with legumes alone. Therefore, a
combination of grass and legumes had a positive effect not only on total SOC, including
fine particles, but also on the total and plant-available N.

However, even though it is not defined as really sequestered SOM, easily mineralizable
organic carbon might play an important role in microbial activity. In an integrated crop–
livestock (ICL) system in the USA that included livestock grazing on cover crops and crop
residues in agricultural systems, it was found that easily mineralizable SOC and labile C
might play important roles in shifting the bacterial community structure and composition
in the soil [146]. In particular, these authors found that, in ICL systems, compared to
the control, cold-water- and hot-water-soluble carbon levels were increased by 88% and
185%, respectively. These increases in easily mineralizable organic C were associated with
significant increases in microbial enzymatic activities (dehydrogenase, fluorescein diacetate,
urease, and β-glucosidase activities).
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Table 5. Means (± standard errors) for dependent variables, bulk soil, and coarse and fine SOC
fractions by treatment obtained from linear mixed effects models examining the effects of cover crop
type on dependent variables at four sites (n = 16). Different lowercase letters represent significant
differences between treatment groups (α = 0.05). Authors’ elaboration based on [145].

Cover Crop
SOC Bulk Soil

(mg g−1)
SOC Coarse Fraction

(mg g−1)
SOC Fine Fraction

(mg g−1)

Grass only 14.22 ± 1.22 b 7.42 ± 1.43 b 35.50 ± 4.74 b
Legume only 13.62 ± 1.10 a 6.96 ± 1.15 b 32.77 ± 4.23 a

Mixture 14.64 ± 1.29 b 9.36 ± 1.86 b 34.56 ± 4.55 b
Control 11.41 ± 1.02 a 5.36 ± 1.01 a 30.57 ± 3.91 a
p-value <0.01 <0.01 0.02

A clear relationship between cover crops, SOC, and soil biological parameters was also
found for Andisols in Japan with arable crops [147]. Results showed that a combination
of NT and the use of rye as a cover crop could enhance SOC and soil health parameters
(total N, available P, exchangeable K-Mg, CEC, bulk density, soil penetration resistance, and
substrate-induced respiration) in soybean crops After a Z-score assessment, these authors
found a positive effect from the use of rye as a cover crop, especially for soil biological and
chemical features, and it significantly increased the cover crop biomass input

Finally, regarding the SOC dynamics over time and long-term SOC sequestration,
a simulation study of SOC dynamics was performed for NT with cover crops (winter
cereal) and conventional tillage in a continuous maize system in the USA for the period
1970–2099. The results showed that, in 1970–2018, the SOC gains were 0.22 t C ha−1 yr−1.
However, sequestration rates under climate change were much lower, with gains equal to
0.031 t C ha−1 yr−1 with NT compared to conventional tillage in the IPCC RCP 8.5 scenarios
and lower SOC losses in the case of the RCP 2.6 scenarios of −0.002 vs. −0.017 t C ha−1 yr−1

for NT with cover crops and conventional tillage, respectively [148].

5.3. Crop Diversification

A recent meta-analysis [149] demonstrated that CD generally improves pollination
and pest control, water regulation, carbon sequestration, nutrient cycling, and crop yields,
although exceptions to this general trend were also observed. In this context, long-term
field experiments (LTEs) can be used as robust research instruments for the study of ecosys-
tem productivity and sustainability because they capture the changes in and relationship
between cropping systems, agricultural management, and the fluctuating environment at
different time points over long periods. LTEs also make it possible to quantify the effects of
CD through crop rotations on SOC storage.

Two monocultures (continuous corn and continuous soybean) and three rotations
(soybean–corn, soybean–winter wheat, and soybean–winter wheat–corn) were evaluated
in an LTE using conventional tillage (CT) and NT in Canada (Ontario) [150]. After 11 years
(Figure 4), for the soybean–corn rotation compared to continuous corn farming, SOC was
higher by 9.6 t C ha−1 (18.8%) using CT, lower by 18.4 t C ha−1 (26%) using NT, and lower
by 3.8 t C ha−1 (6.3%) on average. For the soybean–winter wheat–corn rotation compared
to continuous corn farming, SOC was slightly higher in using (0.4 t C ha−1, 0.8%) and lower
using NT (1.3 t C ha−1, 1.8%) and on average (0.3 t C ha−1, 0.5%). For the soybean–winter
wheat rotation compared to continuous soybean farming, SOC was higher by 33.8 t C ha−1

(74.8%) using CT, 17.5 t C ha−1 (28.1%) using NT, and 26.3 t C ha−1 (49.5%) on average. For
the soybean–winter wheat–corn rotation compared to continuous soybean farming, SOC
was higher by 6.3 t C ha−1 (13.9%) using CT, 7.3 t C ha−1 (11.7%) using NT, and 6.8 t C ha−1

(12.8%) on average. The overall results suggest the efficacy of the incorporation of winter
wheat in the rotations, adopting soybean–wheat and soybean–winter wheat–corn rotations
rather than monocultures based on corn and soybean or soybean–corn rotations.
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Figure 4. Effects of rotation treatments on SOC storage. CC—continuous corn, SC—soybean–corn,
CS—continuous soybean, SWW—soybean–winter wheat, SWWC—soybean–winter wheat–corn,
CT—conventional tillage, NT—no tillage. Authors’ elaboration based on [150].

A study performed in the semiarid Pampean region of Argentina (Buenos Aires
Province) over 15 years examined three treatments with and without fertilizer inputs:
continuous wheat (WW), 1 year of wheat followed by 1 year of grazing of natural grasses
(WG), and 2 years of wheat followed by 2 years of legume (clover, vetch) and grass (barley,
oat, triticale) mixtures (WL) [151]. The results demonstrated the positive influence of the
inclusion of legumes (WL) on SOC, as well as that of alternate cattle grazing (WG), while
continuous wheat showed the lowest SOC storage. Compared to continuous wheat with
no fertilization, SOC increased by 3.1 t C ha−1 (7.7%) and 3.8 t C ha−1 (9.5%) in the WG
and WL treatments, respectively. With fertilization (64 kg N ha−1 and 16 kg P ha−1), SOC
increased by 1.8 t C ha−1 (4.1%) and 7.6 t C ha−1 (17.4%) in the WG and WL treatments,
respectively (Figure 5).
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Figure 5. Effects of rotation treatments on SOC storage. WW—continuous wheat, WG—1 year of
wheat followed by 1 year of grazing of natural grasses, WL—2 years of wheat followed by 2 years of
legume and grass mixtures. Authors’ elaboration based on [151].
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An LTE (18 years) performed in the Western Corn Belt (NE, USA) evaluated three
monocultures (continuous corn, continuous soybean, and continuous grain sorghum), two
2 year rotations (corn–soybean and grain sorghum–soybean), and two 4 year rotations
(oat+clover–grain sorghum–soybean–corn and soybean–grain sorghum–oat+clover–corn)
using three nitrogen fertilization levels (0, low, and high—i.e., 0–90–180 kg N ha−1—for
corn and sorghum and 0–34–68 kg N ha−1 for soybean and oat+clover) [152]. Compared to
the corn monoculture (Table 6), SOC increased in the no-fertilizer treatment by 5.6 t C ha−1

(1.8%), 9.9 t C ha−1 (21.0%), and 7.8 t C ha−1 (16.5%) with the corn–soybean, oat+clover–
grain sorghum–soybean–corn, and soybean–grain sorghum–oat+clover–corn rotations,
respectively. In relation to soybean monoculture, SOC increased in the oat+clover–grain
sorghum–soybean–corn rotation by 3.7 t C ha−1 (7.0%) and 4.0 t C ha−1 (7.5%) with low
and high fertilization rates, respectively. Compared to sorghum monoculture, SOC in-
creased in the oat+clover–grain sorghum–soybean–corn rotation by 3.7 t C ha−1 (7.0%) and
4.0 t C ha−1 (7.5%) with low and high fertilization rates, respectively. SOC increased in the
oat+clover–grain sorghum–soybean–corn rotation by 3.3 t C ha−1 (6.2%) and 3.0 t C ha−1

(5.5%) with low and high fertilization rates, respectively. The overall results indicated that
the 4 year rotations with oat+clover crops represented the best option compared to the corn,
soybean, and grain sorghum monocultures or 2 year rotations.

Table 6. SOC comparisons from 2002 for each rotation and N level.

N Fertilization 0 N Low N High N

Rotation Delta SOC % Delta SOC % Delta SOC %

Corn
C-SB vs. CC 5.6 11.8 3.4 6.9 1.5 2.9

OCL-SG-SB-C vs. CC 9.9 21.0 7.0 14.2 6.2 12.1
SB-SG-OCL-C vs. CC 7.8 16.5 4.2 8.6 3.9 7.6

Soybean
C-SB vs. CSB −1.4 −2.5 0.1 0.1 −0.7 −1.3

SG-SB vs. CSB −5.3 −9.8 −3.1 −6.0 −4.3 −8.0
OCL-SG-SB-C vs. CSB 3.0 5.5 3.7 7.0 4.0 7.5
SB-SG-OCL-C vs. CSB 0.9 1.6 0.9 1.7 1.7 3.2

Sorghum
SG-SB vs. CSG −6.1 −11.1 −3.5 −6.6 −5.3 −9.7

OCL-SG-SB-C vs. CSG 2.2 4.0 3.3 6.2 3.0 5.5
SB-SG-OCL-C vs. CSG 0.1 0.1 0.5 0.9 0.7 1.3

CC—continuous corn, CSB—continuous soybean, CSG—continuous grain sorghum, C-SB—corn–soybean, SG-SB—
grain sorghum–soybean, OCL-SG-SB-C—oat+clover–grain sorghum–soybean–corn, SB-SG-OCL-C—soybean–
grain sorgum–oat+clover–corn. Authors’ elaboration based on [152].

6. Policy Options

6.1. European Union Policy Options
6.1.1. The Soil Thematic Strategy

The Thematic Strategy for Soil Protection is a Communication from the European
Commission to the other European institutions [115] involving a 10 year work program for
the European Commission. The strategy aims at protecting soil and preserving its capacity
to perform its functions in environmental, economic, social, and cultural terms. The strategy
includes a legislative framework with four goals: (1) protecting and sustainably using soil,
(2) integrating soil protection into national and EU policies, (3) improving knowledge in
this area, and (4) increasing public awareness. The proposal for a Directive represents a
key component of the strategy, enabling Member States to adopt context-specific measures
(e.g., identification of areas at risk of erosion, organic matter depletion, soil compaction, or
salinisation) as part of the obligation to adopt programmes of measures addressing causes
and impacts.
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The European Environment Agency [153] indicated that the lack of a comprehensive
and coherent policy framework to protect land and soil is a key gap that may limit the EU’s
ability to meet future goals. A new policy framework is, therefore, needed, as the 2006
EU Soil Thematic Strategy [115] is no longer adapted to the current policy context and the
scientific evidence. This impasse seems close to an end, since the EU Biodiversity Strategy
for 2030 [154] provides an update to the 2006 EU Soil Thematic Strategy, aiming to achieve
land degradation neutrality by 2030. It highlights the importance of increasing efforts to
protect soil fertility, reduce erosion, and increase soil organic matter. Thus, the EU has put
soil and land at the core of most of the Sustainable Development Goals (SDGs) of the UN
Agenda 2030, particularly SDG 15.3: “combat desertification, restore degraded land and
soil, including land affected by desertification, drought and floods, and strive to achieve a
land degradation-neutral world by 2030”.

6.1.2. The Common Agricultural Policy (CAP) (2023–2027)

In this review, it was shown that increasing SOC with different sustainable manage-
ment practices results in potential synergies with other ecosystem services. The main
European Union instrument used to address sustainability issues in agriculture is the
Common Agricultural Policy (CAP). The so-called “Green Architecture” of the new CAP
has three specific objectives relating to environmental and climate issues:

1. Contribute to climate change mitigation and adaptation;
2. Foster sustainable development and efficient management of natural resources;
3. Contribute to the protection of biodiversity, thus enhancing ecosystem services and

preserving habitats and landscapes.

The new architecture is based on three components, retaining two pillars of the
previous architecture (Pillar 1 relating to direct payments) [155]:

(1) Eco-schemes (voluntary, Pillar 1): direct payments to farmers for the implementation
of sustainable management. This is a novel feature of the new Green Architecture,
and such schemes can be adapted to the specific needs of the different Member States
at the national and/or regional levels. Eco-schemes are intended to play an important
role in the new CAP, since 100% of the funding comes directly from the EU and,
therefore, no extra funding from Member States is needed;

(2) Agri-environment–climate measures (AECM) (voluntary, Pillar 2): these measures aim to
address environmental and climate challenges using Rural Development Programmes;

(3) Enhanced conditionality (mandatory, Pillar 1): this component sets out the basic
and mandatory requirements that farmers and managers must fulfil in order to
receive payments. The requirements refer to the implementation of good agricultural
and environmental conditions (GAECs); e.g., maintenance of permanent grasslands,
banning of burning arable stubble, implementation of buffer strips in water courses,
use of tools for nutrient management, adoption of reduced tillage, avoidance of bare
soils in sensitive periods, crop rotation, preservation of a share of the total agricultural
area for landscape measures, and banning of the conversion of permanent grasslands
in Natura 2000 sites.

The different sustainable management practices addressed in this review relate to
the three different CAP components. Importantly, the avoidance of bare soils in most
sensitive periods, the use of crop rotations, and the maintenance of a certain ratio of
permanent grassland to agricultural areas are practices included in the conditionality, and
they involve some of the management techniques previously assessed (e.g., reduced tillage,
crop diversification, and cover crops). Fulfilling these requirements would enable farmers
to receive the area- and animal-based payments under both Pillars 1 and 2.
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6.1.3. The European Green Deal

The European Green Deal [156] was set out by the European Commission in December
2019 with two overall objectives:

• “Transform the EU into a fair and prosperous society, with a modern, resource-efficient
and competitive economy where there are no net emissions of greenhouse gases in
2050 and where economic growth is decoupled from resource use”;

• “Protect, conserve and enhance the EU’s natural capital, and protect the health and
well-being of citizens from environment-related risks and impacts”.

In order to achieve these goals, the European Commission has established a set of
transformative policies addressing different environmental and socio-economic challenges.
Most of them are directly or indirectly related to SOC sequestration and preserving or
improving soil-supporting functions. They are briefly described below.

Climate Initiatives

The aim of the climate initiatives is to achieve climate neutrality by 2050 [157], en-
shrining this objective in legislation. To do so, the first European “Climate Law” will be
launched, and the targets of reducing GHG emissions by at least 50% compared to 1990
levels by 2030 and towards 55% have been proposed. More specifically, and beyond the
creation of a trading system in industry, the aim is to include GHG emissions and removals
from land use, land use changes, and forestry [158]. Finally, and in addition to the future
efforts in mitigation, the Commission will adopt a new and more ambitious [158] EU
strategy on adaptation to climate change, including nature-based solutions [159], where
SOC sequestration will play a central role.

From “Farm to Fork”: Designing a Fair, Healthy, and Environmentally Friendly Food System

Within the frame of the Green Deal, the EU has developed the “from farm to fork”
concept [160] and adapted it to EU biophysical and socio-economic conditions. Thus, the
goals of this initiative are “to reduce the environmental and climate footprint of the EU
food system and strengthen its resilience, ensure food security in the face of climate change
and biodiversity loss and lead a global transition towards competitive sustainability from
farm to fork and tapping into new opportunities”.

The aim is, therefore, threefold. First, this initiative aims to ensure that the food chain has
a neutral or positive environmental impact (preserving and restoring the land-, freshwater-,
and sea-based resources on which the food system depends), helping to mitigate climate
change and facilitate adaption to its impacts, protect resources (land, soil, water, air) and animal
health and welfare, and reverse the loss of biodiversity. Second, the aim is to ensure food
security, nutrition, and public health. Third, the initiative aims to preserve the affordability of
food while generating fairer economic returns in the supply chain.

Again, SOC sequestration and sustainable management practices in agriculture will
play important roles in achieving a more sustainable and fairer European food system. For
instance, organic farming is supposed to be promoted through the implementation of the
Action Plan on Organic Farming [161], which aims to achieve organic farming on 25% of
the total agricultural land in the EU by 2030.

Preserving and Restoring Ecosystems and Biodiversity

The EU has launched the Biodiversity Strategy for 2030 [154] in order to address the
biodiversity loss that is threatening food systems and the implementation of healthy and
nutritious diets while preserving rural livelihoods and agricultural production in the face
of reductions in pollination. The strategy is framed as part of the ambition to “ensure that
by 2050 all of the world’s ecosystems are restored, resilient, and adequately protected”. The
strategy links agricultural land management and biodiversity preservation by:

• “Bringing nature back to agricultural land” through the promotion of eco-schemes
and results-based payment schemes and by ensuring that the CAP strategic plans
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include realistic and robust climate and environmental criteria and targets. These
plans should include practices such as organic farming, agro-ecology, and agro-forestry.
Furthermore, as also suggested by the EU Pollinators Initiative [162], the overall use
of chemical pesticides should be reduced by 50% by 2030. The strategy also aims
to restore at least 10% of agricultural areas occupied by high-diversity landscape
features (inter alia, buffer strips, rotational or non-rotational fallow land, hedges,
non-productive trees, terrace walls, and ponds) in order to enhance SOC sequestration
and prevent soil erosion and depletion. Finally, the decline in genetic diversity will be
addressed by modifying the marketing rules for traditional crop varieties in order to
promote their conservation and sustainable use;

• “Addressing land take and restoring ecosystems” in order to protect soil fertility,
reduce soil erosion, and increase SOC through the adoption of sustainable management
practices. To promote these practices, the Commission updated the EU Soil Thematic
Strategy in 2021. Soil sealing and rehabilitation of contaminated brownfields will be
part of the Strategy for a Sustainable Built Environment;

• “Bringing nature back to cities” by calling on European cities of at least 20,000 inhabi-
tants to develop ambitious Urban Greening Plans by the end of 2021 incorporating
nature-based solutions;

• “Reducing pollution” through the implementation of the EU Chemicals Strategy for
Sustainability [163], the Zero Pollution Action Plan for Air, Water and Soil [164], and
the Nutrient Management Action Plan in 2022 [165], which aim to reduce the use of
fertilizers by at least 20% and the risks related to and use of pesticides.

The Need for the Integration of CAP Reform and the Green Deal

At this point, it should be clear that there are many links between the new CAP and
the Green Deal. However, the new CAP does not directly consider these links, but they
are implicitly included in the conditionality and its indicators. However, in the case of eco-
schemes, Member States will be in charge of expanding the sustainability of the agricultural
sector beyond the requirements of the conditionality throughout the development of CAP
Strategic Plans.

The working paper of the European Commission concludes that the CAP reform
proposal is compatible with the Green Deal and the associated strategies and initiatives.
Nevertheless, to consider these linkages, among others, realistically, it proposes:

• an adequate “no backsliding” principle obliging Member States to be more ambitious
in their CAP Strategic Plans than at present regarding environmental and climate-
related goals;

• an ambitious system of conditionality to maintain key standards (in particular, for
crop rotation, soil cover, and maintenance of permanent grassland and agricultural
land devoted to non-productive areas or features);

• mandatory eco-schemes.

The eco-schemes are of critical importance in implementing the climate, air, water, soil,
and biodiversity EU goals with regard to country-based and regional specificities. Thus,
they should cover those management practices not included in the conditionality. Although
some attempts to link soil management with different EU policies have been developed
(e.g., Healthy Soils, the EU Soil Observatory, the European Soil Data Centre) [166,167], the
reality is that the eco-schemes proposed by many EU countries—and, especially, those
related to conservation agriculture—are not ambitious enough, being at best reformative
and addressing some specific issues.

Therefore, the challenges of the new CAP for the future are: (1) to integrate the CAP
with the Green Deal and its policies and instruments; (2) to increase the ambition of the CAP,
particularly the eco-schemes and the enhanced conditionality; and (3) to adopt a systemic
view so that the new architecture of the CAP can contribute to the systemic transformation
of the agri-food system (Figure 6).
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Figure 6. The three challenges related to the new architecture of the European Common Agricultural
Policy (CAP). Authors’ elaboration based on the cited literature.

6.2. Other International Relevant Policies
6.2.1. The 4 per 1000 Initiative

Climate change is expected to have relevant impacts on SOC dynamics, since the rising
atmospheric CO2 concentration could increase biomass production and the crop residues
returned to soils. However, increasing temperatures could reduce SOC by accelerating
microbial decomposition. The 4 per 1000 initiative Soils for Food Security and Climate,
launched by the French Government in 2015 during the 21st Session of the Conference
of the Parties of the United Nations Framework Convention on Climate Change in Paris
(http://4p1000.org/, accessed on 14 February 2023), is a voluntary action plan aiming at
better management of SOC in agricultural soils. The objective is to achieve a 4‰ annual
growth rate for SOC stocks in the top 40 cm of soils (i.e., 0.4 per cent per year) as a
compensation for the global emissions of greenhouse gases (GHGs) from anthropogenic
sources, thus limiting global warming to 2 ◦C.

Sequestration rates differ between countries and climatic conditions, but a gen-
eral trend for the relationships between different management practices and SOC ac-
cumulation rates has been observed [168]: afforestation—~0.6 t C ha−1 yr−1, conver-
sion to pasture—~0.5 t C ha−1 yr−1, organic amendments—~0.5 t C ha−1 yr−1, residue
incorporation—~0.35 t C ha−1 yr−1, no or reduced tillage—~0.3 t C ha−1 yr−1, and crop
rotation—~0.2 t C ha−1 yr−1. However, there is a tendency to find higher C sequestration
potential (10–30 per 1000) in croplands with low initial SOC stock (≤30 t C ha−1) (i.e., high
C saturation deficit). In addition, sequestration rates can reach up to 20 per 1000 within
the first 5 years after the adoption of sustainable management practices and up to 10 per
1000 after 20 years, then becoming limited to 4 per 1000 after 40 years. However, despite
these data, there are still some scientific and policy challenges for the implementation of
this initiative [169]:

• The scarcity of scientific data. Research data on rates of SOC sequestration resulting
from the implementation of recommended management practices (RMPs) for land use
and agricultural management combinations are not widely available;

• The finite capacity of soil carbon sinks. The potential for SOC sequestration in global
croplands is finite (0.4 to 1.2 Gt). Thus, SOC sequestration by itself cannot offset all
emissions but must be part of a wider set of actions, including the adoption of RMPs
that reduce C emissions and enhance C sinks;

• Resource-poor farmers and small landholders who are unable to adopt RMPs because
of weak institutional support and poor access to essential inputs. These farmers’
degraded and depleted soils need urgent restoration through SOC sequestration and
the adoption of RMPs;
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• Financial commitments. The adoption of RMPs would require economic resources;
• Permanence. Incentivising the continuous use of RMPs and restorative land uses, as

has been undertaken by some successful programs in the EU and USA, is of crucial
importance and must be addressed;

• Implementation of the Paris Agreement’s 4 per 1000 program. Even though the
limitation of global warming to 1.5 ◦C is required, the word “soil” is never mentioned.
Therefore, this is a new challenge for soil scientists and agronomists.

6.2.2. Sustainable Development Goals (SDGs)

During the United Nations General Assembly in 2015 [170], the 2030 Agenda for
Sustainable Development was adopted. The 2030 Agenda indicates a set of 17 Sustainable
Development Goals (SDGs) aiming to “end hunger and poverty, to protect the planet, and
to ensure peace and prosperity for all”. Each SDG includes specific Targets to be achieved
between 2015 and 2030 and to be implemented at the national scale.

Soil sustainable management is directly related to half of the SDGs and indirectly
relevant for the other SDGs [171]. The 2030 Agenda adopted specific Targets aiming to
restore degraded soils, achieve land degradation neutrality worldwide, and implement
agricultural practices to improve soil quality and reduce soil contamination [170].

The stock of SOC has strong interactions with all environmental compartments (e.g.,
water and air) and supports many soil-derived ecosystem services [172]. Thus, increasing
SOC stocks is related to many SDGs and Targets, such as Target 2.4 (improving land and
soil quality), Target 15.3 (achieving a land degradation-neutral world), and Goal 13 on
climate action, which evaluates climate change and its impacts, aiming to regulate C storage
and GHGs [173] and use soil as a C pool [115].

7. Concluding Remarks, Future Research Needs, and Policy Recommendations

The widespread adoption of conservation agriculture (CA) principles (i.e., conserva-
tion tillage (CT), permanent plant cover, and crop diversification (CD)) could contribute to
the mitigation of climate change without compromising food security from local to global
scales. However, there are still many scientific knowledge gaps to be filled, as well as
biophysical, technical, socio-economic, cultural, and political barriers to overcome, before
its adoption can be enabled among farmers worldwide. In this regard, the success or failure
of the adoption of any CA practice will depend on the environmental–socio-economic
context; therefore, institutional guidance should be planned and created from local to
regional scales. Likewise, providing adequate training for farmers to help them implement
CA—particularly the adoption of cover crops and CD—and opening up market oppor-
tunities for new products are necessary steps in the transition to more sustainable and
diversified cropping systems.

CA improves the physical, chemical, and biological properties of soil that are crucial
for maintaining soil condition and health, and adopting any of the three principles of CA
has beneficial effects on soil organic carbon (SOC), as has been demonstrated worldwide.
However, SOC sequestration rates and their co-benefits vary among studies depending
on the local pedoclimatic and management conditions, and further research is needed
to determine the optimal agricultural management practices within each environmental,
socio-economic, and legal context. Attention must also be paid to trade-offs. Furthermore,
each of the three CA principles needs to be accompanied by wise and integrated nitrogen
and weed control management to ensure sustainable crop yields.

The challenge will be monitoring and verifying that the different sustainable manage-
ment practices are being applied correctly and assessing how they impact the different
ecosystem services. For these purposes, suitable and feasible indicators must be clearly
defined. In this regard, the increase in SOC content is an excellent indicator of the ef-
fectiveness of a certain CA practice, given its well-known agro-environmental benefits
and its potential for climate change mitigation. However, further research and a robust
monitoring, verification, and reporting framework are still needed to accurately assess
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SOC gains and address the limitations of SOC sequestration. Given the huge uncertainty
associated with SOC estimations at the farm level, particularly in the short term, long-term
monitoring programs are recommended to accurately assess the SOC gains associated with
CA practices. However, short-term monitoring is also needed to guide policy decisions
on agriculture management using early assessments of net SOC balances. Likewise, a
better understanding of the major processes involved in SOC losses—i.e., erosion, abiotic
decomposition, and leaching—and how to curb them is necessary to guarantee the success
of CA practices.

Many different strategies, initiatives, and regulations relating to soil ecosystem ser-
vices have been developed at the regional, national, and international levels, and more will
arise in the upcoming years. However, since soil ecosystem services are closely interlinked
with other biophysical and socio-economic services, strong coherence between the different
initiatives (i.e., the Common Agricultural Policy (CAP), the Farm to Fork Strategy, the
Biodiversity Strategy for 2030, the 4 per 1000 initiative, and the Climate Law) is highly
recommended. The Sustainable Development Goals (SDGs) could be a suitable framework
to achieve this coherence. In addition, considering the new CAP and the recommendations
already made by the staff of the European Commission, we encourage Member States to
propose ambitious and mandatory eco-schemes in their CAP Strategic Plans involving man-
agement practices that aim to increase SOC content and improve and protect soil conditions
(e.g., CT, cover crops, diversify cropping systems, etc.) by setting up specific indicators
and targets for SOC accumulation in the upcoming years. Nevertheless, trade-offs between
increasing SOC storage and GHG emissions should be included in the assessments.
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Abstract: Healthy soils provide the foundation for sustainable agriculture. However, soil health
degradation has been a significant challenge for agricultural sustainability and environmental quality
in water-limited environments, such as arid and semi-arid regions. Soils in these regions is often
characterized by low soil organic matter (SOM), poor fertility, and low overall productivity, thus
limiting the ability to build SOM. Soil health assessment frameworks developed for more productive,
humid, temperate environments typically emphasize building SOM as a key to soil health and
have identified the best management practices that are often difficult to implement in regions with
water limitations. This study reviewed existing soil health assessment frameworks to assess their
potential relevance for water-limited environments and highlights the need to develop a framework
that links soil health with key ecosystem functions in dry climates. It also discusses management
strategies for improving soil health, including tillage and residue management, organic amendments,
and cropping system diversification and intensification. The assessment of indicators sensitive to
water management practices could provide valuable information in designing soil health assessment
frameworks for arid and semi-arid regions. The responses of soil health indicators are generally
greater when multiple complementary soil health management practices are integrated, leading to
the resilience and sustainability of agriculture in water-limited environments.

Keywords: conservation agriculture; cover crops; semi-arid region; soil carbon; soil functions

1. Introduction

Farm productivity and economic profitability have been linked to effective soil health
management [1–3]. Since the widespread adoption of the concept of healthy soil a few
decades ago, there has been a consensus that soil health indicates the capacity of soils to
function within an ecosystem and land-use boundaries, such as sustaining productivity,
maintaining environmental quality, and promoting plant and animal health [4]. Soil health
depends on complex biophysical and biochemical interactions in time and space, leading
to the creation of a suitable environment for plant growth. It emphasizes soil as a living,
dynamic system that provides multiple ecosystem services such as carbon (C) sequestration,
nutrient cycling and storage, soil water retention and availability, erosion control, and crop
productivity [5,6].
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Soil health management in water-limited environments could benefit from an im-
proved understanding of the linkages between soil health indicators and water conser-
vation. However, such information is lacking, in part due to the relatively low adoption
of soil health management practices, such as cover crops, improved crop rotations, con-
servation tillage, etc., in water-limited environments compared to more mesic or humid
environments, or due to challenges in implementing soil health-promoting practices in
semi-arid row crop systems because of the short-term losses in profitability. In addition, soil
organic matter (SOM) has been the central component of soil health assessment due to its
perceived impacts on soil’s physical, chemical, and biological properties. While numerous
studies have shown the critical role of SOM content in soil biological activity and diversity,
nutrient cycling, cation exchange capacity (CEC), soil bulk density, aggregate stability and
structure, and water storage and infiltration [7–10], the response of SOM to management
changes in water-limited environments is typically very slow. Measurable changes in SOM
accumulation can take decades in arid and semi-arid regions because precipitation limits
plant biomass production and soil C inputs [11–13]. Producers and landowners in dry
areas are looking for indicators that are more responsive to management changes while
being inexpensive, reproducible, accessible through commercial laboratories or at-home
testing, and able to provide management guidance [8].

Measuring responsive parameters such as microbial communities (specifically, fungal
communities), enzyme activities, and labile SOM components could be valuable for water-
limited regions. Saprophytic fungi and arbuscular mycorrhizal fungi (AMF) have survived
and functioned better than most bacterial groups in semi-arid areas [12,14]. These fungal
groups can also respond faster to sudden increases in soil moisture than bacterial communi-
ties in semi-arid regions. Similarly, labile soil organic C (SOC) and nitrogen (N) components
can respond to management changes within 2–4 years [11,15,16]. The SOM components
that serve as early indicators of soil health improvements include mineralizable C (soil
respiration) and N, permanganate oxidizable C (POXC), particulate organic matter (POM),
microbial biomass C (MBC) and N (MBN), dissolved organic C and N, and available soil
nutrients [17,18]. Soil physical indicators such as aggregate stability, infiltration rates, and
saturated conductivity (Ksat) can also respond rapidly to management changes [19]. Specif-
ically, soil aggregate stability could be a valuable physical indicator of soil health in arid and
semi-arid regions due to its rapid response to management changes, its relationship with
many soil functions, and its sensitivity to changes in management [20]. Well-aggregated
soils increase infiltration rates, thus improving water capture and storage compared to
poorly aggregated soils. Studies demonstrated a rapid increase in soil aggregate fractions
with cover cropping in the limited irrigation and dryland conditions of the central and
southern Great Plains [7,21]. Small proportional changes in surface soil C (<20% increase)
were positively associated with much larger changes in soil aggregation (>200% increase)
and microbial biomass (>300% increase) in intensified, continuous dryland cropping sys-
tems relative to traditional wheat (Triticum aestivum L.)-fallow rotations [22]. Similarly,
the higher soil water infiltration in continuous wheat was attributed to the greater aggre-
gate stability compared to that in the wheat-sorghum (Sorghum bicolor L. Moench)-fallow
rotation in semi-arid Texas High Plains [23].

No specific set or number of indicators or threshold scores define healthy soil. Soil
health varies within soil types, climates, environmental conditions, and agricultural man-
agement practices [24]. The selection of the appropriate indicators will help producers and
landowners identify the right management strategies to improve soil health. In arid and
semi-arid regions, these indicators should be low-cost, sensitive to management changes,
and responsive to soil water dynamics. This review discusses approaches for soil health as-
sessment, examines the linkages between different soil health indicators and soil functions
in water-limited environments, and ultimately discusses alternative management practices
with the potential to improve soil health and agricultural sustainability.
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2. Approaches for Soil Health Assessment

Soil health assessment indicates how well soil contributes to ecosystem services and
can predict the ability of soils to provide those services if an adopted management scenario
continues. Soil health is often evaluated by measuring various indicators within three
main categories: physical, chemical, and biological properties of soil, which provide insight
into key soil functions. Soil physical indicators primarily reflect limitations to seedling
emergence, root growth, and soil water infiltration or the movement and storage of water in
the soil profile. Examples of physical soil health indicators include the topsoil depth, bulk
density, porosity, aggregate stability, infiltration rate, texture, crusting, and compaction [19].
Soil chemical indicators often relate to soil nutrient availability and the ability of soils to
support plant nutrient uptake. Soil pH, electrical conductivity (EC), SOM, cation-exchange
capacity, nutrient concentrations, and elements that may be potential contaminants (heavy
metals, radioactive compounds, etc.) are important chemical indicators, while soil biological
communities (macro- and microorganisms) of different sizes, diversity, and activities serve
as the biological indicators of soil health [15–18]. Soil microbial communities are central to
multiple ecosystem services, and they both drive and are constrained by many physical
and chemical soil processes.

The relevance of different soil functional indicators changes from site to site. The
relative importance of indicators related to soil water functions, such as water movement
and retention, would be greater for arid and semi-arid regions. In contrast, nutrient provi-
sioning and availability may be prioritized in areas with plenty of water. The indicators
selected for assessing soil health must be: (a) responsive to changes in climate and soil
management practices so that growers can use them as a basis for prioritizing management
practices, (b) easy to sample, measure, and interpret for growers, (c) cheap and relatively
accessible to many growers and applicable to field conditions, and (d) able to represent
critical agronomic and soil ecological processes [6,20]. Soil health indicators developed
for more productive, humid regions may not be responsive to management changes in
water-limited environments due to the differences in the soil type, climate, crops and
cropping intensity, and agricultural management practices.

Current soil health assessment frameworks do not account for regional differences in
climate, soil conditions, and management. Different government agencies, non-government
organizations, and universities have developed metrics for soil health assessment that may
have broader relevance. For instance, Cornell University’s comprehensive soil health
assessment (CASH) identified 39 potential indicators [20] and narrowed them down to
12–13 parameters to make the evaluation simple, cost-effective, and universal. These
indicators are aggregate stability, penetration resistance, available water capacity, bulk
density, soil pH, phosphorus (P), potassium (K), nitrate-N, organic matter content, soil
proteins, soil respiration, and soil pathogen population. The Soil Health Institute (SHI) has
also endorsed 18 primary indicators as “Tier 1” and 12 secondary indicators as “Tier 2” [25].
The “Tier 1” list mostly included physical and chemical components rather than biological
ones. The United States Department of Agriculture’s Natural Resources Conservation
Service (USDA-NRCS) proposed a similar set of physical (aggregate stability, available
water capacity, bulk density, infiltration, slaking, soil crust, soil structure, and macropores),
chemical (reactive carbon, soil EC, soil nitrate, and soil pH), and biological (earthworm
count, POM, potentially mineralizable N, soil enzymes, soil respiration, and total organic C)
indicators [26]. In these various soil health assessment matrices, soil properties identified as
major indicators are a group of soil properties that have defined thresholds (i.e., rankings of
poor to good) or have been benchmarked nationally [19]. The Soil Management Assessment
Framework (SMAF) [27] and the Haney Soil Health Test (HSHT) [28] have also proposed
a suite of indicators for monitoring soil health, but they are not as comprehensive as the
CASH, SHI, or USDA-NRCS frameworks for soil health assessment. The Haney test does
not even provide region-specific soil health information. More recently, the Soil Health
Assessment Protocol and Evaluation (SHAPE) tool has been proposed to help overcome the
geographical limitations of SMAF and CASH by leveraging a nationally distributed dataset
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and incorporating more edaphic and climatic factors [29]. Similarly, Zvomuya et al. [30]
emphasized certain indicators such as soil salinity (EC), cation exchange capacity, and
calcium carbonate content for arid and semi-arid regions. However, these regionally
relevant parameters are not emphasized in the major soil health assessment frameworks.

In all soil health assessment frameworks, high emphasis is given to indicator selection.
While indicator selection is critical, soil health assessment goes beyond identifying indica-
tors. Typical steps in the development of the assessment framework involve quantifying
the response of selected soil indicators, providing an appropriate score for each indicator
based on the criteria set for defining the weight of each parameter, creating assessment
metrics, and, finally, assigning soil health scores (Figure 1). There are multiple ways to
integrate data into a final soil health score. Some approaches for integrating the measured
indicators and developing the soil health index include: (i) weighted additive scores for
individual indicators and (ii) the use of statistical tools such as multiple regression, prin-
cipal component analysis, or factor analysis [21,31,32]. Expert opinion can also be used
for scoring soil health [33]. However, these steps are not regionally tailored to address soil
health issues specific to a particular region or specific soil functions and have a regionally
tailored assessment matrix. Therefore, developing a regionally tailored scoring matrix
that emphasizes water-sensitive indicators could provide a more representative soil health
assessment framework for water-limited environments. More research on region-specific
minimum data development and alternative scoring functions based on the relative re-
sponse of indicators is needed for effective soil health assessment in regions varying in
soils, climate, and agricultural systems.

 

Figure 1. Sequential steps in soil health assessment, with examples shown for commonly used soil
health index tools in the U.S. under various frameworks.

There has been a widespread interest among researchers, policymakers, and agricul-
tural stakeholders in soil health assessment and management. The Soil Health Institute’s
North American Soil Health assessment project evaluated 31 different soil health indica-
tors on soil samples collected from 125 long-term agricultural research sites across North
America. This project aimed to give farmers, ranchers, and others science-based mea-
surements for evaluating the health of their soils. This project can provide information
on region-specific as well as universal indicators for assessing soil health by engaging
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farmers and agricultural stakeholders in identifying and prioritizing soil health indicators,
developing assessment metrics, and interpreting soil health results. Given that soil has
enormous heterogeneity, soil management is site-specific, and its ecosystem services vary
with the soil and climatic condition. In addition, soil health management is linked with
agricultural sustainability and environmental quality. Most indicators are developed based
on research conducted in experimental farms with replicated plots or a small field section
and are not validated on working farms, where direct replication is generally not possible.
This means that the conditions under which they are developed vs. used may not be
comparable (e.g., [27]), which adds to the complexity of employing them for on-farm soil
health assessment. The broader validation of soil health indicators through on-farm testing
and the engagement of stakeholders in the process (Figure 2) will establish the soil health
assessment framework with broader acceptance.

Figure 2. Current and proposed framework for soil health assessment in water-limited environments.

Current soil health assessment does not consider inputs from stakeholders. Accounting
for region-specific differences in the response of various indicators, engaging stakeholders
in soil health assessment, and linking soil health assessment with key ecosystem services
could benefit farmers and landowners in arid and semi-arid regions. Different indicators
should be used depending on the soil health goals or targeted soil use. Engaging stakehold-
ers in selecting the most representative indicators, on-farm trials, and goal-based indicator
identification could enhance the adoption of soil health practices. The adoption rate of soil
health practices is often higher when farmers experience changes in their observations.

3. Linking Soil Health with Essential Water Functions

Developing an effective and reliable soil health assessment framework for water-
limited environments requires an improved understanding of the linkages between soil
health indicators and essential water functions. The ability of soils to infiltrate and retain
precipitation or irrigation water is a function of soil physical properties such as aggregation,
porosity, compaction, and soil texture, as well as site factors such as slope, residue cover,
and surface roughness. Soil aggregate formation is strongly influenced by soil biology, par-
ticularly soil fungi [34], rooting activity, and soil macrofauna [35]. Soil chemical properties
such as pH, EC, SOM content, and nutrients determine the diversity and abundance of

144



Soil Syst. 2023, 7, 22

microbial communities. Fungal communities respond rapidly to management changes;
they respond even in sandy soils (55% sand content) before detectable changes in SOM
were observed in the Great Plains semi-arid region [36]. Various physical, chemical, and
biological soil properties influence soil functions that have implications for soil water
conservation (Table 1). However, their direct and indirect relationships with essential water
functions have not been studied well in arid and semi-arid regions. Measuring the response
of soil properties, including more sensitive biological communities or processes, along with
water storage and movement, is likely essential for comprehensive soil health assessment
in water-limited environments.

Table 1. Soil health indicators, their functions, and their implications for soil water conservation.

Indicator/Method Soil Function
Implications for Water Conservation and Related

Soil Functions

Physical

Bulk density Porosity Higher water infiltration with less compaction
Soil texture Porosity A direct baseline measure of soil water storage capacity

Soil aggregates (%) Soil structure Soil structure, higher water storage in well-aggregated soil

Wet aggregate stability Soil structure Capacity of soil to resist crusting and water erosion and to
facilitate infiltration

Water infiltration Soil water dynamics Soil water capture, water use efficiency, and heat transfer
Soil water retention Soil water dynamics Soil water storage and plant available water

Soil depth Soil water dynamics Soil water storage and availability for crops

Chemical

Soil pH Soil acidity/alkalinity Nutrient availability, creating a suitable environment for
plant and microbial growth

Electrical conductivity Salinity Nutrient availability, plant and microbial growth, soil
structure, and water-holding capacity

Soil organic C Microbial substrate availability, nutrient
provision, buffering

Direct measure of SOM status (58% of SOM) and baseline
potential of water storage

Plant available nutrients Nutrient provision Nutrient availability for crop and microbial growth

Biological

Microbial biomass C Microbial community size Soil processes such as decomposition, N fixation, C
sequestration, nutrient availability

FAME profiling
Fungal: AMF, saprophytic; Bacteria: G+,

G−, Actinobacteria

Microbial community size and diversity
of microbial groups

Mediate key soil processes such as decomposition, nutrient
cycling, and water uptake, especially depending on the
microbial groups (e.g., higher fungal populations can
provide greater decomposition, cementing agents for

aggregate stability, and a higher diversity of enzymes in
soils to decompose a wide variety of substrates). AMF can

provide an additional benefit to drought resilience.

Three-day CO2 mineralization Microbial activity Indicate decomposition vs. sequestration of carbon, SOM
storage, nutrient/water cycling

Particulate Organic Matter (POM) Fresh residue C Early indication of C sequestration and water conservation

Permanganate oxidizable carbon
(POXC) Diversity of C sources

This C pool can represent simple C sources available for
microbial decomposition, substrates from root exudates,

and microbial biomass C.

N mineralization Crop N supply Integrative indicator of labile N and microbial activity for
increasing N availability

Enzyme activity assays: β-glucosidase,
β-glucosaminidase, acid/alkaline

phosphatase, arylsulfatase
Nutrient cycling

Indicator of potential enhancement in SOM and nutrient
cycling and availability with a direct linkage to water

changes in soil

Soil macrofauna Residue/nutrient turnover Soil aggregation and water dynamics, decomposition and
nutrient cycling, pest control

The soil health literature often cites the general claim that increasing SOM by 1%
enhances the water-holding capacity by >250,000 L ha−1 (25 mm) [37]. While there is
generally a positive correlation between SOM and water-holding capacity [38], this relation-
ship is influenced by multiple factors [39,40]. In addition, SOM changes may be relatively
small and take decades to detect in arid and semi-arid environments. Therefore, increasing
SOM enough to have a meaningful impact on soil water holding capacity is challenging in
environments where an increase in SOM by 1% often represents a doubling of baseline SOM
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stocks. Since building SOM in water-limited environments can be quite difficult and it can
take many years to generate detectable changes, there are approaches that could provide
some insights into compositional changes in SOM that may affect soil water dynamics. The
evaluation of SOM components such as mineralizable C (soil respiration) and N, POXC,
POM, MBC, MBN, dissolved organic C and N, and available soil nutrients could serve as an
early indicator of soil health improvements [17,18]. Similarly, isotopic methodologies can
be explored to better characterize compositional changes in SOM dynamics and how not
only soil management but also more frequent droughts and climate variability in semi-arid
regions interfere with soil health and productivity.

The selection of indicators in soil health assessment should reflect soil water functions
and beyond, e.g., soil erosion, biodiversity conservation, dust prevention, SOC sequestra-
tion, etc., to become more effective for water-limited environments. Risks associated with
the implementation of soil health management systems in water-limited environments
vary with the evapotranspiration gradient, with considerably higher risks in the hot, dry
areas than in temperate drylands, where the majority of dryland cropping systems still
include summer fallow [41]. However, there is a significant knowledge gap in soil health
management in water-limited environments due to the lack of research-based information
in understanding the relationship between various soil health indicators and essential soil
water functions. The more rapid response of parameters such as microbial communities
(specifically, fungal communities), enzyme activities, and labile SOM components could
provide valuable insight into soil health management in water-limited environments. Simi-
larly, soil aggregate stability could be a valuable physical indicator of soil health in arid
and semi-arid regions. However, quantifying the relationship of these soil properties with
soil water functions is critical for a reliable estimate of soil health in water-limited regions.

4. Implementing Soil Health Management to Improve Water Functions

Linkages between soil health and water functions in dry environments can be estab-
lished by an improved understanding of the interaction between soil management, soil
health indicators, and water functions related to these dynamic soil properties (Figure 3).
Management selection in arid and semi-arid regions is affected by low rainfall, high cli-
matic variability (specifically, heat and drought), and low inherent soil fertility statuses.
Options for soil health improvement are limited, and the relative response of selected soil
health management systems is small. Understanding the complex interactions between
climatic factors, inherent and dynamic soil properties, and associated soil functions can
help in designing the best management practices. Therefore, management selection should
emphasize practices adapted to arid and semi-arid regions. Alternative soil management
practices, their soil health response, and their linkages to soil water functions are discussed
in the following sections.

4.1. Minimizing Soil Disturbance

Soil disturbance disrupts soil’s physical structure, impacting soil’s biological com-
munities and associated microbially mediated processes. Tillage is the major disturbance
activity in cultivated soils, which is typically practiced for seedbed preparation, weed
control, crop residue mixing and incorporation, and fertilizer and amendment application.
Producers in semi-arid row crop environments may also employ tillage to increase soil aera-
tion and disrupt soil surface crusts formed after rainfall events. However, these benefits are
short-term; a poor soil structure can cause several soil issues. Intensive tillage exposes soil
to direct raindrop impact at the surface, thereby increasing the susceptibility of aggregates
to disruption [42]. It reduces water and air-filled pore spaces between aggregates, thus
restricting infiltration, increasing surface crusting, and leading to wind and water erosion.
In addition, it disrupts roots and fungal hyphal networks, reducing the enmeshing action of
soil particles in those hyphal networks, and decreases aggregate stability [34]. Increased soil
temperature and soil aeration from tillage are expected to increase soil microbial activity,
thereby increasing SOM mineralization, in which SOC is converted to carbon dioxide (CO2)
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and lost to the atmosphere [43]. Additionally, while tillage can stimulate microbial activity,
it typically has negative impacts on soil macrofauna communities, so all of the functions
they provide are diminished, especially those related to soil structure [44]. Earthworms
are probably the most important soil engineers, at least where there is adequate moisture,
and they are also the most susceptible organisms to tillage [35]. Therefore, intensive tillage
often leads to poor soil health and inefficient water capture and use because of the poor
soil structure and low SOM content.

Figure 3. Interactions among soil management, soil health status, and soil functions in a water-limited
environment.

Reducing tillage frequency and intensity can increase fungal growth, aggregate for-
mation and stability, SOM accumulation, and soil health improvements by reversing the
negative effects of intensive tillage. A study in eastern Montana and western North Dakota
showed that conventional tillage increased the CO2 flux by 62–118% as compared to no-
tillage [45], while a study in eastern New Mexico reported a 26% greater wet aggregate
stability and 9–15% greater permanganate oxidizable C under a 0–20 cm depth of no-tillage
and strip-tillage compared to conventional tillage [46]. Research from Akron, Colorado,
revealed that no-tillage and reduced-tillage resulted in 21% more SOC at the 0–30 cm depth
than conventional tillage and moldboard plow [47]. Although minimizing soil disturbance
through conservation tillage has also been linked to increased water infiltration, erosion
resistance, soil aeration, and soil C stabilization [42,48], a quantitative relationship be-
tween soil aggregation, SOC storage, and soil water functions has not been established
in these studies. Similarly, reduced- and no-till systems have been shown to support soil
macrofauna communities in irrigated systems of eastern Colorado, along with associated
improvements in soil aggregation and water infiltration [9,44]. Comprehensive research on
the linkages between soil health improvements with reduced- and no-tillage management
and soil water functions, including infiltration and water storage, will help design the best
soil management practices for arid and semi-arid environments.

4.2. Keeping the Soil Covered

Maintaining soil cover with living or dead crop residues provides another mechanism
for enhancing soil health and water functions in water-limited regions. Residue cover protects
soil from wind and water erosion, while crop residue removal can reduce SOM by reducing
C inputs and increasing susceptibility to soil loss. Soil cover increases precipitation storage
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efficiency and reduces the soil evaporation rates, making more soil moisture available for plant
use [49]. Crop residue accumulation after 12 years of no-tillage management in three sites in
eastern Colorado increased water sorptivity via improving soil aggregation, bulk density, and
porosity and favored greater water infiltration and precipitation use efficiency [50]. Moreover,
the surface cover reduces soil compaction by dissipating the raindrop energy, suppresses
weed growth by limiting the amount of sunlight available to weed seedlings, and provides
a protective habitat for soil organisms, positively affecting soil health. Carbon and other
essential elements in the plant residues become a source of nutrition for soil flora and fauna,
including bacteria and fungi, which mediate 90% of the soil ecosystem functions [51]. In
semi-arid western Kansas, fields with spring triticale (×Triticosecale Wittm.) and spring
lentil (Lens culinaris Medik.) residues had greater soil aggregates than bare soil, with spring
lentils reducing the wind erodible fraction by 160% [52]. Dryland studies in Nebraska have
demonstrated that wheat stubble increased the non-growing season soil water storage by
2–2.5 inches compared to bare soil [53]. After four crop seasons, SOC and total N, light fraction
organic matter-C, and N were greater in soils with straw retention than in those with straw
removal in semi-arid Canada [54]. Govaerts et al. [55] also reported that the SOC and total N
were 1.15 and 1.17 times greater with straw retained than with straw removed, respectively, in
semi-arid Mexico.

Keeping the soil covered by cover crops provides vegetative cover, controls soil erosion,
enhances soil aggregation, adds organic matter, and increases soil biological activity [15,52],
which could significantly improve soil water functions. Besides providing ground cover,
cover cropping can maximize cropping intensity and diversity, thereby contributing to
increased microbial substrate diversity, the proliferation of diverse soil organisms, and
improved nutrient cycling. Dryland cropping systems with a history of winter cover crops
(rye (Secale cereale L.)) improved soil microbial biomass and enzyme activities compared
to cropping systems without winter cover crops [12]. Replacing fallow with hairy vetch
(Vicia villosa Roth), rye, and mustard (Brassica juncea L.) as winter cover crops increased
the mean weight diameter of dry soil aggregates and the wet aggregate stability in sweet
corn (Zea mays L.)-fallow rotation in central and southern New Mexico [56]. However,
growing cover crops in arid and semi-arid regions can deplete soil water storage, affecting
the subsequent crop yield. A study on soil water storage with cover cropping in irrigated
corn demonstrated a depletion in soil water at cover crop termination but greater soil water
storage at the main crop harvest, suggesting overall positive effects of cover cropping on soil
water storage [57]. While this study suggests that a careful selection of cover crop species
and planting and termination timing could benefit cropping systems, it also discusses a
complex relationship between soil health and water dynamics.

4.3. Cropping Systems Intensification and Diversification

Farmers have been attempting the intensification and diversification of cropping across
arid and semi-arid regions. However, their response to soil health and water dynamics
is inconsistent across the regions. For example, cover crops could be a promising option
for increasing the complexity of rotations and extending the duration of photosynthetic
capture in annual crop rotations, thus increasing organic C inputs to the soil. Increasing
crop diversity with cover cropping can also diversify microbial substrates and support
long-term improvements in soil health. Legume species in cover crop mixtures can fix
atmospheric N in their root nodules and increase the soil N content, while grass cover
crops have a dense fibrous root system and produce more root biomass, contributing to
greater root-derived C in the soil [58]. The greater root biomass and length density of
grass cover crops increase root channels and improve soil aggregation through enmeshing
action. The rhizosphere of living brassica species, i.e., canola (Brassica napus L.) roots,
releases a fumigant-like compound (2-phenylethyl isothiocyantae) that helps suppress
pest populations and soil-borne diseases [59]. Diversified cropping systems improve the
retention and cycling of nutrients and maintain soil biodiversity [60]. Research from semi-
arid western Kansas comparing winter triticale, winter lentil, spring lentil, spring pea
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(Pisum sativum L.), and spring triticale cover crops revealed an up to 12.2–17.4% increase in
SOC (0–10 cm depth) with spring pea than with continuous winter wheat and fallow [52].
Mixtures of legumes, grasses, and oilseed cover crops produced greater belowground
biomass, root C and N, and soil biodiversity than either species alone [61,62]. In eastern
New Mexico, diverse cover crops that included cereals, legumes, and brassicas had 31%
and 41% greater microbial community sizes and fungal fatty acid methyl ester (FAME)
markers, respectively, at a 0–15 cm depth compared to fallow [15]. A six-species mixture of
legumes, grasses, and brassicas in the same study plots increased the combined enzyme
activity of acid phosphatase, β-glucosidase, and β-glucosaminidase by 44% and that of
potentially mineralizable C (PMC) by 39% at termination time compared to fallow [11,15].

Crop rotations, which include growing a variety of crop species, can benefit the soil
food web, improve nutrient cycling, and reduce soil-borne diseases and pests [15,19,21].
Crop rotation and intensification using a variety of crops, including low-water users, tap-
roots, fibrous roots, high-C crops, legumes, and non-legumes, increase soil cover, contribut-
ing to key functions such as rainfall infiltration, SOM formation, and stabilization [21]. Sev-
eral on-farm and research station experiments across the Central Great Plains have demon-
strated that crop diversification and reducing the frequency of summer fallow periods
through cropping intensification can improve the chemical, biological, and physical metrics
of soil health, supporting improved profitability [22]. Cotton (Gossypium hirsutum L.), when
rotated with peanut (Arachis hypogaea L.), sorghum, rye, or wheat, increased enzyme activi-
ties in comparison to continuous cotton in semi-arid soils from west Texas [63]. Another
study from Akron, Colorado, reported greater soil fungal markers in rotations that reduced
fallow and increased crop diversity from a typical winter wheat-fallow to a corn-proso
millet (Panicum miliaceum L.)-winter wheat or corn-fallow-winter wheat for 15 years [64].
These shifts in the microbial community composition led to an increase in C and P cycling
enzyme activities in both diversified rotations. Both SOC and total N were higher for
sorghum-wheat-soybean (Glycine max L.) than for continuous sorghum from 0–55 cm in
central Texas [65]. Intensive cropping (wheat-soybean double-crop and sorghum-wheat-
soybean) increased SOC by 15–21% and total N by 19% at depths of 0–55 cm compared to
continuous soybean, regardless of the tillage regime [66].

Improved knowledge of the relationship between soil health and soil water dynamics
could help develop a soil health framework for water-limited regions because the potential
longer-term benefits of cropping system intensification regarding soil health may have
variable effects on soil water functions. For example, changes in the soil water content,
infiltration, and water conservation in intensified rotations can have short-term trade-offs
with crop productivity in water-limited regions [67,68]. A study in eastern NM revealed
that, although the cropping system scale water balance was positive for the cover crop-
corn rotation, the cover crops depleted 47–91 mm of soil water during their growth [57].
If rainfall or irrigation water is not available during the early growth of the main crop,
the cash crop yield might be significantly reduced. Soil health indicators that capture
system-level responses may not represent the seasonal and inter-annual dynamics of soil
water storage and depletion. Therefore, careful planning and selecting the right crop or
cover crops in the rotation are essential for agricultural sustainability and soil health in
water-limited regions.

4.4. Role of Organic Amendments in Soil Health and Water Dynamics

Because increasing C inputs in arid and semi-arid areas are limited by water availabil-
ity, organic amendments, such as manure and compost, could be a low-cost alternative for
rapidly improving soil health and sustaining crop production in water-limited environ-
ments, especially in areas close to feedlots, dairies, or similar operations. Dairy enterprises
are concentrated in eastern New Mexico, where about 329,000 milking cows produce more
than 1.2 million metric tons of dry manure annually [69,70]. Similarly, beef cattle produce
an additional 1.2 million metric tons of dry manure annually in eastern Colorado [71].
Since eastern New Mexico and Colorado have surplus manure from dairy and beef cattle,
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this represents a potentially convenient and inexpensive option for improving soil health,
farm productivity, and profitability. Composted manure can increase nutrient availability,
SOM storage, soil biological activity, aggregation, water-holding capacity, and aeration,
ultimately supporting crop production and promoting the rural economy [72,73]. Moreover,
heat generated during composting reduces weed seeds and pathogens [73]. Manure and
composts often release nutrients slowly and can increase nutrient-use efficiency compared
to chemical fertilizers. Recent studies in the central and southern Great Plains regions show
that selected soil health indicators, including aggregation, enzyme activity, and particulate
organic matter, respond positively to compost applications [74–76]. However, eastern
New Mexico/West Texas farmers typically apply composted dairy manure based on crops’
N needs, which may adversely affect soil health by creating an imbalance in other soil
nutrients and an accumulation of salts [77,78]. The global warming potential of N in the
form of increased N2O emissions following compost application could also be a concern.
However, associated increases in SOC can help offset the global warming potential of N in
compost in semi-arid soils [79,80].

While improved soil microbial and biochemical functioning with poultry litter applica-
tion has been reported [81], organic fecal materials such as manure derived from livestock
contain organically bound N, P, K, calcium (Ca), and micronutrients, which might not be
readily available for crops [81]. A high rate of manure and compost can also lead to salt
accumulation [74]. The high salt concentration in soils decreases the microbial population
and soil water potential, creating a water deficit condition and subsequently reducing the
water use efficiency of crops. Additionally, a high accumulation of P and K in the soil
increases the runoff and leaching of these nutrients, increasing environmental risks such
as eutrophication. Therefore, salt accumulation should be carefully considered in nutrient
management plans that integrate organic fecal materials in cropping systems. In addi-
tion, the challenges semi-arid and arid regions may experience are the hot temperatures
associated with the faster decomposition of the compost and the lower long-lasting effects
of the organic compost substrates in the soil. Organic amendment application should
be integrated with other soil health practices that provide ground cover and lower soil
temperature, thereby reducing the rate of organic matter decomposition and loss [43,74].

5. Challenges and Opportunities in Soil Health Assessment and Management in
Water-Limited Regions

The soil health assessment and management framework for arid and semi-arid regions
should be cost-effective, feasible, and linked to soil water conservation. Although there
is no consensus on soil health indicators for water-limited environments, the importance
of adopting alternative management to improve soil health is well-established. There are
many challenges in identifying a minimum set of indicators for soil health assessment and
using certain soil management practices in water-limited regions (Figure 4). Limited data
on soil health responses to alternative management practices and their relationship with
soil water functions are available, and the available data show highly variable responses to
management alternatives. For example, cover crops may deplete soil water and nutrients
and negatively impact the subsequent cash crop yield if careful planning and management
for planting, species selection, and termination are not adopted. The early termination of
cover crops in hot and dry regions could maintain soil moisture for the following cash crop
but may not accumulate as much biomass carbon as needed to increase SOM. Inter-seeding
cover crops into main crops should be carried out carefully to avoid competition between
cover crops and the cash crop for water and nutrients. While inter-seeding before the main
crop canopy closure or prior to harvest, when the crop canopy begins to re-open, would
minimize the competition for water and nutrients, overcoming challenges in adopting soil
health practices, such as selecting cover crop species that are drought- and shade-tolerant
and relatively easy to establish would increase the possibility of improving soil health in
water-limited areas.
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Figure 4. Challenges and opportunities of soil health assessment and management in arid and
semi-arid (water-limited) environments of the western United States.

Multiple soil health management practices are often practiced together to enhance
soil health benefits. Although the relative response of management strategies is variable,
adopting multiple practices often provides synergistic, additive effects on soil health. A
recent study that examined crop water use in a semi-arid cotton system after decades
of implementing no-till practices with a rye or mixed species cover showed that, even
though water use by cover crops depleted soil water prior to termination, which persisted
in the early stages of cotton growth, the addition of cover crops resulted in greater water
infiltration and storage throughout the growing season compared to conventionally tilled
continuous cotton [82]. Similarly, cover crops and irrigation enhanced soil enzyme activities
and promoted soil microbial community development [15,83]. Fields covered with cover
crops and conservation tillage practices had 5 to 6 ◦C lower soil temperature and 3.5 to
4.9 ◦C lower soil surface air temperature and stored more soil water than conventional
tillage without cover cropping in eastern New Mexico [84]. Similarly, rye, as a no-tilled
cover crop, increased SOC, reduced penetration resistance, and increased infiltration by
34% compared to conventional tillage without cover crops in a 0–10 cm depth of cotton
cropping systems in Lubbock, Texas [85]. A recent study across 96 dryland no-till fields
in eastern Colorado and western Nebraska found 17% more SOC at 0–10 cm, twice as
much aggregate stability, and three times greater fungal biomass in continuous rotations
(no summer fallow) than in wheat-fallow [22]. Another study comparing diverse long-
term cropping systems across the Great Plains revealed greater microbial biomass and
mineralizable N under reduced-till diversified crop rotations than under conventional
crop-fallow systems [56]. Planting winter and summer annual crops (corn, proso millet,
and sunflower (Helianthus annuus L.) in sequence with winter wheat and fallow improved
pest management in Akron, Colorado [86]. Another study in eastern New Mexico showed
that cover crops significantly reduced the soil volumetric water content at cover crop
termination and up to 30 days after sorghum planting [57]. However, the total soil water
extraction at sorghum harvest was 8–89% higher under fallow than under cover crops,
leading to an 18–23% greater forage sorghum yield after cover crops than after fallow.
Therefore, cropping systems representing maximum biomass production and eventually
returning to the soil are crucial for enhancing SOC, nutrient cycling, and aggregate stability,
thereby improving soil health.

Climate change has added complexity to soil management and agricultural sustain-
ability in dry environments. Increased temperature and a decreased amount and increased
variability in the amount, intensity, and frequency of precipitation added challenges to
agricultural production in water-limited environments of the Great Plains [8]. As the water
supply is projected to decrease in the region, the importance of management practices
that improve soil health is even greater in helping producers adapt to a changing climate.
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Therefore, the development of a soil health assessment and management framework that
is cost-effective, feasible, and promotes water conservation must be identified through
multi-state collaborative research and implemented in the entire dry regions for thriving
agriculture in the context of climate change. However, immense opportunities to improve
soil health due to increasing research and growing interest in sustainable cropping practices
in arid and semi-arid regions cannot be overlooked (Figure 4). New and innovative farming
practices are rapidly evolving, a new source of water is identified, and recycling technology
is being developed, demonstrating more opportunities to improve soil health. A robust
soil health assessment and management framework based on stakeholder engagement is
needed to mitigate challenges and maximize benefits from soil and water conservation
practices in water-limited environments.

6. Conclusions

Our review evaluates existing soil health assessment frameworks and highlights the
need to develop region-specific, stakeholder-driven approaches for a more reliable estimate
of soil health in water-limited environments. Soil health assessment for water-limited
environments likely cannot rely on the same primary indicators as more humid regions, or,
at a minimum, the weighting of the different indicators will differ by the climate context.
This lack of attention to soil health indicators and practices relevant to improved water
dynamics constrains the adoption of soil health management practices in arid and semi-arid
regions of the USA. For example, improving soil’s physical and biological functions are
likely more relevant in water-limited regions than emphasizing increasing the total SOM
to increase the soil water holding capacity. It is also important to explore new approaches
that can address changes in the SOM chemical composition, as it is common for these soils
to have low SOM content, and it is unlikely that changes in the SOM quantity may be
observed within a decade or longer and that it could take drastic management changes.
Therefore, more responsive soil health indicators such as fungal biomass, labile organic
matter fractions, and soil aggregates may indicate changes in key soil functions in arid and
semi-arid regions. Developing a minimum dataset based on regional multi-location research
is needed. In addition, designing cropping systems based on soil health goals and adopting
no-tillage or reduced-tillage, cover cropping, diverse crop rotations, residue management,
and organic amendments such as manure or compost could improve soil health and
agricultural sustainability in dry regions. Since soil health management in arid and semi-
arid environments is often challenged by soil water availability for biomass production,
water management should be a primary consideration. Challenges and opportunities
unique to water-limited regions lie in the proper management of crop residues, cover
crop planting and termination timing, seeding rate or species selection, tillage practices,
and organic amendments such as manure and compost, which affect the soil water and
nutrient dynamics. Combinations of multiple soil health management practices may rapidly
improve soil water functions and enhance the resilience and sustainability of agriculture in
water-limited environments.
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Abstract: Rapidly increasing salinization of arable land is a major threat to crop production globally,
and the soil of regions with arid environments, such as Oman, are more prone to this menace. In this
work, two complementary studies were carried out to evaluate the effect of soil amendments on soil
physicochemical properties and growth of cucumber seedlings. In the first study, high- and low-saline
soils were used with or without perlite. The amendments tested included mango wood biochar, silica,
and biochar + silica, while no amendment was taken as the control. The second study included two
cucumber cultivars and irrigation water with two salinity treatments, along with the same four soil
amendments. The results showed that soil amendment with biochar alone or with silica enhanced the
soil organic matter and NO3, P, and K concentration, while silica amendment substantially enhanced
the soil Si level in both studies. Saline soil and irrigation water inhibited seedling emergence and
plant growth in both experiments. However, the addition of biochar and silica alone or in combination
increased the cucumber seedling dry weight from 39.5 to 77.3% under salt stress compared to the
control. Likewise, silica and biochar + silica reduced the sap Na accumulation by 29–31.1% under
high salinity. Application of biochar under high salinity resulted in 87.2% increase in sap K. Soil
amendments with biochar and silica or their combination have the potential to reduce the adverse
effect of salt stress on cucumber.

Keywords: salinization; biomass production; nutrient; irrigation water salinity; mango wood biochar

1. Introduction

Soil salinity is one of the leading environmental constraints limiting agricultural pro-
ductivity in many regions of the world. Globally, about 0.8 billion ha of land is considered
as saline [1]. Secondary salinization, which is human-induced salinization, affects more
than 75 million ha [2]. Every single year, up to 1.5–2 million ha of land around the world
is lost due to salinity [2], and the monetary loss in the agriculture sector due to soil salin-
ity is more than USD 27.3 billion [3]. The majority of irrigated land worldwide is saline
compared to nonirrigated land [2,4,5]. The accumulation of salt in the soil produces a
high soil solution osmotic pressure, which reduces water availability to plants, leading to
wilting and poor growth. Saline-stress-induced deleterious effects on plant growth include
photosynthesis reduction due to limited chlorophyll biosynthesis [6], impaired photosyn-
thesis machinery [7], reduced osmotic potential, nutrient imbalance, specific ion toxicity,
or a combination of all these factors [8–10]. Salt stress also enhances the accumulation of
reactive oxygen species, leading to loss of membrane integrity and electrolyte leakage [11].
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Biochar (BC) is a carbon-rich material produced by pyrolysis of biomass under low
oxygen supply. Its application can improve plant growth under salt stress conditions as
it reduces the soil bulk density, electrical conductivity, and exchangeable Na+ and Cl−
ions in saline soil [12]. For instance, application of maple (Acer pseudoplatanus L.) residue
BC (50 and 100 g kg−1 soil) in saline soils was found to reduce Na+ uptake and reactive
oxygen species generation in root and leaves and increase the cation exchange capacity of
soil, chlorophyll content index, leaf area, and nutrient uptake in mung bean (Vigna radiata
(L.) R. Wilczek) [13]. Although silicon (Si) is a nonessential plant nutrient, it still plays a
positive role in the growth and development of plants. Increased Si uptake can improve the
ability of plants to grow under suboptimal growth environments [14]. Adequate Si supply
can help ameliorate the adverse effects of NaCl on plants through activation of signaling
molecules and regulation of phytohormones under salt stress conditions. For instance,
jasmonic acid signaling was found to upregulate the genes involved in Si uptake under
salt stress conditions, which accelerated the antioxidant defense system and osmolyte
production under salt stress conditions [15]. In addition to the role of Si in the activation
of signaling molecules and regulation of phytohormones, it has been shown to effectively
reduce degradation of photosynthetic pigments, improve gas exchange traits, inhibit lipid
peroxidation and leaf electrolyte leakage, and enhance osmotic adjustment of plants. The
application of Si has been found to increase K+ concentration and reduce Na+ absorption,
transport, and accumulation in plants [16].

The Sultanate of Oman is located in an arid region where the annual rainfall is less
than 100 mm, resulting in the majority of land being unsuitable for agriculture without
irrigation [17]. The main factor contributing to the issue of salinity is the high-salt content
of the groundwater in Oman, especially in the Al-Batinah coastal region, where seawater
intrusion into the aquifers has increased salinity levels [18]. This has resulted in serious
consequences for agriculture, with limited water resources exacerbating the problem [19].

There are several reports regarding the role of BC and Si in abiotic stress tolerance in
plants. However, to the best of our knowledge, very little information is available regarding
the individual and interactive effects of BC and Si application in cucumber. Cucumber is a
widely grown commercial greenhouse crop in Oman. The present study was carried out
to evaluate the individual and interactive effects of soil BC and Si amendments on soil
physicochemical properties, growth, and nutrient dynamics of cucumber seedlings under
conditions of high and low soil electrical conductivity (EC) and high and low salt levels in
irrigation water.

2. Materials and Methods

2.1. Experiment 1

Two types of soils were used. One was from a greenhouse at a local farm with a
relatively high EC level due to past fertilization practices (EC ~5.0 dS m−1, Na+ ~500 ppm),
and the other was from a nonfarmed deposit of soil from Sohar farm with low salt and
nutrient content (EC ~1.4 dS m−1, Na+ ~160 ppm). The pH, EC, and water-soluble Na+

were measured in a 1:2 (30 g:60 mL) mixture of soil and distilled water according to standard
methods [20] using a hand-held calibrated meter (EUTECH, OAKTON, 35425-10). Each of
these two soils were used as 100% soil or mixed with commercial-grade perlite in a 1:1 ratio
(v/v) to improve drainage. Then, in each of the four soil mixtures, four basic treatments
were compared—control, BC, Si, and a mixture of BC and Si—that were added at a rate of
10% by volume to each pot and mixed well. All treatments were replicated 3 times for a
total of 48 pots. Plastic pots of 8 cm diameter and a volume of 470 mL were used.

In Experiment 1, four cucumber seeds (Cucumis sativus) of the variety Jabbar F1 were
planted in each pot and watered with tap water (EC = 1.19 dS m−1; pH = 7.2) to saturation.
Hand watering was performed twice per week as needed, and care was taken to only apply
the amount that could be absorbed by the soil to minimize leaching.

Biochar was produced at the AES (Agricultural Experiment Station) at SQU using local
dried mango wood. The wood was burned using prototype BC apparatus, and the final
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product was crushed and sieved to 2.0 mm as detailed in our previous study [21]. The Si
used in this experiment was manufactured by Agripower®, a company based in Australia
(https://agripower.com.au/agrisilica-granular-fertiliser/, accessed on 1 March 2022), and
was added as off-white granules, which dissolved easily when water was added.

The experiment was conducted in a growth chamber under controlled environmental
conditions. After planting, pots were placed on four clear plastic trays in a completely
randomized design on four shelves of a growth chamber/incubator with vertical fluores-
cent lighting on the front, back, and sides. To avoid the effect of distance to light, the pots
were frequently rotated within each tray, and the trays were rotated from shelf to shelf. No
effect of position within the chamber on plant growth was observed in this or subsequent
experiments. The growth chamber (SANYO, MLR-350HT) was set at a continuous tem-
perature of 25/20 ± 2 ◦C (day/night) and 50% humidity. Photosynthetic active photon
flux of 380 μmol s−1 m−2 was measured using a Hydrofarm LGBQM Quantum PAR meter
at the surface of the pots, and a light/dark photoperiod (16/8 h) was maintained during
the experiment.

2.2. Experiment 2

The nonfarmed low-fertility, low EC soil from Experiment 1 was used for all treat-
ments in this experiment, mixed at a ratio of 3:1 with commercial-grade perlite. Two salt
treatments were applied to the water in order to simulate a farm with saline irrigation
water. Two cucumber genotypes (SV8975CB and Jabbar F1) were compared, and the same
soil amendments were compared (no amendment, BC, Si, and BC + Si) at the same rate of
10% by volume in the same sized pots with 3 replications for a total of 48 pots.

Two seeds were planted in each pot, which were thinned to one plant per pot and
watered with tap water for a week before exposing them to two salt levels: high-salt water
(EC ~3 dS m−1) and low-salt water (EC ~0.5 dS m−1). Plants were watered with NaCl salt
solution every 2 days, and the EC level of 3.0 dS m−1 was chosen to stress the cucumber
seedlings but not kill them [22]. A balanced soluble nutrient solution was used once a week
to improve fertility. After each watering session, the plant trays were rotated on growth
chamber shelves to obtain more even light effects. Both experiments were conducted for
approximately 5.5 to 6 weeks in the spring of 2018.

2.3. Plant Observations

In Experiment 1, the number of emerged seedlings were recorded twice a week, and
the emergence percentage was calculated. A vigor rating of 1 (poor growth, weak stem,
and few leaves) to 5 (excellent growth, strong stem, and many leaves) was used as visual
observation of plant health, and an index was created combining germination × vigor. In
Experiment 2, plant height was recorded before harvesting, and the number of leaves was
counted on the fifth week after emergence. The chlorophyll density was measured in the
fifth week using a SPAD meter (SPAD-502Plus). In both experiments, plants were harvested
in week 5.5 or week 6. The root and shoots were separated and weighed immediately for
fresh weight using an electric balance. The harvested plant samples were then oven dried
at 60 ◦C for 48 h to dry weight.

After the fresh weight measurements, sap from the shoots was extracted using a garlic
press and collected on a small tissue paper to determine the sap nutrient concentration.
The concentration of Na+, K+, and NO3

− in plant sap was analyzed using different meters
(HORIBA B-722 for Na+, HORIBA B-731 for K+, and HORIBA B-743 for NO3

−) that were
calibrated with nutrient solutions provided by the manufacturer.

2.4. Soil Analysis

Phosphorus levels were determined using the “Olsen method” of phosphorus ex-
traction using 5 g of soil and NaHCO3 solution according to [23]. Water-soluble nutrient
concentrations were determined in a 1:2 solution of soil and distilled water (v/v) and in-
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cluded tests for pH, EC, and water soluble Na+, NO3, and K+ using the hand-held meters
previously described [24]

The water-holding capacity of each soil was estimated by saturating 30 mL of soil
in a filter paper in a funnel. After six hours, the soil was weighed and the saturated soil
samples were oven dried for 48 h at 80 ◦C to a constant value [25]. Then, the water content
was calculated as water held in the soil divided by soil dry weight. The organic matter was
estimated in soil via loss on ignition (LOI) [26] in a muffle furnace for 2 h as 450 ◦C.

The concentration of soluble Si in soil was measured according to the methods de-
scribed in ICARDA [23]. The most abundant form of Si is monomeric silica acid (H3SiO4),
which can be extracted with 0.01 M CaCl2 solution, even in soils with a high level of CaCO3.
The absorbance of blank, standards, and samples were recorded on a SPECTRONIC 200E
spectrophotometer (Thermo Scientific) at 660 nm. The calibration curve for the standards
was prepared, and the absorbance was plotted against the respective Si concentration to
convert absorbance to soil concentration.

2.5. Data Analysis

The experimental data were analyzed using analysis of variance at p < 0.05 using
Minitab (Minitab® 17.3.1) and the PROC GLM procedure. Significant treatment means
were separated using Tukey’s honestly significant difference (HSD) test. Microsoft Excel
program was used to develop the figures and calculate standard errors.

3. Results

3.1. Experiment 1
3.1.1. Soil Physicochemical Properties

The soils used in this experiment (S) significantly (p < 0.001) differed for all studied
soil physicochemical traits. However, the soil amendment treatments (T) were significantly
different for soil organic matter (OM), pH, NO3 (p < 0.05), P (p < 0.001), K+ (p < 0.05), and Si
(p < 0.001) concentration in soil (Table 1). The interaction S × T was significant (p < 0.001)
for pH, EC, P, Na, and Si (Table 1). The water-holding capacity (WHC) was higher in the
high EC soil obtained from the local greenhouse compared to the never-cropped low EC
soil. Likewise, OM was higher in the high-saline soils and also increased by BC application
alone or in combination with Si (Table 1). The high EC greenhouse soils also had the highest
concentrations of NO3, P, K, Na, and Si compared to the uncropped soil (Table 1).

Table 1. Soil nutrient values and significance levels in Experiment 1.

Treatments WHC
(%)

OM
(%)

pH
EC

(dS m−1)

NO3

(ppm)
P

(ppm)
K

(ppm)
Na

(ppm)
Si

(ppm)Soil Salinity (S)

High-salt soil 49.4 B 12.8 A 6.9 B 3.6 A 253 A 29 A 435 A 415 A 47 A
High-salt soil + perlite 58.4 A 11.6 A 6.8 B 2.0 B 167 B 27 B 208 B 230 B 41 B
Low-salt soil 21.1 D 3.4 B 7.5 A 0.4 C 92 C 4 C 10 C 59 C 14 D
Low-salt soil + perlite 29.6 C 4.0 B 7.5 A 0.3 C 99 C 4 C 13 C 68 C 17 C

p < 0.05 ** ** ** ** ** ** ** ** **

Treatments (T)

Control 36.3 6.0 B 7.2 AB 1.5 125 B 14 C 158 AB 179 24 B
BC 40.3 8.8 A 7.3 A 1.6 155 AB 17 B 193 A 186 25 B
Si 38.9 7.2 B 7.2 AB 1.5 150 AB 13 C 133 B 196 36 A
BC + Si 42.8 9.7 A 7.1 B 1.7 181 A 21 A 182 AB 211 35 A

p < 0.05 ns ** * ns * ** * ns **

S × T ns Ns ** ** ns ** ns ** **

Means sharing the same letters in the column do not differ significantly at p < 0.05. * = p < 0.05; ** = p < 0.01.
WHC = water-holding capacity; OM = organic matter; EC = electrical conductivity; BC = biochar; Si = silica;
BC + Si = biochar + silica.
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The BC treatments resulted in significantly higher levels of P, and the Si treatments
resulted in higher levels of soil Si. Nitrate was highest in the BC plus Si treatment but was
only significantly different from the control.

Looking more closely at the interaction effects, the saline soils had lower pH compared
to low-saline soils, probably as a result of the fertilization history. In this regard, the lowest
soil pH (6.47) was observed for high-saline soil amended with Si + BC, while low-saline
soils amended with BC had the highest soil pH (Figure 1a). The soil EC was largely
influenced by the soil salinity level, and perlite addition reduced the soil EC. The highest
soil EC was recorded for saline soil without perlite (3.75 dS m−1), while low-saline soil
exhibited the lowest value of EC (0.34 dS m−1) irrespective of soil amendment (Figure 1b).
Phosphorus level was higher in high-saline soils. BC + Si application in high-saline soil with
perlite had the highest soil P concentration (44.1 ppm), while the lowest P concentration
(2.66 ppm) was recorded in soils with low salt irrespective of soil amendment (Figure 1c).
Soil Si levels were highest overall in the high EC greenhouse soils, probably due to prior
application of compost and/or peat moss, which also contains high levels of soluble Si.
Application of Si amendment further increased the Si concentration (53.9 ppm) for both Si
application alone or in combination with BC. The lowest soil Si concentration was measured
for the control (9.8 ppm) and BC amendment (10.2 ppm) in low-saline soils (Figure 1d).
The Na concentration was highest in the high EC soils without perlite irrespective of soil
amendment and lower when perlite was added (Figure 1e).

3.1.2. Germination, Growth, and Sap Nutrient Concentrations

The analysis of variance revealed that soil salinity significantly (p < 0.001) affected all
the studied traits of cucumber in Experiment 1 (Table 2). However, the four treatments
were not significant, except for sap K concentration. The soil salinity by treatment (S × T)
interaction was only significant for the sap NO3 concentration (Table 2). All soil types
exhibited similar germination rates except the high-saline soil without perlite. Higher vigor
ratings and index were noted for all soils except for the high-saline soil without perlite
(Table 2). The plants grown in high-saline soils could not survive after germination, and
the BC and Si treatments did not reduce the effect of salt enough to increase germination
or survival. The highest root and top fresh weight were noted for low saline + perlite and
high saline + perlite soils, respectively. Again, there was no significant effect of BC or Si
treatments on root or shoot fresh weight (FW) (Table 2). The sap Na and K concentration
was highest in plants grown on high saline + perlite soil, while low salinity reduced sap Na
and K accumulation. Application of BC alone and BC + Si enhanced sap K ac-cumulation
in cucumber (Table 2). In the case of sap NO3, application of Si substantially enhanced NO3
accumulation (690 ppm) in the high salt + perlite soil, while none of the soil amendments
enhanced NO3 uptake in the low-salt stress condition (Figure 1f).

Table 2. Germination, plant vigor, FW, sap nutrient concentration, and significance levels in Experiment 1.

Treatments
Final Germination

Count

Average Vigor
(0–5 Rating)

Index
Root FW

(g Plant−1)
Tops FW

(g Plant−1)
Na

(ppm)
NO3

(ppm)
K

(ppm)Soil Salinity (S)

High-salt soil 0.5 B 0.125 B 0.125 B 0 0 0 0 0
High-salt soil + perlite 3.17 A 0.770 A 2.562 A 0.44 B 1.85 A 1609 A 475 A 2787 A
Low-salt soil 2.75 A 0.687 A 2.354 A 0.54 B 0.99 B 626 B 192 B 1829 B
Low-salt soil + perlite 3.416 A 0.854 A 2.979 A 1.15 A 1.11 B 905 B 173 B 1715 B

p < 0.05 *** *** *** *** *** *** *** ***

Treatments (T)

Control 2.583 0.541 1.916 0.53 1.15 951 228 1446 B
BC 2.583 0.625 1.958 0.84 1.33 991 283 2877 A
Si 2.50 0.625 2.00 0.74 1.48 1176 346 1517 B
BC + Si 2.166 0.645 2.145 0.73 1.31 1070 261 2600 A

p < 0.05 Ns ns ns ns ns ns ns ***

S × T Ns ns ns ns ns ns * ns

Means sharing the same letters in the column do not differ significantly at p < 0.05. * = p < 0.05; *** = p < 0.001.
FW = fresh weight; index = germination × vigor; BC = biochar; Si = silica; BC + Si = biochar + silica.
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3.2. Experiment 2
3.2.1. Soil Physicochemical Properties

The analysis of variance revealed that irrigation water salinity significantly influenced
all soil physicochemical properties except Si concentration (Table 3). Soil amendment
treatments also influenced all traits except EC. The interactions S × T were only significant
for WHC, pH, and soil K and Na concentrations (Table 3).

Table 3. Soil nutrient values and significance levels for Experiment 2.

Treatments WHC
(%)

OM
(%)

pH
EC

(dS m−1)

Si
(ppm)

K
(ppm)

Na
(ppm)

NO3

(ppm)Irrigation Water Salinity (S)

High salt 38.9 B 3.18 A 8.37 B 2.26 A 19.1 35.3 A 395 A 140.7 B
Low salt 36.9 A 2.91 B 8.56 A 0.85 B 20.4 25.7 B 128 B 208.8 A

p < 0.05 * * ** ** ns ** ** **

Treatments (T)

Control 33.8 C 2.24 B 8.30 B 1.43 14.1 B 12.9 C 260 AB 165.9 B
BC 39.3AB 3.58 A 8.64 A 1.50 16.5 B 58.8 A 240 B 191.7 A
Si 37.1 B 2.54 B 8.32 B 1.65 23.3 A 9.2 C 292 A 162.4 B
BC + Si 41.5 A 3.82 A 8.60 A 1.65 25.0 A 41.0 B 253 B 179.0 AB

p < 0.05 ** ** ** ns ** ** * *

S × T * ns * ns ns * * ns

Means sharing the same letters in the column do not differ significantly at p < 0.05. * = p < 0.05; ** = p < 0.01;
WHC = water-holding capacity; OM = organic matter; EC = electrical conductivity; BC = biochar; Si = silica;
BC + Si = biochar + silica.

Soil amendments improved the WHC, with the highest WHC (43.2%) in the BC + Si
treatment, followed by BC alone and then Si alone. The lowest WHC was in the control
treatment (33.4%). The higher salinity irrigation treatment seemed to have higher WHC in
both BC soil treatments (Figure 2a). Biochar application alone or in combination with Si
increased the soil pH (8.70) irrespective of soil salinity level. However, the lowest soil pH
was noted for the control (8.26) and Si treatment (8.10) for high-salinity irrigation treatment
(Figure 2b). High-salinity irrigation treatment exhibited higher OM accumulation, while BC
addition alone or in combination with Si enhanced (3.95%) the soil OM level (Table 3). In the
case of soil EC, high-salinity irrigation had the highest EC, while none of the soil amendment
treatments significantly influenced the soil EC (Table 3). Application of Si alone or in
combination with BC substantially increased (26.4 ppm) the soil Si concentration (Table 3).
Low-salinity irrigation resulted in the highest NO3 level. Among soil amendments, BC
application augmented the soil NO3 level (226.7 ppm), while Si application and no soil
amendment had the lowest NO3 concentration (Table 3). Biochar application substantially
augmented the soil K concentration as the highest K level (66.3 ppm) was recorded for
high-salinity irrigation treatment receiving BC amendment, while soil receiving Si and no
amendment (11.5 ppm) had the lowest K irrespective of irrigation salinity level (Figure 2c).
The soil Na level was lowest in the low-salinity irrigation treatment, irrespective of soil
amendment. However, in high-salinity irrigation, BC application alone or in combination
with Si reduced (122 ppm) the soil Na concentration (Figure 2d).
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3.2.2. Biomass, Growth, and Sap Nutrient Concentrations

The analysis of variance revealed that cucumber cultivars (C) significantly differed for
leaf count, plant fresh weight, sap NO3, sap Na, and sap K concentration (Table 4). Irrigation
salinity level significantly influenced all traits except SPAD value and NO3 concentration in
plant tissues. Soil amendments significantly influenced the measured traits. The interaction
of C × S was significant only for leaf number and sap K concentration. The C × T interaction
was significant for plant height and leaf K concentration. However, the S × T interaction
was significant for all traits except plant height and SPAD value. The three-way interaction
C × S × T was only significant for leaf count and sap K concentration (Table 4).

Table 4. Plant height, leaf count, SPAD, biomass, and sap nutrient content and significance levels for
Experiment 2.

Treatments
Plant

Height
Leaf Count SPAD

Plant fresh
Weight

Plant Dry
Weight

Leaf NO3 Leaf Na Leaf K

Cucumber
Cultivars (C) (cm) (g Plant−1) (g Plant−1) (ppm) (ppm) (ppm)

SV8975 CB 6.87 3.21 B 34.3 3.11 B 0.349 362 B 3063 A 3208 A
Jabbar, F1 6.48 4.05 A 35.5 3.84 A 0.357 511 A 2734 B 2447 B

p < 0.05 ns *** ns *** ns ** * ***

Salinity level (S)
High salt 6.01 B 3.11 B 34.7 2.38 B 0.248 B 406 A 4808 A 2697 B
Low salt 7.33 A 4.16 A 35.1 4.56 A 0.457 A 467 A 988 B 2958 A

p < 0.05 *** *** ns *** *** ns *** *

Treatments (T)
Control 7.03 AB 3.15 C 36.5 AB 2.41 C 0.262 B 670 A 3430 A 1954 C
BC 7.33 A 3.88 A 30.1 C 4.24 A 0.410 A 193 B 3235 A 4016 A
Si 6.40 BC 3.56 B 39.9 A 3.24 B 0.334 AB 648 A 2599 B 1971 C
BC + Si 5.96 C 3.95 A 33.1 BC 3.99 A 0.404 A 235 B 2329 B 3550 B

p < 0.05 *** *** *** *** *** *** *** ***

Interactions (p < 0.05)
C × S ns * ns ns ns ns ns ***
C × T * ns ns ns ns ns ns ***
S × T ns ** ns *** ** ** *** ***
C × S × T ns * ns ns ns ns ns ***

Means sharing the same letters in the column do not differ significantly at p < 0.05. * = p< 0.05; ** = p < 0.01;
*** = p < 0.001. SPAD = soil plant analysis development; BC = biochar; Si = silica; BC + Si = biochar + silica.

The cultivars and irrigation treatment did not influence the SPAD values. However,
among the soil amendments, the highest SPAD value was noted with Si application, while
the lowest SPAD value was observed with BC application (Table 4). The interaction C × T
showed that the tallest cucumber plants (7.63 cm) were noted for cultivar SV8975CB
without any soil amendment, while BC + Si combined application reduced (5.87 cm) the
plant height in both cultivars (Figure 3a). The highest (five) number of leaves per plant
were noted for cultivar Jabbar grown with BC and BC + Si amendment in low-salinity
irrigation treatment (Figure 3b). The interactive effect of S × T showed that the highest plant
fresh (6.06 g plant−1) and dry (0.58 g plant−1) weights were produced with application of
BC alone or in combination with Si in low-salinity irrigation. The lowest values of fresh
(1.74 g plant−1) and dry weight (0.17 g plant−1) were noted for control plants grown in
high-salinity irrigation treatment (Figure 3c,d). The interaction of S × T revealed that
highest leaf NO3 was noted with Si application with low-salinity irrigation (810 ppm),
which was similar to the control in high-salinity, while the lowest NO3 concentrations was
noted for BC and BC + Si in both low (315 ppm) and high (157 ppm) salinity treatments
(Figure 3e). High-salinity irrigation substantially increased the Na concentration in plant
sap (Table 4). Nevertheless, soil amendments reduced the Na uptake, with Si alone or in
combination with BC reducing (742 ppm) the Na accumulation in plant sap (Figure 3f). The
interaction C × S × T showed that cultivar SV8975CB had the highest sap K concentration
(5367 ppm) under high salinity with BC amendment, while cultivar Jabbar showed the
lowest sap K (1100 ppm) under high-saline treatment without BC amendment (Figure 3g).
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4. Discussion

Soil salinization is one of the major threats to crop production globally as it adversely
affects soil physicochemical properties and nutrient availability. This study used cucumber
as an indicator plant and demonstrated that soil salinity negatively affected the soil proper-
ties and plant growth, leading to decreased biomass production as plant growth and yield
are greatly contingent on the soil physical properties and nutritional status. However, the
addition of soil amendments, such as BC, showed potential in improving plant growth in
salt-affected soil.

Soil salinity adversely affected the physicochemical properties in both experiments. In
Experiment 1, even though the high EC soil had higher WHC, nutrient levels, and OM due
to past fertilization practices, it also had higher EC and soil sodium levels, which negatively
affected plant growth. In the first study, the soil OM was enhanced by BC addition, but
BC and Si both failed to lower the soluble Na levels of the soil or reduce the uptake of Na
measured in the plant sap. Plant growth (germination, vigor, root, or top fresh weight)
was not affected by any of the amendments (BC or Si). The OM content was higher in
the high-salinity irrigation treatment because it is influenced by two opposing factors, i.e.,
reduced plant inputs and slower decomposition rate, which could increase soil organic
carbon content [27]. However, the addition of BC further enhanced the accumulation
of OM in the soil, which can be accredited to the chemical properties of BC, such as the
carbon content, as the BC used in this study had higher organic content [21]. Biochar has a
porous structure that is more resistant to degradation compared to the original feedstock
material [28]. This property allows biochar to significantly improve soil physicochemical
and biological properties, which can promote better crop production [29].

In this study, the addition of BC appeared to slightly increase the soluble NO3
- content

of the soil. This is consistent with previous studies that have shown biochar’s ability to
retain NO3

− within its pores [30]. However, it should be noted that applying BC to soils
may affect the conditions that control nitrification, denitrification [31], and other nitrogen
transformation and loss pathways. However, the plant sap levels of NO3 were lower
with BC treatment, indicating reduced uptake by plants. This could be due to a complex
interaction between the added biochar and other soil components that influence nutrient
availability, uptake, and transport in plants. The lower values of soil EC, NO3, P, K, Na,
and Si in the less saline soil in Experiment 1 compared to high-saline soil were primarily
due to the dilution effect and better fertility of high-saline soil. However, the application
of BC in high and low-saline soil increased the soil NO3, P, and K concentrations. This
increase in soil nutrient concentration can be attributed to the adsorption of salts and
replacement of Na+ from the exchangeable sites in the soil with other cations, such as the
Ca2+ and Mg2+ [32,33]. The biochar’s ability to exchange Na+ with these other cations
can help to reduce the amount of sodium ions in the soil, which can lead to enhanced
leaching of sodium ions from salt-affected soils [32]. Furthermore, biochar can also improve
soil fertility by increasing the availability of nutrients to plants through its impact on soil
pH. Biochar has been shown to have a liming effect, which can increase soil pH, making
nutrients such as P and K more available to plants.

Cucumber is highly sensitive to salt stress, and cucumber seeds sown in high-saline
soils showed inhibited germination and reduced vigor. The salinity-induced poor emer-
gence and vigor of cucumber seedling was possibly due to lower activities of germination-
related enzymes (e.g., as α-amylase) [21] as lower activities of α-amylase is associated with
poor seedling emergence [10,21]. In the present study, root fresh weight was found to be
lower with salt treatment and highest in the low-salt soil with perlite. The lower root fresh
weight in high-saline soil or control treatment was due to root growth inhibition owing
to excessive Na intake [34]. These findings indicate that salt stress disturbs the nutrient
homeostasis in plants through excessive accumulation of Na in different parts of plants.

High-salinity irrigation in Experiment 2 decreased plant height, leaf count, plant
fresh and dry weight, and sap K, while SPAD and sap NO3 were unaffected by salt
level. Sap levels of Na were higher with high-salt treatment but were reduced with
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the Si soil amendment treatments. The reduction in Na uptake observed in the Si soil
amendment treatments is consistent with the well-established role of Si in enhancing
salt stress tolerance in plants as Si application has been shown to improve plant growth
and alleviate the negative effects of salt stress by reducing Na+ absorption, improving
ion balance, and enhancing osmotic adjustment of the plants [16]. Salt stress disturbs
the nutrient homeostasis in plants through excessive accumulation of Na in different
parts of plants [1]. However, application of BC enhanced the sap K in both experiments,
while Si application substantially reduced the sap Na levels in Experiment 2. Moreover,
improvement in plant growth and biomass production with BC amendment can be ascribed
to increased availability of nutrients such as N, P, and K from BC itself, which leads to
higher levels of K but not NO3 in sap, or modification in nutrient cycling and retention,
which improves plant growth [21,35].

Cucumber cultivars also varied in leaf count, plant fresh weight, and tissue nutrient
level. The cultivar Jabbar F1 exhibited higher leaf count, fresh weight, and sap NO3, along
with lower Na and low K. The variation in these traits may be due to genetic differences
and different responses to salt stress as Jabbar restricted Na accumulation, while SV8975CB
accumulated more Na in plant tissues. In the present study, the higher leaf count, fresh
weight, and sap NO3 levels in Jabbar F1 may be attributed to its ability to maintain better
nutrient uptake and assimilation under salt stress conditions. On the other hand, SV8975CB
may have accumulated more Na in plant tissues, which may have contributed to its lower
growth and nutrient accumulation.

5. Conclusions

Soil salinity inhibited the emergence and growth of cucumber. Soil amendments,
particularly biochar, improved soil fertility and physical properties such as soil K, P, organic
matter content and, in some cases, soil levels of NO3 and water-holding capacity but did
not improve plant growth in Experiment 1. When salt stress was imposed as irrigation
water, the effect of biochar on plant growth resulted in higher levels of sap K but lower
levels of sap NO3 and better plant growth. Silica, but not biochar, reduced plant uptake of
Na based on sap Na measurements. The biochar amendment improved plant growth and
sap K level under salt stress conditions. Application of biochar and Si can help improve
cucumber production on salt-affected soils or under saline irrigation conditions, but there
does not appear to be any synergistic effect from applying both at the same time.
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Abstract: Gully erosion is a worldwide threat with numerous environmental, social, and economic
impacts. The purpose of this research is to evaluate the performance and robustness of six machine
learning ensemble models based on the decision tree principle: Random Forest (RF), C5.0, XGBoost,
treebag, Gradient Boosting Machines (GBMs) and Adaboost, in order to map and predict gully erosion-
prone areas in a semi-arid mountain context. The first step was to prepare the inventory data, which
consisted of 217 gully points. This database was then randomly subdivided into five percentages of
Train/Test (50/50, 60/40, 70/30, 80/20, and 90/10) to assess the stability and robustness of the models.
Furthermore, 17 geo-environmental variables were used as potential controlling factors, and several
metrics were examined to evaluate the performance of the six models. The results revealed that all of
the models used performed well in terms of predicting vulnerability to gully erosion. The C5.0 and
RF models had the best prediction performance (AUC = 90.8 and AUC = 90.1, respectively). However,
according to the random subdivisions of the database, these models exhibit small but noticeable
instability, with high performance for the 80/20% and 70/30% subdivisions. This demonstrates the
significance of database refining and the need to test various splitting data in order to ensure efficient
and reliable output results.

Keywords: soil erosion; inventory data; performance; robustness; spatial prediction

1. Introduction

Soil erosion is known as a loosening of sediment from the uplands to the valley floor
induced by runoff [1]. This phenomenon is described as a catastrophic global issue with
extensive environmental, social, and economic repercussions [2]. Soil erosion endangers
water and soil resources, both of which are vital to human existence and the environmental
equilibrium. There are several types of soil erosion, the most notable of which is gully
erosion (GE) [3]. This type contributes to landscape shaping while also causing significant
damage such as the degradation of arable land fertility, damage to water infrastructure
and shortening of its life span, and the disruption of countries’ economic and societal
circumstances [4]. This phenomenon has affected one-third of the world’s arable land
in the last few decades [5]. According to the literature, soil erosion affects more than
10 million hectares of agricultural land each year, with annual global loss rates of approx-
imately 43 Pg [6]. According to FAO [7], soil losses due to soil erosion are estimated to
result in a $1 billion economic loss. Soil erosion affects 40% of Moroccan territory, with
annual loss rates ranging from 23 to 55 t/ha/yr on average, and extreme values reaching
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524 t/ha/yr in some places [8]. Furthermore, agriculture is the main source of income
for the people who live in the mountainous areas of Morocco. However, these areas are
heavily affected by soil erosion, which decreases the amount of fertile land, reduces the
quality and quantity of water, and has other serious economic and social effects [9]. In this
respect, the Lakhdar watershed in the Moroccan High Atlas is one of the regions impacted
by significant soil degradation as a result of its very complicated physical features, such as
a very high topography and a steep slope occupied by rocks with differing properties. In
connection with these factors, the study of gully erosion vulnerability may be a crucial tool
for understanding erosive processes in comparable environments. As a result, identifying
areas prone to soil erosion is an important step toward good natural resource management
and long-term protection and a deeper comprehension of the erosive processes and the
factors that influence this phenomenon under current climatic conditions.

Since the 1930s, numerous models have been developed to estimate soil loss rates
and qualitatively assess soil erosion sensitivity. Currently, combining remote sensing with
geographic information systems makes this task easier and more efficient [10]. According to
the literature, there seem to be two distinct methods of soil erosion analysis: Qualitative and
quantitative approaches. To assess medium- and long-term soil loss rates, empirical models
such as the Universal Soil Loss Equation (USLE), Modified Universal Soil Loss Equation
(MUSLE), and Revised Universal Soil Loss Equation (RUSLE) have been employed [11,12].
There are also physical models that can be used to quantify soil loss averages, such as the
Water Erosion Prediction Project Model (WEPP) [13], the Chemical Runoff and Erosion
for Agricultural Management System (CREAMS) [14], and other models such as The
Erosion-Productivity Impact Calculator (EPIC) [15] and the Limburg Soil Erosion Model
(LSEM). These models, however, cannot predict gully erosion susceptibility because this
type of erosion is controlled by several factors not completely taken into account by their
formulas, including topographic, hydraulic, climatic, soil conditions, and morphometric
characteristics [16]. Furthermore, quantitative models necessitate calibration and are subject
to significant uncertainty in terms of differences between predicted and measured loss
rates [17]. In this regard, other bivariate and multivariate statistical models have been
developed [18]. Furthermore, hierarchical process analysis (HPA) methods [19], logistic
regression models [20], Weight-of-Evidence (WoE) models, and entropy indexes are used
to evaluate the sensitivity to gully erosion [21,22]. Moreover, machine learning techniques
have proven to be an effective tool for assessing and mapping gully erosion [23,24]. These
methods are a subset of the artificial intelligence field that is based on the hypothesis that
computer programs can learn from inventory and model input data without the need for
human intervention [25]. Presently, the use of machine learning-based approaches has
become popular, particularly in the mapping and monitoring of natural hazards, because
they produce high-accuracy results in data processing, classification, and prediction [26]. In
addition, numerous researchers have tested the high performance of deep learning models
in the spatial prediction of vulnerable zones to gullying phenomena [27]. On the basis of this
previous investigation, we aim to fill a gap in the analysis of inventory data by investigating
various possible subdivisions and proposing to researchers and decision-makers a simple,
less expensive, and effective method for predicting soil erosion vulnerability.

The objectives of this investigation are to identify the factors that cause gully erosion
and to test several “decision tree” models to develop a gully erosion susceptibility detec-
tion and prediction model suitable for mountainous and semi-arid areas. It is therefore
essential to evaluate the stability of these models against the variation in training and
testing percentages. Because of this, we will test how well these models perform with
five different splitting of data on Training and Testing: 90/10%, 80/20%, 70/30%, 60/40%,
and 50/50%. The advantage of this kind type of decision tree model is that it determines
the relationships between the explanatory variables, the dependent factors, and the oc-
currence of the phenomenon in a simple tree structure. This makes these models more
comprehensive compared to mathematical formulas or correspondence tables. According
to the literature, numerous studies have used these models to assess and monitor gully
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erosion vulnerability [24,28]. Despite this, the use of these combined approaches to predict
areas susceptible to gully erosion on the one hand, and their tests under different quanti-
ties of input data subdivision on the other hand, remains very limited. Additionally, the
combination of different types of decision trees has never been tested in Morocco, lending
originality to this research. Finally, the development of these advanced methods to map
gully erosion-vulnerable areas is critical because it will support decision-making in terms
of planning and implementing sustainable policies and strategies for land management of
water and soil resources.

2. Materials and Methods

2.1. Study Area

The Lakhdar watershed is one of the Oum Er-Rbia sub-basins (Figure 1) and is located
in the Atlas Mountains axial zone and covers approximately 1600 km2. The study area
is divided into three geomorphological distinct units: High mountains with altitudes
of up to 4000 m, plateaus, and valleys carved deeply by soil erosion. The region has a
major hydraulic structure of critical importance in terms of drinking water supply for
Marrakech city as well as irrigation of the Haouz plain downstream. Geologically, the
Lakhdar watershed is composed of an amalgam of lithologies with a dominance of Jurassic
limestones and Permo-Triassic sandstones; its upstream part is primarily characterized
by detrital deposits represented essentially by clays, marls, and alluvial deposits of the
Quaternary period (Figure 2 and Table 1). The study area is classified as a semi-arid zone
with hot summers (from June to August) and cold winters (since December to February).
The aridity primarily affects the downstream portion of the watershed area; however, the
upstream portion is controlled by high altitudes, resulting in significant spatial differences
in rainfall amounts. In general, the average annual rainfall is approximately 450 mm,
with maximum values of 600 mm recorded in the upstream portion and minimum values
of 300 mm recorded primarily in the downstream areas. The area under investigation
has a deteriorated vegetative cover, which is exacerbated by the dynamics and anthropic
activities that invade the area. This is supported by a 36% reduction in forest area over
the last few decades. As a result, the watershed area serves as a test bed for studying
soil erosion processes and comprehending the erosive processes that occur in a semi-arid
mountainous area.

Table 1. Description of lithological units in Lakhdar watershed, Morocco.

Class Description

1 Silurian: Graptolitic shales

2 Stephano-Triassic: Sandstones and red conglomerates

3 Permian-Triassic: Basalt

4 Lower Lias: Limestones, and red clays

5 Lower Lias: Limestones and marls

6 Middle Lias: Limestones

7 Upper Lias: Conglomerates, sandstones, and clays

8 Dogger: Marls and limestones

9 Quaternary: Alluvial and Rockfull

2.2. Methodology

The current study’s approach includes several major steps illustrated by the flowchart
presented in Figure 3. In addition, the same figure presents an overview of the approach that
was developed for probabilistic gully erosion susceptibility using decision tree models (C5.0,
XGBoost, treebag, GBM, and Adaboost) to produce accurate Gully Erosion Susceptibility
Maps (GESMs).

175



Soil Syst. 2023, 7, 50

 

Figure 1. Location maps of the study area (a) at Moroccan scale, (b) at Oum Er-Rbia watershed scale,
and (c) DEM of Lakhdar watershed.

 

Figure 2. Geological map of the study area.
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Figure 3. A detailed flowchart shows research methods.

2.2.1. Gully Erosion Inventory Mapping

One of the most important indicators for assessing gully erosion susceptibility is the
gully erosion inventory map (GEIM), which presents the spatial locations of the gullies.
The distribution of traditional and present gully locations can be used to estimate the
potential probability of gully erosion in a region. As a result, it is important to create a
gully erosion inventory map in order to estimate the optimal future gully erosion [29]. The
GEIM is required for the preparation of GESMs by various predictive models [30] and was
used as the dependent variable in this study. For GEIM preparation, gully locations were
identified by conducting fieldwork in the study region combined with google earth image
analysis. Gully locations were determined using a handheld GPS device. In the study area,
217 gullies were collected (Figure 1). This database was then randomly subdivided into
five quantities (50/50%, 60/40%, 70/30%, 80/20%, and 90/10%) to assess the performance,
robustness, and stability of the models (Figure 2).

2.2.2. Dataset Preparation for Spatial Modelling

The selection of Gully Erosion Conditioning Factors (GCFs) is a crucial stage in the
development of GESMs using several techniques [31]. In this study, 17 geo-environmental
variables were used for spatial modelling of gully erosion, including elevation, slope, aspect,
rainfall, LandUse-LandCover (LULC), Normalized Difference Vegetation Index (NDVI),
distance to rivers, Drainage Density, Valley Depth, Curvature, Lithology, Geomorphons,
Topographic Position Index (TPI), Topographic Wetness Index (TWI), Topographic Rough-
ness Index (TRI), Slope Length (LS), and Stream Power Index (SPI) (Table 2), while taking
previous literature and multicollinearity into account. Note that for all quantitative factors,
the classification is based on the Natural break technique, as suggested by the majority
of researchers [32].
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Table 2. Data sources used in this study.

Factors Data Layers Data Source

Topographic factors

Elevation
Slope (◦)

Stream Power Index (SPI)
Topographic Position Index (TPI)

Slope Length (LS)
Aspect

Curvature
Topographic Wetness Index (TWI)

Topographic Roughness Index (TRI)

SRTM-DEM (Digital Elevation Model) were
downloaded from the website of United States

Geological Survey (USGS)
(http://gdex.cr.usgs.gov/gdex/ (accessed on

2 August 2022));
Pixel size of 30 m × 30 m.

Hydrological factors Distance To Rivers
Drainage Density

Geomorphological factors Valley depth
Geomorphons

Geological factors Lithology

Geologic map of Ouaouizghte-Dades 1/200,000
Bourcart et al., 1942 [32]

Geologic map of Demnate-Telouate 1/200,000
Termier, 1941 [32]

Climatic factors Rainfall (mm) TRMM data

LAND cover factors
Normalized Difference Vegetation Index

(NDVI)
LandUse-LandCover (LULC)

LANDSAT-8 OLI TIRS satellite image

The elevation data layer was created using the digital elevation model (DEM) obtained
from the USGS (Figure 4a). The study area’s altitude was separated into five groups:
942–1513 m, 1504–1947 m, 1937–2379 m, 2381–2866 m, and 2860–3876 m (Figure 4a). The
slope has a big effect on how gullies form [33]. The slope map was created in GIS using a
DEM and was divided into five groups: 0–9, 10–18, 19–26, 27–36, and 37–71◦ (Figure 4a).
The aspect map, similar to that of the slope map, was created from the DEM and divided
into nine classes: Flat, north, northeast, east, southeast, south, southwest, west, and
northwest. The curvature is also mapped from DEM using GIS and divided into five
classes −24.9 to −2.4, −2.3 to −0.9, −0.8 to −0.4, 0.5 to 2.1, and 2.2 to 30.2 (Figure 4a). The
sediment power index (SPI) reveals the discharge, carrying potential, and water erosion
energy, which influences the sensitivity to gully erosion [34]. The following Equation (1)
was used to obtain the SPI from the DEM:

SPI = As × tanβ, (1)

where As is the upstream drainage area and β is the slope degree. The SPI was classified into
the five sub-categories of 0–443, 444–959, 960–1587, 1588–2547, and 2548–9410 (Figure 4a).
The topographic wetness index (TWI) is regarded as a key gully erosion conditioning factor.
Using the following Equation (2), the TWI was obtained from DEM data:

TWI = In(As/tanβ), (2)

where As is the upstream drainage area and β is the slope degree. The TWI was categorized
into five classes: 2–6, 7–8, 9–11, 12–16, and 17–25 (Figure 4a). The slope length (LS) factor
was calculated also from the DEM by means of Equation (3).

LS = (m + 1)× [As/22]× [sinβ/0.0896], (3)

where As is the upstream drainage area and β is the slope degree. The LS was categorized
into five classes: 0–4.16, 4.16–9.02, 9.02–14.58, 14.58–27.76, and 27.76–177 (Figure 4b). The
Terrain ruggedness index (TRI) indicates the elevation difference between the surrounding
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cells of a DEM [35]. The TRI was classified into five classes: 0–4.49, 4.49–8.66, 8.66–13.80,
13.80–22.46, and 22.49–81.83 (Figure 4b). The topographic position index (TPI) is also
calculated using DEM; TPI is a terrain classification method in which the altitude of each
data point is compared to its neighbors. In a nutshell, we calculate the height difference
between each data point, or pixel in a raster DEM, and its immediate surroundings. The
TPI was classified into five classes: −13–152, 152–298, 298–459, 459–632, and 632–966
(Figure 4b). Drainage density factors were also used and categorized into five classes:
0.14–0.46, 0.47–0.64, 0.65–0.79, 0.8–0.93, and 0.94–1.3 (Figure 4b). The distance from the
river map was prepared by applying the Euclidian distance buffer (EDB) tool in GIS
(Figure 4a). It was classed into five sub-classes, namely 0–185 m, 186–419 m, 420–668 m,
669–966 m, and 967–2052 m (Figure 4a).

Despite the fact that gully erosion is highly dependent on the lithology qualities of the
exposed material near the earth’s surface, lithology indicators play an essential function
in assessing gully erosion vulnerability [33]. The lithological map was generated from
the available geological data of Morocco and was classified into nine classes numbered
one through nine (Figure 4a and Table 1). The NDVI was calculated using the Landsat 8
imagery in a GIS environment following this Equation (4).

NDVI = (NIR − R)/(NIR + R), (4)

where NIR is the near-infrared spectrum and R is the red spectrum. The map was catego-
rized into five classes: −0.12 to 0.1, 0.11 to 0.14, 0.15 to 0.2, 0.21 to 0.31, and 0.32 to 0.58
(Figure 4a). The Land Use Land Cover (LULC) map was obtained from Landsat 8 imagery
based on the supervised classification process in the GIS environment. Water bodies, soil
bare, sparse vegetation, agricultural land, and forest are the LULC classes (Figure 4b).

The geomorphological factors used are Valley depth and Geomorphons. The first was
classified into five classes: −13–152, 152–298, 298–459, 459–632, and 632–966. The second
was classified into ten classes: Flat, summit, Ridge, shoulder, spur, slope, hollow, footslope,
and Valley depression (Figure 4b). Rainfall is a major factor that directly contributes to gully
erosion, and annual precipitation data were obtained from the Tropical Rainfall Measuring
Mission (TRMM). According to the rainfall map, the annual average rainfall in the study
area ranges between 390 and 610 mm.year−1. The most significant values are found in the
south, while precipitation decreases sharply in the north (Figure 4a). The rainfall map was
subdivided into five classes: 330–395, 395–450, 450–505, 505–552, and 552–610.

2.2.3. Multicollinearity Analysis

The multicollinearity test is an important approach to measure the linear dependency
among the specified independent parameters in statistical modelling. This method needs
to be applied to machine learning models in order to improve their performance [31]. This
study used the correlation matrix and variable inflation factor (VIF) methods to determine
the multicollinearity of the Gully erosion factors. Using the correlation between predictor
pairs alone has limitations, whether small or large [36].

2.2.4. Decision Tree-Based Approaches
Random Forest (RF)

The random forest (RF) algorithm is a statistical technique for controlling a large num-
ber of connected variables [37]. In 2001, Breiman [38] developed the technique as a binary
tree decision-making system [39]. RF may also assess dynamic trends and understand
nonlinear connections between explanatory and dependent variables. It will also merge
multiple data formats due to the lack of a uniform distribution of the data used. RF is
ideally suited to geographical studies and is often employed in land movement sensitivity
mapping [40]. This method combines many decision trees, with many bootstrap samples
obtained from the data and a range of input variables arbitrarily added to each tree. Fur-
thermore, the RF approach categorizes elements according to their relevance. The weights
are determined by taking the average decline in forecast accuracy.
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(a) 

Figure 4. Cont.
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(b) 

Figure 4. (a,b). Conditioning factor maps and spatial correlation between factors and Gully erosion
location using FR method.
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C5.0

C5.0 is a decision tree technique that works by first testing the classifier to classify
unseen data and then using the final decision. Pandya and Pandya [41] demonstrate
decisively that C5.0 is an improvement over C4.5 in terms of processing time, memory
consumption efficiency, error, and, ultimately, classification accuracy. When compared
to more advanced and complicated machine learning models (e.g., neural networks and
support vector machines), the C5.0 algorithm decision trees perform almost as well but are
considerably easier to understand and use [42].

Adaboost

Adaboost is a method for reducing the error of a weak learning algorithm. In the-
ory, the weak learning algorithm can be any that can generate classifiers that are only
marginally better than random guessing [43]. There are two primary issues with boosting:
Determining how to modify the training set so that the weak classifier can train using it and
how to combine the weak classifiers gained during training to form a strong one. Previous
authors [44] developed the Adaboost (adaptive boosting) method, which adjusts the weight
without requiring prior information on learner learning. Adaboost has been employed
in ensembles to increase prediction performance, most notably in neural networks [45],
support vector machines [46], and decision trees [47]. The classifier uses an adaptive resam-
pling strategy to select training samples, which means that a misclassified dataset generated
by a prior classifier is chosen more frequently than correctly classified ones, allowing a new
classifier to perform well in a fresh dataset. Each iteration gives the dataset a weight so
that the following integration concentrates on reweighted datasets that were previously
misclassified. In the final classifier, the ensemble predictions are weighted. The Adaboost
algorithm can be applied to two-class problems, multi-class single-label issues, multi-class
multi-label problems, single-label problem categories, and regression problems [47].

Treebag

Bagging or bootstrap aggregation is an ensemble method developed [48] that involves
repeatedly training the same algorithm using different subsets of the training data. Af-
ter that, the final output forecast is averaged over all sub-model projections. Bagging,
in general, increases classification accuracy by lowering the variation of classification
incertitude [49]. Freund and Schapire [48] claim that bagging can considerably enhance
accuracy if changing the learning set creates a major change in the predictor built. The
ensemble’s majority vote is used to forecast a test sample [50]. Bagging attempts to reduce
the error level owing to the variation of the base classifier by voting on the predictions of
each classifier because each ensemble member is trained with a separate set of data [48].

Gradient Boosting Machine (GBM)

The Gradient Boosting Machine (GBM) is a forward-learning ensemble approach
developed by [51] that is commonly used in machine learning. It is an effective method
for developing predictive models for regression and classification tasks. GBM assists us
in obtaining a predictive model in the form of an ensemble of weak prediction models
such as decision trees [52]. When a decision tree performs poorly as a learner, the resulting
algorithm is known as gradient-boosted trees [30]. Most supervised learning algorithms, in
general, rely on a unique predictive model, such as decision trees and regression models.
However, some supervised ML algorithms rely on the ensemble, which is a combination
of various models. In other words, when multiple base models contribute predictions,
boosting algorithms adapt to an average of all predictions. GBM is made up of three
components, which are as follows: Weak learners, a loss function, and an additive model.

Extreme Gradient Boosting (Boost)

The gradient boosting theory is the basis for the XGBoost model, which combines a
set of weak learners’ predictions to create a robust learner through an additive training
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strategy [53]. The XGBoost model requires a number of parameter selections to pre-
dict the model, but the performance is always dependent on the selection of the op-
timal parameters. Thus, in the modelling process, the user needs to select three key
parameters: colsample by tree (the portion of the variables to be used in each tree), sub-
sample (the subsample ratio for the data to be considered in each tree), and nrounds
(the maximum number of boosting iterations).

2.2.5. Models’ Optimization

Cross-validation is an extremely effective tool in advanced and powerful machine
learning models [54]. It allows us to make better use of our data and provides us with much
more information about the performance of our algorithms. In this research, we used two
approaches: K-fold cross-validation and tuning hyperparameters. For the first approach,
the K-fold cross-validation method splits the input dataset into K groups of identical-size
samples. The name given to these samples is folds. The prediction process uses k-1 folds
for the separate training data and the remaining folds are used for the testing data. This
is a popular CV approach because it is simple to understand and produces fewer biased
results compared to other techniques. For the second approach, the process of tuning the
parameters present as item sets while building ML models is known as hyperparameter
tuning. These parameters are defined by us and can be manipulated as desired by the
scientist in order for the model to perform well.

2.2.6. Validation and Accuracy Assessment

To assess the robustness of the used ML DT-based models used in the GE modelling
process, we employed a number of statistics-based metrics, including sensitivity and
specificity. This enables us to assess how the gully modelling predictive skill is employed
to classify gully locations; specificity denotes the non-gully areas, while sensitivity denotes
the gully area. These methods are relevant to predicting gully and non-gully areas. In
addition, the kappa approach is utilized to assess the reliability of a gully erosion model.
The values fall within the interval of −1 to 1, with 1 representing the best results. In
addition, we used the accuracy, RMSE, and MAE values to assess the performance of the
models tested for each data subdivision. A high value of accuracy and lower values of
RMSE and MAE indicates better results of gully erosion modelling. Finally, the receiver
operating characteristic curve (ROC) is regarded as a standard metric for evaluating the
results of using ML models. To evaluate the performance of the modelling process, we
use four types of possible metrics: True Positive (TP), False Positive (FP), True Negative
(TN), and False Negative (FN). All of the equations used to calculate these parameters are
mentioned below:

Sensitivity =
TP

TP + FN
, (5)

Specificity =
TN

FP + TN
, (6)

Accuracy =
TN + TP

TP + FP + TN + TP
, (7)

Kappa =
Accuracy − B

1 − B
, (8)

Where B =
(TP + FN)(TP + FP) + (FP + TN)(FN + TN)√

TP + TN + FN + FP
, (9)

RMSE =

√
1
n∑n

i=1(XP − XA)
2, (10)
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MAE =
1
n∑n

i=1

∣∣∣(XP − XA)
2
∣∣∣, (11)

2.2.7. Variable Importance Analysis

We adopted two methods based on the RF model to generate a classification of factors
according to their importance. The first is the mean decrease in accuracy and the second is
the mean decrease in Gini. The mean decrease in accuracy shows how much the model
accuracy loses when a factor is left out. The more the accuracy decreases, the greater the
significance of the variable for effective results. The mean decrease in Gini is a measure
of variable importance based on the principle that whenever a node is split on variable m,
the Gini impurity criterion for the two descendent nodes is lesser compared to the parent
node. Adding the Gini reductions for each variable across all trees offers a rapid measure
of variable importance [55].

3. Results

3.1. Preliminary Data Analysis

The correlation matrix and the variance inflation factor (VIF) were used to examine the
collinearity between the explanatory factors (Figure 5 and Table 3). The correlation matrix
shows a high value of 0.8 between the LS factor and the TRI factor, while the collinearity
of the remaining factors remains acceptable. The VIF shows a tolerance level with values
less than 5: Curvature (1.069), TWI (1.075), and Distance to Rivers have the lowest VIF
values (1.088), and the highest value is related to the LS-factor (3.396). As a result of the
collinearity test, the LS factor has been omitted from the analysis.

Figure 5. Correlation matrix results between conditioning factors. LandUse-LandCover (LULC),
Normalized Difference Vegetation Index (NDVI), Topographic Position Index (TPI), Topographic
Wetness Index (TWI), Topographic Roughness Index (TRI), Slope Length (LS), and Stream
Power Index (SPI).
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Table 3. Variance inflation factor (VIF) and Tolerance (TOL) results.

Factors VIF TOL

Elevation 1.264 0.791

Aspect 1.118 0.895

Curvature 1.069 0.936

Slope 2.805 0.356

SPI 2.461 0.406

TWI 1.075 0.930

Drainage Density 1.214 0.824

Distance To Rivers 1.088 0.919

Lithology 1.366 0.732

Rainfall 1.406 0.711

NDVI 1.537 0.650

LULC 1.464 0.683

Valley Depth 1.207 0.828

TPI 1.217 0.822

TRI 3.301 0.303

LS 3.396 0.295

Geomorphons 1.494 0.669

3.2. Spatial Relationship between Gully Locations and Effective Factors

A bi-variate statistical approach based on the frequency ratio (FR) was used to correlate
causative factors with the spatial distribution of gullies (Figure 4a,b). For a given factor, this
ratio determines the likelihood of gully occurrence versus non-occurrence [56]. The highest
value of FR is 6.34 represented by the lithology class occupied by sandstones and red
conglomerates followed by the class of limestones and red clays, which had an FR value of
4.24, and lastly, the Basalts class with an FR of 2.36. The TRI factor and curvature represent
a strong spatial correlation with the gullies with an FR value of 2.30 (class 22.46–81.83)
and 1.98 (class 2.2–30.2), respectively. The topographic factors also showed a high spatial
correlation with an FR value of 1.82 for valleys ranging in depth from 298 m to 459 m
followed by the highest class of the LS factor with an FR of 1.81, and then the slope class
(27–36◦) with an FR of 1.72 and the elevation class, which ranges from 1937–2379 m with
an FR value of 1.71. The majority of gullies developed on the southwest-facing slopes,
which is represented by the high value of the Aspect factor (FR = 1.71). Rainfall also has a
strong concordance with gully development where the highest value of FR (1.70) is given
to the maximum rainfall class (552 and 610 mm). Compared with the rest of the factors,
the majority of gullies developed in areas where the distance to rivers was more than
552 m (FR = 1.68), areas classified as the moderate SPI class (FR = 1.66), bare soil areas
with an FR = 1.26 for the LULC factor, and areas in which the NDVI class ranged between
−0.12 and 0.1 (FR = 1.59). Furthermore, the majority of gullies form on slopes and cavity
areas, as indicated by the geomorphic factor, in which FR for these classes is 1.54. The
TWI naturally correlates with gully formation areas; in the current study, this index has an
FR = 1.14 represented by classes 7–8 of the TWI factor.
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3.3. Variable Importance Analysis

Two measures were considered to identify the importance of the predictive factors of
gully erosion: The average decrease in accuracy and the average decrease in Gini, which is
based on the RF model with four subdivisions of the input database (50%, 60%, 70%, 80%,
and 90%) (Figure 6). In general, the results of these two measures show that all variables
play a role in gully formation. However, some factors were more important in predicting
the spatial distribution of GE based on the average decrease in the accuracy index. The
results show that the factors lithology, geomorphons, elevation, and LULC are the most
important in terms of controlling gully formation. This can be explained by the study area’s
mountainous and geomorphological characteristics, as well as its continuous active tectonic
aspect. These findings also demonstrate the effect of anthropogenic action on gully erosion
sensitivity and the role of vegetation cover protection in combating this phenomenon.
Furthermore, the average decrease in the Gini index results is in perfect agreement with
the previous results, confirming the importance of lithology, geomorphological unit, and
vegetation cover protection in the formation of gullies.

Figure 6. Conditioning factors importance assessment using RF algorithm.

3.4. Gully Erosion Susceptibility Mapping

The gully erosion susceptibility maps (GESMs) allow us to visualize the spatial dis-
tribution of gullies and identify the areas vulnerable to gully formation. GESMs were
produced using the R interface and reclassified using the natural break method in GIS
software (Figure 7). The percentages of the areas occupied by each gully erosion sensitivity
class in relation to each model are shown in Figure 8. According to these results, the higher
sensitivity classes account for 24% of the total area for the RF and XGBoost models, 23% of
the study area for the C5.0 and GMB models, 25% of the area for the treebag model, and
28% of the total area for the Adaboost model. However, the areas with moderate gullying
susceptibility range in percentage of the area from 28% for Adaboost to 24% for the RF
model, 22% for the C5.0, and 19% for the treebag and GBM models. These findings are
consistent with field observations, as the majority of mapped gullies are classified as having
high or very high gully erosion sensitivity. Furthermore, all gully erosion sensitivity maps
show increasing spatial variation from the very low gully erosion class to the very high
gully erosion class, demonstrating the effectiveness of the models used and the reliability
of the results.
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Figure 7. Gully erosion sensitivity maps using Dt-based models.
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Figure 8. Distribution of gully erosion (GE) susceptibility classes (area %).

3.5. Model Accuracy and Validation Results

In this regard, six models were used, the input data were evaluated by cross-validation
ten times for each model, and the accuracy was calculated on the basis of five subdivisions
by four parameters, namely Kappa, ROC-AUC, RMSE, and MAE. As a result, we were
able to identify the degree of discrimination and reliability, reflecting the performance
of the chosen models. Comparing the results obtained (Figures 9–11), the C5.0 model
shows a better performance, especially for the 70/30% subdivision, with an AUC value
of 90.80% followed by the RF model with an AUC value equal to 90.10% for the 80/20%
subdivision, then XGBoost and Adaboost models with an AUC of 90% for the 70/30%
subdivision, then the GBM model with an AUC of 88.20% for the 90/10% subdivision,
and finally, the treebag model with an AUC of 87.7% for the 70/30% subdivision. This
demonstrates that the entire accuracy of the used models is high, particularly at the 70/30%
and 80/20% subdivisions for the majority of these models. The average Kappa index values
for the RF, C5.0, Adaboost, GBM, treebag, and XGBoost models are 0.58, 0.56, 0.59, 0.55,
0.57, and 0.54, respectively. These results are classified as acceptable to moderate. The
average RMSE values range between 0.45 for the RF and Adaboost models, 0.46 for the
C5.0 and treebag models, and 0.47 for the GBM and XGBoost models, indicating that the
output results are of high quality and reliability. In the 10-fold cross-validation analysis,
the prediction models used demonstrated robustness and stability for the calibration and
validation datasets. These models also had a high accuracy, which exceeded 80% for the set
of random subdivisions used.

188



Soil Syst. 2023, 7, 50

 

Figure 9. Success rate curve and the area under curve values of the DT-based models using the
training dataset: RF (a), Adaboost (b), C5.0 (c), treebag (d), (e) GBM, and XGBoost (f).
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Figure 10. Prediction rate curve and the area under curve of the DT-based models using the testing
dataset: RF (a), Adaboost (b), C5.0 (c), treebag (d), (e) GBM, and XGBoost (f).
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Figure 11. Validation results and metric parameters calculation of all models in each splitting quantity
using testing data.

4. Discussion

In this section, the results are discussed in three parts: (i) The analysis of the models’
performances; (ii) the investigation of the importance of each geo-environmental factor
in the modelling of gully erosion; and (iii) the analysis of gully erosion vulnerability
mapping results.

4.1. Accuracy Assessment and Comparison

The performance of the modelling is based on two fundamental aspects: Discrimina-
tion and reliability. In this respect, the evaluation of the performance of the GE sensitivity
models was carried out according to five random subdivisions (50/50%, 60/40%, 70/30%,
80/20%, and 90/10%) by 10-fold cross-validation through several statistical metrics, namely
the Kappa index, AUC, RMSE, and MAE.

In terms of prediction accuracy, the C5.0-70/30% model performed the best (AUC = 90.8),
followed by the RF-80/20% model (AUC = 90.1), the Adaboost-70/30% model (AUC = 90),
the XGBoost-80/20% model (AUC = 89.8), the GBM-80/20% model (AUC = 88.2), and
the treebag-70/30% model (AUC = 87.7). These precision values indicate that all of the
models utilized demonstrated a high level of performance and robustness, making them
applicable to a variety of study domains and the monitoring and evaluation of natural
hazards such as soil erosion, landslides, floods, and others [25,57,58]. To confirm this
performance, however, the use of a single accuracy indicator may increase the margin of
error, leading to potentially inaccurate results [59]. In this regard, the determination of
additional accuracy indices such as RMSE, MAE, and the Kappa index can bolster the
validity of the employed models [60]. Although the values of AUC and Kappa in terms of
the discrimination index are greater in the present study, the values of RMSE and MAE are
lower, indicating that the majority of gully inventory points were recognized on the final
gully erosion sensitivity maps, reflecting the accuracy of the used models.

Moreover, despite the fact that these decision tree models are highly intuitive and
do not necessitate a great deal of work in the preparation and processing of the database,
they do require some effort. The obtained results indicate that the accuracy measures have
high sensitivity to random database partitioning. Nonetheless, the majority of models
perform better at the 70/30% and 80/20% subdivision levels, indicating that one of the
disadvantages of decision tree-based models is that a simple change in the database can
result in a change in the general structure of the decision tree and, as a result, model
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instability. For this reason, it is necessary to test multiple subdivisions in conjunction with
10-fold cross-validation to select a more accurate prediction model.

In the case of managing natural hazards such as gully erosion, the primary goal of the
manager is to identify high-risk regions. However, the cost and time required to accomplish
this goal are extremely significant. Consequently, the adoption of predictive models can be
advantageous in terms of costs and resources mobilized to solve such an issue, since these
models enable managers to concentrate on management priorities, thereby enhancing the
efficiency of decision making.

4.2. Geoenvironmental Variable Importance Analysis

Several studies have highlighted that a large database is necessary for obtaining
accurate results and a more accurate prediction of gully-vulnerable locations [61]. For this
purpose, in this work, 17 factors were utilized to build GESMs, including topographical,
hydrological, geomorphological, climatological, and soil-property-associated factors. The
integration of these parameters with inventory data facilitates the identification of regions
with a high risk of gully erosion.

According to five random subdivisions (50, 60, 70, 80, and 90%) of the model training
database and using two measures (the average decrease in accuracy and the average de-
crease in precision), the RF technique determined the importance of the factors. The overall
examination of these results revealed that all influencing variables contribute to gully
formation. Furthermore, lithology, elevation, geomorphic factors, and LULC are the most
significant contributors. This is consistent with the mountainous character of the study area
and also demonstrates the visible influence of human interference on natural ecosystems
on the acceleration of soil erosion. This is because the combination of highly friable litholo-
gies such as clays and marls, high altitudes, and degraded vegetation cover facilitates
gully development, particularly on steep slopes and in places with damaged vegetation
cover [62]. Multiple investigations in comparable circumstances have confirmed that these
variables effectively regulate the degree of soil particle detachment and gully formation
vulnerability [33]. Furthermore, the LULC factor refers to human activities and natural
land surface changes. In addition, the lack of a viable alternative economic sector for the
local population, other than forest exploitation, significantly exacerbates soil erosion (wood,
pasture, etc.). Therefore, people strive to make a living by clearing, overgrazing, and over-
exploiting firewood in order to satisfy the significant rise in demand for arable land [63].

In other words, areas covered by friable lithologies such as clays and marls are the most
susceptible to soil particle detachment [64]; therefore, vegetation cover protects the soil,
and its degradation increases the likelihood of gully formation [62]. In addition, research
on the effect of topographic parameters on gully formation in arid and semi-arid contexts
has revealed the existence of direct and indirect impacts of topographic circumstances on
the evolution of vegetation cover, rainfall, and runoff kinetic energy [65–68]. In reality,
topographical features influence the local climate, which is characterized by geographically
and temporally localized rainfall events, therefore places with steep slopes, such as hillsides,
are characterized by high runoff velocities. This results in soil saturation, a substantial
separation of soil particles, and the creation of ravines. The geomorphic element, which
is also of major importance, verified this. This feature, which enables the mapping of
slope units [69] and demonstrates that the majority of gullies are related to slopes and
depressions, validates the effect of topography on the expression of erosive processes in
mountainous regions.

Finally, all factors demonstrated significance in predicting and identifying regions
with a high vulnerability to gully erosion; however, only the LS component was excluded
because it was inconsistent with the other topographic variables.

4.3. Gully Erosion VulnerAbility Maps

Taking into consideration the subdivision where each model performs best, various
models were used to develop vulnerability maps. The findings reveal that certain factors
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influence the spatial variability in vulnerability more strongly than others. Thus, the rise in
the proportion of the most susceptible regions from upstream to downstream of a basin
is directly attributable to the topographical impact. This is consistent with the substantial
geographical link between these sites and classes with slopes above 27 degrees, TRI > 22,
as well as slopes and Hollow units in Geomorhons’ factor. Moreover, precipitation and
LULC seem to be significant elements in regulating gully development, which is why all
models anticipate that gully formation will be greatest in regions with high precipitation
and degraded vegetation cover. These conclusions are comparable to those of earlier studies
conducted in specific localities of the High Atlas, Morocco [70,71].

Comparing the maps generated by the various models, it is evident that the Adaboost
model predicts more susceptible regions than the other models, especially in comparison to
the XGBoost model, which predicts the fewest vulnerable areas. In general, the differences
between the predictions of the models are limited; this is evident in Figure 7, where the
areas highly susceptible to gully formation were predicted almost identically by all six
models (Figure 7—Areas 2 and 3); however, for the low-vulnerability areas, only minor
differences between XGBoost and the other models can be observed (Figure 7—Area 1).
In general, the results of this study using RF, C5.0, Adaboost, XGBoost, treebag, and GBM
models demonstrates that machine learning methods are capable of producing GESMs with
great precision. This can be viewed as a fundamental tool to aid planners and managers
in ensuring the sustainable and effective management of soil erosion-affected areas in a
semi-arid mountain setting.

5. Conclusions

Gully erosion is a phenomenon of great complexity. To ensure appropriate manage-
ment of this phenomenon, it is vital to comprehend the geographical distribution of gullies
and detect regions with a high possibility of gully formation. Six decision tree models
based on machine learning algorithms (Random Forest (RF), C5.0, XGBoost, 18 treebag,
Gradient Boosting Machines (GBMs), and Adaboost) were tested to determine the role of
17 parameters in gully formation in a semi-arid environment with a hilly character and
to test their stability in response to the changing splitting quantities in input data. The
outcome was six erosion vulnerability maps for gullies. The examination of these results
demonstrates that all the utilized models are robust and extremely reliable at predicting
and identifying the sensitivity to gully erosion and that the most influential factors are
Lithology, LandUse-LandCover (LULC), Geomorphons, and Elevation factors. In addition,
the analysis of factors and their effects on gully formation and soil degradation revealed
that topographical factors, such as geomorphological units and valley depths, play a sig-
nificant role in the formation of gullies in this mountain environment. The validation of
these results is likewise satisfactory, as they demonstrate congruence between the regions
predicted by the ML models and the inventory points recovered from the real field data.
This substantiates the accuracy of the predicted gullies’ future results. The results also
confirmed the need to test the performance of the models under many subdivisions of the
input data in order to build a more accurate and stable model in terms of prediction. In
this semi-arid highland context, the vulnerability maps generated have been shown to be a
valuable tool for the sustainable management and planning of gully-erosion-affected areas.
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Changes in Soil Water Retention and Micromorphological
Properties Induced by Wetting and Drying Cycles

Luiz F. Pires

Laboratory of Physics Applied to Soils and Environmental Sciences, Department of Physics,
State University of Ponta Grossa, Ponta Grossa 84030-900, Brazil; lfpires@uepg.br; Tel.: +55-42-32203044

Abstract: Wetting and drying (W-D) cycles are responsible for significant changes in soil structure.
Soil often undergoes irreversible changes affecting infiltration and solute retention through W-D
cycles. Thus, it becomes essential to evaluate how soils under natural conditions are altered by W-D
cycles. This study analyzed two non-cultivated (from grassland and secondary forest) Oxisols (Typic
Hapludox and Rhodic Hapludox) of different textures under 0 and 6 W-D cycles. The main results
obtained showed that soil water retention was mainly affected in the driest regions (smaller pore
sizes). The contribution of residual pores to total porosity increased with 6 W-D and transmission
pores decreased in both soils. The Rhodic Hapludox presented differences in water content at field
capacity (increase), while the Typic Hapludox showed alterations at the permanent wilting point
(increase), affecting the amount of free water (Rhodic Hapludox) and water available to plants (Typic
Hapludox). Both soils showed increases in imaged porosity with 6 W-D. Variations in the contribution
of small and medium rounded pores, mainly large and irregular (with an increase in both soils not
significant in the Rhodic Hapludox), could explain the results observed. The micromorphological
properties were mainly influenced by changes in the number of pores, in which smaller pores joined,
forming larger ones, increasing the areas occupied by larger pores. Overall, this study showed that
the investigated soils presented pore systems with adequate water infiltration and retention capacities
before and after continuous W-D cycles.

Keywords: Oxisols; image analysis; pore shape; pore size distribution; soil pore system; soil water
retention curve

1. Introduction

A good soil structure is fundamental for ideal agricultural development and for
the prevention of environmental damage [1]. When the soil has a good structure, water
infiltrates adequately, and this soil has a proper capacity to hold water for the plants [2].
Suitable water drainage is vital to avoid processes that lead to sediment transport, such as
erosion [3]. Such a good structure is also fundamental for the appropriate development
of the root system of crops [4]. Naturally, soils are subjected to numerous processes
involving rainfall, temperature variations, wind action, and the decomposition of organic
material, among many others [5]. All these processes modify the soil over time and provoke
changes mainly in its structure. In the broadest sense, soil structure relates to how the soil
components (primary particles, organic material, iron and aluminum oxides, carbonates,
etc.) are arranged [5]. This results in an arrangement containing particles (matrix) and
pores, usually filled by the soil solution and gases [6].

Observing the pore system is vital for understanding the processes that occur in the
soil. This pore system results from the arrangement of particles and aggregates within the
soil; therefore, different pore size distributions are related to particular soils [7]. Pore sizes
are fundamental to the retention and movement of solutes in the soil profile [8]. In addition
to different pore sizes, their shapes also influence the dynamics of solutes in the soil [9,10].
In micromorphology studies, pores can usually be classified as rounded, elongated, and
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complex (irregular), with each shape having a distinct origin and exerting different in-
fluences on the soil’s processes [11–13]. Wetting and drying (W-D) cycles are among the
processes that cause changes in soil structure. These cycles occur naturally through rainfall
but can also be artificially induced when irrigating the soil. Many studies have reported
that soil when subjected to numerous W-D cycles, can undergo alterations that are often
non-reversible due to the modifications that occur in the soil’s pore system [14–17]. These
changes often cause pore size distribution and shape alterations, impacting infiltration and
water retention [18–20].

Hussein and Adey [14] demonstrated the influence of W-D cycles in soil pore systems
with the shape of pores changing from planar to compound due to the wetting effect on
water dynamics. An et al. [16] showed that the proportion of micropores and mesopores
decreased under W-D cycles with an increasing number of macropores in granite soils.
Those authors claimed that changes in the clay microstructure explained the observed
results. Pardini et al. [17] found that W-D cycles increased porosity resulting from the
formation of large cracks and fissures. Those authors also observed increases in the number
of pores after 3 W-D cycles. Xia et al. [18] noticed decreases in the saturated and residual
water contents with increased alternate W-D cycles and increases in the saturated hydraulic
conductivity. The soil structure degradation was pointed out by them as the cause of
changes under W-D cycles. Thus, it has become crucial to analyze how the pore system
of natural soils behaves when subjected to W-D cycles. It is known that when managed,
the soil structure suffers substantial changes. Therefore, analyzing how these cycles affect
natural soils can provide insights into their susceptibility to modifications under W-D.

One tool successfully used to characterize the soil pore system is the analysis of
resin-impregnated blocks [9,21–24]. In this technique, two-dimensional (2D) images of
sections in the soil blocks allow for the analysis of numerous morphological properties on
the micrometer scale [25]. By using image analysis, it is possible to quantify changes in
pore shape and size distribution. Numerous scientific papers have shown that alterations
in soil morphological properties can affect the proper development of crops and modify
solute and gas dynamics [4,26–31]. Thus, micromorphological analysis has become a useful
method to check how soils behave when subjected to W-D cycles. Therefore, the objectives
of this paper are two-fold: namely, to analyze how the water-holding capacity of two
Oxisols under natural conditions is affected after repeated W-D cycles and to evaluate how
the micromorphological properties of the soils are influenced by W-D cycles. Concerning
the first objective, water retention data were employed to generate some indices related to
soil quality and to assess the contribution of pores based on their roles in total porosity.

2. Materials and Methods

2.1. Soil Sampling

This research was conducted using soil samples collected in 2013 at experimental areas
of the University of São Paulo (USP) research farm (22◦72′ S, 47◦62′ W) and Agronomic
Institute of Campinas (IAC) research station (22◦70′ S, 47◦64′ W), both located in Piracicaba,
Brazil. The soils collected were classified as Typic Hapludox (USP) and Rhodic Hapludox
(IAC) [32]. The former has a sandy clay loam texture (69% sand, 10% silt, and 21% clay),
while the latter has a clay loam texture (22% sand, 28% silt, and 50% clay) (USDA soil
texture triangle). The Typic Hapludox samples were collected in an area covered with
natural grass, while the Rhodic Hapludox samples were collected in a secondary forest area.
The organic carbon content in the experimental sites was c. 16.2 g dm−3 (Typic Hapludox)
and c. 26.9 g dm−3 (Rhodic Hapludox), respectively.

Undisturbed soil cores were collected in the topsoil layer (0–10 cm) using stainless
steel cylinders (c. 5 cm in diameter and c. 3 cm in height) for the soil–water retention curve
(SWRC) and micromorphological analysis. The Kopeck ring method was used to collect
the samples in which a woody castle was employed, with the cylinder inserted into the soil
surface using a rubber hammer [33]. The cylinder was slowly introduced into the soil to
avoid damage to its structure. After cylinder insertion, the surrounding soil was carefully
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excavated with trowels to remove the cylinder. The excess soil outside the cylinder was
removed with a palette knife to leave the soil volume equal to the internal volume of the
cylinder. Next, the samples were wrapped in plastic film and taken to the laboratory.

The samples were collected with soil moisture near field capacity to avoid damage to
the soil structure due to sampling. In the laboratory, the samples used for the micromor-
phological analysis were left to dry in the air for a few weeks, and close to the impregnation
process, they were placed in an oven (forced air circulation) and dried at 40 ◦C for 48 h.
A total of 44 undisturbed soil samples were collected for this study.

2.2. Wetting and Drying (W-D) Cycles

The capillary rise process was used to wet the samples [34]. This procedure was
performed by placing a 1 cm layer of water around the cylinders, and then every hour,
0.5 cm of water was poured out up to approximately half the height of the cylinder.
After a period of 24 h, 0.5 cm of water was again placed until approximately 9/10 of
the height of the cylinder had been filled. Samples were left in water for 24 h to ensure
they were saturated. Drying was achieved by placing the samples in Richards’s chamber
and subjecting them to a pressure head (h) of 40 kPa. After the thermodynamic hydraulic
equilibrium was achieved, the samples were submitted to a new wetting and drying process.
Thus, samples not subjected to W-D cycles (0 W-D) and subjected to six W-D cycles (6 W-D)
were analyzed. Two sample sets were prepared for this study, one for SWRC analysis
(24 samples—6 samples × 2 soils × 2 W-D cycles) and another for micromorphological
analysis (20 samples − 5 samples × 2 soils × 2 W-D cycles).

2.3. Water Retention Measurement

The SWRC determination was carried out using a suction table (Eijkelkamp Sandbox
for pF determination) and low- to high-pressure Richards’s chambers (Soil Moisture Equip-
ment Co., Goleta, CA, USA). Suctions of 3, 6, 9, and 10 kPa (suction table) and pressures
of 30, 50, 150, 500, and 1500 kPa (Richards’s chambers) were selected for this study. The
thermodynamic hydraulic equilibrium was defined when the water stopped leaving the
undisturbed soil samples [35]. Thus, the samples previously subjected to 0 and 6 W-D
were also submitted to the pressure heads (suctions and pressures) described above. After
applying all the pressure heads, the samples were oven dried at 105 ◦C for 24–48 h. The
gravimetric water content was obtained by the ratio between the wet soil mass (for each
suction and pressure) and the dry soil mass. The volumetric water content (θ) was deter-
mined by considering the relation between the gravimetric water content (G), soil bulk
density (ρs), and water density (ρw): θ = G(ρs/ρw) [5,36].

The measured θ data related to each h were fitted to the van Genuchten–Mualem
(VGM) model [37] according to:

θ(h) = θr +
θs − θr[

1 + (αh)n]1−(1/n)
(1)

where θr and θs are the residual and saturated water contents, and α and n are the VGM
model fitting parameters. The fitting of Equation (1) was performed in the SWRC Fit
program [38]. The coefficient of determination (r2) and root mean square error (RMSE) was
used to assess the experimental data fit quality.

The equivalent pore diameter (Equation (2)) was determined based on the Young–
Laplace equation [39]:

d =
4σcos(ϕ)
ρwgh

∼= 298
h

(2)

where d is the equivalent pore diameter (μm), h is the pressure head (kPa), σ is the water
surface tension, ρw is the water density, g is the acceleration of gravity, and ϕ is the
water-pore contact angle.
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The water content at saturation was measured after the samples had undergone the
capillary rise saturation procedure. Water contents at the field capacity (θfc) and permanent
wilting point (θpwp) were obtained with the samples submitted to pressure heads of 10 kPa
and 1500 kPa, respectively [1]. The gravitational or free-soil water content (θfw), plant-
available soil water (θaw), and critical plant-available water (θcwc) were calculated based
on the following set of equations [40,41]:

θfw = θs − θfc (3)

θaw = θfc − θpwp (4)

θcwc = 0.75(θfc) (5)

The free-soil water content and plant-available soil water are also sometimes known
as bulk soil air capacity (AC) and plant-available water capacity (PAWC) [36,40].

2.4. Micromorphological Analysis

Before the impregnation procedure, the undisturbed samples were very carefully taken
out of the volumetric rings by exerting pressure on one of their surfaces. Next, the samples
were impregnated under vacuum using a non-saturated polyester resin (Crystic SR 17449)
mixed with a styrene monomer. To facilitate image segmentation, fluorescent pigments
(Unitex OB) were added to the resin. After the impregnated blocks had hardened (about
two months), they were cut with special tools (diamond cut-off saw), and one of the sides
was polished [25]. Finally, a block of each sample with a thickness of approximately 1 cm
and an area of approximately 4.5 × 3.0 cm2 was extracted from the impregnated blocks.

Digital images were acquired using a CCD camera with 1024 × 768-pixel resolution
coupled to a petrographic microscope with the optical lens at ten (×10) times magnifi-
cation. Blacklight lamps illuminated the blocks during image acquisition [42]. The two-
dimensional (2D) images were processed and analyzed using Noesis-Visilog® 5.4 software.
Each 2D image was related to an area of approximately 1.4 × 1.1 cm2. Three images were
obtained for each impregnated block. The imaged porosity (P) was determined by dividing
the total area occupied by the voids (pores) by the total area of the image (ROI—region of
interest) [43].

The areas occupied by the pores in the 2D images were also characterized based on
their shapes and sizes. The pores were classified into the following shapes: rounded,
elongated, and complex [22]. Two indices (Equations (6) and (7)) were employed to classify
the pores in terms of shape [25]. Concerning size, the pores were grouped into the following
classes: 20–50, 50–100, 100–200, 200–300, 300–400, 400–500, 500–1000, and >1000 μm:

Γ1 =
Pe2

4πA
(6)

Γ2 =
(1/z)∑i(NI)i
(1/v)∑j(DF)j

(7)

where Pe and A represent the perimeter and the area of the pore, NI is the number of
intercepts of the object in the direction i (i = 0◦, 45◦, 90◦, and 135◦), DF is the diameter of
Feret of an object in the direction j (j = 0◦ and 90◦), and z and v are the number of i and j
directions, respectively.

Table 1 shows the values of indices Γ1 and Γ2, which were used to discriminate the
pores according to their shape.
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Table 1. Classification of pores according to shapes based on indices Γ1 (Equation (6)) and Γ2

(Equation (7)).

Pore Shapes Γ1 Γ2

Rounded (Round) ≤5 -

Elongated (Elon) 5 < Γ1 ≤ 25 ≤2.2

Irregular (Irr) 5 < Γ1 ≤ 25 or >25 >2.2

The pores that were classified according to shape were also classified as small (0.00016
to c. 0.016 mm2), medium (>0.016 to c. 0.16 mm2), and large (>0.16 mm2).

2.5. Statistical Analysis

The variance analysis statistical model was applied to compare the treatments (samples
submitted to W-D cycles). Assumptions of residual normality and homoscedasticity were
verified by the Shapiro–Wilk and Bartlett tests and the F-test was employed. Mean values
were compared using Student’s t-test (p < 0.05). All the statistical data processing was
performed using the PAST software (version 3.20) [44].

3. Results

3.1. Water Retention Measurements

The soil water retention and air-filled porosity curves of both soils are illustrated
in Figure 1. The VGM model was a good fit for the SWRC data [37]. The coefficient of
determination and root mean square error was used to verify the fitting data quality. The
lowest r2 was 0.94 (Rhodic Hapludox), while the highest was 0.98 (Typic Hapludox). The
root mean square error presented minimum and maximum values of 0.005 and 0.014,
respectively (Typic Hapludox).

 
(a) (b) 

(c) (d) 

θ θ

θ θ

Figure 1. (a) Soil water retention curve (SWRC) obtained for Typic Hapludox (TH); (b) SWRC for
Rhodic Hapludox (RH); (c) Air-filled porosity (TP–θi) for Typic Hapludox; (d) TP–θi for Rhodic
Hapludox. Numbers 0 and 6 indicate that the soil samples were submitted to 0 and 6 wetting and
drying (W-D) cycles. Bars are the standard deviations. VGM: van Genuchten–Mualem model. Exp:
experimental data. Fit: fitting.
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In the Typic Hapludox, the most remarkable differences occurred in the driest region
(micropores) of the SWRC (Figure 1a). The W-D cycles increased θ at the permanent wilting
point by c. 40%, which was also confirmed by a higher residual θ following the cycles
(Table 2). The parameters n and α (VGM model) varied by only a minor extent (p > 0.05),
with cycles indicating similarities in the SWRC shape and air-entry region (Table 2). For
Rhodic Hapludox (Figure 1b), a higher θ was observed for the largest pore sizes for 0 W-D
cycles. The saturation θ adjusted by the VGM model was reduced by 0.030 m3 m−3 after
the W-D cycles, which resulted in significant differences (Table 2), whereas θpwp increased
by c. 11% (no significant differences compared to 0 W-D cycles). The slight differences
in n indicate similarities in the shape of SWRCs similar to the Typic Hapludox (Table 2).
Concerning the α parameter (Table 2), related to the point at the largest pores where air
could enter the soil [1,5], it decreased by c. 54% with 6 W-D cycles.

Table 2. van Genuchten–Mualem (VGM) mathematical model parameters [37] used to fit the soil
water retention data for the two soils (Typic Hapludox and Rhodic Hapludox) subjected to 0 and
6 wetting and drying (W-D) cycles. Different lowercase letters indicate significant differences between
W-D cycles (same soil) at p < 0.05.

VGM Parameters
Typic Hapludox Rhodic Hapludox

0 W-D 6 W-D 0 W-D 6 W-D

θs (m3 m−3) 0.364 0.362 0.528 a 0.498 b

θr (m3 m−3) 0.087 a 0.136 b 0.195 0.190

α (kPa−1) 0.613 0.493 3.677 a 1.695 b

n 1.416 1.533 1.244 1.183

m 1 0.294 0.348 0.196 0.155
1 Parameter m was calculated as: m = 1 − (1/n) [37].

The air-filled porosity curves (Figure 1c,d) showed only slight differences in the region
of the largest pores in both soils. However, as the soil dried, samples under 0 W-D began to
exhibit greater volumes of air in the region from mesopores to micropores in the Rhodic
Hapludox. In the Typic Hapludox, TP–θ varied by only a minor extent (p > 0.05) within the
W-D cycles. For example, the application of W-D cycles decreased the air-filled porosity
by c. 16% (Typic Hapludox) and c. 19% (Rhodic Hapludox) for the smallest pore size
(0.2 μm) analyzed. Aiming to complement the results of SWRC and air-filled porosities, an
analysis of the water retention for different pore sizes based on their functions is presented
in Figure 2.

 
(a) (b) 

Figure 2. Cont.
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(c) (d) 

 
(e) (f) 

Figure 2. (a) Porosity (P) variation as a function of pore sizes in the Typic Hapludox (TH); (b) P
variation as a function of pore sizes in the Rhodic Hapludox (RH); (c) Water content at saturation
(sat), field capacity (fc), and permanent wilting point (pwp) in the Typic Hapludox; (d) Water content
at saturation, field capacity, and permanent wilting point in the Rhodic Hapludox; (e) Free-soil water
content (fw), plant-available soil water (aw), and critical plant-available water (cwc) in the Typic
Hapludox; (f) Free-soil water content, plant-available soil water, and critical plant-available water
in the Rhodic Hapludox. Numbers 0 and 6 indicate that the soil samples were submitted to 0 and
6 wetting and drying (W-D) cycles. Bars are the standard deviations. Different lowercase letters on
the bars indicate a significant difference between W-D cycles (same soil) at p < 0.05.

The contribution of different pore sizes to the total porosity was obtained based on
the classification suggested by Greenland [45]. According to that author, pores <0.5 μm
are classified as residual or bonding pores, between 0.5 and 50 μm are storage pores, and
>50 μm are transmission and macropores. In the Typic Hapludox, residual pores increased
by c. 32% while the storage ones decreased by c. 19% after 6 W-D cycles (Figure 2a).
Regarding θ at saturation, field capacity, and permanent wilting point, the latter increased
by c. 40% after 6 W-D cycles with only minor differences for θsat and θfc (p > 0.05) (Figure 2c).
The W-D cycle application decreased the plant-available water content by c. 24% (Figure 2e).
In the Rhodic Hapludox, transmission pores decreased by c. 38% after 6 W-D cycles, while
the other pore types varied by only a minor extent (p > 0.05) (Figure 2b). The analysis
of θ for specific pressure heads showed differences for θfc, which increased by c. 13%
(Figure 2d); θfw decreased by c. 36%, and θcwc increased by c. 13% after 6 W-D cycles
(Figure 2f).

3.2. Micromorphological Soil Properties

The soil pore system was also studied using 2D image data with a micrometer resolu-
tion (Figure 3). This analysis was carried out to complement the measurements based on
water retention.
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(a) (b) 

  
(c) (d) 

Figure 3. 2D binary images (pores appear in white and solid matrix in black) for: (a) Typic Hapludox
and 0 wetting and drying cycles; (b) Typic Hapludox and 6 W-D cycles; (c) Rhodic Hapludox and
0 W-D cycles; (d) Rhodic Hapludox and 6 W-D cycles.

The 2D binary images show that both soils suffered changes in their soil pore system
with 6 W-D cycles. In the Typic Hapludox (Figure 3a,b), sequences of W-D cycles seemed to
increase the soil porosity, which is probably associated with the connection of small pores.
Large and complex pores could be seen in this soil after 6 W-D cycles. The Rhodic Hapludox
(Figure 3c,d) also indicated an increase in soil porosity with the cycles. The increment in
the number of small pores, the appearance of medium-sized pores, and the connection
of pores were evident after 6 W-D cycles in this soil. Thus, aiming to complement the
qualitative image analysis, the result of the micromorphological analysis (pore size and
shape distribution) of the Typic Hapludox is presented in Figure 4. It is worth pointing out
that for these samples, porosity was obtained by image analysis, i.e., named here as imaged
porosity [9,10].

Concerning the pore shape and size in the Typic Hapludox (Figure 4a,b), small and
medium rounded pores decreased by c. 18% and c. 23%, medium elongated pores decreased
by c. 27%, and irregular-shaped pores increased by c. 59% after 6 W-D cycles. Considering
all these pore types and sizes, the imaged porosity had an increment of c. 14% following
the W-D cycles. Regarding pore size distribution and shape (Figure 4c,d), rounded pores
decreased by c. 20% (size intervals from 20 to 200 μm) and c. 28% (200–300 μm), elongated
pores decreased by c. 21% (50–100 μm), and irregular-shaped pores increased by c. 96%
(>1000 μm) after 6 W-D cycles. When the total number of pores (TNP) was analyzed
(Figure 4e,f), only the rounded-shaped pores comprising between 20 and 400 μm showed
significant differences (p < 0.05). This pore type decreased by c. 17% (size intervals from
20 to 300 μm) and c. 40% (300–400 μm) after 6 W-D cycles, respectively. When all the
pore types were analyzed, TNP was seen to decrease by c. 18% after the application of
W-D cycles.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 4. (a) Contribution of different pore shapes and sizes to porosity (P) in the Typic Hapludox
submitted to 0 wetting and drying (W-D) cycles; (b) Contribution of different pore shapes and sizes
to P after 6 W-D; (c) Pore size distribution as a function of shape and size after 0 W-D; (d) Pore size
distribution as a function of shape and size after 6 W-D; (e) Total number of pores (TNP) as a function
of shape and size after 0 W-D; (f) TNP as a function of shape and size after 6 W-D. Round: rounded-
shaped pores; Elon: elongated-shaped pores; Irr: irregular-shaped pores. Different lowercase letters
indicate significant differences between W-D cycles at p < 0.05.

The effect of W-D cycles applied on the pore size and shape distribution of the Rhodic
Hapludox samples is shown in Figure 5.

The pore shape and size analyses (Figure 5a,b) showed that only the small rounded
and medium elongated pores exhibited significant differences (p < 0.05) between 0 W-D and
6 W-D in the Rhodic Hapludox. The former increased by c. 54% while the latter increased
by c. 90% after 6 W-D cycles, respectively. The other pore types varied by only a minor
extent (p > 0.05) following the W-D cycles. Similar to the findings of the Typic Hapludox,
imaged porosity had an increment of c. 23% after 6 W-D cycles. The distribution of pores
based on their size and shape (Figure 5c,d) exhibited differences for some rounded pores
(increases of c. 52%—50–100 μm and c. 46%—100–200 μm), elongated pores (increase of
c. 71%—50–100 μm), and irregular-shaped pores (increase of c. 2.3 times—500–1000 μm).
The total number of pores showed differences (p < 0.05) only for rounded pores up to 300 μm
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and elongated pores between 50 and 100 μm (Figure 5e,f). Unlike the Typic Hapludox, the
Rhodic Hapludox had an increment of c. 53% in TNP.

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 5. (a) Contribution of different pore shapes and sizes to porosity (P) in the Rhodic Hapludox
submitted to 0 wetting and drying (W-D) cycles; (b) Contribution of different pore shapes and sizes
to P after 6 W-D; (c) Pore size distribution as a function of shape and size after 0 W-D; (d) Pore size
distribution as a function of shape and size after 6 W-D; (e) Total number of pores (TNP) as a function
of shape and size after 0 W-D; (f) TNP as a function of shape and size after 6 W-D. Round: rounded-
shaped pores; Elon: elongated-shaped pores; Irr: irregular-shaped pores. Different lowercase letters
indicate significant differences between W-D cycles at p < 0.05.

4. Discussion

This study aimed to evaluate how soils under natural conditions change when sub-
mitted to W-D cycles based on the idea that a few cycles provoke modifications in their
micromorphological and water retention properties. The water retention and air-filled
porosity curves (Figure 1) presented a similar behavior between the soils for the driest
region (micropores). In the Typic Hapludox (Figure 1a,c), an increase in the contribution
of smaller pores to soil porosity explained the results obtained. The detachment of sand
particles (more weakly bound to other particles) from small aggregates under continuous
wetting might cause the appearance of smaller pores resulting in a large amount of water
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retained in high-pressure heads [46]. The migration of soil sediments under W-D cycles
had been reported by Pires et al. [47], indicating particle detachment from aggregates.
On the other hand, the presence of organic materials at the topsoil, which enhances soil
aggregation, also helped to keep a more stable structure under W-D cycles, as verified here
by SWRC shape similarities [48]. Pires et al. [22], working with both tilled and untilled soils,
demonstrated that even sandy soils were subject to changes in the textural and structural
pore regions under continuous W-D cycles [49,50]. In another study [51], the same authors
reported increases in the water retained at high-pressure heads, corroborating with the
results presented here. The Rhodic Hapludox (Figure 1b,d) showed a similar behavior to
that of Typic Hapludox for high-pressure heads, but with differences in θ in the region
of mesopores (30–100 μm) and micropores (<30 μm) [6]. Despite differences in textural
soil compositions and, consequently, in mineralogy (not evaluated in this study) [52],
the water retention and air-filled porosity curves showed similar behavior between the
soils. Lu et al. [53] reported that variations in the amount of clay affect the distribution
of pores, mainly the smallest ones, explaining the differences between the soils (Table 2).
In addition, the presence of organic materials (barks, leaves, etc.) in the secondary forest
area was expected to affect water retention, as demonstrated by Kodešová et al. [54] and
Cooper et al. [55] in the Rhodic Hapludox. Due to the high amount of clay, a more sta-
ble structure was expected in this soil under W-D cycles. However, as the samples were
confined in cylinders, the creation of larger pores (mainly in the Rhodic Hapludox) after
W-D cycles might press the soil against the cylinder walls contributing to the appearance of
smaller pores, as observed here [56]. Peng et al. [57] demonstrated that W-D cycles affect
larger pores increasing the total porosity, whereas Leij et al. [58] found that the cycles reduce
structural porosity due to the coalescence of soil aggregates. In the Rhodic Hapludox, the
soil structure changes observed caused a reduction in the aeration capacity after W-D cycles,
which was influenced by variations in the regions of small to medium pore sizes.

The changes verified in the SWRC following W-D cycles increased the contribution of
residual and bonding pores to the total porosity and decreased the importance of storage
pores in the Typic Hapludox [1,5] (Figure 2a). This finding meant that the sandy soil
maintained a good water transmission capacity even after W-D cycles. According to
Greenland [45], fine pores (<0.5 μm) are responsible for the retention and diffusion of ions
and for supporting major forces between the soil particles. Pores with sizes between 0.5
and 50 μm play a vital role in the retention of water against gravity and release, while pores
>50 μm act in the air movement and drainage of excess water. The increase in the frequency
of residual and bonding pores could be directly related to a higher θpwp after 6 W-D cycles
verified in the Typic Hapludox [41] (Figure 2c). As a consequence, θaw decreased after
6 W-D cycles (Figure 2e); this could be explained by the differences observed in θpwp and θfc.
Nonetheless, the results of θfw and θaw indicated adequate soil aeration capacity before and
after W-D cycles, as pointed out by Reynolds [2,36]. However, θaw was close to the limits
defined as droughty for root development, though the reference value of <0.10 m3 m−3

(poor soil capacity to store and provide water to plants) might not be adequate for sandy
soils [59]. The application of W-D cycles decreased the contribution of transmission pores
to the total porosity in the Rhodic Hapludox (Figure 2b). This reduction might affect air
movement and soil water infiltration, as demonstrated by Cooper et al. [55]. The water
content at field capacity increased with the application of 6 W-D cycles (Figure 2d), which
was mainly associated with the contribution of residual and storage pores, as indicated
by Tarawally et al. [41]. The free water content decreased with 6 W-D cycles (Figure 2f),
which was mainly influenced by the reduction in transmission pores, indicating a decrease
in the soil aeration capacity after W-D cycles. However, θfw measured is still considered
adequate for root development [2,36]. The critical plant-available water followed the same
trend of θfc, which could be explained by variations in storage and residual pores after
6 W-D cycles.

The resin impregnated in the soil blocks was employed to complement the results
of the SWRC data. However, it is important to mention that the 2D micromorphological
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analysis (area-based analysis) was not performed on the same samples of SWRCs (volume-
based analysis). In the Typic Hapludox, the most important changes in pore distribution
occurred for the rounded (small and medium), elongated (medium), and irregular (large)
shaped pores after 6 W-D cycles (Figure 4a,b). Rounded pores, associated with soil air
trapping following drying and the influence of biological activity (grass roots and soil
fauna), created chambers and channels [60] and decreased their contribution to the imaged
porosity with W-D cycles (Figure 3a,b). In addition, a decrease in the number of these pore
types was noticed after 6 W-D cycles, which were probably converted into large irregular-
shaped pores [61,62] (Figure 4c–f). The increase in the contribution of complex pores
(irregular) to the imaged porosity might have resulted from the connection of small pores,
as the number of rounded pores (from 20 to 400 μm) was reduced after 6 W-D cycles [61]
(Figure 4e,f). Pardini et al. [17] reported that W-D cycles produce fissures, increasing the
contribution of large pores to porosity, similar to the findings observed here (Figure 3b).
These interconnected macropores (drainage pores), usually found in tropical soils, play an
important role in water dynamics [8,21,63]. The Rhodic Hapludox exhibited differences
only for small rounded and medium elongated-shaped pores with a negligent influence
of the latter to imaged porosity after 6 W-D cycles (Figures 3c,d and 5a,b). This result is
mainly associated with the increased contribution of pore sizes between 50 and 200 μm
to imaged porosity after W-D cycles (Figure 5c,d). In addition, an increase in the number
of rounded-shaped pores from 20 to 300 μm and elongated-shaped pores between 50 and
100 μm also helped to explain the increment of the contribution of these pore types to
imaged porosity [64,65] (Figure 5e,f). The increased contribution of elongated-shaped pores
to imaged porosity following W-D cycles could probably be associated with the appearance
of fine fissures, while that of large (500–1000 μm) irregular-shaped pores was due to a slight
increase in the number of these pore types [16,19,60].

Finally, the imaged porosity allowed to classify both soils (Figures 4a,b and 5a,b) as
moderately porous (10–25%) to highly porous (25–40%), indicating suitable soil structures to
water infiltration [66]. This kind of finding has been reported by many other authors [67,68].
Pires et al. [22] found increases in porosity for tropical tilled and untilled soils, especially
after 9 W-D cycles. Hussein and Adey [14] showed similar results after 4 W-D cycles,
employing capillarity as one of the wetting procedures. However, imaged porosity results
contradicted those of SWRC (Figure 1a,b). One possible explanation for these contradictory
results is that micromorphological analysis allowed to access only pores with sizes >20 μm.
In both soils, residual (<0.5 μm) and storage (0.5–50 μm) pores showed a considerable
contribution to the total porosity (Figure 2a,b). The great contribution of larger pores
(>500 μm) to imaged porosity can also be associated with an adequate soil structure to
plant root development and water drainage (Figures 4c,d and 5c,d). However, when the
influence of these large pores exceeded 70–80% of the soil porosity, it indicates poor soil
structure [60,69]. In the Typic Hapludox, an increase in the contribution of larger pores to
the imaged porosity after 6 W-D cycles were observed, whereas in the Rhodic Hapludox,
the contribution remained stable, but these numbers were <60%.

5. Conclusions

The results obtained in this study have implications for understanding the way that
soils under natural conditions (secondary forest and grassland) can change under continu-
ous wetting and drying cycles. Water retention was influenced by W-D cycles, mainly in the
region of micropores (Typic Hapludox) and mesopores to micropores (Rhodic Hapludox),
with an increase in the soil water holding capacity following the cycles. As a consequence
of these changes, the contribution of residual (increase) and storage (decrease) pores to total
porosity was affected by W-D cycles in the Typic Hapludox, while in the Rhodic Hapludox,
only transmission pores (decrease) were influenced. Water content at the permanent wilting
point increased after 6 W-D cycles in the Typic Hapludox, while the water available to
plants decreased. In the Rhodic Hapludox, the water retained at field capacity increased
after 6 W-D, affecting the free-soil water content (decrease) and critical plant-available
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water (increase). These results highlight that even under natural conditions, the soil water
retention capacity was modified by sequences of W-D cycles. The main implications of
the variations observed in the water retained at different pore sizes concerned changes in
the amount of water available to the plants (Typic Hapludox) and soil aeration (Rhodic
Hapludox). However, even after 6 W-D cycles, both soils kept soil structures that were
adequate for plant root development and were capable of retaining reasonable amounts of
water available to plants based on the water retention parameters measured.

The pore size and shape distributions based on 2D images presented significant al-
terations in the rounded (small and medium), elongated (medium), and irregular (large)
shaped pores in the Typic Hapludox after 6 W-D cycles. In the Rhodic Hapludox, only
the small rounded and medium elongated pores were modified significantly by the cycles.
However, the large (>500 μm) irregular-shaped pores increased their contribution to poros-
ity after 6 W-D while also contributing to an increase in the imaged porosity in the Rhodic
Hapludox and Typic Hapludox. This finding indicates that both soils improved their
aeration capacity and water flux after the cycles. In the Typic Hapludox, rounded-shaped
pores (20–300 μm) decreased their contribution to imaged porosity, followed by a decrease
in the number of these pore types. On the other hand, the opposite was found in the Rhodic
Hapludox, with an increase in the contribution of rounded pores (50–200 μm) to imaged
porosity followed by an increase in the number of these pore types (50–300 μm). Overall,
the two Oxisols were characterized by significant contributions of rounded pores to imaged
porosity (before and after the cycles), indicating intense biological activity. Finally, it seems
relevant to mention that the micromorphological properties of the soils under natural
conditions were changed by W-D cycles with impacts on the distribution of pore sizes and
shapes responsible for water retention and movement.
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Abstract: Healthy soil biota is the key to meeting the world population’s growing demand for food,
energy, fiber and raw materials. Our aim is to investigate the effect of green manure as a strategy
to recover the macrofauna and the chemical properties of soils which have been anthropogenically
degraded. The experiment was a completely randomized block design with four replicates. Green
manure, Urochloa decumbens, with or without application of limestone and gypsum, composed the
integrated systems. The macroorganisms as well as the soil fertility were analyzed after 17 years
of a process of soil restoration with the aforementioned systems. The succession of Stizolobium sp.
with Urochloa decumbens, with limestone and gypsum, was teeming with termites, beetles and ants.
This integrated system presented the most technically adequate indexes of diversity and uniformity.
Multivariate models showed a substantial increase in the total number of individuals due to the
neutralization of harmful elements and the gradual release of nutrients by limestone and plaster.
These conditioners have undergone multiple chemical reactions with the substrate in order to balance
it chemically, thus allowing the macroinvertebrates to grow, develop, reproduce and compose their
food web in milder microclimates. It was concluded that the integration of green manure together
with grass is an economical and environmentally correct strategy to restore the macrofauna properties
of degraded soil in the Brazilian savannah.

Keywords: Cajanus sp.; Canavalia sp.; Urochloa decumbens; macroorganisms

1. Introduction

Experts rely on a healthy soil biota as the key to meeting the increasing world popula-
tion’s demand for food, energy, fiber and raw materials [1]. Soil fauna consists of micro-,
meso- and macroorganisms. Macroorganisms are living things larger than 2 mm in body
diameter. The groups of macroinvertebrates proposed by specialists because of their ability
to modify soil aggregates are bioturbators, reorganizers and weathering agents of clay
minerals. Bioturbators refer to mobilizing and structuring agents of organic and mineral
compounds. Ants, beetles, earthworms and termites are highly effective bioturbators
in the production and molding of biogenic aggregates through their habits of foraging,
tunneling, digging and nesting. Ecologists recognize them as the greatest soil engineers.
Reorganizers are likely to alter soil structure by redefining internal organizational pat-
terns of primary particles. Annelids and termites, in particular, process clay minerals via
mandibular crushing and intestinal transition, respectively, consequently transforming
them into pellet-shaped feces strengthened by chemical and physical bonds. Saliva and
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mucus membranes reorient precast micro-, meso- and macroaggregates, thus collaborating
with the rehabilitation of soil properties; aging, drying and coating make newly formed
biogenic aggregates naturally stronger. Weathering bioagents refer to macroinvertebrates
able to modify clay mineralogy, making them either expansive, adsorptive or absorptive
due to shifts in the ratio of tetrahedral to octahedral blades [2–7].

Irrespective of functional group, soil-dwelling macroinvertebrates offer a wide range
of valuable ecological services that continuously improve agriculture, for instance, cycling
of nutrients, decomposition and preservation of long-lasting pools of soil organic matter,
mitigation of greenhouse gases threatening the environment and public health, promotion
of microbial symbiosis between crop plants and microorganism and improvement of
absorption and retention of water and gaseous exchanges through pores. These benefits are
extremely relevant to optimize the functioning of the soil as global support for the growth
and development of floral and faunal components [8].

Abundance, diversity, evenness and richness are paramount ecological aspects of
macrofauna. They vary drastically with soil biological, chemical and physical properties.
Hence, any disturbance by atypical pedoclimatic or anthropogenic forces on the environ-
ment causes several negative impacts on trophic relationships among ants, beetles, earth-
worms, termites and other aboveground and underground macroinvertebrates. Macroor-
ganisms are sensitive to land use and management practice, so they are useful bioindicators
of degradation events by erosion, salinization, pollution, desertification, etc. [9–13].

The presence of cover vegetation on the soil provides greater food availability and,
consequently, the establishment of taxonomic groups aiming to colonize the soil, which
improve the physical structure and act in the initial decomposition processes of plant
residues. With the increase in the colonization of edaphic fauna in the areas under rehabili-
tation, the organisms reach a standard that is very close or even higher than that of being
under native vegetation [14]. These authors report that in the Brazilian savannah research,
the use of grass might have favored the emergence of organisms due to the greater layer
of dry matter in different degrees of decomposition, sheltering organisms with different
survival strategies.

Food and energy top the list of mankind’s earliest and most essential goods and
services. Hydroelectric power, especially, offers key benefits to civilizations from around
the world, mainly including primary production of renewable energy and improvement of
quality of life. Yet, large-scale plants for the generation of electricity in both low-income
and high-income countries can easily devastate natural resources, such as soil and water.
When the soil is under degradation by either pedoclimatic or anthropogenic forces, a study
of physical, chemical and biological properties is necessary to select suitable management
practices to restore it. The rehabilitation of degraded soil, traditionally performed using
mechanical, physical or chemical techniques, may be expensive and detrimental to the
environment. The development and implementation of alternative strategies are, therefore,
necessary for both economic and environmental reasons [15].

Our multidisciplinary team from the School of Engineering at São Paulo State Univer-
sity (Unesp) has, for a long time, been studying and developing environmentally friendly
and cost-effective technologies to monitor and mitigate events of degradation in the Brazil-
ian savannah. This mixed woodland–grassland landscape is the country’s second largest
biome in terms of area, behind the Amazon jungle. In the past years, there have been
studies in order to develop the promising agricultural frontiers of crop–livestock–forest
frameworks in tropical zones [16,17]. There have been, nonetheless, very few studies
reported in the literature focusing on the recovery of degraded sites [18–25].

When planning the recovery of degraded soil, the main objective to be achieved is the
establishment of an A horizon so that, from there, the process is catalyzed by the biosphere,
giving the possibility of the emergence of other horizons, according to natural condition-
ing. In soil restoration work, the initial activity is to identify and characterize the active
degradation processes and analyze their environmental consequences. Thus, it is necessary
to use indicators that allow us to qualify and quantify the degree of existing degradation
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in the area to be restored as well as to monitor the evolution of soil rehabilitation through
these indicators afterwards.

With the aim of studying the influence of bioindicators on soil recovery and proposing
an appropriate use for them, this work intended, with macroorganisms as indicators, to
evaluate the biological properties of an Oxisol that has been in the process of recovery for
17 years with the use of liming, gypsum and plant species. The hypotheses of this work
were that the combination of the use of liming, gypsum and plant species in a long run
would restore the soil with a high degree of degradation and that the soil macroorganisms
would be good indicators of the progress in the rehabilitation of this soil.

2. Materials and Methods

The field experiment was carried out at the Teaching, Research and Extension Farm of
the School of Engineering, at São Paulo State University (Unesp), located in the municipality
of Selvíria, state of Mato Grosso do Sul, Midwest Brazil, coordinates 20◦22′ S and 51◦22′ W
and elevation of 317 m. According to the Brazilian Soil Classification System, the soil of the
area is a sesquioxides-rich, eutrophic red Latosol, with sandy–loamy texture, corresponding
to an Oxisol [26,27].

The earthworks and dam foundation required to install the Ilha Solteira Hydroelectric
Power Plant made the site under investigation drastically degraded. The soil substan-
tially excavated at an 8.6 m depth remained exposed since the 1970s. In the early 1990s,
after a long period of natural rehabilitation, native species of grasses, shrubs and trees
spontaneously grew at low density on the mixed woodland–grassland biome.

The tests planning to restore the degraded soil consisted of combinations of genera
of green manures with a tropical species of pasture, with or without administration of
limestone and/or agricultural gypsum, as detailed in Table 1.

Table 1. Characterization of an integrated system planned to recover physical, chemical and macro-
faunal properties of an anthropogenically degraded site in the Brazilian savannah.

Code Integrated System *

NC Exposed soil; negative control
SMB Soil under native vegetation with cultivation of Urochloa decumbens
MPB Succession of Stizolobium sp. and U. decumbens
GFPB Succession of Cajanus sp., Canavalia sp. and U. decumbens
CMPB Succession of Stizolobium sp. and U. decumbens with limestone
CGFPB Succession of Cajanus sp., Canavalia sp. and pasture of U. decumbens with limestone

CGeMPB Succession of Stizolobium sp. and U. decumbens with limestone and gypsum
CGeGFPB Succession of Cajanus sp., Canavalia sp. and U. decumbens with limestone and gypsum

PC Forest; positive control

* Each plot was 10 m in length by 10 m in width, totaling 400 m2 per test.

A border of 2 m on all sides of each 10 m × 10 m plot was disregarded (assessed area
64 m2), and replications were 2 m apart from each other. Each test comprised four replicates
and the experiment was a completely randomized block design. Exposed soil and native
forest were references for potential contrasting.

Before the installation of the experimental field, the conventional preparation consisted
of subsoiling, plowing and harrowing. From 1992 to 1999, for the sowing of green manure,
the soil was prepared with plowing by using plow and leveling harrows. The chemical and
physical characterization consisted of carrying out sampling at the depths of 0.00–0.20 and
0.20–0.40 m, according to Quaggio et al. [28] and Teixeira et al. [29].

The amendment of natural soil fertility of the experimental field consisted in carrying
out the application of dolomitic limestone of 70% neutralizing power and agricultural
gypsum at 1850 and 580 kg per hectare, respectively, aiming to improve the saturation
of exchangeable cations to approximately 70%. The limestone was incorporated into the
soil with the use of a harrow. In mid-1992, the sowing and the cultivation of the genera of
green fertilizers, Cajanus sp., Canavalia sp. and Stizolobium sp., at a density of 10 seeds per
meter was performed. In order to produce biomass faster for the recovery of the biological
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and chemical properties of the soil, the cutting-off of the N-fixing plants at the beginning
of flowering was performed while maintaining as much agricultural residues as possible
on the soil surface. In 1996, the liming of the experimental plots with a saturation of
exchangeable cations out of the critical range of 50–70%, reported by Quaggio et al. [28], for
crop plants growing in tropical zones was carried out. In 1999, the sowing of U. decumbens
on no-tillage systems consisting of agricultural residues gradually released from the green
manures throughout the harvest seasons running from 1992 to 1999 was finally performed.
The management of pasture consisted of cutting it off to avoid overgrazing.

Annually, the soil physical and chemical properties and the dry mass plant produc-
tivity were analyzed. With 17 years of the influence of the treatments, in addition to these
attributes of the soil and plants, the evaluation of soil macrofauna was added to the inves-
tigation. This biological attribute characterizes a dynamic property of the soil; therefore,
the objective was the study in space. Because it is dynamic and greatly influenced by
temperature and humidity conditions, the proposal was the relative analysis of the results
and the use of two controls (native vegetation and soil with a high degree of degradation
under natural recovery). The evaluation was carried out in winter and summer. With
14 to 15 years of implementation of treatments for soil recovery, with the influence of
treatments, native tree plant species began to appear spontaneously in the study area.
This aspect was an indicator of the improvement of soil conditions, and we decided to
add the analysis of a soil biological attribute, in this case its macrofauna. At 17 years old,
native tree vegetation grew at a high density, indicating a change in the edaphic conditions
of the soil, which could favor and/or influence the appearance of species of organisms.
In the periods of winter and summer, with 17 years of soil under the recovery system,
the sampling of soil-dwelling macroinvertebrates was formally performed, according to
Velasquez and Lavelle [30]. In order to collect macrofauna, square-shaped traps (0.3 m
length by 0.3 m width by 0.3 m height) were placed at 0.00–0.05, 0.05–0.10 and 0.10–0.20 m
depths. Afterwards, the collected monoliths were carefully introduced into polyethylene
flasks containing alcoholic solution at 200 mL L−1, and then they were transferred to
the Laboratory of Soil Science, Unesp, for further analytical procedures of macrofauna
technical assessment. The sampling of experimental plots, exposed soil and native forest
for characterization of chemical properties was performed simultaneously, according to
Quaggio et al. [28].

The technical assessment of macroinvertebrates comprised the visual count and the
taxonomic identification of orders or classes as well as the calculation of total abundance
and indexes of Shannon, Simpson and Pielou [31,32].

Firstly, the Shapiro–Wilk and Bartlett procedures were run to check if the data set was
normal and the distribution and homogeneous were in random variance, respectively. The
effects of integrated systems of green manure species with tropical pasture with or without
application of limestone and gypsum on the soil macrofauna and chemical properties were
tested using a one-way analysis of variance. Then, the treatments were compared by mean
values by post-hoc Tukey’s HSD test. Other methods of applying non-traditional statistics
to track and understand multivariate patterns included the Pearson product-moment cor-
relation test, PCA and MRA. The Pearson product-moment correlation test measured the
strength and direction of linear associations between macrofaunal and chemical properties.
Prior to running the PCA, the Bartlett’s test of sphericity tested if the original data set
was reliable. Then, the Kaiser–Meyer–Olkin procedure was used to test the significance of
eigenvalues of principal components needed to reduce the dimensionality of the original
data set while preserving as much statistically understandable variability as possible into
orthogonally rotated subsets with absence of multicollinear variables and ambiguities. A
factorial map was customized to contrast macrofaunal and chemical properties of the soil
before and after recovery by long-term integrated systems of species of green manures
with tropical pasture. MRA was performed to figure out the relationship between indepen-
dent variables and predictors; the criteria for selection of significant multiple regression
models were AIC (Akaike information criterion), BIC (Bayesian information criterion)
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and Radj2 (Adjusted Rˆ2). The software used for statistical computing and graphics was
R software [33].

3. Results

The chemical composition of the exposed soil mainly consisted of high contents of
H+ and Al+3 and low contents of Presin, K, Ca, Mg and SOM. These properties caused the
saturation of exchangeable cations to be predictably low in the environment before starting
the process of restoration (Table 2). Additionally, the physical composition was replete
with micropores, thus presenting a high degree of compaction by mechanical forces of
earthworks and dam foundations visible on the deforested landscape. The highest apparent
density was at the deepest depth of 0.20–0.40 m.

Table 2. Chemical and physical properties of soil degraded by earthworks and dam foundations for
the establishment of a hydroelectric power plant in the Brazilian savannah, before the installation of
the experiment, in 1992.

Property Depth (m)

0.00–0.20 0.20–0.40

Presin (mg dm−3) 1.00 0.00
Organic matter (g dm−3) 7.00 4.00
pH 4.0 4.20
K (cmolc dm−3) 0.20 0.20
Ca (cmolc dm−3) 2.00 2.00
Mg (cmolc dm−3) 1.00 1.00
Potential acidity (cmolc dm−3) 20.00 20.00
Sum of exchangeable cations (cmolc dm−3) 3.20 3.20
Cation-exchange capacity (cmolc dm−3) 23.20 23.10
Saturation of exchangeable cations (%) 14.00 14.00
Total porosity (m3 m−3) 0.34 0.33
Macroporosity (m3 m−3) 0.09 0.07
Microporosity (m3 m−3) 0.25 0.26
Soil bulk density (kg m−3) 1.60 1.74

The integrated systems, exposed soil and native forest, collectively, yielded about
2210 macroinvertebrates making up the orders or classes Aranae, Coleoptera, Dermaptera,
Diplopoda, Isoptera, Haplotaxida, Hemiptera, Hymenoptera and Orthoptera; eggs and
larval stages of arthropods taxonomically unidentified were other elementary components
of heterogeneous macrofauna of the site under investigation.

Figure 1A–D show the numbers of individuals and orders, organized by treatments
and seasons of the year studied. Regardless of the treatment, a greater number of termites
(Winter: 359, 133, 1333; Summer: 419, 438, 438) were found in the soil depths of 0.00–0.05,
0.05–0.10 and 0.10–0.20 m, respectively.

In the winter, after 17 years of influence of the treatments, the soil with native veg-
etation cover with subsequent cultivation of U. decumbens had an inexpressive number
of spiders, adult millipedes and ants but an impressive number of termites at a depth
of 0.00–0.05 m depth. These macroinvertebrates collaboratively caused the SMB to yield
a total abundance greater than that of the exposed soil, where macroorganisms under
harsh microclimate were notably scarce, regardless of the depth. Similarly, succession
of Stizolobium sp. with U. decumbens, without conditioning by regular administration
of limestone and gypsum, also yielded a great number of termites but an insignificant
number of beetles. These macroinvertebrates provided the MPB with acceptable indexes
of diversity, dominance and evenness, in comparison to other integrated systems and
native forest, where spiders, adult millipedes and crickets were absent beneath litterfall.
The integrated system of Cajanus sp., Canavalia sp. and U. decumbens, without limestone
and gypsum, was seemingly microclimatically selective for termites, ants, beetles and
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stinkbugs. Moderate indexes of diversity and evenness reflected the GFPB’s ecological
aspects, thus distinguishing it from the others. Technically similar to SMB, MPB and GFPB,
the succession of Stizolobium sp. with U. decumbens, without limestone and gypsum, also
had a remarkable abundance of termites but inexpressive counts of ants, spiders, beetles,
white grubs and adult millipedes. Yet, CMPB had a satisfactory diversity of bioturbators,
reorganizers and weathering agents of clay minerals.

Winter 
(A) 

 
(B) 

 

Figure 1. Cont.
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Summer 
(C) 

 
(D) 

 

Figure 1. Time–space profiles of macroinvertebrates at different depths for (A) individuals—winter;
(B) orders—winte, (C) individuals—summer; and (D) orders—summer at a site of Brazilian savannah
recovered for 17 years by integrated systems of green fertilizers with pasture, with or without
application of limestone and gypsum.

The integrated system of Cajanus sp., Canavalia sp. and U. decumbens with limestone
was also microenvironmentally suitable for the growth, development and reproduction
of termites and ants. This succession had moderate indexes of diversity and evenness.
The integrated system of Stizolobium sp. with U. decumbens, with limestone and gypsum,
interestingly was richer in termites, eggs and larval stages of arthropods taxonomically
unidentified than other integrated systems but poorer in beetles, white grubs and adult
centipedes. Evidently, the composition of the net of macroinvertebrates was dependent on
the microclimate. The integrated system of Cajanus sp. Canavalia sp. and U. decumbens with
limestone and gypsum also predominantly consisted of termites and had a relatively low
count of adult centipedes and spiders, which are typical natural predators of mesoinver-
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tebrates and macroinvertebrates in tropical, subtropical and temperate zones. The native
forest was the genuine habitat of termites, earthworms, beetles, ants and stinkbugs. These
macroinvertebrates grew at a relatively similar quantity. Generally, in the winter after
17 years in recovery, the integrated system of Stizolobium sp. with U. decumbens with lime-
stone and gypsum provided the macrofauna from the top depth with the most technically
pleasing indexes of diversity, dominance and evenness (Table 3).

Table 3. Ecological features of macrofauna of the Brazilian savannah site restored by integrated
systems of green manures with pasture with or without application of limestone and gypsum after
17 years in recovery.

Integrated System Period of Sampling

Winter Summer

Index Diversity Dominance Evenness
Total Abundance

(Ind m−2)
Diversity Dominance Evenness

Total Abundance
(Ind m−2)

Exposed soil 0.10 e 1.00 a 1.00 a 0.15 c 0.00 h 0.00 h 0.00 f 0.00 i
SMB 1.61 b 0.11 b 0.23 b 3.58 a 0.97 c 0.40 c 0.54 b 5.70 c
MPB 1.61 b 0.15 b 0.29 b 2.90 b 0.85 d 0.35 d 0.47 c 5.35 d
GFPB 0.79 d 0.67 a 0.82 a 2.05 b 1.20 b 0.48 b 0.55 b 3.65 e
CMPB 1.95 a 0.23 b 0.37 b 1.93 b 0.65 e 0.23 e 0.40 c 2.60 f
CGFPB 1.61 b 0.54 a 0.70 a 3.18 a 0.20 g 0.30 d 0.18 e 7.93 a
CGeMPB 1.61 b 0.68 a 0.85 a 1.55 b 1.41 a 0.74 a 0.88 a 1.68 g
CGeGFPB 1.39 c 0.15 b 0.34 b 2.45 b 0.39 f 0.12 f 0.24 d 5.95 b
Native forest 1.95 a 0.33 b 0.44 b 3.58 a 0.60 e 0.35 d 0.43 c 1.08 h

F (5%) 4000 * 1190 * 1403 * 0910 * 6447 * 4828 * 3430 * 4591 *
CV (%) 2.14 7.69 5.85 14.37 6.60 12.20 7.46 0.62

Mean values followed by the same letters in the column do not differ according to post-hoc Tukey’s HSD test;
* significative by the post-hoc Tukey’s HSD test at p < 0.05. CV (%): coefficient of variation.

In the summer, with 17 years of influence of the treatments, soil with cover of native
vegetation with subsequent cultivation of U. decumbens retained a great number of termites
and insignificant numbers of ants, white grubs, adult centipedes and beetles at a depth of
0.00–0.05 m. Unlike in the winter, with 17 years of influence of treatments, SMB had no
counts of spiders, earwigs, adult millipedes, earthworms, stinkbugs and crickets, probably
due to the morphophysiological sensitiveness of these macroinvertebrates to the constantly
increasing temperature in the substrate. The succession of Stizolobium sp. with U. decum-
bens continued to have a predominance of termites over beetles, white grubs, ants and
earwigs, making up the smaller insect orders, Coleoptera, Hymenoptera and Dermaptera,
respectively. These macroorganisms enabled the MPB to have a higher total abundance
compared to native forest and exposed soil, where macrofauna did not exist. Indeed, soil
degraded by mechanical forces of earthworks and dam foundations was the harshest mi-
croclimate for the growth, development, reproduction and residence of functional groups
of bioturbators, reorganizers and weathering agents of clay minerals. Technically similar to
MPB, the integrated system of Cajanus sp., Canavalia sp. and U. decumbens also appeared to
be microclimatically suitable for termites, geophages definitely predominant over beetles,
white grubs, adult centipedes, earwigs, earthworms, stinkbugs, ants and crickets.

For all indices (diversity, dominance, uniformity, abundance) and two seasons of the
year studied, there was a statistical difference. The exposed soil had less diversity and
abundance of individuals, unlike the native forest and treatments with combinations of
green manure + limestone + gypsum.

In the summer period, there was a greater number of termites in the superficial soil
layer, followed by a smaller number of ants, lacrals and beetles. The results obtained in
the exposed soil treatment characterize this as the least favorable environment for the
development of soil fauna; consequently, the others were favorable and resilient in the
recovery process.

Regarding the seasons, summer, due to the higher incidence of solar radiation and
abundant precipitation (tropical climate), favored a greater number of individuals and the
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abundance of some treatments studied, such as combinations of green manure + limestone
+ gypsum.

The integrated system of Cajanus sp., Canavalia sp., Stizolobium sp. and U. decumbens
with limestone and gypsum had significant indexes of Shannon, Simpson and Pielou, which
were dependent on the specific abundance of termites. The native forest provided the
macrofauna with the highest indexes of diversity and evenness in the winter. However,
it was not technically and ecologically efficient in protecting spiders, white grubs, adult
millipedes, earthworms and crickets from potential adversities of climatic changes in the
summer. Apparently, similarly to the integrated systems, in the native forest there were also
termites at the highest population density, possibly due to the acidity of the soil beneath
litterfall. Globally, in the summer, Stizolobium sp. with U. decumbens with limestone and
gypsum remained the most effective succession to provide the macroinvertebrates dwelling
through the depth of 0.00–0.05 m with the most balanced indexes of diversity, dominance
and evenness. Irrespective of succession, termites have been also persistently predominant
at the depths of 0.05–0.10 and 0.10–0.20 m. The presence of termites in the treatments
studied, including in the forest, is due to the genetic characteristic of the savannah soil,
which is acidic, and termites are an indicator organism of soil acidity.

Other relevant groups dwelling abundantly through deep depths were beetles, white
grubs and ants. By contrasting the periods of winter and summer, macroinvertebrates
significantly moved from the top towards the deep depths of the soil. The migratory
behavior of macroorganisms to deeper layers of the soil in the summer probably occurred
because the more superficial layers reached higher temperatures.

The integrated systems significantly improved the chemical properties of the soil, in
contrast to the reference (Table 4) 0–0.05 m depth with the largest availability of Presin,
while the exposed soil had the lowest content of this macronutrient after several years
of experimentation. In addition, CGeGFPB, CGFPB and MPB were apparently the most
efficient integrated systems in concentrating Presin in the deepest depths of 0.05–0.10 and
0.10–0.20 m. The integrated systems had a relatively similar content of organic matter,
regardless of the depth. Soil under the process of recovery had higher absolute values of
pH in comparison to exposed soil and native forest, certainly due to the neutralization of
H+ by limestone undergoing multiple reactions with the soil to balance it chemically. The
integrated systems of either Canavalia sp. or Stizolobium sp. with U. decumbens caused the top
depth of 0.00–0.05 m to have the highest K content. Meanwhile, soil under Stizolobium sp.
with U. decumbens with limestone and gypsum had lower K content when compared to the
soil beneath litterfall from native forest.

Irrespective of soil depth, the native forest was the microclimate with the highest
absolute values of Al+3, potential acidity and CEC, lowest absolute values of SEC and
saturation of exchangeable cations. Soils in the Brazilian savannah are generally high in
potential acidity.

The Pearson product-moment correlation test accurately tracked significant correla-
tions between macrofaunal and chemical properties of the site in the Brazilian savannah
that were successfully recovered by successions of green manures and pasture with and
without conditioning by limestone and gypsum (Figure 2). Amongst the main linear rela-
tionships, stinkbugs had positive correlations with termites (r = 0.50), earthworms (r = 0.75),
beetles (r = 0.60), earwigs (r = 0.80), eggs (r = 0.80) and total of individuals (r = 0.45) but
negative correlation with spiders (r = −0.45). Termites had a positive correlation with total
of individuals (r = 0.95). The total of orders negatively correlated with potential acidity
(r = −0.95). The saturation of exchangeable cations had a negative correlation with Al3+

(r = −0.75). SOM positively correlated with Presin (r = 0.85), K (r = 0.95), Mg (r = 0.85) and
SEC (r = 0.65). The total of individuals had positive linear relationships with pH (r = 0.50),
Presin (r = 0.50), K (r = 0.50), Mg (r = 0.70) and Ca (r = 0.50) but a negative linear relationship
with Al3+ (r = −0.50). In line with the multivariate patterns recognized through the Pearson
product-moment correlation test, principal component analysis robustly divided the high
complexity net of linear associations between macrofaunal and chemical properties of
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restored soil into the subsets PCI, PCII, PCIII, PCIV and PCV. The explanations for these
components are chemical neutralization of toxic elements, diversity of food sources on the
soil, biological decomposition of organic matter, unavailability of aboveground biomass
and predatory activity, respectively. These components collaboratively retained about
seventy-five percent variance within orthogonally rotated subsets without the presence of
collinear variables (Table 5).

Table 4. Chemical properties of Brazilian savannah soil restored by integrated systems of green
manures with pasture with or without application of limestone and gypsum after 17 years in recovery.

Integrated
System

Presin SOM pH K Ca Mg H + Al3+ Al3+ SEC CEC SEC/CEC

(mg dm−3) (g dm−3) (mmolc dm−3) %

Soil Depth (m) 0.00–0.10

Exposed soil 3.00 D 4.75 C 5.00 A 0.25 C 2.00 C 2.75 A 19.75 A 0.75 A 5.50 A 25.25 C 22.75 AB

SMB 6.75 AB 10.75 AB 5.00 A 1.00 AB 5.00 AB 4.25 B 23.75 A 1.75 A 10.25 AB 34.00 BC 29.50 A

MPB 7.25 AB 11.00 AB 5.00 A 1.25 B 5.5 AB 5.25 C 25.25 A 1.75 A 12.00 AB 37.25 BC 32.00 A

GFPB 7.75 AB 10.00 AB 5.00 A 0.75 AB 5.25 AB 4.25 B 24.75 A 1.75 A 10.25 AB 35.00 BC 28.75 A

CMPB 8.00 AB 11.75 B 5.00 A 1.00 AB 6.25 AB 5.00 BC 25.25 A 1.75 A 12.25 B 37.50 BC 32.50 A

CGFPB 7.00 AB 11.00 B 5.00 A 1.00 AB 5.50 A 4.50 B 23.5 A 1.25 A 12.00 AB 35.50 BC 33.50 A

CGeMPB 8.75 A 10.75 AB 4.75 A 1.00 AB 5.50 A 4.50 B 25.00 A 2.00 A 11.00 AB 36.00 BC 30.25 A

CGeGFPB 7.25 AB 9.00 AB 5.00 A 1.00 AB 4.00 ABC 3.25 A 24.50 A 2.25 A 8.25 AB 32.70 AB 24.50 AB

Native forest 4.25 C 12.75 B 4.00 B 1.00 AB 2.50 AB 2.75 A 36.50 B 6.75 B 5.75 AB 42.25 A 13.00 C

F-value 2.83 * 3.78 * 16.00 * 2.70 * 7.33 * 2.19 * 14.99 * 11.70 * 3.94 * 6.95 * 5.49 *
CV (%) 15.17 12.00 3.43 9.90 10.58 14.28 9.19 13.97 13.27 9.87 11.89
MSD 1.01 0.95 0.40 0.33 0.59 0.77 5.60 0.58 1.04 8.31 1.37

0.10–0.20

Exposed soil 3.00 A 3.25 B 4.25 AB 0.25 1.00 B 1.00 A 22.50 BC 2.25 A 2.25 B 19.70 A 9.25 BC

SMB 3.00 A 5.00 B 4.50 AB 0.20 4.25 A 2.00 C 20.75 AB 1.50 A 6.25 A 23.50 A 24.00 A

MPB 3.75 A 6.25 AB 4.25 AB 0.25 3.75 A 2.00 C 24.25 C 2.75 A 6.00 AB 21.7 A 20.75 AB

GFPB 3.00 A 6.75 AB 5.00 B 0.25 3.50 A 1.50 B 22.00 BC 1.75 A 5.25 AB 22.70 A 19.50 ABC

CMPB 4.75 B 5.75 AB 4.75 AB 0.25 3.75 A 2.00 C 23.00 BC 2.25 A 6.00 AB 22.70 A 21.25 AB

CGFPB 3.75 A 5.75 AB 4.75 AB 0.25 3.75 A 2.50 D 21.50 BC 1.50 A 6.50 A 24.5 A 23.75 A

CGeMPB 3.00 A 4.75 AB 5.00 B 0.25 3.50 A 1.75 BC 21.25 B 1.25 A 5.50 AB 22.20 A 20.75 AB

CGeGFPB 5.00 B 4.50 AB 4.75 AB 0.25 2.25 AB 1.25 A 18.75 A 2.25 A 3.75 AB 21.70 A 12.50 ABC

Native forest 3.00 A 8.00 A 4.00 A 0.25 1.00 B 1.00 A 32.75 D 7.75 B 2.25 B 30.20 B 6.75 C

F-value 0.43 4.11 * 2.84 * 1.12 9.15 * 2.64 * 68.16 * 7.83 * 6.36 * 7.79 * 10.83 *
CV (%) 19.05 10.76 9.15 18.88 11.45 12.00 4.07 17.31 12.60 9.04 11.89
MSD 0.98 0.67 1.00 0.50 0.55 0.47 2.32 0.77 0.73 5.00 1.23

0.20–0.40

Exposed soil 2.00 A 3.00 A 5.00 AB 0.20 1.00 B 1.00 A 21.50 A 2.00 A 2.00 A 23.50 A 9.25 AB

SMB 3.00 AB 3.75 ABC 4.50 AB 0.17 2.50 AB 1.25 A 21.00 A 1.50 A 3.75 AB 24.75 A 16.00 ABC

MPB 3.00 AB 4.50 BC 4.75 AB 0.12 2.50 AB 1.50 A 21.00 A 1.50 A 4.00 AB 25.00 A 16.75 ABC

GFPB 2.00 A 3.25 AB 5.00 AB 0.17 1.75 AB 1.25 A 21.75 A 2.25 A 3.00 AB 24.75 A 12.75 ABC

CMPB 2.00 A 4.00 ABC 5.20 AB 0.20 3.25 A 2.00 B 21.25 A 1.75 A 5.25 AB 26.50 A 20.00 BC

CGFPB 3.00 AB 5.00 C 5.00 AB 0.20 3.50 A 2.00 B 20.75 A 1.50 A 5.75 AB 26.50 A 22.00 C

CGeMPB 2.00 A 3.50 AB 5.00 AB 0.12 2.25 AB 1.25 A 21.00 A 1.75 A 3.50 AB 24.50 A 14.75 ABC

CGeGFPB 2.00 A 4.00 ABC 5.00 AB 0.17 2.00 AB 1.25 A 21.75 A 2.25 A 3.25 AB 25.00 A 13.75 ABC

Native forest 4.00 B 7.00 D 4.00 A 0.22 1.00 B 1.00 A 31.00 B 7.75 B 2.00 A 33.00 B 7.00 BC

F-value 5.40 * 22.80 * 2.67 * 1.99 4.08 * 1.26 * 21.38 * 28.22 * 3.58 * 13.45 * 5.41 *
CV (%) 14.34 10.29 9.50 27.20 13.72 12.92 6.33 9.16 14.51 5.90 11.38
MSD 1.03 1.23 1.10 0.12 0.58 0.48 3.40 0.40 0.74 3.68 1.05

Mean values superscripted by the same capital letters are not significantly different according to post-hoc Tukey’s
HSD test; * p < 0.05. CV (%): coefficient of variation; MSD: minimal significant difference.
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Table 5. Principal component (PC) analysis for the macrofaunal and chemical properties of the
Brazilian savannah soil restored by integrated systems of green manures with pasture with or without
application of limestone and gypsum.

Bartlett’s Test of Sphericity

Chi-square 8500

Degree of freedom 325
p-value <0.05 *

Kaiser–Mayer–Olkin Test

Index/variable Principal Component

PCI PCII PCIII PCIV PCV
Eigenvalue 7.83 5.53 3.62 1.78 1.43
Percentage of variance 30.12 21.29 13.93 6.84 5.50
Cumulative percentage of variance 30.12 51.41 65.33 72.17 77.67

Loading

Spiders 0.06 −0.25 −0.16 0.13 0.04
Beetles 0.35 0.63 * 0.32 0.40 * 0.20
Adult millipedes 0.24 −0.08 −0.22 0.32 0.41 *
Earthworms −0.10 0.78 * 0.50 * 0.01 0.06
Adult centipedes 0.32 −0.06 −0.17 −0.06 −0.76 *
Larval stages 0.14 0.09 −0.46 * −0.14 0.68 *
Eggs 0.16 0.80 * 0.53 * 0.08 0.03
Termites 0.65 * 0.37 0.18 −0.48 * −0.05
Earwigs 0.16 0.80 * 0.53 * 0.08 0.03
Ants 0.17 0.20 −0.28 −0.21 −0.12
White grubs 0.15 −0.01 −0.52 * 0.55 * 0.06
Stinkbugs 0.27 0.66 * 0.43 * 0.19 −0.02
Crickets 0.01 0.10 −0.16 −0.77 * 0.29
Total of individuals 0.69 * 0.45 * 0.09 −0.42 * 0.03
Total of orders 0.49 * 0.58 * −0.34 0.24 −0.14
Presin 0.84 * −0.35 0.12 0.06 0.03
SOM 0.72 * −0.55 * 0.37 0.01 −0.04
pH 0.47 * 0.43 * −0.48 * −0.07 −0.17
K 0.82 * −0.42 * 0.27 −0.01 0.03
Ca 0.90 * −0.22 −0.31 0.06 0.01
Mg 0.96 * −0.18 0.11 0.03 0.04
Potential acidity −0.02 −0.69 * 0.67 * 0.05 0.05
Al3+ −0.42 * −0.57 * 0.63 * −0.01 0.02
SEC 0.96 * −0.21 −0.07 0.03 0.02
CEC 0.60 * −0.55 * 0.48 * −0.02 0.09
Saturation of exchangeable cations 0.95 * 0.01 −0.23 0.04 0.03

Percentage of Contribution

Spiders 0.04 1.13 0.71 0.95 0.09
Beetles 1.57 7.07 2.78 9.04 2.87
Adult millipedes 0.75 0.11 1.33 5.90 11.53
Earthworms 0.00 10.94 6.92 0.00 0.23
Adult centipedes 1.33 0.06 0.82 0.21 40.64
Larval stages 0.24 0.13 5.91 1.07 32.36
Eggs 0.32 11.53 7.65 0.39 0.07
Termites 5.35 2.43 2.11 13.13 0.18
Earwigs 0.32 11.53 7.65 0.39 0.07
Ants 0.38 0.71 2.11 2.48 0.93
White grubs 0.28 0.00 7.44 16.92 0.24
Stinkbugs 0.93 7.98 5.08 2.04 0.03
Crickets 0.00 0.18 0.72 33.28 5.91
Total of individuals 6.06 3.72 0.23 9.87 0.05
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Table 5. Cont.

Bartlett’s Test of Sphericity

Total of orders 0.49 * 0.58 * −0.34 0.24 −0.14
Presin 0.84 * −0.35 0.12 0.06 0.03
SOM 0.72 * −0.55 * 0.37 0.01 −0.04
pH 0.47 * 0.43 * −0.48 * −0.07 −0.17
K 0.82 * −0.42 * 0.27 −0.01 0.03
Ca 0.90 * −0.22 −0.31 0.06 0.01
Mg 0.96 * −0.18 0.11 0.03 0.04
Potential acidity −0.02 −0.69 * 0.67 * 0.05 0.05
Al3+ −0.42 * −0.57 * 0.63 * −0.01 0.02
SEC 0.96 * −0.21 −0.07 0.03 0.02
CEC 0.60 * −0.55 * 0.48 * −0.02 0.09
Saturation of exchangeable cations 0.95 * 0.01 −0.23 0.04 0.03

Percentage of Contribution

Spiders 0.04 1.13 0.71 0.95 0.09
Beetles 1.57 7.07 2.78 9.04 2.87
Adult millipedes 0.75 0.11 1.33 5.90 11.53
Earthworms 0.00 10.94 6.92 0.00 0.23
Adult centipedes 1.33 0.06 0.82 0.21 40.64
Larval stages 0.24 0.13 5.91 1.07 32.36
Eggs 0.32 11.53 7.65 0.39 0.07
Termites 5.35 2.43 2.11 13.13 0.18
Earwigs 0.32 11.53 7.65 0.39 0.07
Ants 0.38 0.71 2.11 2.48 0.93
White grubs 0.28 0.00 7.44 16.92 0.24
Stinkbugs 0.93 7.98 5.08 2.04 0.03
Crickets 0.00 0.18 0.72 33.28 5.91
Total of individuals 6.06 3.72 0.23 9.87 0.05
Total of orders 3.11 6.04 3.17 3.25 1.42
Presin 9.01 2.26 0.39 0.24 0.05
SOM 6.69 5.55 3.75 0.01 0.12
pH 2.79 3.33 6.31 0.24 2.12
K 8.59 3.17 1.97 0.00 0.08
Ca 10.28 0.84 2.67 0.20 0.00
Mg 11.84 0.60 0.32 0.06 0.09
Potential acidity 0.01 8.65 12.33 0.14 0.19
Al3+ 2.27 5.83 10.88 0.01 0.03
SEC 11.87 0.78 0.13 0.05 0.02
CEC 4.57 5.45 6.29 0.02 0.60
Saturation of exchangeable cations 11.41 0.00 1.51 0.09 0.08

Chemical
neutralization of
toxic elements

Diversity of
food sources
on the soil
surface

Biological
decomposition
of organic
matter

Unavailability
of
aboveground
biomass

Predatory
activity

* significative at 5% (p-value < 0.05).

The first component shows the integrated systems with limestone and gypsum to be
positively correlated with the total abundance of macroinvertebrates, termites, Presin, SOM,
K, Mg, Ca, SEC, CEC and, obviously, saturation of exchangeable cations. The chemical
properties SEC, Mg, SEC/CEC, Ca and Presin had the strongest contributions to inter-
pretable variance of chemical neutralization of toxic elements, followed by the macrofaunal
properties, the total of individuals and specific abundance of termites, in that order. The
second component was the proof of the native forest microclimate positively correlated
with beetles, earthworms, eggs, stinkbugs, total of orders and pH, but negatively correlated
with SOM, K, potential acidity, Al3+ and CEC. The macrofaunal properties earthworms,
earwigs and eggs of arthropods taxonomically unidentified contributed nearly equally
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to the variance of diversity of food sources on the soil surface, followed by stinkbugs
and beetles. The third component had positive loadings with earthworms, earwigs, eggs,
Al3+ and potential acidity but a negative linear relationship with pH. The potential acidity
had the largest percentage of contribution to variance of decomposition of organic matter,
followed by Al3+ and the macrofaunal properties white grubs, earwigs and earthworms.
Crickets and white grubs had positive and negative correlations with the fourth component,
respectively; these groups of macroinvertebrates jointly explained the largest portion of
variance of unavailability of aboveground biomass. Finally, larval stages of arthropods
taxonomically unidentified, adult centipedes and adult millipedes had positive and nega-
tive correlations with the fifth component, respectively. Adult millipedes and larval stages
jointly explained the largest portion of variance of predatory activity. Globally, potential
acidity was the most suppressive chemical factor over the macrofauna in the exposed soil.

The multivariate regression analysis concretely enabled the outcomes of the Pearson
product-moment correlation test and the principal component analysis for the taxon–
microclimate relationship to fit. Despite the fluctuation in the values of AIC, BIC and Radj2,
the regression models described the commendable improvements in soil macrofaunal
properties, mainly depending on the neutralization of potential acidity, enhancement of
availability of food sources and suitability of microhabitats under integrated systems with
regular administration of limestone and gypsum as conditioners (Table 6). The lower the
absolute values of AIC and BIC and the higher the value of Radj2, the more reliable and
accurate the regression model is to predict how much the integrated systems of green
manures and pasture changed the soil to make it chemically and biologically healthier.

Table 6. Parameters and goodness-of-fit of multivariate regression models for the taxon–
microclimate relationship.

Variable Fitted Regression Model † AIC BIC Radj2

White grubs White grubs (ind m−2) = 0.25 + 0.45 Ca * 108.40 112.30 0.12
Adult centipedes Adult centipedes (ind m−1) = −0.12 + 0.09 Ca * 27.50 31.38 0.10
Termites Termites (ind m−2) = 24.09 − 11.48 Ca * − 5.61 K + 20.67 Mg * − 4.75 Al 245.20 252.90 0.32
Total of individuals Total of individuals = 21.68 * + 8.98 Mg ** − 4.65 Al * 246.90 252.10 0.38
Total of orders Total of orders = 2.18 − 34.21 SEC + 19.01 Potential acidity * 94.69 99.87 0.46
Soil organic matter SOM (g dm−3) = 2.78 ** + 0.19 P + 0.01 Ca + 6.55 K ** 97.43 103.90 0.82
Spiders Spiders (ind m−2) = 0.69 ** − 0.30 Stinkbugs * 53.46 57.35 0.07
Termites Termites (ind m−2) = 18.81 ** + 10.73 Earthworms * 250.10 254.00 0.11
Eggs Eggs (ind m−2) = −0.01 + 0.19 Earthworms ** −45.63 41.74 0.75
Earwigs Earwigs (ind m−2) = −0.01 + 0.19 Earthworms ** −45.63 41.74 0.75
Beetles Beetles (ind m−2) = 0.90 ** + 1.07 Earthworms ** 95.64 99.53 0.31
Stinkbugs Stinkbugs (ind m−2) = 0.08 + 0.54 Earthworms ** −46.10 49.99 0.43
Earwigs Earwigs (ind m−2) = −0.05 + 0.04 Beetles * + 0.15 Stinkbugs ** 37.49 32.31 0.67
Beetles Beetles (ind m−2) = 0.84 ** + 1.57 Stinkbugs ** 89.51 93.40 0.45

AIC: Akaike information criterion; BIC: Bayesian information criterion; Radj2: Adjusted R2. * significative at 5%
(p-value < 0.05); ** significative at 1% (p-value < 0.01).

The regression models assisted us in drafting the following insights on the taxon–
microclimate relationship:

If the Ca content increases marginally, the visual count of white grubs would increase
by 0.25 individuals per area unit. Therefore, the addition of Ca to the soil by applying
limestone and gypsum combined with the decomposition of agricultural residues would
be beneficial for the growth and development of young Coleoptera.

If the Ca content increases marginally, the visual count of adult centipedes would
increase by 0.09 units. Therefore, microclimates richer in Ca would be more suitable
for adult Dermaptera than those poorer in this macronutrient, whose major sources are
certainly limestone and gypsum.

If the Al+3 content increases and the Mg content increases, both marginally, the visual
count of termites would increase by about 25.4 individuals per area unit. The administration
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of gypsum or chemical calcium sulphate (CaSO4.2H20) would boost the population density
of termites by complexing aluminum, thus protecting them from eventual adversities of
this element, which was the most toxic physical property for both the floral and faunal
components of the soil,

If the contents of P, K and Ca increase marginally, the soil organic carbon content would
increase by 6.75 g dm−3. Thus, the improvement in the availability of macronutrients from
the conditioners and the degradation of mulching by genera of N-fixing plants throughout
the years would concentrate organic matter. It is important to have technologies that protect
the storage of organic carbon in the soil, considering its quick decomposition in tropical
climates due the humidity and high temperatures.

If the number of earthworms increases marginally, the quantities of termites and
beetles would both increase by about 10.75 and 1.1 units, respectively. Any change in soil
structure caused by Haplotaxida would be beneficial for Isoptera and Coleoptera and even
for earthworms at very low specific abundance.

4. Discussion

The soil bulk density and its total porosity, as well as the contents of Presin, SOM,
K, Ca and Mg of exposed soil, in the field experiment were predictably out of the critical
ranges described in the literature [34]. The integrated systems with and without the admin-
istration of limestone and gypsum greatly improved the physical and chemical properties
of the site under investigation. After 17 years of hard experimentation, Presin content
was significantly higher in successions of Cajanus sp., Stizolobium sp. and U. decumbens
than in exposed soil. Symbiotic relations between the genera of N-fixing plants and plant
growth-promoting microorganisms, such as endophytic and free-living bacteria and arbus-
cular mycorrhizal fungi, as well as the biological decomposition of agricultural residues by
macro- and mesoinvertebrates were probably factors that positively influenced the avail-
ability of phosphorus in the depths of 0.00–0.10, 0.10–0.20 and 0.20–0.40 m. Additionally,
increased contents of K, Ca, Mg and SOM, as well as increased SEC, CEC and saturation of
exchangeable cations, could be the result of gradual reactions of the soil conditioners with
H+ and Al3+, thus neutralizing their potential adverse impacts on the dynamics of organic
and inorganic elements for the growth and development of faunal and floral components.

The soil pH for the treatments used for restoration had similar behavior, differing
in the Brazilian savannah’s superficial layer (the soils are naturally acidic). The similar
pH in the superficial layer was due to the contribution of U. decumbens in the addition of
organic matter in all experimental plots. Similar results were found by Franchini et al. [35].
They report that the presence of certain plant materials is capable of enhancing the effect
of liming, mobilizing the so-called front alkaline. These organic compounds have the
ability to complex and mobilize Ca and Mg, raise the pH and neutralize Al. Similar
results were verified by Fonseca et al. [36]. The pH increase in their study with the
phytomass decomposition of green manure may explain the increase in pH, mainly due
to the contribution of organic matter. Raij et al. [37] reported that the contents of Presin
and SOM in tropical soils in Brazil typically range from 13 to 30 mg dm−3 and from 16
to 30 mg dm−3, respectively. The results of this work for the contents of Presin and SOM
were lower than the ones reported in the literature. Despite the substantial improvement of
chemical properties in the Brazilian savannah site, the integrated systems were not efficient
enough when it came to Presin and SOM. Considering the macrofaunal patterns reported
in the literature, the relatively low total count of macroinvertebrates was probably due
to an unsatisfactory availability of Presin and SOM. Chemical properties certainly had a
crucial influence on the time–space distribution and ecological features of macroorganisms
dwelling through the depths of 0.00–0.05, 0.00–0.10 and 0.10–0.20 m. Therefore, one could
expect the macrofauna to reach a great total count in microclimates where suitable food
sources are available. Organic matter and nutrients are vital to meet the global energy
demand for the food web of macroinvertebrates, regardless of climate [38–41].
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The soil-dwelling macrofauna of the Brazilian savannah site consisted mostly of ter-
mites; beetles, white grubs and ants made up the other relevant smaller insect orders. These
macroinvertebrates were more sensitive to edaphoclimatic changes during the process
of restoring the degraded soil than termites, beetles, white grubs and ants. The macro-
fauna taxonomy was indeed dependent on the availability and quality of food sources
and weather conditions, varying drastically with the microclimate, period of sampling and
soil depth.

Marchão et al. [34] carried out a scientific study on the ecological aspects of macroin-
vertebrates under integrated crop–livestock systems in the Brazilian savannah. The au-
thors found 194 morphospecies of macroinvertebrates belonging to 30 groups, orders or
families, including mostly Coleoptera, Diplopoda, Formicidae, Isoptera and Oligochaeta.
They asserted that conventional and integrated fields of soybean yielded exactly 105 and
102 morphospecies, respectively, while the permanent pastures had only 37 morphospecies,
probably due to uncontrollable and unpredictable conditions for growth, development and
reproduction. The authors still reported a total of about 4790 ind m−2 for native vegetation
and 980 ind m−2 for integrated systems, which had lower species diversity and abundancy.
Complementarily, the most predominant groups of macroinvertebrates were Isoptera and
Formicidae, with significant values of specific abundance of roughly 4340 and 245 ind m−2,
respectively; Formicidae was the most substantial family with 60 morphospecies of Myr-
micinae, Formicinae and Panerinae, which are subfamilies naturally occurring in forests
and grasslands. Lammel et al. [42] conducted a scientific study on the microbiological and
macrofaunal properties of conventional and organic systems of coffee crop. The authors
reported that integration of coffee crop with U. decumbens and Arachis pintoi had macro-
fauna which heterogeneously consisted of Coleoptera, Hymenoptera, Isoptera, Mollusca
and Oligochaeta. Contextually, a scientific study was performed on the spatial profile of
macroinvertebrates and on soil properties [43]. The authors reported that the macrofauna of
riparian forest mostly consisted of Aranae, Coleoptera, Dermaptera, Diptera, Haplotaxida,
Hymenoptera and Mollusca, all of which jointly yielded a total abundance of 43.1 ind m−2.
They still stated that natural forests were richer in macroinvertebrates when compared
to agroecosystems and artificial woodlands, which is in line with the results of this work,
as the native forest was the most receptive microhabitat for the coexistence of Aranae,
Coleoptera, Dermaptera, Diplopoda, Isoptera, Haplotaxida, Hemiptera, Hymenoptera
and Orthoptera.

According to Sithole et al. [7], who performed a scientific study on the impacts of con-
servationist agriculture on soil properties and productive yield of corn crop (Zea mays L.),
Aranae, Chilopoda and Gastropoda made up the macrofauna under a conventional system,
whereas Coleoptera, Diplopoda and Isoptera composed the macrofauna under a no-tillage
system, with a total abundance ranging from as low as 30 to upwards of 40 ind m−2. The
authors pointed out that plant material remaining on the soil surface improved the patterns
of macrofauna by not only controlling the temperature and relative humidity but also by
releasing food sources and offering worthy microhabitats for growth, development and
reproduction. From the perspective of Suárez et al. [44], who performed a scientific study
on the soil macrofaunal properties under land uses in the Colombian Amazon, Isoptera and
Hymenoptera were predominant over other groups of macroinvertebrates, including mostly
Aranae, Chilopoda, Diplura and Pseudoscorpionida. Out of all 7854 individuals, 2937 and
2241 were termites and ants, respectively, which is consistent with the predominance of
termites over other macroorganisms in this study. The authors identified 21 taxonomic
groups, which is inconsistent with the results of this study. A study on the effects of the
preparation and management of agricultural systems for the production of corn crop on
the chemical and physical properties of the soil macrofauna has been conducted [31]. The
authors asserted that Aranae, Carabidae, Chilopoda, Enicocephalidae, Latridiidae, Lumbri-
cidae, Scarabaeidae and Staphylinidae composed the highly heterogenous macrofauna of
no-tillage and conventional systems, with or without the removal of plant material.
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Wang et al. [45] performed a scientific study on the responses of macroinvertebrates
to water stress in agroforest systems. The authors found macrofauna of 218 individuals
belonging to 13 genera, 5 orders and 11 families; Drawida sp. and Eisenia sp. were the
genera of earthworms with the highest percentages of 48.2 and 21.1% of the total samples
from co-cropping systems of Glycine max, Capsicum annuum and Zanthoxylum bungeanum.
They emphasized the physicochemical composition of plant material and relative humidity
of the soil as relevant factors determining the composition of the food web of macroinverte-
brates. Plant tissues of lower carbon to nitrogen ratio benefited the macroinvertebrates; in
contrast, plant alkaloids offered potential risks to macroorganisms, especially earthworms,
eggs and larval stages of arthropods. Velasquez and Lavelle [30] carried out a scientific
study on macroinvertebrates as bioindicators of ecosystem services in agricultural land-
scapes. The authors reported that soil-dwelling macrofauna mostly consisted of Isoptera
and Oligochaeta, with significant values of specific abundance of 1461 and 408 ind m−2,
respectively; other relevant groups were Coleoptera and Myriapoda, with lower values
of specific abundance of 263 and 256 ind m−2, respectively. They pointed out that the
pastures improved the macrofaunal properties by cooling down the microclimate by shad-
ing, thus biologically preventing the macroinvertebrates from potential body dehydration
due to high temperatures. It is worth citing this reference in this work in order to better
understand how the morphological architecture and physiology of the pasture species
U. decumbens could have assisted the integrated systems to restore macrofaunal properties
of the Brazilian savannah site, mostly with regard to beetles and white grubs.

Webster et al. [32] performed a scientific study on macrofauna as a bioindicator of soil
functioning in agroecosystems. The authors recorded an impressive 20 orders and 60 fami-
lies of macroinvertebrates in pastures. Coleoptera, Hymenoptera, Isoptera and Oligochaeta
were the most predominant groups; ants, earthworms, beetles and termites accounted for
37.8, 16.8, 15.4 and 12.4% of the total macrofauna, respectively. They still reported that
pastures under degradation caused the earthworms to have a lower specific abundance of
27.3 ind m−2, as compared to managed pastures with 56.9 ind m−2, which is inconsistent
with the results of this work. In the particular case of this study, Haplotaxida practically
did not exist in integrated systems of green manures with U. decumbens, regardless of
the application of limestone and agricultural gypsum. Globally, despite dissimilarities in
diversity, richness, evenness and total abundance, orders and classes of macroinvertebrates
reported through this work were relatively in agreement with the taxonomic aspects of
the macrofauna reported in the literature. The taxonomic aspects of macrofauna vary
drastically with land use, management practices and weather conditions as well as with
other biotic and abiotic factors influencing the growth, development and reproduction of
macroinvertebrates [46–48].

The long-term integrated systems of green manures with tropical pasture with or
without the application of limestone and agricultural gypsum proved to be technically
viable to recover soil macrofaunal properties of formerly degraded sites by earthworks
and dam foundations. Irrespective of period of sampling and soil depth, the succession
of Stizolobium sp. with U. decumbens with the application of soil conditioners had an
insignificant count of macroinvertebrates and, consequently, a lower total abundance. Yet,
this integrated system provided the macrofauna of the recovered site of Brazilian savannah
with the most balanced indexes of diversity, dominance and evenness. Hence, Stizolobium
sp. was simultaneously the most suitable N-fixing plant for the growth, development
and reproduction of Aranae, Coleoptera, Dermaptera, Diplopoda, Hymenoptera, Isoptera,
and eggs and larval stages of arthropods taxonomically unidentified under subsequent
cultivation of U. decumbens. The next most ecologically suitable integrated system was the
succession of Cajanus sp., Canavalia sp. and U. decumbens with limestone. In fact, the greater
the availability of sources of organic and mineral elements released from the crop plants
and soil conditioners during the process of recovery, the more appropriate the indexes
of Shannon, Simpson and Pielou. The higher the diversity and evenness and the lower
the dominance, the more versatility and advantages the macrofauna can provide for plant
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growth and development, such as improvement in the mechanical resistance of soil to
penetration, formation and stabilization of biogenic aggregates, infiltration and retention of
water, gaseous exchanges, cycling of nutrients, decomposition of organic matter and the
controlling of temperature. In addition to availability, the quality of plant material was
another relevant factor determining the patterns of soil-dwelling macrofauna. The C:N ratio
may have influenced the decomposition of organic matter, making it readily assimilable
for spiders, beetles, white grubs, adult millipedes, earwigs, adult centipedes, ants and
termites, thus satisfying their respective energy demands. Further scientific studies on how
physicochemical composition of plant material of the genera of green fertilizers Cajanus
sp., Canavalia sp. and Stizolobium sp. influences the time–space distribution, diversity,
dominance, evenness and total abundance of macrofauna of the Brazilian savannah are,
therefore, necessary to validate the hypothesis.

In the winter, after 17 years of implementation of the research and monitoring of the
properties of the soil under study, the exposed soil, interestingly, had the highest indexes
of dominance and evenness, exclusively due to the inexpressive presence of termites
making up the greatest insect order, Isoptera. Such a finding is of high importance to
documenting how devastating the installation of a hydroelectric power plant is when
it comes to the diversity and richness of the Brazilian savannah macrofauna and how
termites are impressively resilient to the biologically, chemically and physically degraded
soil by mechanical forces. In the summer, after 17 years of implementation of the research
and monitoring of the properties of the soil under study, the total absence of macrofauna,
including termites, in exposed soil meant that the anthropogenically degraded microclimate
became much more sensitive to internal and external biotic and abiotic factors, suppressing
the macrofauna. The noticeable scarcity of macroinvertebrates in the exposed soil was
probably due to the continuously rising temperature, the low relative humidity of the soil
and the low availability of food sources because of the low density of native vegetation
in the process of natural recovery. Vegetation is evidently highly important in restoring
and protecting the soil biota against stressing weather agents. Technically and ecologically,
the more adequate indexes of diversity, dominance and evenness of macroinvertebrates
dwelling through the depths of 0.00–0.05, 0.05–0.10 and 0.10–0.20 m in integrated systems
and native forest proved how relevant the flora, either natural or artificial, was in the
recovery of the macrofaunal properties of the heavily degraded Brazilian savannah site
in the beginning of the field experiment that was conducted for 17 years. Effectively, the
soil under mechanical degradation by earthworks and dam foundations was the harshest
microclimate for the food web of macroinvertebrates. Increased contents of H+ and Al3+ and
decreased contents of SOM, Presin, K, Ca, Mg, in combination with heightened apparent
density and microporosity, predictably declined the growth, development and reproduction
of macroinvertebrates. Therefore, the macrofauna was dependent on the physical and
chemical properties of the soil.

In the summer, after 17 years of implementation of the research and monitoring of
the properties of the soil under study, the macrofauna increased to a higher density at the
depths of 0.05–0.10 and 0.10–0.20 m. The high temperature and low relative humidity of the
soil probably forced the macroinvertebrates to migrate from the top to deeper depths, where
microhabitats were theoretically milder for the growth, development and reproduction
of spiders, beetles, white grubs, adult millipedes, earwigs, adult centipedes, stinkbugs,
earthworms, ants, termites, crickets, eggs and larval stages of arthropods taxonomically
unidentified. The spatial distribution of the macrofauna was evidently dependent on
the floral composition of the integrated system’s physical and chemical properties of the
substrate and on the weather agents. The rainfall, temperature, solar irradiance, relative
humidity of the air, habits of dispersion and colonization top the list of the most relevant
biotic and abiotic factors ubiquitously influencing the time–space profile of macroinverte-
brates, as pointed by Marchão et al. [34]. The authors stated that savannah forest, pastures,
conventional fields of soybean and integrated crop–livestock systems had a greater number
of macroinvertebrates in the first 0.30 m; Coleoptera and Oligochaeta, with percentages of
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85% and 75% of the total macrofauna, respectively, appeared to be more predominant at a
depth of 0.00–0.10 m, beneath on forestry litterfall, whereas Diptera and Formicidae were
present at higher abundance at a depth of 0.10–0.30 m, mostly in co-cultivation of legumes
with pasture. Soil depth determines the spatial distribution of macrofauna because of the
availability of food sources and gaseous exchanges through the pores. In a compacted soil,
low oxygen flow often makes the macrofauna decline [44,49,50]. In sites heavily degraded
by pedoclimatic or anthropogenic forces, macroinvertebrates commonly concentrate in
deeper depths as a function of their adaptive mechanisms to stressing agents, such as high
temperature and low moisture [45,51–53]. The escaping behavior of the macroinvertebrates
was, therefore, a reliable bioindicator of macrofauna stressed by mechanical compaction
and depletion of chemical properties, such as Presin and SOM.

According to Rampelotto et al. [54], who conducted a scientific study on the changes in
abundance, diversity and structure of soil biota in the Brazilian savannah, dissimilarities in
patterns of macrofauna under natural and artificial environments are normal. The authors
asserted that the land uses (sugarcane field, pasture and forest) determined different trophic
relations and behavior habits of bioturbators, reorganizers and weathering agents of clay
minerals due to the particularities in the availability and quality of food sources as well
as the physical and chemical properties of the substrate. Franco et al. [55] performed a
scientific study on the association between soil structure and the abundance of macroin-
vertebrates under economic exploitations. The authors pointed out that 58% of the total
macrofauna in pastures were termites, which is in line with the predominance of termites
over other groups of macroinvertebrates reported in this work. They still stated that ter-
mites were the greatest soil engineering bioagents at performing foraging, tunneling and
nesting; these habits provide the soil functioning with a wide range of ecological services,
such as cycling of nutrients, decomposition of organic matter, formation and stabilization
of biogenic aggregates, improvement of hydraulic flow and gaseous exchanges. These
references are worth citing in this work to evidence how particular ecological aspects of
integrated systems, exposed soil, and forest could have influenced in such exclusive ways
the macrofauna of the Brazilian savannah and how the predominance of termites could
have assisted the biosystems in rehabilitating the soil health. The genera of N-fixing plants,
Cajanus sp., Canavalia sp. and Stizolobium sp., the species of pasture, U. decumbens, and
termites were apparently complementary—the tropical crop plants offered worthy condi-
tions for the food and reproduction habits of termites, while termites positively changed
the microclimates, making them biologically, physically and chemically suitable for plant
growth and development. The habits of termites may have assisted with the process of soil
recovery in which green fertilizers and tropical pasture growing in harsh environments are
used. Winter and summer pastures are biosystems technically effective at mitigating the
degradation of soil biological, chemical and physical properties [56–61].

Kamau et al. [1] performed a scientific study on the effects of dominant tree species
and gradient soil degradation on macrofauna. The authors reported a total abundance of
14 to 389 ind m−2 for earthworms, 82 ind m−2 for termites and 8 ind m-2 for spiders in
artificial forestry systems of Z. gilletii, Eucalyptus grandis and Croton megalocarpus. They
incisively asserted that the time of cultivation, availability and quality of plant materials,
and soil chemical properties, mostly including total carbon and total N, were the most
important factors influencing the trophic relationships, intensity, quality and regularity of
ecological functions of macroinvertebrates. In the particular case of this work, the native
forest was replete with termites, with a moderate number of beetles, earthworms and
ants, which is inconsistent with the ecological features of the macrofauna reported in the
literature. Effectively, the macrofauna is dependent on the forest ecosystem. In the Brazilian
savannah, soils are naturally more acidic, richer in Al3+ and poorer in SOM and mineral
elements. Such chemical properties could explain the inferiority of earthworms in relation
to termites and beetles. Annelids are often more sensitive to the quality of substrate due to
their more fragile body structure. Mechanization, pesticides and fertilizers pose risks to
earthworms, termites, beetles, spiders, crickets and millipedes [1,62,63].
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According to Melman et al. [31], the production of corn crop under a no-tillage system
with preservation of plant material on the soil surface caused the macrofauna to increase its
total abundance of 637 ind m−2 and body biomass of earthworms of 50.4 g m−2, compared
to conventional systems, with and without the removal of straw, which were 218 ind m−2

and 7.7 g m−2, respectively. The authors attributed the results to improved structure, infil-
tration and retention of water, pH, electric conductivity, availability of organic carbon, total
N and Presin. They complementarily argued that crop plants growing in symbiosis with
plant-growth-promoting microbes, such as N-fixing bacteria and arbuscular mycorrhizal
fungi, were often less responsive to earthworms. Considering the reference, a relatively
lower count of earthworms under integrated systems consisting of genera of green fertil-
izers with tropical pasture with or without the application of limestone and gypsum was
probably due to effective symbiotic relationships between Cajanus sp., Canavalia sp. and
Stizolobium sp., and diazotrophic bacteria naturally existing in the soil.

The positive linear associations between stinkbugs, termites, earthworms, beetles and
earwigs probably meant that these macroinvertebrates did not spend a substantial portion
of energy on competing interspecifically for ecological niches and food sources. In particular,
stinkbugs, beetles and earwigs were typical components of aboveground macrofauna,
while the earthworms and termites were underground macroinvertebrates predominantly
existing in the drilosphere and termitosphere, respectively. Foraging, tunneling and nesting
habits by termites and earthworms may have positively influenced the stinkbugs and
earwigs by indirectly increasing the availability of food sources, as well as by conditioning
of the microclimate. Therefore, the greater the count of Coleoptera, Haplotaxida and
Isoptera, the greater the count of Dermaptera and Hemiptera. The negative correlation
between spiders and stinkbugs meant that Aranae was the natural enemy of Hemiptera.
Therefore, the higher the predatory pressure of spiders on stinkbugs, the smaller the insect
group of Hemiptera. This finding is of high importance to the development of biological
control. The positive correlation between termites and the total of individuals was solely
due to the predominance of Isoptera over other orders or classes of macroinvertebrates.

The negative correlation between the total of orders and potential acidity meant that
the higher the cumulative content of H+ and Al3+, the lesser the spatial presence of Aranae,
Coleoptera, Dermaptera, Diplopoda, Haplotaxida, Hemiptera, Hymenoptera, Isoptera
and Orthoptera. This linear association proved that the exposed soil was indeed the
harshest microclimate for the growth, development and reproduction of spiders, beetles,
white grubs, adult millipedes, earwigs, adult centipedes, earthworms, ants, termites and
crickets because of its high potential acidity. The higher SOM content and greater count of
macroinvertebrates in integrated systems with nutritional supplementation of limestone
and gypsum was in line with the correlations between macronutrients, organic matter
and macrofauna. We confidently advocate the use of limestone and gypsum as the most
affordable management practice to help the genera of N-fixing plants Cajanus sp., Canavalia
sp. and Stizolobium sp. and the species of pasture U. decumbens to mitigate situations of soil
degradation in the Brazilian savannah.

In line with the patterns recognized through the Pearson correlation test, the pri-
mary component referring to the chemical neutralization of toxic elements proved that the
limestone and gypsum are technically effective in assisting integrated systems of green
fertilizers with pasture to restore chemical and macrofaunal properties of sites formerly
degraded by earthworks and dam foundations. The soil conditioners offered key benefits
to the successions, including, but not limited to, the amendment of potential acidity by
neutralizing H+ and Al3+, improvement of availability of minerals readily assimilable by
crop plants, such as Ca, Mg and S, as well as hypothetical acceleration of decomposition
of native organic matter and agricultural residues remaining on the soil surface after har-
vesting at the flowering stage. A high density of macroinvertebrates, specially termites,
great availability of Presin, K, Ca, Mg and SOM and high SEC/CEC ratio were the most
sensitive and reliable indicators of chemically balanced soil. The secondary component
correlated positively with the total of the taxonomic orders but negatively with the potential
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acidity and SOM content, which meant the more diverse the sources of organic and mineral
elements on the soil surface, the more heterogeneous the food web of macroinvertebrates
dwelling in the soil beneath the litterfall. The ternary component described the earthworms
and larval stages of arthropods taxonomically unidentified, as well as pH and potential
acidity, as the most important biological and chemical indicators as to the degree of de-
composition of SOM in the aluminum-rich, naturally acidic soil of the Brazilian savannah.
With significant loadings between eigenvectors and PCIII, it is possible to point out that
the more acidic the soil beneath the litterfall, the more intensive the natural decomposition
of organic matter by earthworms, as well as the smaller the count of white grubs and
larval arthropods. Macroinvertebrates in the beginning of the cycle of life are much more
sensitive to acidic substrates than those at older stages. The quaternary component figured
out that crickets and termites were the most sensitive and most reliable bioindicators of the
unavailability of aboveground biomass. Thus, the lower the productive yield of biomass of
integrated systems of green fertilizers and U. decumbens, the smaller the count of crickets
and termites; in the particular case of termites, the unavailability of aboveground biomass
may affect their habits of foraging and nesting. The quintenary component was in line with
our expectation of adult millipedes to be natural predators of larval stages of arthropods
taxonomically unidentified.

Franco et al. [55] carried out a scientific study on the relation between the visual
structure of the soil status and the abundance of soil engineering invertebrates depending
on different land uses. The authors reported a positive correlation between the total abun-
dance and visual evaluation scoring as well as a negative correlation between Oligochaeta
and Isoptera. Such linear features proved that the less structurally consistent the soil is,
the higher the count of termites and the total abundance of macroinvertebrates, as well
as the smaller the number of samples of earthworms in disturbed substrate. In this study,
Oligochaeta and Isoptera contrasted each other in terms of spatial representativeness, prov-
ing that earthworms and termites were bioindicators of ecologically constant microclimates
as well as their reestablishment, respectively.

According to Kamau et al. [1], earthworms correlated positively with P and K and
negatively with lignin content in mulching; adult centipedes correlated positively with
the ratios of C:N, C:P:lignin:N and polyphenols:N and negatively with N, P, Ca and Mg;
termites correlated positively with Mg and negatively with N and P; earthworms and adult
centipedes positively correlated with the physicochemical quality of root tissues, while the
beetles, adult millipedes, ants and spiders did not correlate with physical and chemical
properties of the aboveground biomass and root system.

When analyzing the reference systematically, the predominance of termites over other
groups of macroinvertebrates dwelling through the depths of 0.00–0.05, 0.05–0.10 and
0.10–0.20 m in integrated systems of green fertilizers with tropical pasture, with application
of limestone and agricultural gypsum, was probably due to the release of Mg and Ca
from the soil conditioners rather than due to the mineralization of N-rich agricultural
residues of Cajanus sp., Canavalia sp. and Stizolobium sp. Fitting multiple regression models
such as the ones relating termites to chemical properties of the soil could support this
analytical inference.

From the perspective of [7], adult centipedes prefer C-rich plant materials, while
earthworms prefer lower ratios of C:P, C:K and lignin:N. The physicochemical quality
of the root system of U. decumbens, which hypothetically is rich in C, may, therefore, be
more suitable for the food habits of adult centipedes, thus supporting the predominance of
Diplopoda over Haplotaxida in integrated systems. Additionally, specific abundance of the
species of earthworms, Drawida sp. and Eisenia sp., positively correlates with N-NH4+;
the authors also emphasize that ammonium makes the soil acidic and increases the count
of earthworms. The relatively higher density of Haplotaxida in the native forest reported
in this work, compared to exposed soil and integrated systems, was probably due to the
higher availability of N-NH4+ from litterfall decomposition, as the earthworms and pH
did not correlate with each other.
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According to Webster et al. [32], patterns of macrofauna had significantly positive
correlations with clay content and yield of mulching and negative correlations with per-
centage of exposed soil. The authors apprised the higher degree of compaction and the
lower organic matter content as physical and chemical factors suppressing the macroinver-
tebrates in exposed soil. Therefore, the substantially low total abundance reported through
these works for macroinvertebrates in exposed soil was not only due to high Al3+ content
but also due to high apparent density, low macroporosity and low SOM content in the
anthropogenically degraded site of the Brazilian savannah at the beginning of the exper-
iment. These stress factors commonly reduce infiltration and retention of water as well
as gaseous exchanges through the pores. Furthermore, the negative correlation between
the macrofauna and the percentage of exposed soil reported in the literature is paramount
to realizing how beneficial plant cover is in the process of recovering soil macrofauna
and its chemical properties. The availability and quality of food sources, temperature
of the soil and oxygenation are factors which influence the ecological characteristics of
macrofauna, as reported in the scientific study by Abail and Whalen [41] on the dynamics
of earthworm populations.

In this study, Aranae did not distinguish adequately restored soil from degraded
soil, since spiders were present in integrated systems of green fertilizers with tropical
pasture, exposed soil and native forest, despite their lower density, as compared to termites,
beetles and ants. The most desirable characteristic for a bioindicator is being a generalist;
other relevant characteristics include prediction accuracy and cost-effectiveness. Velasquez
and Lavelle [30] argued that the Oligochaeta and Isoptera associated with old-growth
forest, also termed as primary forest, and Coleoptera associated with fallow and pasture,
thus corresponding very well with the results of this study for beetles and white grubs
as well as for earthworms at higher densities in the presence of U. decumbens and native
forest, respectively. The authors still described the Myriapoda as an order of detritivore
macroinvertebrates in tight association with perennial crops and that Formicidae are
associated with preserved, explored or burnt forestry systems. In line with the reference,
ants did not perform as a bioindicator of neither the exposed soil nor the biologically
restored soil in this work. Ants were also not reliable to study and assess the process of
restoring degraded soil in the Brazilian savannah. For this purpose, the use of termites
is confidently recommended. The next most suitable options would be beetles and white
grubs, as the Coleoptera and integrated systems of green fertilizers with U. decumbens were
strongly associated with each other.

5. Conclusions

The long-term integration of the genera of green fertilizers Cajanus sp., Canavalia
sp. and Stizolobium sp. with the species of pasture Urochloa decumbens is an inexpensive,
environmentally friendly strategy for the restoration of the macrofaunal properties of a
Brazilian savannah site following anthropogenic degradation due to mechanical forces of
earthworks and dam foundations after the installation of a hydroelectric power plant.

The integrated systems, with and without the administration of limestone and gypsum,
improved the soil chemical properties of the site under investigation.

The macrofauna was a good indicator of soil recovery.
After 17 years of the effects of these treatments for soil restoration, the soil macrofauna

is either similar to or even better than the natural soil conditions.
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Abstract: In the 1960s, a conservationist agricultural practice known as a “no-tillage system” was
adopted. Several benefits such as soil erosion reduction and soil carbon sequestration, among others,
could be ascribed to no-till systems. Therefore, it is important to evaluate the long-term sustainability
of this agricultural system in different environments. This study has the objective to evaluate the soil
organic carbon dynamic in a no-till system (40-year) and on a rolling landscape in Southern Brazil. A
systematic grid with four transversal–longitudinal transects was used for soil sampling. Soil samples
from 0–20, 20–40, and 40–60 cm depths were collected (16 trenches × 3 depths × 1 sample per soil
layer = 48), and a forest nearby was used as control (4 trenches × 3 depths × 1 sample = 12). The
soil at the forest site showed 20% more carbon stock than no-till at the 0–20 cm soil depth. However,
the entire no-till soil profile (0–60 cm) showed similar soil carbon as forest soil. The soil carbon stock
(0–20 cm) in no-till was depleted at a rate of 0.06 kg C m−2 year−1, summing up to a carbon loss of
2.43 kg C m−2. In addition, the non-uniform hillslope affected the soil carbon redistribution through
the landscape, since the convex hillslope was more depleted in carbon by 37% (15.87 kg C m−2)
when compared to the concave sector (25.27 kg C m−2). On average, the soil carbon loss in the
subtropical agroecosystem was much lower than those reported in literature, as well as our initial
expectations. In addition, the no-till system was capable of preserving soil carbon in the deepest soil
layers. However, presently, the no-till system is losing more carbon in the topsoil at a rate greater
than the soil carbon input.

Keywords: soil-geomorphology; oxisols; soil conservation; sustainability; food system; food security

1. Introduction

Contemporary society is challenged with the crucial paradox of producing more food,
fiber, and biofuel to supply for an increasing global population, especially on increasingly
degraded soils and agroecosystems worldwide [1–3]. The conversion of forest and natural
grassland to a cropping system is detrimental to soil carbon stock [4–6]. Opting for an
intensive agricultural system can increase crop production. However, this may decrease the
ecosystem services including water quality, biodiversity, and carbon sequestration. A crop-
land with restored ecosystem services may mitigate the effects of agriculture intensification,
and guarantee sustainable development [7,8].

In the 1960s, the no-tillage system was adopted as a conservationist agricultural prac-
tice. The basic background principles of this system are: (1) avoid soil disturbance; (2) keep
the residue (mulching) over the topsoil; (3) plan crop rotations (i.e., not only double crops
such as wheat–soybean); and (4) contour tillage practices and soil conservation according
to the terrain [9,10]. Many benefits were ascribed to the no-till system, especially when com-
pared to conventional tillage (CT), such as enhancement of soil aggregate stability [11,12],
soil organic matter improvement and carbon sequestration [13,14], and reduction of runoff
and soil loss [8,15].
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Soil organic matter and carbon stock are of the utmost importance to soil functions,
ecosystem productivity, and soil carbon sequestration. Despite the disagreement about the
capacity of the no-till system to sequester carbon [16,17], the no-till system is recognized
as an agricultural conservationist practice that ensures conservation of carbon, soil, water,
and sustainability of the agroecosystem [10,18].

Soil carbon is very sensitive to land conversion and can therefore be lost in a few
decades in temperate regions, and in a few years in tropical regions [19–21]. Even with
advances in the past few years regarding soil carbon dynamics in agricultural systems,
some research priorities need to focus on long-term soil resilience on soil organic carbon
(depletion or conservation), assessment of actual carbon stock in space-time, assessment of
soil carbon stock beyond the topsoil limit (0–10 or 0–20 cm), and effect of soil management
and soil erosion on carbon stock [6,22,23]. In addition, it is necessary to understand the
carbon dynamics across the landscape, i.e., source, transport, deposition, and export [24,25].
Therefore, study of the hillslope system under long-term land conversion and the no-till
system is crucial to understand the soil carbon depletion–maintenance interaction in the
soil system.

We conducted this research to address some of these priorities or scarcity of studies
pointed out above, particularly the long-term effect of land conversion on soil carbon
stock. The objectives of this study are (1) to estimate the soil organic carbon stock on the
long-term (40-year) no-till system; (2) to explore the effect of landforms on soil organic
carbon redistribution; and (3) to put the local no-till system in a long-term (69-year) land
conversion context through a literature review.

Herein, explanation of soil carbon dynamics on the long-term no-till system is impor-
tant to evaluate the sustainability of the agroecosystem in subtropical regions, as well as to
support soil conservation practices. Moreover, the study area is one of the oldest under the
no-till system in Southern Brazil.

2. Materials and Methods

The study area is located at the center-south of the state of Paraná, Brazil at 1120 m
(above sea level). The zero-order catchment (hollow) is around 5 ha and is located at
the Agricultural Foundation for Agricultural Research–FAPA (Figure 1). The hillslopes
are gently ranging from 3% to 5% inclination, while the slope is 5% along the thalweg
with 270 m. The soil consists of brown aluminum Oxisols (Ferralsols are high-weathering,
resulting in oxic horizon [26]) developed over basalt rock. Kaolinite is the main type of
clay, followed by subsidiary gibbsite and iron oxides including hematite and goethite (clay
657 g kg−1, silt 266 g kg−1, and sand 77 g kg−1). Additionally, the pristine horizon is rich
in soil organic carbon >40 g kg−1 [27].

Figure 1. Study area in the context of Southern Brazil and the southern center of the state of Paraná,
municipality of Guarapuava.

The annual rainfall ranges from 1800 to 2000 mm. The rain is distributed along the year
(i.e., there is no seasonality), with the lowest rainfall during winter (August, 80–100 mm)
and the highest rainfall during spring (October, 200–220 mm). The annual temperature is
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around 17 ◦C–18 ◦C. During winter (June to August), the average temperature is 13.5 ◦C,
and during summer (December to February), the average temperature is 21.5 ◦C [28].

2.1. Soil Sampling

Soil samples were collected from an area with an agricultural land use history of
69 years. In addition, several experiments and case studies were revisited to put the long-
term soil carbon history into context (see Table 1). The sampling area has been transited
from different levels of land conversion and intensification (Figure 2). Herein, the focus is
on the last phase of conversion from conventional tillage to a no-till system in a 40-year term.
From 1968 to 1978 (10 years), the area was cultivated with conventional soil preparation
such as plowing and harrowing. The crops were grown in simple succession (i.e., double
crops), with wheat cultivated during winter and soybeans cultivated during summer [29].
Since 1978, the area has been cultivated with seeding a mulch-based cropping system
(DMC), and thereafter, the no-till system was adopted. Within 40 years of cultivation, a
total of 82 summer–winter harvests occurred in the area. During summer, soybean (Glycine
max) (80%) is the most cultivated crop followed by corn (Zea mays) (20%). During winter,
the most cultivated crop or cover crops are wheat (Triticum aestivum) (30%), barley (Hordeum
vulgare) (26%), oat (Avena sativa) (18%), vetch (Vicia vilosa) (13%), and turnip (Raphanus
raphanistrum) (13%) [30].

Figure 2. Long-term land use history of the study area modified from Jaster et al. (1993) [29] and the
present study. Note: CT (Conventional Tillage).

A systematic grid with four transversal–longitudinal transects was used for soil
sampling (Figure 3). In total, 16 trenches of 50 cm length and 60 m depth were dug. Soil
samples were collected using a metal ring with 100 cm3 (~5.03 cm of diameter and 5.03 cm of
height) at the depths of 0–20 cm, 20–40 cm, and 40–60 cm for analysis of soil bulk density and
carbon. A soil sample was collected from each depth (16 trenches × 3 depths × 1 sample
per soil layer = 48). Through the systematic grid along the area, nine trenches were dug
over convex hillslopes, while seven trenches were dug over concave hillslopes (Figure 3).
Four trenches from a secondary forest in the same pedogeomorphic unit ~850 m of distance
were used as a reference site. Native grass was not found near the study area to serve
as a reference site. However, elsewhere, both areas of forest and native pasture might
have an equivalent soil carbon stock at 0–25 cm soil depth 12.8 kg m−2 and 12.2 kg m−2,
respectively [31]. Furthermore, they were used for a general context and not for a direct
comparison with the study area.

Total soil organic carbon in g kg−1 was determined according to the Walkley and Black
method [32], and the soil carbon stock was estimated (Equation (1)) [33].

SCS = (TOC × D × D)/100 (1)

where
SCS = Soil carbon stock (kg m−2);
TOC = Total soil organic carbon at the sampled soil layer (g kg−1);
BD = Soil bulk density of the soil layer (kg m−3);
D = Soil layer sampled thickness (cm);
Soil carbon loss was estimated through (Equation (2)).

CL =
CA − NT

Time o f conversion
(2)

where
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CL = carbon loss in kg C m−2 year−1, CA = carbon stock in control area in kg
C m−2 year−1, and NT = carbon stock in no-till according to time of implantation in
kg C m−2 year−1.

Moreover, the soil carbon stock in the soil was used as a proxy to infer and estimate the
long-term soil loss in the no-till system, since when erosion occurs, it transports sediment
and carbon as well.

Figure 3. Systematic grid distribution of the soil collection points (16 trenches).

2.2. Data Analysis

In a previous study (i.e., literature survey), soil carbon content was collected up to
10 cm soil depth in the study area. Through an empirical model developed for the study
area, it was estimated that the soil carbon decreases by 0.326 kg for every cm of soil
depth increment (Figure 4). Overall, 75–85% of the total carbon from 0–20 cm depth is
concentrated at 0–10 cm soil depth, and approximately 25% of the carbon is reduced at
the deepest soil layer [30]. Here, this model was tested in two soil carbon profiles of the
Southern Paraná region [12,34], and the model showed a similar soil carbon distribution
pattern (data not reported). We used this model to transform (estimate) the total soil carbon
content in 0–10 cm to 0–20 cm soil layer equivalent (see Table 1). This strategy was used to
apply the no-till system in the local and regional contexts when the soil carbon content or
stock was displayed only at the 0–10 cm soil layer.

Therefore, the no-till system was evaluated in two ways: (a) whole soil profile 0–60 cm
depth, through the experiment of this study; (b) topsoil 0–20 cm depth, from the data of
the present study and the data from the literature survey, as in most cases, soil carbon data
were only obtained at the soil depth of 0–10 cm or 0–20 cm.

The Mann–Whitney U test was used to compare independent samples. In addition,
the critical p-value established in the comparisons was unrestricted, and the maximum of
p ≤ 0.05 was adopted as significant.
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Figure 4. Soil carbon distribution in the study area according to soil depth modified from Silva
(2013) [30]. (n = 3 soil profiles); * p ≤ 0.05.

3. Results and Discussion

In this study, the soil organic carbon stock on the long-term (40-year) no-till system
decreased, especially at 0–20 cm, but the carbon depletion rate was below our initial
expectations, as well as that reported in the literature. Despite a long-term (69-year)
conversion from grassland to a cropping system, the study area showed a soil carbon
average above a critical limit.

However, we observed that landforms (such as rolling landscape) affect soil erosion
and soil carbon redistribution. Hillslopes (convex sectors) are more depleted in carbon
(37%) than valley bottom (concave sectors). Presently, in the study area, the soil loss was
estimated around 1.13 ± 0.17 Mg ha−1 year−1, and the long-term soil carbon loss rate at
topsoil was 0.06 kg C m−2 year−1. The local conservationist agriculture is facing a critical
phase related to soil carbon conservation, particularly at the topsoil.

3.1. Total Soil Carbon and Soil Carbon Stock on A 40-Year No-till System

The forest showed a higher concentration of total soil carbon at all depths compared to
no-till (Figure 5). Overall, the soil carbon decreased with respect to the soil depth (Figure 5).
In the no-till system, the soil surface displayed 17% and 28% more carbon when compared
to the deepest soil layers at 20–40 and 40–60 cm, respectively (p ≤ 0.05). However, the soil
carbon at 20–40 and 40–60 cm was similar. Soil carbon content exhibits great variation
along the area depending on the soil depth. At topsoil (0–20 cm), the soil carbon content
ranged from 15.66 g kg−1 to 28.51 g kg−1; at 20–40 cm depth, the soil carbon content ranged
from 13.66 g kg−1 to 24.84 g kg−1; and at 40–60 cm, the soil carbon content ranged from
12.87 g kg−1 to 23.80 g kg−1 (Table S1). For the three depths evaluated, the minimum and
maximum soil carbon content maintained a constant amplitude ratio of 1.8 times.

Ribas (2010) evaluated a large sample of soil carbon content (n = 6534, soil depth
0–20 cm) from the southern state of Paraná, and about 85% of the soil samples came from
areas with a no-till system. Overall, the soil in this region showed a total soil carbon
ranging from 22.7 to 24.7 g kg−1, with an average of 23.6 g kg−1. In addition, 92.6% of the
samples displayed a total soil carbon lower than 29.0 g kg−1. Similarly, in the Guarapuava
municipality, a total of 1212 samples was evaluated. The total soil carbon ranged from 23.5
to 24.9 g kg−1, with an average of 23.7 g kg−1 [35]. Surprisingly, in this study, the 40-year
no-till system showed a total soil carbon content (23.53 ± 3.63 g kg−1) such as those of
regional and local soils, considering the lag time of a decade than that in the study by Ribas.
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Figure 5. Total soil organic carbon (a) and soil carbon stock (b) in no-till and secondary forest
according to soil depth. Note: no-till, n = 16 and forest, n = 4.

Despite a lower total carbon content (25% to 35%) compared to that of the soil forest
(p ≤ 0.05), the differences in soil carbon stock in the no-till system and forest along the
profile were not significant (Figure 5). The soil bulk density in the no-till system was
around 25% denser when compared to the forest soil, particularly in the deepest soil layers.
The superior bulk density in the no-till system was compensated by the soil carbon stock.
However, the forest showed 20% more carbon stock than the no-till system at the 0–20 cm
soil layer. In contrast, at 20–40 cm and 40–60 cm, there was an equivalent soil carbon stock.
Finally, considering the entire profile (0–60 cm), the no-till system showed similar soil
carbon stock as the forest (Figure 5).

Here, the forest soil carbon stocks in the study area are consistent with those found
in other regional studies by Sá et al. (2014) (0–40 cm, 15.9 kg C m−2) and Pereira (2017)
(0–20 cm, 8.72 kg C m−2). Similarly, soil carbon stocks in no-till are comparable with other
studies by Costa et al. (2004b) (0–20 cm, 7.34 kg C m−2) and Sá et al. (2014) (0–40 cm,
13.7 kg C m−2).

3.2. Long-Term Soil Carbon Stocks in No-till System: Local Context

A proper comparison of soil carbon content on a different agricultural system is
fraught with difficulties, particularly due to methods of soil sampling and analysis, as well
as depth assessment of soil layers [6]. Many studies have evaluated several distinct soil
layers at 0–10 cm [36,37], 0–20 cm [14,35], and 0–30 cm [21,38]. Moreover, studies with
soil collected at certain increment depths are typical [12,36]. During the use of the no-till
system, the crop residue management causes the topsoil (0–10 cm) to be enriched with soil
carbon [10,22] or even smaller depths at 0–5 cm [39]. Sometimes, in a layer of 30 cm, more
than 70% of the total soil carbon could be concentrated on the first soil centimeters (e.g.,
<10 cm) (see Figure 3).

In Table 1, 6- to 40-year no-till systems were grouped to evaluate the carbon dynamics
through periods of time. The data were obtained on the same pedogeomorphic climate
landscape, as well as nearby the study area. Moreover, the local context no-till system was
implemented in different phases, and several measurements were performed over time.
At the yearly stage (6–15 years), the soil carbon was lower; however, at >21 years, the soil
carbon in the no-till system increased by ~15% (p ≤ 0.05). Data of soil carbon for the no-till
system from 7 to 24 years were based on the topsoil (0–10 cm) [36,40] (Table 1).
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The average total soil carbon (0–20 cm) in the no-till system was 23% lower than that of
the forest (p ≤ 0.01) (Table 1). In contrast, soil carbon content reached its peak at 21–25 years
of the no-till system being implemented, which was similar to that of the forest. However,
an absolute reduction by 12% in soil carbon stock was observed in the older no-till system
(40 years) than the no-till system in the previous period (p = 0.10). On average, each soil cm
of the no-till system was 0.412 kg C cm−1 lower than the forest soil (16%).

Over time, soil from the study area, i.e., the 40-year no-till system, lost 25% pris-
tine soil carbon stock. The carbon loss was greater at the early phase (6–15 years), with
the loss of 0.194 kg C cm−2 year−1. The soil carbon loss ratio decreased drastically to
0.045 kg C cm−2 year−1 (>16 years). The soil carbon stock in the no-till system (40-year) was
depleted at a rate of 0.06 kg C m−2 year−1, summing up to a carbon loss of 2.43 kg C m−2.
The total organic carbon in the no-till system (40-year) was 16% lower when compared to
the CT system applied before the conversion in year 1978 (Table 1).

Table 1. Context of the local long-term soil carbon dynamic in no-till system at topsoil (0–20 cm)
based on the literature survey.

No-Till
(Year)

Average
(Year)

TOC
(g kg−1)

N
1 TOC

(g kg−1)
2 Soil Carbon Stock Source

(0–20 cm) kg C m−2 kg C cm−1

6–10 8 § 34.75 ± 5.40 5 26.07 8.18 0.409 [36,41]
11–15 13 § 31.48 ± 6.43 6 23.61 7.41 0.370 [36]
16–20 18 § 36.83 ± 6.28 12 27.62 8.67 0.433 [36]
21–25 23 § 40.88 ± 3.46 5 30.66 9.62 0.481 [27,34,40]

3 31 - §§ 27.26 1 27.26 8.55 0.428 [30]
38 - §§ 25.00 ± 1.26 4 25.00 7.84 0.392 [41]
40 - §§ 23.53 ± 3.63 16 23.53 7.33 0.366 this study

Forest - §§ 34.72 ± 4.29 11 34.72 9.82 0.491 [29,39] and this study
4 Conventional Tillage - §§ 28.00 1 28.00 - - [29]

Note: § (soil depth mostly 0–10 cm); §§ (soil depth 0–20 cm); 1 total soil carbon estimated for a 0–20 cm soil layer
through local empirical model (Figure 4); 2 soil bulk density used to estimate soil carbon stock (no-till 0.91 g cm−3

and forest 0.82 g cm−3); 3 composite sample; 4 soil carbon content in the conventional tillage previous to the
conversion to no-till system in 1978 (composite sample).

3.3. Long-Term Land Conversion and Its Effect on Soil Carbon

Land use changes, especially the intensification of agriculture, affect the ecosystem
functions and services. Soil carbon is one of the most sensible properties that responds to
land use conversion and intensification [20,22,37]. The conversion of the natural ecosystem
to permanent agriculture in temperate zones can cause 50% of the original organic matter
loss in the first 25 years of cultivation. In a tropical ecosystem, the loss of soil organic matter
can occur within 5 years of cultivation [20]. In this study, the depletion of soil carbon did
not follow this pattern (i.e., time and amount).

Here, before year 1950, the area was covered by native grassland. Afterwards, it was
converted to conventional tillage (year 1950–1962) and pasture (year 1962–1968). Again,
the area was converted from pasture to conventional tillage (year 1968–1978). Finally, the
area was converted from conventional tillage to the no-till system, which remained the soil
management system since 1978. In the present study, despite being in a subtropical region,
the several conversions and intensification phases of the system seem to preserve a great
amount of the soil organic carbon stock. Moreover, the soil carbon loss ratio did not follow
the pattern suggested in literature [20,21]. If that had happened in any land conversion
phase, most of the study area should have <17 g kg−1 total organic carbon.

It is difficult to explain the soil carbon dynamics in the study area prior to year 1978,
and this is because there is no available soil data. However, some insights are discussed.
The conversion from native grassland (i.e., extensive pasture) to conventional tillage with
cultivation of rice (summer) and wheat (winter) may have caused the soil carbon loss from
the year 1950–1962. Guo and Gifford (2002) estimated a 59% carbon loss on this type of land
use change, and an improvement of 20% when crop is converted to pasture. The conversion
from conventional tillage to pasture (year 1962–1968) may yield a gain in soil carbon [19].
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Moreover, the pasture in the study area experienced an improvement with the cultivation
of white clover (Trifolium repens) and winter grasses (the type was not defined) [29]. Again,
from the year 1968 to 1978, the pasture was converted to a conventional crop system, with
a succession of soybean (summer) and wheat (winter). Since year 1978, the area has been
cultivated using the no-till system, with cultivation of wheat and cover crops such as oat
(Avena sativa), barley (Hordeum vulgare), vetch (Vicia vilosa), and turnip forage (Raphanus
sativus) during winter; during summer, corn and soybean are mainly cultivated [30,42].

Since the conventional tillage conversion to no-till, several local studies report an im-
provement in soil quality including the increase in soil carbon and aggregate stability [27,34,40],
soil porosity, soil water retention and infiltration [30,43], soil temperature decrease and
crop productivity enhancement [29,36], and soil erosion reduction [44]. The benefits of
this system are recognized worldwide as a conservationist system that ensures soil erosion
control, as well as water and soil carbon conservation [10,45,46].

In the study area, following a long-term cultivation, the soil carbon content was
slightly above the critical limit. A concentration of 20 g kg−1 (~2% soil organic carbon)
is recognized as the critical point to soil productivity and functions (e.g., microbial diver-
sity) [17]. Therefore, the carbon input into the soil should be superior to its loss due to soil
erosion and oxidation of organic matter.

Globally, the no-till system has the potential to sequester 0.030 kg C m−2 year−1 [47]
in Southern Brazil at the rate of 0.068 kg C m−2 year−1 [48], as well as at the rate in
a site with a similar pedogeomorphic climate landscape as the study area which was
0.043 kg C m−2 year−1 [13]. Lastly, in the study area, a lower rate was registered as
0.015 kg C m−2 year−1 [34].

Ferreira et al. (2018) argued that areas with a predominance of soybean in the cropping
system characterized by a poor soil fertility management have a smaller soil carbon recovery
rate [49]. In the study area, soybean (Glycine max) is the most cultivated in the cropping
system. Moreover, when soybean is practiced as monoculture, without cover crops, it can
cause a decline in soil organic matter, especially on the labile fractions [39]. This condition
could be the most detrimental scenario to soil carbon depletion, but this is not the study
area case. However, if our estimation was reasonable, the soil carbon in a 40-year no-till
system (0–20 cm) would have been depleted (i.e., 0.06 kg C m−2 year−1) above the rate of
carbon input [49].

3.4. Effects of Landforms on Soil Erosion and Soil Carbon Redistribution

Here, and in most parts of Southern Brazil, the basalt rocks form assemblages of
landforms known as plateaus. Regionally, a plateau is a flat terrain; however, at a local
scale (i.e., farm-land level), the basalt rocks produce a rolling landscape with a non-uniform
slope (e.g., convex, straight, concave, hollow) [50] (see Figures S1 and S2). In addition,
the geomorphological surface was stable for a long geological time, and the weathering
operated mostly on transport-limited conditions, developing deep soils such as Oxisols
and Nitisols, and soils with moderate depth such as Cambisols [51].

Consequently, no-till is usually practiced on non-uniform hillslopes. Moreover, the
slope shape is prone to different shear stress due to interrill and rill initiation, as well as
due to soil erosion rate. For instance, uniform and convex-linear slopes produce 3.4 to
4 times more sediment, respectively, than concave-linear slopes [52]. Therefore, in a rolling
landscape, the sediment carbon redistribution occurs through a net with different transport
and deposition rates.

In the study area, the hollows (zero-order catchment) are frequently activated as
ephemeral streams within the year, especially during prolonged duration and a large
volume of rainfall (personal observation). If the concave slope and hollows are sensible
to produce convergent runoff in a basaltic plateau landscape [53], then this may affect the
local soil carbon redistribution and exportation from the system as well.

In Brazil, a no-tillage system reduced the runoff and soil loss by 70% and 90%, respec-
tively, when compared to that of conventional tillage [48]. Between the years 2001 and 2012,
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the conservation agriculture in Brazil reduced soil erosion by 20%. However, the national
soil erosion average (>20 Mg ha−1 year−1) was above the soil loss tolerance threshold (T
value 10 Mg ha−1 year−1) [54]. Despite the benefits of conservation agriculture, FAO global
assessment indicated that the main threats to Brazilian soils are soil erosion and soil organic
carbon change [55].

Soil erosion involving aggregates and particle detachment of soil mass, aggregate
breakdown during transport, as well as transport and deposition is an important mecha-
nism for lateral flux of carbon redistribution through the landscape [24,25]. In the present
study, the convex slope was more depleted in carbon (15.34 to 19.80 g kg−1) compared to
the concave slope (20.79 to 20.43 g kg−1) (p ≤ 0.05). The soil carbon redistribution followed
the rolling landscape, that is, non-uniform slopes. Similarly, the convex hillslope (15.87 to
<20.57 kg C m−2) showed lower carbon stock in the entire 60 cm profile than the concave
hillslope (>20.57 kg C m−2) (Figure 6).

Figure 6. Effects of landforms on soil carbon redistribution in no-till system (0−60 cm soil profile).
Note: convex slopes predominate in red to orange colors, while concave slopes (i.e., valley bottom)
predominate in yellow to green colors.

The study area is suffering from soil erosion and lateral flux of soil carbon. The long-
term soil loss during the land conversion which depletes the soil carbon is estimated at
0.06 kg C m−2 year−1. In the southern state of Paraná, the no-tillage system showed a soil
loss ranging from 0.4−1.0 Mg ha−1 year−1, with an average of 0.73 Mg ha−1 year−1 [44].
Generally, soil loss rates under conservation tillage on moderate slopes are very low
(<1 t ha−1 year−1) [8]. We estimated that the long-term soil erosion in the study area was
1.13 ± 0.17 Mg ha−1 year−1, considering the soil carbon content average in the forest
(n = 11) as a baseline (see Table 1).

In this study, the soil loss was slightly greater than its counterpart’s average [8,44].
Globally, cropland shows the highest soil carbon loss annually (0.023 kg C m−2 year−1).
Considering the upper limit for crop and grassland, the soil carbon loss may range from
0.03 kg C m−2 year−1 to 0.05 kg C m−2 year−1 [5]. The rate of soil carbon loss in the study
area was above that reported in meta-analysis. However, our data were estimated within a
40-year term, while the data from Abdalla et al. (2020) were registered in the field by means
of experimental plots operating no longer than 14 years.

245



Soil Syst. 2023, 7, 60

Probably, the conservationist agriculture (i.e., no-till) in Southern Brazil is facing a
critical phase, since the agriculture in the region is vulnerable to climate change, and there
is a tendency of rising temperature and rainfall in the region [56]. Therefore, climate change
could affect the soil erosion rates, soil carbon dynamics, and stock [6,10]. In a climate
change scenario, conservationist agriculture, soil management practices, and food system
adaptations (e.g., climate-smart agriculture) are needed more than ever [8,57].

Farms, stakeholders, and scientists should highlight the basic principles of the conser-
vationist agriculture in order to avoid disturbing the topsoil (no-till); keep mulching on the
ground; plan a crop rotation system and not only a crop succession (e.g., wheat–soybean);
replace fallow by cover crops; and use contour tillage and terraces wherever necessary.
These practices are of the utmost importance, particularly on the rolling landscape such as
that of the study area and elsewhere, especially in Southern Brazil.

4. Conclusions

In this study, the objectives were to estimate the soil organic carbon stock on a long-
term no-till system, and to apply it to the land conversion historical context over a rolling
landscape. We observed that land conversion reduced the soil organic carbon stock at the
topsoil (0–20 cm) by 20%. Overall, soil carbon has been depleted by 0.06 kg C m−2 year−1

above the rate of carbon input. Soil carbon loss in the subtropical agroecosystem was much
lower than our initial expectations, as well as that reported in literature. In addition, the
no-till system was able to conserve soil carbon in the deepest soil layers.

Land conversion from conventional tillage to the no-till system seems to increase the
soil organic carbon up to 25 years or <30 years. Possibly, the no-till system is currently
losing more carbon due to soil erosion and organic matter mineralization at a rate greater
than the soil carbon input. However, over the long term, the no-till system acted as a
buffer, reducing the accelerated soil carbon loss, supposing the conventional tillage was
kept in use.

The rolling landscape (i.e., hillslopes) affected the total soil organic carbon content
and, consequently, the soil carbon stock. The convex hillslope was more depleted in carbon
than the concave sectors. Therefore, at the farm or catchment level, carbon redistribution
could show sites with critical limits of soil carbon content. The hollow sites are hydro-
geomorphologically dynamic, and the soil conservation should be cautious of this sort of
terrain. Moreover, studies about validation of the cropping system and soil carbon dynamic
evaluation are mostly conducted on homogeneous or uniform slopes that are not coinciding
with a rolling landscape. It is therefore difficult to extrapolate data from experimental areas
in space-time to a rolling landscape.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/soilsystems7020060/s1, Figure S1. The study area MDT greyscale
displaying the hollow (zero-order catchment), notice the ephemeral rill in the center; Figure S2.
Aspect of the rolling landscape; Table S1. Soil Carbon Forest.
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Abstract: A pot experiment was carried out to investigate the effects of polyethylene (PE), a broadly
utilized polymer type, on soil properties and lettuce growth. Two Zn- and Cd-contaminated soil
samples were obtained from urban and rural areas of Greece, respectively. PE fragments (<5 mm)
were added at different concentrations (2.5%, 5% w/w). Lettuce seeds were then planted in the pots
in a completely randomized experiment. Plant growth patterns and tissue metal accumulation were
investigated. The presence of PE in soils resulted in a reduction in pH, significantly enhanced the
organic matter content, and increased the cation-exchange capacity. The availability of both metals
was also increased. Metal migration from soil to plant was determined using appropriate tools and
indexes. A higher metal concentration was detected in lettuce roots compared with that in the edible
leaves. The presence of PE MPs (2.5% w/w) increased the amount of available Zn more than that of
Cd in highly contaminated soils. When PE MPs were added to agricultural soil, Zn concentrations
increased in the plant leaves by 9.1% (2.5% w/w) and 21.1% (5% w/w). Considering that both metals
and microplastics cannot be easily and quickly degraded, the fact that the less toxic metal is more
available to plants is encouraging. Taking into account the physicochemical soil features, decision
makers may be able to limit the risks to human health from the coexistence of heavy metals and
microplastics in soils.

Keywords: contamination factor; lettuce; uptake; agricultural and urban soils

1. Introduction

In recent years, plastics have been used in many applications in our daily lives, as they
are an easy and economical solution for everyday issues in our home and workplace. Given
their massive global production and indiscriminate use, the amount of plastic entering
the human environment, particularly the soil, is exceptionally high [1]. Plastic waste
accumulates in most parts of the world, taking many years to decompose, as it is corrosion-
resistant, chemically stable, and difficult to degrade [2]. When plastics reach the soil, they
are frequently broken down into smaller (<5 mm) particles known as microplastics (MPs)
due to physical and chemical erosion as well as the impact of UV light [3]. The term
microplastics (MPs) covers a large group of plastic materials that include a wide range of
polymers with varying chemical compositions, sizes, and dimensions [4]. Microplastics
refer to plastic particles, fragments, films, or fibers with a diameter less than 5 mm [5]. MPs
are divided into two types: primary MPs, which are intentionally made in sizes less than
5 mm, and secondary MPs, which are formed through the fragmentation of larger plastics
or primary MPs [6]. MPs have been proven to influence both physical and chemical soil
attributes, as well as the soil’s microbial composition and health. The chemical composition
of MPs, together with their size and shape, all have a significant impact on the variability of
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soils’ physicochemical properties [7]. Multiple studies have been carried out regarding the
effects of MPs on soil environmental variables, yielding often opposing results [8]. Previous
studies have shown that the addition of polyethylene, polypropylene, and polystyrene
reduces the bulk density of soil [9]. Furthermore, alterations of soil acidity owing to the
presence of MPs or even smaller nanoplastics (NPs) have been repeatedly reported. The
acidity of soils is a crucial parameter that defines the distinct properties and functionality
of soil systems. Numerous studies have shown that the application of MPs or NPs has the
potential to increase soil pH; however, a decrease in soil acidity or even a moderate effect
has been observed in other instances. The researchers Wang et al. [10] showed that the
presence of polylactic acid (PLA) and high-density polyethylene could increase soil pH,
while Boots et al. [11] found that the long-term persistence of high-density polyethylene
(HDPE) decreased soil pH values. It is widely recognized that in acidic soils, there is
reduced adsorption and increased metal mobility. This phenomenon can be attributed to
the increased competition between hydrogen cations and dissolved metals for negatively
charged surfaces, and this could lead to an increase in the availability of both toxic and trace
elements in soils and plants. On the other hand, in alkaline soils, the formation of strong
organometallic complexes is favored, resulting in a reduction in the mobility and therefore
the availability of these elements, which could lead to severe nutrient deficiencies for
plants [11]. The chemical reactions occurring between metals and plastic particles appear to
exhibit similarities to those observed between metals and soil organic matter [3]. By altering
soil acidity, MPs and NPs can affect the mobility and adsorption of metals and metalloids,
the formation and stability of organometallic complexes, bond strength, and the chemical
selectivity of soil components [7]. MPs and NPs also have variable effects on soil organic
matter, which is essential for both soil fertility and plant nutrition [8]. Studies have shown
that the addition of polyethylene decreased soil organic carbon (OC) content [12], while the
addition of 2% (w/w) PLA significantly increased soil OC [13]. These contradictory results
suggest that the effects of MPs on the soil environment may be regulated by several factors,
such as the MP properties (e.g., polymer type, concentration, particle size, and shape), as
well as different soil and local climatic conditions [14].

1.1. Identity and Distinguishing Features of the Most Common Microplastics in
Soil Environments

Shi and his colleagues in their study [15] explored the impact of three types of
microplastics—polyethylene (PE), polystyrene (PS), and polypropylene (PP)—on the early
growth of tomato seeds using a combined approach of oxidative stress and nutritional qual-
ity analysis. The outcomes indicated that all the different MPs exhibited negative impacts
on the tomato seedlings’ physiological and metabolic functions, root development, seed
germination percentage, and germination index. PE was proven to be the most toxic, while
PP was the least toxic. Considering the two most common plastics in soils, PE and PP, it
has been documented that polyethylene is carcinogenic at the class 3 level, according to the
World Health Organization [16]. Both PE and PP are frequently and widely dispersed in the
agricultural environment and in diverse types of microplastics, as claimed by Hu et al. [17].
In their study, Qi et al. [17] investigated the effects of low-density polyethylene (LDPE) and
biodegradable starch-based microplastic films of different sizes on potted wheat. It was
found that biodegradable-plastic soil-cover films had a particularly significant effect on
wheat growth compared with PE. In another study conducted by Machado et al. [18], it was
found that polyester fibers and polyamide beads had a positive influence on the growth of
spring onions compared with other polymer types (polyethylene, polyester terephthalate,
polypropylene, and polystyrene). The environmental pathway of microplastics in soils was
also revealed by Gan et al. [19] in a study about their classification, sources, and fate, as
well as their effects on cultivated plants.
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1.2. Effects of Microplastics on Metal Uptake by Plants

To prevent potential risks, the first thought is to remove microplastic residues from
green vegetables using appropriate washing techniques so that they cannot be passed on
to the human body [20]. Further efforts are underway to understand the mechanisms of
the coexistence of microplastics, toxic elements, and trace elements in the soil [9]. It has
been revealed that the presence of PEs together with Cd in soil is able to cause synergis-
tic toxicity with regard to plant growth, such as the suppression of photosynthesis and
increased oxidative damage [21]. Various MP polymer types can significantly increase
Cd accumulation in plant shoots and roots, while PE appears to have a higher promotive
effect. That is mainly explained by the fact that PEs cause a decrease in pH followed by
an increase in Cd bioavailability [22]. Huang et al. [23] noticed a significant increase in
Cd availability by adding various quantities of PEs to soils. Furthermore, it was observed
that the addition of MPs modified the physicochemical properties of the soils, causing an
increase in Cd bioavailability and uptake by the plants [7]. In their experiments, Wang
et al. [24] examined the effect of HDPE (high-density PE) and PS on maize plants and
found that PS caused greater phytotoxicity to the plants. Both HDPE and PS increased the
DTPA-extractable Cd content in the soil. Compared with HDPE, PS appears to have more
pronounced effects on Cd bioavailability and plant growth inhibition, indicating a higher
risk in soil–plant systems [19]. The effects of various MPs with different chemical composi-
tions on soil properties and the availability of Cu, Zn, Cd, and Pb were investigated by Wen
et al. [25]. Linear low-density polyethylene (LLDPE), polyamide (PA), polyurethane (PU),
polystyrene (PS), and low-density polyethylene (LDPE) MPs caused a decrease in soil pH,
while they increased soil organic matter and cation-exchange capacity. These alterations in
both soil parameters and the metal adsorption and desorption on the solid surface of MPs
determine their availability [26]. It is well known that the addition of certain materials,
organic or inorganic, can modulate the mobility and metal availability to plants [27–29].
At the same time, the concentration of MPs in the soil also plays a decisive role in metal
mobility. The absorption of harmful metals or beneficial trace elements by plants cultivated
in MP-contaminated soils in varying quantities and chemical compositions has been at the
epicenter of recent research [30–33].

In the present study, laboratory experiments were conducted to investigate the effects
of polyethylene on the metal intake and accumulation by lettuce plants. The primary
objectives and aims of the present study were to detect the impact of PE MPs on the physic-
ochemical soil properties and to reveal their effects on metal availability and concentration
in moderately and heavily contaminated soils in Mediterranean urban and rural areas.

2. Materials and Methods

2.1. Sampling Areas and Soil Sample Preparation

Two different alkaline soil types from rural and urban areas of central and northern
Greece, respectively, were used for our study. Urban soil samples were collected from
Thessaloniki city’s metropolitan area, whereas rural samples were taken from Almyros
town [34] in the region of Thessaly [35].

Specific handling techniques were used during the soil sampling to measure the
content of heavy metals. More specifically, a wooden shovel and a two-meter radius were
used to obtain six sub-samples from each main sample. The samples were then transferred
to the Soil Science Laboratory at the Aristotle University of Thessaloniki, where they were
air-dried and prepared for further physical and chemical analysis.

2.2. Preparation of Microplastics

Polyethylene (PE), a common polymer type present in the environment, was selected
as a plastic contaminant for the purpose of this research. Plastic particles were obtained
by manually cutting commercially available transparent polyethylene bags into smaller
pieces [8]. These pieces were then ground and separated by sieving using a 0.5 mm sieve to
obtain microplastics of appropriate dimensions (<5 mm). The MPs were then washed with
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NaClO 0.01 M solution in order to remove any impurities and to inhibit potential microbial
activity. The MPs were subsequently incorporated into the soil samples and left to incubate
for several days.

2.3. Pot Experiments

Equal quantities of the two metal-contaminated soil samples were placed in plastic
pots with a base area of 26 cm2 and a height of 16 cm. To achieve the best possible
homogeneity, microplastics were added at two different concentrations (2.5% and 5% w/w)
and mechanically mixed into the soil. Irrigation (up to 70% saturation) was carried out
to maintain an appropriate level of moisture content, and the pots were left to incubate.
Ten days later, lettuce seedlings that had been cultivated in the same soil were transferred
and planted in the pots. A completely randomized experiment was set up, consisting
of 2 soils (urban and rural) × 3 MP treatments (0%, 2.5%, and 5% w/w) × 4 replicates
for a total of 24 pots. Experiments were carried out in February 2023 at the Aristotle
University of Thessaloniki’s Soil Science Laboratory and the University of Thessaly’s
Analytical Chemistry Laboratory. After 45 days, the lettuce plants were harvested, dried in
an oven, and subjected to chemical analysis.

2.4. Analyses of Soil

After air drying, soil samples were ground and passed through a 2 mm sieve. They
were subjected to the following soil analyses [36,37]: The soil reaction (pH) and electrical
conductivity (EC) values were determined using a mixture fixed by soil and distilled water
at a ratio of 1:1. The soil mechanical composition was evaluated by the Bougioukos method,
and the percentage (%) of CaCO3 by the Bernard method. The modified Walkley–Black
method was used to calculate the percentage of organic matter in the soils. After extraction
with 1 N ammonium acetate solution (pH 7.0), a Sherwood’s flame photometer was used
to determine the percentage of exchangeable cations, while the sum of them was used for
calculating the soil Cation-Exchange Capacity value. For the evaluation of Zn and Cd,
water-soluble concentrations of a dilute CaCl2 solution were used [29]. The available and
total metal concentrations were determined using soil-extraction methods with DTPA and
HCl:HNO3 in a 3:1 ratio (Aqua Regia) solution [38]. Metals were quantified using a Perkin
Elmer Analyst 700 atomic absorption spectrometer (AAS). The CRM 141R soil standard
was used for the method validation. Metal analysis accuracy ranged from 9.1% to 11%,
with detection limits of 0.01 and 0.85 mg/kg for Cd and Zn, respectively.

2.5. Chemical Analyses of Lettuce Tissues

Lettuce samples were weighed to determine the fresh weight and then put in paper
bags to dry. Following an extraction using the Aqua Regia method in a closed digestion
system for 4.5 h, Zn and Cd were determined for each sample’s root and aboveground
portion [27,29]. Using an atomic absorption spectrophotometer, the metals were quantified
after being diluted in 25 mL volumetric flasks. The analytical procedure was validated
using a NIST-certified standard tomato sample.

2.6. Statistical Analysis, Soil Pollution Indices and Metal Mobility Indicators

To assess and characterize the contamination level of both soils used in the present
study, three typical soil pollution indices were used to classify the soil samples, namely,
Contamination Factor (CF), Geo-accumulation Index (Igeo), and Bioavailability Factor
(BF) [29]. Furthermore, to reveal the metal behavior and distribution between the soil–plant
systems under exposure to MPs, three appropriate indicators were calculated: Transfer Co-
efficient (TC), Bioaccumulation Factor (BAF), and Translocation Factor (TF) [30]. Microsoft
Office Excel statistical packages (Microsoft, Redmond, WA, USA) and SPSS statistical soft-
ware (IBM, Armonk, NY, United States) were used for data management and processing.
For each data group, the mean, median, minimum, and maximum values, as well as the
standard deviation, were calculated. Identifying statistically significant differences at the
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0.01 and 0.05 levels was accomplished using the ANOVA method. Additionally, the data
were analyzed using the t-test by repeatedly comparing value pairs.

3. Results and Discussion

3.1. Influence of Microplastics on Soil Chemical Properties

The physical and chemical properties of the study’s soil samples are shown in Table 1.
Urban and agricultural soils both have an alkaline pH and comparable levels of electrical
conductivity. The application of fertilizers during agricultural activities and crop cultivation
is likely responsible for the agricultural soil’s comparatively high electrical conductivity
rating.

Table 1. Physicochemical properties of the soil samples.

pH
EC (Electric

Conductivity)
(μS/cm)

OM (Organic
Matter)

(%)

CEC (Cation-
Exchange
Capacity)

(cmolc/kg)

Clay
(%)

Texture
Cd

(mg/kg)
Zn

(mg/kg)

Soil 1
(Agricultural) 7.4 ± 0.3 2234 ± 54 2.8 ± 0.2 30.4 47 ± 1.1 CL (Clay

Loam) 0.9 ± 0.1 74 ± 1.2

Soil 2 (Urban) 8.1 ± 0.5 2093 ± 49 2.1 ± 0.4 26.5 46.5 ± 2.1 CL 1.1 ± 0.3 79 ± 0.6

However, urban soil is usually affected by a variety of anthropogenic activities, in-
cluding horticultural decorative landscaping in city flowerbeds [34,36]. The presence of
microplastics in the soil samples was the decisive factor in altering the values of their
chemical properties. Zhao et al. [37] investigated the effect of different polymers with
different shapes on soil pH by conducting a 21-day incubation experiment. A decrease
in the pH value was initially observed when polymers were incorporated into the soil
samples; however, the pH value increased over time. In the current investigation, the
addition of both amounts of PE MPs to soil samples resulted in a decrease in soil reactivity.
The pH value of agricultural soil 1 was reduced by 5.4% and 2.9%, respectively, after 2.5%
and 5% (w/w) PE MPs were applied, as determined immediately before planting the lettuce
seedlings. The corresponding percentages for the urban soil sample were 6.2% and 2.6%,
respectively.

Figure 1 depicts the changes in the soils’ properties after the addition of PE MPs. The
pH of both soils was checked again at the completion of the experiment, and an increase
was detected. This is consistent with reports from other studies [37]. Gharahi and Zamani-
Ahmadmahmoodi [8] observed that after a 30-day exposure of two soil samples to PET,
the pH value decreased. In another study, it was found that soil pH was not significantly
affected by MPs when these were added at a low dose; however, the acidity decreased
with the addition of high doses of PE and PS MPs and increased with high doses of PLA
and PHB MPs [13]. When PE MPs were applied at a lower dose, the pH value decreased
more in both soils. The soil pH value is a key factor for achieving metal mobility and for
forecasting heavy metal pollution [34].

During the soil organic matter evaluation, a comparable outcome was obtained. When
lower concentrations of PE MPs were added to the soils, a considerable increase of 17.9%
and 23.8% was detected. However, one would anticipate that as the amount of microplas-
tics in the soil increased, so would its organic content. The soil organic matter content
is increased by adding sludge or wheat straw residues [27,35], which is desirable as it
enhances soil fertility. The Cation-Exchange Capacity (CEC) value increased significantly
in the first and second soil samples: by 8.6% and 9.8%, respectively.
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Figure 1. Effect of polyethylene microplastic (PE MP) levels on the physicochemical properties of the
study’s soil samples.

3.2. Influence of Microplastics on Metal Availability

Figure 2 depicts the variations in water-soluble, available, and pseudo-total Zn and Cd
content in the soil samples studied. In both soils, the water-soluble content of Zn increased
in excess compared with Cd. When 2.5% w/w PE MPs were added to the first soil, the
increase in water-soluble Zn content reached 57.3%, while the Cd concentration increased
by more than 33.3%. When 2.5% w/w PE MPs were introduced to soil 2, the water-soluble
concentrations of Zn and Cd increased by 38% and 16.6%, respectively. In a relevant study,
it was found that the methods using pure water were highly correlated with each other
and showed the strongest correlation with agronomic effectiveness [38–40].

As a result, given the current study’s slightly alkaline soils, the water-soluble con-
centration of metals may indicate the concentration that plants can absorb. The metals’
water-soluble concentrations increased; however, it is promising that Zn increased at a
significantly higher rate compared to the more hazardous Cd. According to other studies,
the addition of microplastics, particularly PE, to the soil at high mixing ratios increased the
availability of bivalent lead because it rendered the big aggregates unstable and reduced
the rate at which Pb adsorbs onto them [26,41].

Figure 2 also demonstrates the impact of PE MP addition on the extractable quan-
tities of Zn and Cd using the DTPA solution and Aqua Regia. As the total amount of
microplastics in both soils rises, so do the amounts of both metals. This is consistent with
prior research. In a relevant study, the Cd availability in clay- and sand-based soils was
examined following the addition of PU and PP microplastics [42]. In clay soils, accessible
Cd was considerably negatively correlated with dissolved organic carbon and pH, whereas
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in sandy soils, available Cd was strongly negatively correlated with Fe (II). The synergistic
toxicity generated by the presence of PE MPs and metals in the soil samples was out of
proportion to the amount of MPs supplied [13]. In both rural and urban soil, the addition
of microplastics does not seem to have an impact on the pseudo-total concentration.

 

 

Figure 2. Effect of polyethylene microplastic (PE MP) levels on Zn and Cd water-soluble, DTPA-
extractable (available) and Aqua Regia-extractable (total) concentrations in the studied soil samples.

3.3. Effects of Microplastics on Zn and Cd Levels in Lettuce Plants

Figure 3 depicts the impact of various polyethylene microplastic concentrations on the
levels of Zn and Cd in lettuce plants grown in the studied soils. The level of both hazardous
and nutritious (trace elements) metals absorbed by the cultivated plants is critical [31,43].

In agricultural soil 1, the Zn concentration in lettuce roots was higher than that in
the leaves. When PE MPs were added to the soil, Zn concentrations increased in the
plant’s roots and leaves by 11.5% and 9.1% (2.5% w/w) and 26.6% and 21.1% (5% w/w),
respectively. Furthermore, in the trials with the second (urban) soil sample, which was
less Zn- and Cd-contaminated, metals accumulated more in the lettuce roots than in the
leaves. Following the addition of PE MPs, the Zn concentration in the roots and leaves
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rose by 4.1% and 3.4% (2.5% w/w) and by 0.2% and 6.8% (5% w/w), respectively. It is
well known that the amount, chemical composition, shape, and size of microplastics in
soils determine their impacts and, consequently, influence the absorption of hazardous
or nutritious compounds by cultivated plants [8,44]. It is widely known that the addition
of several materials, as well as the modification of certain soil parameters, can affect the
plants’ uptake of metals [29,45,46].

 

 

Figure 3. Effect of different polyethylene microplastic (PE MP) amounts on the levels of Zn and Cd
in lettuce plants grown in the two soil samples.

The effects of microplastics on heavy metal or trace element uptake by plants are of
great concern in the scientific community. MPs may increase the accumulation of heavy
metals by altering the rhizosphere microorganisms in lettuce plants [47]. Additionally, in
research conducted on strawberry plants, it was found that the increased bioavailability
of Cd caused by the presence of microplastics was responsible for the observed negative
effects on soil properties and plant performance [48].

In the current investigation, MP addition to the first soil sample at a ratio of 2.5%
(w/w) resulted in an increase in the Cd content by 11.1% and 7.3% in the roots and leaves,
respectively. At a higher ratio of 5% (w/w), the corresponding increase was 11.2% and 10%.
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The variation of Cd content in the lettuce roots and leaves in the second soil sample was
7.5% and 2.8% (2.5% w/w) and 11.3% and 5.6% (5% w/w), respectively.

Numerous research investigations have demonstrated that metals accumulate at vary-
ing levels in different parts of the plant [28,30,49,50].

It is important to note that, in both the rural and urban soils examined, the increase
in the total amount of metal accumulation imposed by the presence of microplastics was
greater in the roots. However, the leaves, which are consumable plant parts, are also
impacted but to a lesser degree.

Although the precise mechanisms that define the behavior of microplastics in soils
or plants are not well understood, preliminary data suggest that they might enhance
metal mobility and translocation [11]. Although several metals are hazardous, there are
essential minerals for the growth of plants, i.e., trace elements. Therefore, the presence of
microplastics could enhance nutrient absorption, resulting in increased plant growth [13].
However, high microplastic concentrations may induce toxicity to plants, which could be
further aggravated by synergistic effects caused by the coexistence of microplastics and
heavy metals [18,26].

3.4. The Impact of Polyethylene Microplastics on Soil Pollution Indices

Figure 4 depicts the variations in the soil pollution indices as well as the indices related
to the metal content between the soil and the plants.

The CF index values do not appear to change statistically significantly after microplas-
tic addition, since the values used in the estimation do not change. It is well known that
the value of the total metal concentration is taken into account when calculating the value
of the contamination factor. The first level of polyethylene microplastics, or 2.5% w/w
concentration, had no effect on the CF value of zinc in either of the study’s examined
soil samples. The values of the index place both rural and urban samples in group II, or
moderately contaminated soils, based on the index categorization. It was found by Yu
et al. [12] that a possible decrease in the bioavailability of soil heavy metals caused by
the presence of microplastics varies across aggregate levels, leading to the conclusion that
conflicting factors define the outcome of nutrient and pollutant intake.

In a comparable manner, as no alteration in the total concentration was observed
alongside the addition of 2.5% w/w PE MPs, no change in the corresponding soil indicators
was observed during the resulting calculation of CF indicators for Cd in both soil samples.
In terms of Cd pollution, both soils were classified as class I, or virgin, soils.

A slight, but not statistically significant, decrease in the total concentration and,
consequently, in the CF values for Zn and Cd in both soil samples was observed by
the addition of increased amounts of microplastics, i.e., at a rate of 5% w/w. The samples
are nonetheless still categorized in the relevant pollution categories to which they formerly
adhered.

The Igeo indices of Zn and Cd revealed the same accomplishments, as the addition of
both doses of polyethylene microplastics had no effect on their values.

The availability index (BF) of both metals increased substantially with the addition of
microplastics at their highest ratio (5% w/w). A greater increase is observed in agricultural
soils (soil 1), whereas urban soils exhibit a modest increase in metal availability. When the
higher quantity of polyethylene microplastics is added, the value of the availability index,
or the concentration of Zn extracted with the DTPA solution relative to the total, shows the
least increase and equals 9.25% in urban soils.

In general, the incorporation of microplastics in soils increased the availability of both
the hazardous Cd and the less toxic Zn, in accordance with other studies [6]. It is crucial,
however, that the DTPA-extractable concentration be greater rather than the water-soluble
concentration. This might be due to a chemical interaction between polyethylene and the
DTPA solution, i.e., diethylenetriaminepentaacetic acid. It is well known that metals are
able to bind to soil organic compounds as they form chemical complexes along them [27,35].
This should be further investigated, as the increase in the values of the DTPA-extractable
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amounts of Zn and Cd does not correspond to the increase in the levels of the metals in the
plants. On the contrary, the water-soluble concentrations of the metals in the soil samples
appear to have a better correlation. It has been indicated by Dioses-Salinas et al. [30] that
the heterogeneity presented in the described methods in the literature sometimes makes the
results uncomparable. Furthermore, novel methods need to overcome important frontiers
and challenges.

  

  

  

Figure 4. Effect of different polyethylene microplastic (PE MP) amounts on Zn and Cd soil contami-
nation indices.

3.5. The Impact of Polyethylene Microplastics on Soil-to-Plant System Indices

Important inferences about the possible risk of metals to the environment and human
health may be derived from the study of indices that represent the metal mobility within
the soil–plant system.

Figure 5 depicts three indicators that were examined with respect to their responses
to change when the two amounts of polyethylene microplastics were added. Sun and
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his colleagues [51] studied the foliar uptake and leaf-to-root translocation of plastics with
different coating charges in maize plants.

 

 

Figure 5. Effect of different polyethylene microplastic amounts on Zn & Cd soil-to-lettuce indices.

In the present study, microplastics appear to dramatically enhance the Transfer Coeffi-
cient, which measures the concentration of metals in the aerial portion of the soil sample
in relation to the overall concentration in the matching soil sample. Hu et al. [52] also
investigated the distribution of micro- and mesoplastics in agricultural soils across China,
resulting in alterations to their environmental impacts via soils. When PE MPs are added
to both soil types, the BAF index, which reflects the percentage of concentration in the
roots compared to the amount of DTPA extractable with the solution, decreases. The TF
index, which measures the proportion of concentration in the plant’s aboveground vs.
subterranean portions, appears to be rising. To explore and assess the phenomenon of
microplastic interactions with soil-based metals, it is helpful and essential to apply all three
indices. However, it is essential to concentrate our scientific attention on the necessary
criteria to meet. Gharahi and Zamani-Ahmadmahmoodi [8] and Zhou et al. [33] found
that microplastics appear to have conflicting effects on three distinct crops in the field. In

260



Soil Syst. 2023, 7, 65

other words, MPs under specific circumstances may improve some growth characteristics
of plants.

According to Figure 4, the greatest decrease in the BAF index is observed in the case
of Cd in rural soil, followed by Cd in urban soil. A decrease is also observed in the BAF
value of Zn in urban soil. The value of BAF in agricultural soil increases with a greater
input of microplastics. According to Huang et al. [44] microplastics may influence soil
nutrient cycling by affecting the dominant bacteria phyla or genes and enzymes involved
in the carbon, nitrogen, and phosphorus cycles. Considering that for the hazardous Cd, the
value of BAF decreases overall, for the less toxic Zn, the presence of microplastics seems
to contribute to its absorption by plants [22]. Future research in this area must be focused
and take into account how time affects the changes in the chemical behavior of plastics
in soils. Given that knowledge in this field is still in its infancy, the incubation duration
of microplastics in soil and the presence of more metals or other ions should improve the
efficacy of this study and provide useful findings.

4. Conclusions

The current study was an initial attempt to assess the impact of microplastics on plants
cultivated in soils containing Zn and Cd. Polyethylene, a plastic that is commonly found
in high quantities in both agricultural and urban soils, was chosen to obtain microplastics
of dimensions less than 5 mm. Lettuce, the most well-known and highly consumed
vegetable globally, was chosen as an experimental plant to assess the potential risks. Metal
pollution was severe in agricultural soils, while moderate contamination with Zn and
Cd was detected in urban soils. Microplastics were added to soil samples in two distinct
quantities of 2.5% and 5% w/w. The effects of polyethylene microplastics on the soil’s
physicochemical characteristics and metal concentrations were investigated. Furthermore,
the impact of MPs on the Zn and Cd availability and distribution in the soil–plant system
was assessed.

The addition of PE MPs resulted in a decrease in soil pH. On the contrary, an increase
in both organic matter and soil cation-exchange capacity was detected. Furthermore, MPs
enhanced the available concentrations of both metals. In the heavily polluted agricultural
soil, the addition of microplastics at 2.5% w/w increased the readily available concentration
of Zn more than that of the hazardous Cd. The presence of PE MPs in both the rural and
urban soil samples resulted in a higher metal accumulation in lettuce roots than in the
edible above-ground parts of the plants. The coexistence of metals and microplastics in
soils may pose risks to soil, plants, and even human health. However, with careful study
and understanding of the mechanisms that catalyze synergistic toxicity and appropriate
management, it is possible to reduce such risks.
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Abstract: Management-intensive Grazing (MiG) has been proposed to sustainably intensify agroe-
cosystems through careful management of livestock rotations on pastureland. However, there is little
research on the soil health impacts of transitioning from irrigated cropland to irrigated MiG pasture
with continuous livestock rotation. We analyzed ten soil health indicators using the Soil Management
Assessment Framework (SMAF) to identify changes in nutrient status and soil physical, biological,
and chemical health five to six years after converting irrigated cropland to irrigated pastureland under
MiG. Significant improvements in biological soil health indicators and significant degradation in bulk
density, a physical soil health indicator, were observed. Removal of tillage and increased organic
matter inputs may have led to increases in β-glucosidase, microbial biomass carbon, and potentially
mineralizable nitrogen, all of which are biological indicators of soil health. Conversely, trampling
by grazing cattle has led to increased bulk density and, thus, a reduction in soil physical health.
Nutrient status was relatively stable, with combined manure and fertilizer inputs leading to stabilized
plant-available phosphorous (P) and increased potassium (K) soil concentrations. Although mixed
effects on soil health were present, overall soil health did increase, and the MiG system appeared
to have greater overall soil health as compared to results generated four to five years earlier. When
utilizing MiG in irrigated pastures, balancing the deleterious effects of soil compaction with grazing
needs to be considered to maintain long-term soil health.

Keywords: soil health; management-intensive grazing; irrigation; SMAF

1. Introduction

Sustainable intensification of agroecosystems has become an important topic for land
managers, climate scientists, and numerous stakeholders looking to meet environmental
goals while maintaining highly productive farms and ranches. One increasingly popular
management strategy for meeting producer on-site goals is Management-intensive Grazing
(MiG), which is a management scheme that may increase stocking rates, improve forage
quality, and reduce negative environmental impacts from production [1,2].

Martz et al. [3] defined MiG as a “flexible approach to rotational grazing management
whereby animal nutrient demand through the grazing season is balanced with forage
supply and available forage is allocated based on animal requirements”. This style of
management may broadly apply to a variety of more specific practices, such as rotational
stocking, strip grazing, creep grazing, limit grazing, and many other methods that re-
quire intense management techniques and frequent cattle movement to maintain high
productivity in a pasture throughout a grazing season [4]. As management techniques im-
prove and increased land efficiency of these intensive operations competes with fluctuating
commodity prices in conventional cropland, producers may find benefit in transitioning
from cropland to MiG systems, using existing irrigation infrastructure to support high
forage productivity goals. However, there is little research on how this transition may
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impact soil health, a primary driver of long-term productivity and sustainability in MiG
agroecosystems.

Research exists comparing annual cropland to perennial grassland, but much of this
research is focused on conversion to Conservation Reserve Program land or compares long-
term cropland sites to long-term grassland sites [5–10]. However, there is little research
on converting to grassland and much less that examines conversion in systems that are
characterized by intense management and frequent livestock rotation. Studies that examine
not only the transition from annual cropland to perennial grassland but, more specifically,
the transition to intensively grazed rotational systems may provide insight into the soil
characteristics that promote healthy, productive agroecosystems that provide filtration
of water, physical stability, and resistance to erosion, and adequate nutrient cycling to
maintain soil fertility [11]. However, we may look to past research on perennial grasslands
and pastures to guide our investigation of Management-intensive Grazing.

Within perennial pasture systems, soil biological activity associated with the healthy
cycling of key plant nutrients to support sustainable crop production may be improved
as compared to crop production systems [5,6]. Soil enzymatic activity has often been
used as an indicator of soil health due to the high sensitivity of exoenzyme activity to
management practice change and the important role that microbial enzymes play in nutrient
cycling [11–14]. Moreover, the deep rooting systems and lack of intense tillage in perennial
grasslands have been shown to increase soil organic carbon [15–18], an important source
of energy for microbial communities. Microbial biomass carbon (MBC) has been shown
to be greater in perennial grassland or pasture systems than in cropland systems [8,19],
supporting the theory that these management systems may support larger and more
active microbial communities. Grazing of varying intensities has also been shown to
shift microbial community structure, activity, and diversity [20,21], indicating that the
interactions of livestock, plants, and soil have a profound impact on soil microbial activity.

However, the potential soil health benefits of perennial grassland management are
not limited to microbial activity. Manure inputs provide a way to supplement soil fertility
and limit the need for inorganic fertilizers [22,23]. Decreased inorganic fertilizer use in
perennial pasture systems may decrease fertilizer acidification and salinization of soils [8],
both of which are threats to long-term sustainability. However, changes in soil pH and
accumulation of salts in managed perennial grasslands tend to be relatively small and likely
insignificant in terms of either directly or indirectly affecting plant growth and soil fertility.

Similarly, soil physical properties may be altered by the conversion from cropland
to MiG systems. While perennial root systems may reduce bulk density over annual
crop systems, the lack of regular tillage and the repeated hoof action of cattle and other
livestock in MiG systems may increase bulk density (Bd) and disrupt soil aggregates in
grazed soils [24], potentially limiting root growth, reducing available water content, and
decreasing infiltration rate [25–27]. Thus, MiG agroecosystems need to be focused upon
to further understand the tradeoffs between improvements versus degradation of soil
biological, chemical, and physical properties, and, ultimately, the creation of resilient and
sustainable agroecosystems.

The current study builds upon the work by Shawver et al. [1], which used SMAF (see
Andrews et al. [11] for full framework details) to monitor soil health changes during the
early transition from irrigated cropland to an irrigated MiG perennial pasture. While the
Shawver et al. [1] study examined years 1 and 2 following the transition, we present the
soil health measurements of years 5 and 6 to reflect upon the continued changes to soil
health following cropland to MiG perennial pasture transition.

Based on current literature, we hypothesized that as this MiG pasture matures, the soil
will experience (a) negative changes in physical soil health from continued trampling via
hoof pressure, (b) positive changes in biological soil health from manure inputs with low
soil disturbance, (c) no change in chemical soil health, as high CaCO3 content present is
likely to buffer pH change and EC is already low, with irrigation likely to push salts deeper
into the soil profile, (d) a positive change in nutrient status from manure inputs of P and K,
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and an improvement in overall soil health from biological soil health and nutrient content
improvements outweighing physical soil health impairments.

2. Materials and Methods

2.1. Site Description

This study was conducted under an 82 ha center pivot at the Colorado State University
Agricultural Research, Development, and Education Center northeast of Fort Collins,
CO USA (40◦39′30.16′′ N, 104◦59′09.00′′ W) at an altitude of 1554 m. Monthly mean
temperatures tend to peak in July with an average high of 30 ◦C and reach a low in
December with a minimum average temperature of −10 ◦C. Total average precipitation
is approximately 340 mm, with much of this precipitation occurring between April and
August [28]. The region is classified under the Köppen–Geiger classification system as
a semi-arid, cold steppe [1,29]. Across this portion of Colorado, many producers graze
cattle on unirrigated land, while cropland is dominated by irrigated commodity crops—
namely corn and wheat. Maintaining the high productivity of intensively managed pasture
consistent with this study requires additional irrigation inputs above typical climactic
conditions. For example, the 2021 center pivot irrigation totals ranged from 460 to 590 mm,
depending on in-field location and irrigation demands by the perennial grasses. Soil fertility
requirements were supplemented by inorganic fertilizer inputs. For all years, fertilizer
needs were determined by commercial soil testing and are as follows:

• 2017: No fertilizer added;
• 2018: ~14 kg N ha−1 and ~67 kg P ha−1 as monoammonium phosphate;
• 2019: no fertilizer added;
• 2020: no fertilizer added;
• 2021: ~90 kg N ha−1, 22 kg P ha−1, and 13 kg S ha−1 as a mix of monoammonium

phosphate, urea, and ammonium sulfate;
• 2022: ~56 kg N ha−1, 22 kg P ha−1, and 13 kg S ha−1 as a mix of monoammonium

phosphate, urea, and ammonium sulfate.

Before 2016, the 82 ha pivot field was managed as a sprinkler-irrigated, fully tilled
crop rotation of grain corn, silage corn, dry beans, and alfalfa. Between the 2016 and 2017
growing seasons, the field was converted to a cool-season grass-forage mix of multiple
bromes, clover species, and other common forages, such as alfalfa. The full details of
the grass mix and livestock grazing pattern are available in Shawver et al. [1]. In the
spring of 2017, the field was split into ~2.6 ha paddocks. Cattle were then introduced,
and approximately 230 animal units consisting of cow-calf pairs, yearling heifers, and
yearling steers were rotated through the paddocks depending on forage availability and
dietary needs. Broadly, the system was comprised of intense grazing in small paddocks for
1–4 days to remove approximately 50% of forage biomass, with cattle subsequently being
moved into adjacent paddocks delineated with mobile electric fences; GPS tools were used
to precisely manage the entire area. Decisions to move cattle through paddocks were based
on maintenance of stand health and to avoid over-grazing.

2.2. Soil Sampling and Processing

Soils were sampled in the same location as in the Shawver et al. [1] study, focusing
sampling on the primary soil series in the pivot: Nunn clay loam (fine, montmorillonitic,
mesic Aridic Argiustolls, 26 ha; [30]), Kim loam (fine-loamy, mixed, calcareous, mesic
Ustic Torriorthents, 10 ha), and Garrett loam (fine-loamy, mixed, mesic Pachic Argiustolls,
7.5 ha; [30]). In order to maintain continuity between samples from 2017 to 2022, soil was
not collected in the northwest quarter of the pivot due to poor initial forage establishment in
the spring of 2017. Thus, while the pivot encompasses 82 ha, sampled soil only represented
62 ha. The sample locations were randomly chosen within the paddocks using ArcMap
(Version 10.5.1, ArcMap GIS) in 2017, but the paddocks were chosen to represent both
the primary soil textures in the field and the forage mixtures. For the current study, soil
sampling occurred in late June of 2021 and late May of 2022.
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Soil samples were collected using a 2.5 cm diameter soil probe to a depth of 15 cm,
with each core split into 0-to-5 and 5-to-15 cm depths. Approximately 25–30 cores were
sampled within a 3 m radius centered around the GPS-located sampling point, composited
per sample, and mixed in a plastic bucket before being transferred to a plastic bag, sealed,
and placed in dry coolers. Within this sampling radius, an additional intact core at both
depth increments was preserved in a metal can for gravimetric soil moisture and bulk
density (Bd) determination.

Soils were returned to the laboratory the same day and stored at 4 ◦C until processing.
Bulk density and moisture content were determined by immediately weighing moist cores
stored in metal cans, drying at 105 ◦C for 24 h, followed by weighing. The composited
soil samples were passed through an 8 mm sieve to remove rocks and large plant debris.
Approximately 150 g of field-moist, 8 mm sieved soil was then stored at 4 ◦C prior to MBC
analysis. An additional ~150 g of soil was passed through a 2 mm sieve and air-dried,
while the remainder of the 8 mm sieved soil was also air-dried, both for further analysis.
Both air-dried subsamples were returned to plastic bags and stored at room temperature.

2.3. Soil Health Analyses

The SMAF [11] is a Microsoft Excel-based tool used to score and provide relative
interpretations of soil health measurements within the context of climactic conditions,
cropping system, soil taxonomy, and texture. Selection of soil indicators may be based on
an intended research goal, but are broadly split into four categories: soil physical indicators
(Bd and water-stable aggregates (WSA)), soil biological indicators (soil organic carbon
(SOC), MBC, potentially mineralizable nitrogen (PMN), and β-glucosidase activity (BG)),
soil chemical indicators (pH and electrical conductivity (EC)), and soil nutritional indicators
(plant-available P and K). Indicators are selected to represent key soil ecosystem services,
agronomic needs, and sensitivity to changes in management [11]. The SMAF translates the
raw measurements of these soil indicators into unitless scores from 0 to 1 (0 being “worst”
and 1 being “best”) based on algorithms accounting for soil texture, climate, and cropping
system. The SMAF has been used previously to study cropland, pastures, cropland-to-
pasture conversions, and various other management schemes [1,10,31,32].

2.3.1. Soil Physical Health Indicators

Soil moisture content and bulk density were determined using an intact soil core of
known volume. The weight of the soil core was measured at field moisture and after 24 h
at 105 ◦C until dried mass was consistent. Water-stable aggregates were determined using
the method described in Kemper and Rosenau [33] using 100 g of 8 mm air-dried soil. The
soil was placed on top of a stack of 23 cm diameter sieves (2.0, 1.0, 0.5, and 0.25 mm sized
screens), which were attached to a Yoder sieving machine and submerged at 30 strokes per
minute for 5 min. The soil remaining on all of the sieves was rinsed into an aluminum pan,
and the water from the pan was evaporated until completely dry at 105 ◦C, at which point
soil weight in the pan was determined.

2.3.2. Soil Biological Health Indicators

β-glucosidase activity was determined using the methodology published by Green
et al. [34]. In triplicate, 1.0 g of air-dried 2 mm sieved soil was weighed into 50 mL
Erlenmeyer flasks to create three sets of each sample. One set was treated as the control and
contained an additional blank empty Erlenmeyer flask. The other two sets were treated as a
sample set and a duplicate set. Following this, 4 mL of modified universal buffer (MUB) at
pH 6.0 and 0.25 mL of toluene were added to all flasks, and 1 mL of 0.05 M ρ-nitrophenyl-β-
glucopyranoside (PNG) was added to the sample flasks and duplicate flasks, but PNG is not
yet added to the control flasks. All samples were swirled and incubated at 37 ◦C for 1 h, at
which point 1 mL of 0.5 M CaCl2 and 4 mL of 0.1 M TRIS (hydroxymethyl) aminomethane
(THAM) buffer at pH 12 is added to all flasks and 1 mL of 0.05 M PNG is added to the
control flasks. These soil suspensions were filtered through Whatman #2 filter paper, and
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the filtrate was diluted by adding 4 mL of 0.1 M THAM to 1 mL of sample. B-glucosidase
activity was measured using a Genesys 10S UV-VIS spectrophotometer at 410 nm, using a
standard curve of p-nitrophenol at 0, 10, 20, 30, 40, and 50 μg L−1 in 1 mL of 0.5 M CaCl2
and 4 mL of 0.1 M THAM. Microbial biomass carbon was determined using the chloroform
fumigation/non-fumigation method [35], which estimates MBC by measuring dissolved
C analyzed on a TIC/TOC analyzer (Shimadzu TOC-L; Shimadzu Scientific Instruments,
Inc., Kyoto, Japan), subtracting dissolved C extracted from unfumigated samples from
dissolved C extracted from fumigated samples and using a ratio of chloroform-labile C to
microbial biomass C (0.45).

Soil organic C was determined as the difference between total C and inorganic C.
Total C was measured using a dry combustion VELP Dumas Elemental Analyzer (VELP
Scientifica, Usmate Velate, Italy; [36]), while inorganic C was determined using the pressure
transducer method [37].

Potentially mineralizable N was determined by subtracting NO3-N and NH4-N con-
centrations from non-incubated soils from those same soils that were allowed to incubate
aerobically for 28 days [38]. Approximately 30 g of air-dried, 2 mm sieved soil was weighed
into a 50 mL beaker, and the beaker was tapped gently to bring the soil to approximately
1.0 g cm−3 bulk density. The soil was then brought to 60% water-filled pore space using
deionized water, and the flask was placed in a Mason jar with ~1 cm of water in the bottom
of the jar to maintain soil moisture. This Mason jar was sealed and placed in a cool, dark
cabinet for 28 days; every 7 days, the jars were opened briefly to allow air exchange. After
28 days, a 10 g subsample of the soil was removed and placed into a 125 mL plastic bottle.
Concurrently, a 10 g sample of air-dried 2 mm sieved soil that was not incubated was
weighed into a 125 mL plastic bottle to serve as the control. Both controls and samples were
shaken for 30 min with 50 mL of 2M KCl and filtered through Whatman #1 filter paper.
Following this, the filtrate was analyzed for NO3-N and NH4-N. NO3-N was determined by
a combination of 15 μL sample filtrate with 250 μL of Vanadium (III) Chloride reagent and
35 μL 2M KCl to force a Griess reaction and measure NO2-N concentration colorimetrically
on a Genesys 10S UV-VIS spectrophotometer at 540 nm. Similarly, NH4-N was determined
by combining 15 μL of sample with 25 μL citrate reagent, 50 μL salicylate-nitroprusside
reagent, 25 μL hypochlorite reagent, and 160 μL 2M KCl and determining concentration
colorimetrically on a Genesys 10S UV-VIS spectrophotometer at 610 nm. Both NO3-N and
NH4-N concentrations were calculated by use of a standard curve containing 0, 0.1, 0.5, 1,
2, 5, 10, 20, and 40 mg L−1 of the respective analyte.

2.3.3. Soil Chemical Health Indicators

Soil pH and EC were both determined using a 1:1 soil solution (20 g air-dried 2 mm
sieved soil:20 mL DI) ratio [39,40]. Soil-water slurries were shaken on low for 2 h in a 50 mL
centrifuge tube. pH was read directly with a pH electrode, and EC was determined by
centrifuging the samples and measuring the liquid phase in a conductivity meter.

2.3.4. Soil Nutrient Content

P and K concentrations were determined by the Olsen extraction method due to the
high pH observed in all samples [41]. Briefly, 2 g of air-dried 2 mm sieved soil was shaken
on low with 40 mL of 0.5 M sodium bicarbonate and filtered through the Whatman #2 filter
paper. These filtrates were covered in parafilm and left out overnight to allow for release of
CO2 gas. The filtered solution was diluted at a 10:1 ratio in DI water and analyzed for P and
K in a high throughput inductively coupled plasma-optical emission spectrophotometer
(ICP-OES).

2.4. Statistical Analysis

Each composite soil sample was considered an individual replicate for statistical
analysis. Analysis of variance (ANOVA) was performed using a linear fixed effects model
with year and depth as interacting predictor variables. If the interaction term was significant
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at the α ≤ 0.05 level, a pairwise comparison of means was performed for the significance
of depth in each year and of year at each depth. This perspective was used to acknowledge
and account for the potential impact of manure deposition and trampling action occurring
primarily in shallow soil depths. Analysis was performed using R (Version 4.2.2) in RStudio
(Build 446) using the stats package (Version 4.2.2), emmeans package (Version 1.7.4-1),
and ARTool package (Version 0.11.1). Raw measurements of soil health indicators and soil
indicator scores were used as outcome variables in two separate tests to determine the effect
of MiG transition on project years 5 and 6 within both depths. Significance was evaluated
at α ≤ 0.05. If data was not normally distributed or otherwise violated model assumptions
for ANOVA analysis, the outcome variable was log-transformed, and assumptions were
rechecked. If model assumptions still failed to be met, data was examined using the
Aligned-Rank Transformation in ANOVA test for non-parametric distributions [42]. The
Aligned-Rank Transformation in ANOVA test was frequently required when analyzing
index scores, as the curve-fitting algorithm often resulted in scores concentrated at one
far end of the spectrum (e.g., for EC, where the distribution of actual measurements was
normal, but the unitless soil health scores are curved to represent risk of salinity and a wide
range of low electrical conductivity soils may all have a SMAF soil indicator score of 1.0).

Tables of measured values and SMAF scores are presented as the untransformed
mean and standard error to clarify and contextualize measurements, but formal statistical
analysis was performed on transformed models, where appropriate. The transformation
performed is provided in each table below, alongside the results of the model analysis.

Due to data accessibility constraints, statistical analysis was only performed on the
2021 and 2022 sampling years. However, these results are semi-quantitatively compared to
the same analyses performed on soils in 2017 and 2018 [1] to draw general conclusions on
trends in soil health indices where statistical inferences are not possible. These soils are
comparable, using the same methodologies and sampling locations, but this paper attempts
to examine the longer-term state of soil health in the MiG system.

3. Results and Discussion

3.1. Soil Physical Indicators

All mean soil physical indicator characteristics are presented in Table 1. Bulk density
increased from 2021 to 2022, particularly in the 5-to-15 cm depth, perhaps as a function
of hoof action from grazing cattle [24,43]. The findings were similar to those observed by
Shawver et al. [1] on this site. A meta-analysis of 64 studies by Byrnes et al. [24] found that
grazing activities significantly increased Bd, yet rotational grazing had a smaller impact
than continuous grazing. Byrnes et al. [24] also noted that rotationally grazed systems
generally had lower Bd values than continuously grazed ecosystems, with increasing
grazing frequency and intensity correlated to increased Bd. While the current field study is
generally managed to minimize grazing activity on recently irrigated paddocks, trampling
may still increase Bd, limiting root penetration and reducing available water content,
particularly in heavy clay soils [25–27]. The average clay content of soil samples from the
5 to 15 cm depth was approximately 34%, and the soils were broadly classified as clays
and clay loams, likely increasing the deleterious effect of compaction when this soil is wet
and exceeds its plasticity index. Consequently, this increase in Bd at depth resulted in
a significant change in the bulk density indicator score (Table 2). Compared to samples
taken in 2017 and 2018 (Table A1), the Bd at all depths in 2021 and 2022 appears to have
increased slightly over the initial study years, suggesting that prolonged grazing activity
has continued to compact the soil over time after transitioning. Furthermore, plant root
growth might become impeded at Bd values greater than 1.7 g cm−3 [44], as observed in
the 5 to 15 cm depth in 2022. Bulk density should continue to be monitored with depth in
the future.

The quantity of WSA did not change over year or depth in 2021–2022 (Table 1), yet
aggregate stability appeared to be greater than in 2017–2018 (Table A1). Continuous
grazing has been shown to reduce soil aggregate stability [25], in large part through the
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destruction of soil structure, particularly in wet, heavy (i.e., clayey) soils [27]. Results
suggest that MiG does not act to the extent that continuous grazing does on WSA. Also
playing a role in this system is tillage, or lack thereof. Reduced tillage has been shown
to improve shallow soil aggregate stability [45,46], indicating that the opposing effects of
lack of tillage and increased grazing action via MiG may result in a somewhat small (albeit
positive) change in soil aggregate stability during the study period. An identical response
in WSA was observed by Keshavarz et al. [32] in a furrow irrigated continuous corn grazed
agroecosystem study under no-till as compared to conventional tillage.

Bulk density and water-stable aggregates are likely to be impacted by additional irriga-
tion inputs in MiG ecosystems that would not be received in traditional, rain-fed pastures.
Warren et al. [27] conducted a study of bulk density and soil aggregate stability under vary-
ing trampling rates and moisture regimes in silty clay soil, noting that aggregate stability
was generally poorer in moist soils, particularly at higher stocking rates. Conversely, bulk
density was less sensitive to change as a function of stocking rate in moist soils, perhaps due
to the incompressibility of water helping to maintain soil structure during trampling [27].
However, the USDA-NRCS recommends avoiding heavy trampling and field operations
while the soil is wet, citing concerns about compaction [26]. Consequently, MiG systems
incorporating irrigation require additional planning and oversight to ensure that excessive
trampling does not occur during wet conditions to avoid adverse soil physical damage.
Thus, in MiG systems such as this, having a contingency plan for relocating grazing animals
when fields are extremely wet is suggested, such as a sacrificial area within or near the
field [47].

The soil physical health index (Table 3) is an average of the individual scores for Bd
and WSA (from Table 2). The combined effect of increasing Bd and somewhat constant
WSA resulted in a significant decrease in the soil physical health index from 2021 to 2022.
The soil physical health index scores, with depth, in 2021 and 2022 are comparable to
scores from 2017 and 2018 (Table A1), suggesting that overall changes in soil physical
health have not been altered over the past four to five years. These findings do not support
our hypothesis that negative changes in physical soil health would occur from continued
trampling via hoof pressure.

Table 1. Soil indicator means (± standard error) in 2021 and 2022 with ANOVA results.

Soil Indicator 2021 2022 2021 2022 ANOVA ANOVA ANOVA Transformation

(0–5 cm Depth) (5–15 cm Depth) (Year) (Depth)
(Year ×
Depth)

Physical
Bd (g cm−3) 1.42 ± 0.04 1.56 ± 0.04 1.41 ± 0.05 1.70 ± 0.03 **

WSA (%) 59.2 ± 4.5 64.3 ± 3.3 61.3 ± 3.3 63.5 ± 3.4
Biological

BG (mg pnp kg−1

soil hr−1)
490 ± 34 839 ± 34 229 ± 21 300 ± 19 ** at 0–5 cm ** for both

years **

MBC (mg g−1) 219 ± 15 438 ± 16 137 ± 13 203 ± 10 ** at both
depths

** for both
years **

SOC (%) 2.10 ± 0.10 2.38 ± 0.17 2.06 ± 0.09 1.86 ± 0.12 *
PMN (mg kg−1) 15.5 ± 2.8 50.7 ± 4.2 16.1 ± 1.0 42.2 ± 3.4 **

Chemical
pH, 1:1 7.87 ± 0.02 8.07 ± 0.04 7.99 ± 0.03 8.05 ± 0.03 ** at 0–5 cm *

EC, 1:1 (dS m−1) 1.27 ± 0.17 1.04 ± 0.16 1.59 ± 0.23 2.19 ± 0.22 ** for both
years ** Aligned-Rank

Nutrient
P (mg kg−1) 29.7 ± 3.8 27.0 ± 2.9 14.8 ± 2.0 9.9 ± 1.2 ** Logarithmic
K (mg kg−1) 487 ± 50 523 ± 63 281 ± 29 410 ± 59 **

Significance is denoted with * if significant at 0.05 probability level and ** if significant at the 0.01 probability
level. If the interaction term was significant, the result of pairwise comparisons is shown in the ANOVA
(Year) and ANOVA (Depth) columns, comparing within a single depth or year, respectively. Transformation
performed on outcome variables to fit model assumptions is noted but means and standard error are not
transformed. Blank cells indicate a lack of significance or a lack of transformation, respectively. Bd = bulk density;
WSA = water stable aggregates; BG = beta-glucosidase activity; MBC = microbial biomass carbon; SOC = soil
organic carbon; PMN = potentially mineralizable nitrogen; EC = electrical conductivity; P = plant-available
phosphorus; K = plant-available potassium.
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Table 2. Mean soil indicator scores (± standard error) in 2021 and 2022 with ANOVA results.

Soil
Indicator

2021 2022 2021 2022 ANOVA ANOVA ANOVA Transformation

(0–5 cm Depth) (5–15 cm Depth) (Year) (Depth)
(Year ×
Depth)

Physical
Bd 0.47 ± 0.06 0.31 ± 0.02 0.47 ± 0.07 0.24 ± 0.01 ** Aligned-Rank

WSA 0.94 ± 0.03 0.99 ± 0.01 0.96 ± 0.02 0.98 ± 0.02 Aligned-Rank
Biological

BG 0.80 ± 0.06 0.98 ± 0.01 0.34 ± 0.08 0.48 ± 0.08 * **
MBC 0.38 ± 0.07 0.85 ± 0.03 0.18 ± 0.04 0.30 ± 0.05 ** ** Logarithmic
SOC 0.43 ± 0.06 0.53 ± 0.07 0.42 ± 0.06 0.37 ± 0.07 Logarithmic

PMN 0.69 ± 0.10 1.00 ± 0.00 0.89 ± 0.05 1.00 ± 0.00 ** at 5–15
cm * for 2022 * Aligned-Rank

Chemical

pH 0.03 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 ** at 0–5 cm ** for
2021 * Logarithmic

EC 0.86 ± 0.07 0.93 ± 0.06 0.74 ± 0.09 0.53 ± 0.08
** for
both
years

** Aligned-Rank

Nutrient

P 1.00 ± 0.00 1.00 ± 0.00 0.94 ± 0.03 0.81 ± 0.06 a
** for
both
years

** Aligned-Rank

K 1.00 ± 0.00 0.99 ± 0.01 0.98 ± 0.01 0.95 ± 0.04 Aligned-Rank

Significance is denoted with * if significant at 0.05 probability level and ** if significant at the 0.01 probability
level. If the interaction term was significant, the result of pairwise comparisons is shown in the ANOVA
(Year) and ANOVA (Depth) columns, comparing within a single depth or year, respectively. Transformation
performed on outcome variables to fit model assumptions is noted but means and standard error are not
transformed. Blank cells indicate a lack of significance or a lack of transformation, respectively. Bd = bulk density;
WSA = water stable aggregates; BG = beta-glucosidase activity; MBC = microbial biomass carbon; SOC = soil
organic carbon; PMN = potentially mineralizable nitrogen; EC = electrical conductivity; P = plant-available
phosphorus; K = plant-available potassium. a The ANOVA test for P SMAF scores at 0–5 cm was significant
with respect to year. However, this is due to exact ties in every single data point, where the Aligned-Rank
Transformation is seriously limited [42], and statistical analysis is not warranted. Almost every soil sample in the
0–5 depth scored 1.00 for both years.

Table 3. Mean soil health index scores (± standard error) in 2021 and 2022 with ANOVA results.

Soil
Indicator

2021 2022 2021 2022 ANOVA ANOVA ANOVA Transformation

(0–5 cm Depth) (5–15 cm Depth) (Year) (Depth)
(Year ×
Depth)

Physical 0.70 ± 0.04 0.65 ± 0.01 0.71 ± 0.04 0.61 ± 0.01 * Logarithmic

Biological 0.58 ± 0.05 0.84 ± 0.02 0.46 ± 0.04 0.54 ± 0.04 ** at both
depths

** for both
years ** Aligned-Rank

Chemical 0.45 ± 0.03 0.47 ± 0.03 0.38 ± 0.04 0.27 ± 0.04 ** for both
years ** Aligned-Rank

Nutrient 1.00 ± 0.00 1.00 ± 0.00 0.96 ± 0.02 0.88 ± 0.05 a ** for both
years * Aligned-Rank

Overall 0.66 ± 0.02 0.76 ± 0.01 0.59 ± 0.03 0.57 ± 0.02 ** at 0–5 cm ** for both
years ** Aligned-Rank

Significance is denoted with * if significant at 0.05 probability level and ** if significant at the 0.01 probability level.
If the interaction term was significant, the result of pairwise comparisons is shown in the ANOVA (Year) and
ANOVA (Depth) columns, comparing within a single depth or year, respectively. Transformation performed on
outcome variables to fit model assumptions is noted but means and standard error are not transformed. Blank
cells indicate a lack of significance or a lack of transformation, respectively. a The ANOVA test for P SMAF
scores at 0–5 cm was significant with respect to year. However, this is due to exact ties in over 28 of the 30 data
points, a condition where the Aligned-Rank Transformation is seriously limited [42], and statistical analysis is
not warranted.

272



Soil Syst. 2023, 7, 94

3.2. Soil Biological Indicators

Biological indicators of soil health have been purported to be particularly sensitive
to field management and play an important role in soil biogeochemical cycling and other
ecosystem services [11,14]. All mean soil biological indicator characteristics are presented
in Table 1. B-glucosidase is an enzyme important for cellulose biodegradation, with BG
activity often used as an indicator of general microbiome capacity for organic matter
assimilation [11,13]. Significant BG activity differences existed between years, depths,
and for the year by depth interaction. Generally, it appeared that 2022 had significantly
greater BG activity than 2021 in the top 5 cm of soil (Table 1). This dynamic may be
due to organic matter and manure inputs in the top portion of soil, which are thought to
increase enzyme activity, though the impact of manure on exoenzyme activity has shown
mixed results [12,48,49]. Notably, increased soil moisture has been shown to increase
enzyme activity [50,51], but the average soil moisture at the time of sampling fell from
19.5% in 2021 to 14.0% in 2022, indicating that other factors were likely playing a role
in the increase in BG in 2022 as compared to 2021. Temperature has been positively
correlated to enzyme activity [51,52]. However, soils were sampled in late June and May
of 2021 and 2022, respectively, and June was warmer than May (average maximum soil
temperatures of 27.8 ◦C compared to 18.6 ◦C at a depth of 5 cm, respectively; Colorado
State University—CoAgMet Station ftc03—CSU-ARDEC; available at: https://coagmet.
colostate.edu/ (accessed on 1 July 2023); [53]). Thus, soil temperature certainly does not
support the increased BG activity between years. It is possible that the continuation of
current management practices was likely the driver of changes in BG activity.

The change in BG activity resulted in an increase in the BG indicator score (Table 2).
The BG indicator score increased from 2021 and 2022 and was greater in the 0 to 5 versus
5 to 15 cm depth. The 2021–2022 change in the BG indicator score is noteworthy, but the
more impactful story may be that the indicator score has drastically increased from that
of the 2017–2018 study (Table A1). This clearly shows that enzyme activity continues to
increase in this ecosystem and may have not yet reached a steady state. It is important to
note that increases in BG activity are suggestive of both overall biological change [6] and
potential increases in SOC accumulation [54].

Continuous increases in BG activity should lead to increases in MBC. Indeed, MBC was
greater in 2022 than in 2021 and greater in the 0 to 5 cm versus the 5 to 15 cm depth (Table 1),
and the MBC indicator scores responded identically (Table 2). Microbial biomass carbon
is typically used as a measure of total microbial population size in soils, with healthier
soils typically having larger microbial communities [11]. Both BG and MBC are thought to
increase as a function of carbon inputs and manure inputs, particularly in pastures [5,8,48].
This may explain why both of these biological indicators were significantly greater in the 0
to 5 as compared to the 5 to 15 cm depth, as both manure inputs and plant biomass inputs
are primarily deposited on the soil surface or in the shallow subsurface, with no tillage
or significant soil mixing to move them deeper into the profile. The continued increase in
MBC contributes to the evidence that the transition to MiG systems provides significant
biological benefits to soils.

Supporting the contention that BG activity may eventually lead to increases in SOC [54],
in conjunction with the MBC findings above, SOC has significantly increased in the 0 to
5 as compared to the 5 to 15 cm depth (Table 1). Furthermore, at both depths, SOC was
40 to 82% greater in 2021–2022 than in 2017–2018 (Table A1), indicating that continuous
manure inputs under MiG have greatly increased SOC, a dynamic that has been shown by
others [16,17,24,55]. The SOC indicator scores showed no significant differences (Table 2),
which was similar to those found by Shawver et al. [1] (Table A1). Regardless, the SOC
indicator scores in the current study are ~2 times those found in 2017–2018 (Table A1).
This also suggests that this ecosystem is improving in terms of SOC accumulation. Future
research should continue to monitor potential improvements in SOC content.

Potentially mineralizable nitrogen is a measure of the portion of nitrogen in soil
organic matter that is susceptible to be mineralized to plant-available forms, supplementing
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fertilizer N requirements [56]. For this reason, PMN has been used as an indicator of soil
health [11,57]. Potentially mineralizable nitrogen increased from 2021 to 2022 (Table 1),
and the PMN indicator score followed an identical response (Table 2). As compared to
2017 and 2018 (Table A1), the 2021 PMN appeared to increase slightly, while the 2022 PMN
increased drastically. These changes were likely due to additional factors other than the
slow progressive transition to manure-fed systems. Mahal et al. [56] assessed the potential
of conservation agriculture to increase PMN in soils, finding that manure-fed systems had
higher PMN levels than fields with inorganic N inputs, and no-till systems had greater
PMN than conventionally tilled systems. Manure is often rich in organic N that is not yet
plant-available but is steadily made available by microbial activity over multiple years.
Furthermore, intense tillage is likely to decrease measured PMN, often by increasing the
organic matter degradation rate [58,59]. The combined effect of these changes to the no-till,
manure-fed MiG system was likely responsible for the increase in PMN over the past
several years.

The biological soil health index (Table 3) is an average of the BG, MBC, PMN, and
SOC scores from Table 2. All individual indicator scores, except for SOC, improved from
2021 to 2022, resulting in a significant increase in the biological soil health index in 2022
as compared to 2021. Shawver et al. [1] found a similar increase between years, albeit
lower than the biological soil health scores found in the current study. Furthermore, BG
and MBC had greater indicator scores in the 0 to 5 versus the 5 to 15 cm depth, leading
to a greater biological soil health index in the 0 to 5 as compared to the 5 to 15 cm depth.
No differences between soil depth were observed in 2017 and 2018 [1]. This supports our
hypothesis that biological soil health should continue to improve as manure inputs and
minimal soil disturbance support large and active microbial communities.

3.3. Soil Chemical Indicators

All mean soil chemical indicator characteristics (i.e., pH and EC) are presented in
Table 1. Soil pH is considered a master variable for biochemical reactions, nutrient availabil-
ity and toxicity, and other important soil functions [11]. Although significant differences
existed with respect to soil pH (Table 1), pH differed only by 0.1 to 0.2 pH units and thus
may be inconsequential with respect to altering soil biogeochemical reactions. Given the
relatively high CaCO3 and clay content of these soils (~8 and 34%, respectively), there
is a large buffering capacity to resist change in soil pH [1,60]. Shawver et al. [1] found
similar soil pH values as in the current study (Table A1). Continuous grazing and perennial
grasslands have been shown to have mixed effects on pH over time [61–63], likely as a
function of initial pH and the effect of changing soil inputs. Moreover, these calcareous
soils are typical of the region, and producers are well-acquainted with high-pH-tolerant
forage varieties. The relatively high pH of these soils resulted in a relatively low pH
indicator score (Table 2), yet this is more telling of the lack of SMAF algorithm curves to
fit high-pH-tolerant forage varieties than actual soil health degradation. Further SMAF
algorithm development for high pH soils, such as in this study, is warranted.

While high pH may not be a concern for most producers, EC is a significant risk in this
region of the western US, particularly as high irrigation requirements may result in steady
salinization of agricultural land [64]. Electrical conductivity differed across depth in the
current study (Table 1), and subsequently, a depth effect was observed in the EC indicator
score (Table 2). Perennial grassland has been shown to produce increased salinity, perhaps
by increasing surface evapotranspiration and reducing salt leaching further into the soil
profile [65]; manure additions have also been shown to increase EC due to manure-borne
salts [22]. However, compared to EC measurements in 2017 and 2018 (Table A1), salinity
has generally decreased across all depths, perhaps due to irrigation inputs that leached
fertilizer and manure-borne salts deeper into the soil profile. Year-to-year measurement of
EC may vary as a function of spatially heterogeneous manure inputs, but the general trend
appears to be that the conversion from row crops with inorganic fertilizer inputs to this
perennial, animal-based pasture system has decreased EC. It is important to note that all
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EC measurements were well below those values that would be of concern for crop growth
(~4.0 dS m−1; [66]).

There was a significant increase in the chemical soil health index score as a function of
depth and, to a lesser extent, year, driven primarily by the reduction in EC in the soil surface
(Table 3). The soil chemical health index scores in the current study tend to represent an
improvement over soil chemical health index scores determined in 2017 and 2018 (Table A1).
This indicates a positive effect of the decrease in EC over time. In contrast to our hypothesis
of no change in chemical soil health, this indicates that long-term decreases in EC may
contribute to improving soil health in perennial pasture systems.

3.4. Soil Nutrient Indicators

All mean soil nutrient indicator characteristics (i.e., extractable P and K) are presented
in Table 1. Nutrient indicators of soil health are key elements to understanding the capacity
of soils to sustain highly productive forage biomass. Neither P nor K showed signifi-
cant changes in plant availability between 2021 and 2022, but both showed significantly
increased concentrations in the top 5 cm of soil compared to the 5 to 15 cm depth. The dif-
ference in concentration of both nutrients across depths may be indicative of the significant
impact that manure inputs on the soil surface have on soil fertility, as manure and urine are
known to be rich in both P and K and likely remain near the soil surface [22,23,67], though
top-dressing of phosphate fertilizers likely also played a role. Phosphorus remaining near
the soil surface led to greater plant-available P concentrations in the 0 to 5 versus 5 to 15 cm
depth, leading to a significant increase in the P index score in the 0 to 5 cm as compared
to the 5 to 15 cm depth (Table 2). Pairwise comparisons of years within the top 5 cm for
the P index score did produce a significant difference between 2021 and 2022, but this was
omitted from Table 2 for brevity’s sake. Every soil sample in the top 5 cm of soil scored 1.00
for P index, and the detected difference was due to statistical limitations of assigning ranks
under the Aligned-Rank Transformation procedure to a dataset that is entirely ties [42].
The amount of plant-available K in both depths was adequate for plant growth, resulting in
no difference in the K indicator score (Table 2). In both years, 22 kg ha−1 of P was applied,
while no K was applied, as K is generally plentiful in Colorado soils and thus is rarely
a concern for plant growth [23]. Chemical P inputs from monoammonium phosphate
supplement manure inputs of P to a degree that deficiency is not a concern, again indicated
by high SMAF scores.

It is worth noting that the 0 to 5 cm soil P concentrations have increased four- to
five-fold as compared to the 2017–2018 P concentrations (Table A1). Due to both manure
inputs and the use of phosphorous fertilizer, it is difficult to elucidate if increasing P
concentrations are due to fertilizer or manure inputs. However, as the same quantity of
fertilizer P was applied in both 2021 and 2022 (22 kg ha−1), and P concentrations decreased
slightly, manure inputs alone may not be enough to support highly productive MiG systems,
and producers should continue to regularly test soils to determine nutrient needs. Given
the near 1% slope of the field, there is not a large concern over P mobilization risk to nearby
waters, though mobilization risk was not directly measured in this study and was inferred
from the SMAF curve algorithms that punish extremely high P concentrations on sloped
fields (i.e., >70 mg kg−1; [11]). While P runoff is not explicitly a concern in this field, the
rapid increase in P concentration is a reminder that producers transitioning to systems
with large manure inputs should manage herd movements thoughtfully to avoid localized
deposition of nutrient-rich manure near receiving water bodies and to carefully balance the
combination of fertilizer P and manure P to minimize mobilization risk [23,68].

The effect of decreasing P concentrations with depth led to a decrease in the nutrient
content index score from 2021 to 2022 in the top 5 cm but an observable increase since
2017–2018 (Table A1); a similar finding was observed by Shawver et al. [1]. Shawver
et al. [1] hypothesized that future monitoring would show that the nutrient status would
increase over several years given further manure inputs; the current study proves that
hypothesis as correct. However, due to multiple sources of P in the system, it is difficult to
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identify the source of nutrient status changes. Regardless, the decrease in nutrient content
does not support our hypothesis of increasing nutrient content from manure inputs from
2021 to 2022.

3.5. Overall Soil Health

The SMAF averages together the above 10 indicator scores to produce an overall soil
health index (Table 3). While biological scores tended to improve from 2021 to 2022 (Table 2)
of the nonbiological indicators, only two—pH and Bd—changed from 2021 to 2022, and
the change in Bd could be considered deleterious to soil health.

Meanwhile, though sampling depth had a significant impact on just four soil indica-
tors (BG, MBC, EC, and plant-available P; Table 2), these differences led to a significant
improvement in overall soil health in the 0-to-5 as compared to the 5-to-15 cm depth
(Table 3). These differences were likely driven by manure inputs on the soil surface. A
similar finding was noted by Shawver et al. [1] (Table A1). Every biological indicator,
except for SOC, showed significant improvement from 2021 to 2022, particularly in the 0 to
5 cm depth. When comparing the current findings to those from 2017 and 2018, in addition
to positive changes in biological characteristics mentioned above, SOC appears to have
increased from ~1% to ~2% (40 to 82% greater), a change that was predicted via increasing
BG activity and MBC by Shawver et al. [1]. Furthermore, compared to 2017 and 2018, the
overall soil health scores seemed to increase, driven largely by biological soil health and
nutrient status improvements. This supports our hypothesis that overall soil health would
improve under MiG systems, as biological soil health improvements outweigh physical
soil health degradation.

It is important to note that not all soil health changes are positive as a function of
conversion from conventional agricultural practices to MiG. Bulk density increased signifi-
cantly from 2021 to 2022, and Bd values were greater than in the initial 2017–2018 study.
Trampling action, paired with removal of tillage from the management system, seemed
to have had an expected negative effect on Bd. The management of MiG systems needs
to consider removing animals from wet soils to lessen the effects of hoof pressure on soil
bulk density. Opposite, the water-stable aggregates percentage appeared to increase from
2017/2018 to 2021/2022, indicating that perhaps the positive impact of the transition to
perennial no-till pastureland under MiG may balance the negative effect of trampling in
terms of physical soil health. One of the more interesting findings may be that changes to
soil health and nutrient status in these systems are relatively quick, and significant changes
occurred in just a few years. This finding provides additional insight into past research
comparing intense cropping systems and managed grasslands decades into an established
management scheme, highlighting the need for future work to study transitioning land-
scapes. Building upon the preliminary work by Shawver et al. [1], these overall results
provide additional evidence that irrigated, perennial pasture MiG systems have the capacity
to significantly improve soil health following decades of successive cropping, providing
promising insight for future environmental sustainability efforts in livestock agriculture.
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Appendix A

Table A1. Raw soil indicator measurements, soil indicator scores, and soil health index scores from
2017 and 2018. Table adapted from Shawver et al. [1] (see publication for statistical analysis of these
results).

Soil Health 2017 2018 2017 2018
Indicators (0–5 cm Depth) (5–15 cm Depth)

Physical
Bd (g cm−3) 1.15 ± 0.05 1.52 ± 0.05 1.29 ± 0.04 1.59 ± 0.04
WSA (%) 40.1 ± 3.9 44.3 ± 6.1 54.3 ± 3.8 55.6 ± 5.6

Biological
BG (mg pnp kg−1 soil hr−1) 65.3 ± 2.8 84.9 ± 4.2 66.9 ± 3.3 70.2 ± 5.3
MBC (mg g−1) 122 ± 6 355 ± 25 136 ± 9 271 ± 22
SOC (%) 1.24 ± 0.06 1.31 ± 0.08 1.21 ± 0.09 1.33 ± 0.06
PMN (mg kg−1) 11.8 ± 1.9 17.3 ± 1.0 11.2 ± 1.7 14.9 ± 1.0

Chemical
pH, 1:1 8.00 ± 0.02 8.17 ± 0.03 7.90 ± 0.02 8.05 ± 0.02
EC, 1:1 (dS m−1) 1.96 ± 0.25 1.12 ± 0.25 2.94 ± 0.20 2.52 ± 0.23

Nutrient
P (mg kg−1) 11.8 ± 1.1 6.9 ± 0.9 8.0 ± 1.0 5.7 ± 0.9
K (mg kg−1) 175 ± 9 351 ± 25 172 ± 13 186 ± 21

Soil Health 2017 2018 2017 2018
Indicator Scores (0–5 cm depth) (5–15 cm depth)

Physical
Bd 0.81 ± 0.06 0.37 ± 0.04 0.61 ± 0.07 0.31 ± 0.05
WSA 0.77 ± 0.05 0.76 ± 0.08 0.93 ± 0.02 0.88 ± 0.06

Biological
BG 0.06 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.06 ± 0.01
MBC 0.17 ± 0.05 0.67 ± 0.06 0.17 ± 0.03 0.49 ± 0.08
SOC 0.19 ± 0.04 0.20 ± 0.05 0.20 ± 0.06 0.21 ± 0.04
PMN 0.64 ± 0.10 0.97 ± 0.01 0.56 ± 0.09 0.90 ± 0.04

Chemical
pH 0.01 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
EC 0.62 ± 0.09 0.87 ± 0.09 0.25 ± 0.06 0.43 ± 0.07

Nutrient
P 0.92 ± 0.03 0.62 ± 0.07 0.71 ± 0.08 0.47 ± 0.08
K 0.92 ± 0.03 0.99 ± 0.00 0.93 ± 0.02 0.91 ± 0.04

Soil Health 2017 2018 2017 2018
Indices (0–5 cm depth) (5–15 cm depth)

Physical 0.79 ± 0.04 0.56 ± 0.05 0.77 ± 0.04 0.59 ± 0.04
Biological 0.26 ± 0.04 0.48 ± 0.03 0.25 ± 0.03 0.42 ± 0.03
Chemical 0.32 ± 0.04 0.44 ± 0.04 0.14 ± 0.03 0.22 ± 0.04
Nutrient 0.94 ± 0.02 0.81 ± 0.03 0.82 ± 0.04 0.69 ± 0.05
Overall 0.51 ± 0.03 0.55 ± 0.02 0.45 ± 0.02 0.47 ± 0.02

All values presented as mean ± standard error. Bd = bulk density; WSA = water stable aggregates; BG = beta-
glucosidase activity; MBC = microbial biomass carbon; SOC = soil organic carbon; PMN = potentially mineralizable
nitrogen; EC = electrical conductivity; P = plant-available phosphorus; K = plant-available potassium.
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Abstract: Conservation units are strategic territories that have a high demand for public use, as they
protect attractions of great scenic beauty, geodiversity sites, and numerous leisure areas. However,
when carried out in an intensive and disorderly manner, tourist activity in these areas tends to
catalyze environmental degradation, triggering, for example, water erosion processes caused by
intensive soil trampling on the trails. In this sense, the aim of this study was to determine the soil’s
physicochemical characteristics, and to spatiotemporally monitor the microtopography of those
areas degraded by erosion along two trails on Serra da Bocaina National Park coast of the Paraty
Municipality. The findings verified that intensive trampling, the values of some soil physicochemical
characteristics, and the specific meteorological conditions of the coastal region of this protected area
were factors that contributed significantly to the evolution of erosion features monitored on these
trails. Finally, strategies for appropriate management and recovery actions for these degraded areas
are proposed in order to not only stop the erosive processes and re-establish the local ecosystem
balance, but also avoid accidents involving the numerous tourists who visit the coastal region.

Keywords: environmental degradation; soil erosion; trail; protected areas; conservation units

1. Introduction

Water erosive processes cause soil degradation through the breakdown, transport, and
deposition of particles by the action of water from raindrops and runoff, which corresponds
with ~72% of the land affected by soil erosion in the world [1]. Its occurrence is intensifying
due to climate change and human actions; therefore, it is one of the main environmental
and socioeconomic challenges that society faces today. When induced by anthropic actions,
these processes, in addition to impacting biogeochemical cycles, promote biodiversity loss,
declines in agricultural productivity, carbon storage, increases in hunger, food insecurity,
poverty, and social inequality [2–6].

Soil trampling on trails for public use, for example, is a human activity that causes soil
degradation and occurrence of these processes, especially when these actions are carried
out in an intensive and disorderly way. These activities corroborate with the alteration of
the characteristic physicochemical and biological changes in the soil, which, in turn, modify
the hydraulic and edaphic dynamics, since, in addition to reducing organic matter levels,
porosity values, and water infiltration rates, they cause an increase in bulk density, runoff
volume, and soil loss due to erosion [7–10].

There are many networks of local, regional, national, and international trails main-
tained and built to offer leisure and recreation opportunities, especially in protected areas,
such as conservation units (UCs). These territories have experienced considerable growth
in the number of visitors, as their trails are spaces that allow access to areas of leisure
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and scenic beauty. Consequently, these places have become highly susceptible to soil
degradation through water erosive processes [11–15].

Fonseca Filho [16], for example, monitored soil compaction and erosion on trails in
the UCs of Minas Gerais State and identified intensive trampling as one of the causes of
trail degradation. Rangel et al. [17] also demonstrated the influence of human trampling
on soil erosion in two UCs in southeastern Brazil. Figueiredo and Martins [18] discussed
the mechanisms that lead to trail degradation in protected areas, pointing out that a lack
of planning, management, and maintenance is associated with the occurrence of erosion
processes in these areas. Lima and Guerra [10] studied the Morro Dois Irmãos Trail, which
is part of a protected area in Rio de Janeiro Municipality, and identified several erosion
features along its path, pointing to the physical–chemical characteristics of the soil together
with the intensive trampling by people as the main causes of the development of rills.
Lima et al. [9] also identified the evolution of erosion features on trails on the Serra da
Bocaina National Park (PNSB) coast, indicating intense and disorderly visitation as one of
the factors that corroborates the dynamics of this behavior.

Monitoring and analyzing the microtopography and soil physical–chemical charac-
teristics in time and space on trails with water erosion processes, especially those located
inside UCs, are extremely useful for the management and planning of these protected areas,
because surveys can not only support decision making by their managers in actions that
aim to identify and minimize these processes, but also help in optimizing management
practices in degraded areas, in addition to guiding the re-establishment of their ecosystem
balance through erosion processes in these territories [14,19].

In this context, this study aims to conduct a spatial survey of the soil’s physical and
chemical characteristics on trails on the coast of the Serra da Bocaina National Park (PNSB)
in Paraty Municipality of Brazil, in addition to evaluating the space–time evolution of
water erosion processes through monitoring associations between soil microtopography
and rainfall data. This protected area, located in one of the largest stretches of continuous
and conserved forests in the Atlantic Forest, has numerous geotouristic attractions in its
territory, which, in turn, makes it a scene of high demand for tourists, with an intense flow
of people on its trails during the summer and holidays (vacations). Its trails and beaches
receive an average of around eight thousand people per day [20], making the high demand
for visits an agent that triggers the environmental degradation of the trails [9,17,20–22].

2. Materials and Methods

2.1. Study Area

The PNSB, covering ~106,000 ha, is a UC that was created in 1972 in São Paulo State
(Areias, Cunha, São José do Barreiro and Ubatuba Municipalities) and Rio de Janeiro
State (Paraty and Angra dos Reis Municipalities). It has the objectives of preserving and
conserving forest formations and associated refuges; ensuring the maintenance of natural
landscapes; protecting biodiversity and water resources; and providing opportunities for
scientific research, leisure, and recreation [23,24]. This UC is one of the largest protected
areas of the Atlantic Forest, the largest continuous extension, and one of the most significant
Brazilian remnants of this biome, with several geotouristic attractions (Figure 1).

 
Figure 1. Geotouristic attractions on PNSB coast. Middle Beach (left), Caixa D’Aço Beach (center),
and Middle Beach Tombolo (right). Photos: Lima.
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On the PNSB coast, the trails which we will focus on in this study are Waterfall of Stone
that Swallows (WSS) (red) and the Caixa D’Aço Natural Pool (CDN) (orange) (Figure 2).

 
Figure 2. Location map of the study area on the Serra da Bocaina National Park (PNSB) coast.
Author: Lima.

These trails are located in the relief of the mountains and hills, under soils and surface
residuals, with rocky outcrops of granite Paraty-Mirim and colluvial–alluvial sediments.
In general, they have a base saturation of less than 50%, which, in turn, gives them
a dystrophic character, in addition to high acidity and high aluminum content. Also,
according to mapping carried out at a scale of 1:250,000 [25], the soils that predominate
the trails are dystrophic Haplic Cambisols. These classes, as well as Litholic Neosols, also
occur in the mountainous region of the PNSB, on the escarpments and on the coastal strip
between Serra do Mar escarpment and the plains. Oxisols, on the other hand, occur at the
top and on smoother slopes [9,23,26].

The Swallows trail has a length of ~600 m, with an average slope of approximately
12.4% and an altitude range between 0 and 46 m (Figure 3), It gives access to the WSS
(Figure 4). The CDN Trail is also ~600 m long, with an average slope of around 14.3% and
an altitude range of 0 to 63 m (Figure 3), and it provides access to the CDN (Figure 4).

 

Figure 3. Topographic profiles of the trail to the Waterfall of Stone that Swallows (A) and the Caixa
D’Aço Natural Pool Trail (B) on the coast of the PNSB. Author: Lima.
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Figure 4. Geotouristic attractions on the trails studied on the PNSB coast: (left) Waterfall of Stone
that Swallows and (right) Caixa D’Aço Natural Pool. Photos: Lima.

Geologically, the rocks are from the Rio Negro Magmatic Arch (orthogneisses) and
the Parati-Mirim Granite Suite (granites), as well as later fluvio-marine sediments (Ceno-
zoic). Regarding climate, this is influenced by the orographic effect of the Serra do Mar,
as the compartmentalization of the relief and the altimetric unevenness of the mountain
range. The mountain range extends from sea level to altitudes exceeding 2000 m and acts
as a barrier to the air masses responsible for the behavior of meteorological phenomena.
The escarpments of Serra do Mar and its mountainous plateau make passage difficult for
frontal systems (cold fronts) coming from the South Atlantic/Antarctica, and, as such,
are responsible for regional rainfall, generating temporal space–time discontinuities in
these phenomena [24,27]. Therefore, the Serra do Mar slopes facing the ocean (south)
generate a strong seasonality in the precipitation on PNSB coast, making the frontal sys-
tems (cold fronts) and the rains frequent in the summer, while winter precipitations are
minimal [23,24,27].

2.2. Methodology

The determination of the soil physicochemical properties (e.g., granulometry, porosity,
bulk density, pH, and organic matter content) were chosen because they are related to
erodibility and soil use and management, given that their values are influenced and/or
modified by intensive trampling of the ground, mainly by the flow of tourists where the
surveyed trails are located [9,10,17,22].

Soil samples were collected at depths between 0 and 20 cm at strategic points along
the trails: in places on the beds of the trails where there are erosive features, that is, areas
that suffer trampling, and those areas immediately adjacent (edge) to the trails, where there
is no passage of visitors (Figures 5 and 6). Therefore, it was possible to infer the impact of
trampling by people and to spatially compare soil quality.

Undisturbed samples were collected to determine bulk density and porosity, and
disturbed samples to determine pH, granulometry (texture), and organic matter content.
Concerning the depth of these collections, these are justified because they are the main
factors that suffer from the impact of trampling during public use activities.

All soil physical–chemical parameters were assessed at the Maria Regina Mousinho de
Meis Geomorphology Laboratory of the Geography Department of the Federal University
of Rio de Janeiro (UFRJ). Our techniques were in accordance with the methods of Teix-
eira et al. [28], that is, the texture was assessed by total dispersion of individual soil particles
(pipette method); the organic matter content using the indirect method (oxidation); the
bulk density by collecting samples in a cylinder of known volume (100 cm3); the mineral
density via volumetric flask and ethyl alcohol; the porosity according to its relationship
with density values; and the pH using a digital meter.
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Figure 5. Soil collection sites (A–C) on the trail to the Waterfall of Stone that Swallows on the
PNSB coast. The red arrow shows the direction of main flow during periods of intense rainfall.
Photos: Lima.

 

Figure 6. Soil collection sites (A,B) on Caixa D’Aço Natural Pool Trail on the PNSB coast. The red
arrow shows the direction of main flow during periods of intense rainfall. Photos: Lima.

Determination of the texture (granulometry) took place via crushing, sieving, and
mixing the soil samples with sodium hydroxide and distilled water [28], while the classifi-
cation was based on the textural triangle of the United States Department of Agriculture
(USDA) [29]. Wet organic matter was obtained by mixing soil samples with potassium
dichromate, silver sulfate, orthophosphoric acid, diphenylamine, and ferrous ammonium
sulfate [28]. Bulk density was obtained by collecting samples in a cylinder with a known
volume (100 cm3), while particle density was obtained by mixing samples with ethyl al-
cohol [28]. Finally, the porosity was determined by the ratio between the particle density
(g cm−3) and bulk density (g cm−3), while the pH was obtained by dissolving the soil in
distilled water and its respective reading after equipment calibration [28].

Each physical–chemical parameter was assessed in triplicate. At each site studied on
the trails, three collection repetitions were performed, and the presented results refer to the
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averages of these triplicates. In addition to these averages, the values of the standard devia-
tion and the coefficient of variation were also calculated in order to obtain the statistical
variations using Microsoft Excel software.

The soil microtopography was determined through the installation of erosion bridges
(PDE) with stakes from one edge to the other in the cross sections of sites and on the
beds of the trails that presented water erosion processes, following the method developed
by Shakesby [30] and adopted by Ferreira [31] in studies on water erosion in soils and
subsequently applied to trails [9,22,32]. Thus, the evolution of erosion features was moni-
tored between August 2021 and March 2022 and between August 2022 and March 2023.
Therefore, we were able to obtain significant and contrasting variations in the temporal
data on rainfall in the region. It is important to note that the monitored sites were the
same sites from which the soil samples were collected to obtain the physical–chemical
characteristics (Figures 5 and 6).

The model developed by Shakesby [30] and adapted for trails by Silva and Botelho [32]
was used, whereby 50 cm wooden stakes/rods (useful for leveling), 2 m slats (erosion
bridge), and a 1 m iron rod (measuring rod) were used with a measuring ruler offering
100 holes (analysis points) at 2 cm intervals. Two stakes were installed at the edges of the
cross section (sites) so that they could be leveled between the edges of the trails and the
values could be measured (Figure 7).

 

Figure 7. Example of the PDE leveling on sites (A,B) the trail to the Waterfall of Stone that Swallows
on the PNSB coast. Photos: Lima.

From this monitoring program, graphs were created using Excel software to demon-
strate the space–time evolution of erosion features during the four monitoring periods. We
aimed to identify sites of removal and accumulation of sediments and organic matter and
places where there was intense trampling and removal of organic and inorganic particles,
in addition to estimating areas of lost soil along the beds of the trails. After preparing and
analyzing these graphs, it was possible to estimate the area of the monitored cross-sections
and quantify the evolution of the lost soil areas at the monitoring sites.

Rainfall data were obtained using a manual rain gauge installed at a campsite near the
PNSB coast (latitude 23◦21′5.28′′ S and longitude 44◦43′34.47′′ W) at a height of ~1.5 m on
a wooden platform, away from obstacles, so that it was possible to store and record daily
rainfall throughout the monitoring period. Finally, it should be noted that the records of
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these data correspond to the dates of the beginning and end of the monitoring program of
the five erosion bridges (August 2021, March 2022, August 2022 and March 2023), and the
readings were recorded daily at 11:00 am.

3. Results

3.1. Rainfall Data

Daily rainfall data allowed total monthly volumes to be calculated (Figure 8). More-
over, rainfall occurred throughout less than half of the total monitoring period (219 days),
with daily values higher than the total average, which was 11 mm, being recorded on more
than half of these days (Figure 8). It was also possible to identify that this precipitation
was concentrated in December (2021), January (2022), April (2022), November (2022), and
January (2023), which in turn were the months with the highest averages of rainfall (21 mm,
19 mm, 21 mm, 17 mm, and 17.1 mm, respectively) (Figure 8). In addition, the highest
monthly total volumes were also recorded in these months, that is, 647.5 mm in December
2021, 593 mm in January 2022, 630 mm in April 2022, 510 mm in November 2022, and
530 mm in January 2023 (Figure 8).
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Figure 8. Total monthly values of precipitation on PNSB coast during the four monitoring periods.

When considering the intervals of days between each monitoring period, it was also
possible to identify that, from the first monitoring (2021) to the second monitoring period
(2022/1), the daily rainfall average was 11 mm, and these precipitations were concentrated
within just 85 days. From the second monitoring period (2022/1) to the third (2022/2),
despite the daily average rainfall being lower than the total average (11 mm), that is, equal
to 8.3 mm, rainfall was concentrated within only 33 days. From the third monitoring period
(2022/2) to the fourth (2023), the daily average rainfall was greater than 13 mm, that is,
greater than the total average, with rainfall concentrated within 95 days (Figure 8). In this
way, in addition to the rainfall concentration, in specific months, we noted that, between
the intervals of the monitoring periods, with the exception of the second to the third, the
daily average rainfall was equal to or greater than the total average precipitation during
the entire monitoring period. This indicates an ideal scenario for the evolution of erosion
features due to splash erosion and the increase in runoff amount on the beds of the trails.

3.2. Spatial Variation of Soil Physical–Chemical Characteristics

The survey of the spatial variation in the physical–chemical soil characteristics in the
degraded sites due to water erosion processes along the WSS Trail and the CDN Trail on
the PNSB coast allowed us to identify disparities between the values of the attributes that
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were obtained, as well as the relationship between these parameters and the evolution of
erosion features. In general, porosity and bulk density values, as well as granulometry, pH,
and organic matter content, showed significant relationships with the presence or absence
of rills along the two trails.

Analyzing specifically the data from the WSS Trail (Table 1), it was possible to identify
that the values of total porosity (%) and organic matter (%) were, without exception, lower
on the bed of the trail compared to those obtained on the edges of the trail, given that the
average values of these attributes were, respectively, 39% and 0.6% on the bed and 59% and
2.4% on the edges (Table 1). On the other hand, the values of bulk density (g cm−3) and
pH were, also without exception, higher on the bed of the trail and lower at the edges, so
the average values of these attributes were, respectively, 1.1 g cm−3 and 5.3 on the edges
and 1.6 g cm−3 and 5.5 on the beds of areas degraded by erosion processes along the trail
(Table 1).

Table 1. Values of the physical–chemical characteristics of soils obtained from the Waterfall of Stone
that Swallows Trail on the coast of the PNSB.

Trail to the
Waterfall of
Stone That
Swallows

Position
on the
Trail

Pore Arrangement Granulometry (%) Chemical Analysis

Total
Porosity

(%)

Bulk
Density
(g cm−3)

Coarse
Sand

Fine
Sand

Silt Clay
Textural

Classifica-
tion

pH
Organic
Matter

(%)

Point A
Bed 39 1.6 52 8 16 24 Sandy clay

loam 4.8 0.6

Edge 51 1.2 60 8 19 14 Sandy loam 4.5 1.2

Point B
Bed 34 1.7 49 8 24 19 Sandy loam 5.7 0.4

Edge 64 1.0 52 6 17 25 Sandy clay
loam 5.5 3.6

Point C
Bed 44 1.6 41 13 31 15 Sandy loam 5.9 0.9

Edge 62 1.1 42 3 23 32 Sandy clay
loam 5.8 2.5

Mean
Bed 39 1.6 47 10 24 19 - 5.5 0.6

Edge 59 1.1 51 6 19 24 - 5.3 2.4

Standard
deviation

Bed 4.7 0.1 5.7 2.9 7.4 4.6 - 0.6 0.3
Edge 7.0 0.1 8.9 2.5 2.9 9.5 - 0.7 1.2

Regarding the values of soil granulometry, it was possible to identify the domain of
the sand fractions, especially fine sand and silt, on the bed of the trail, since the average
values were 57, 10, and 24%, respectively. Those on the edges of 57, 6, and 19%, respectively
(Table 1). The only exceptions occurred at site A, where the fine sand content was the same
in both the soil sample from the edge and the soil from the trail bed (8%), as well as in the
silt content, which was lower in the trail bed in comparison with that obtained at the edge
(16 and 19%, respectively) (Table 1). It was also possible to identify that the clay contents in
the border soil samples were higher than those obtained on the beds, with average values
of 24 and 19%, respectively (Table 1). The only exception was at site A, where the clay
content was higher in the trail bed samples compared to those obtained at the edges (24
and 14%, respectively) (Table 1). This granulometric composition, rich in sand, indicates a
textural classification of soils that vary between sandy loam and sandy clay loam (Table 1).

Regarding the data obtained on the CDN Trail (Table 2) regarding the soil’s physical
and chemical characteristics, it was possible to identify that the values of total porosity (%)
and organic matter (%)were lower on the trail bed compared to those that were obtained at
the edges, as was the case on the WSS Trail. This is because on the bed, the average values
of these attributes were 33% and 1.0%, respectively, and on the edges they were 59% and
1.4%, respectively (Table 2). The values of bulk density (g cm−3) and pH were higher on
the trail bed and lower at the edges, so the average values of these attributes, respectively,
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were 1.7 g cm−3 and 5.6 on the beds of the trails and 1.1 g cm−3 and 5.4 in the soil along
the edges of the trails (Table 2).

Table 2. Physical–chemical parameters of the soils obtained from the Caixa D’Aço Natural Pool Trail
on the coast of the PNSB.

Caixa
D’Aço

Natural
Pool Trail

Position
on the
Trail

Pore Arrangement Granulometry (%) Chemical Analysis

Total
Porosity

(%)

Bulk
Density
(g cm−3)

Coarse
Sand

Fine
Sand

Silt Clay
Textural

Classification
pH

Organic
Matter

(%)

Point A
Bed 33 1.8 41 14 16 29 Sandy clay

loam 5.6 1.2

Edge 56 1.1 30 9 26 36 Clay loam 5.4 1.5

Point B
Bed 36 1.7 10 51 28 11 Sandy loam 5.5 0.8

Edge 62 1.1 14 39 17 31 Sandy clay
loam 5.4 1.4

Mean
Bed 35 1.7 25 33 22 20 - 5.6 1.0

Edge 59 1.1 22 24 21 33 - 5.4 1.4

Standard
deviation

Bed 2 0.1 22.0 26.2 8.3 12.8 - 0.1 0.2
Edge 4 0.0 11.6 21.2 6.4 3.4 - 0.0 0.1

Regarding the granulometric analysis of the soils, it was noted that, on the bed of
the trail, there was a predominance of fractions of silt and sand, especially fine sand. The
average values of these fractions were 22%, 58%, and 33%, respectively (Table 2), whereas, at
the edges, the values of these granulometric fractions were 21%, 46%, and 24%, respectively
(Table 2). It is still possible to observe that clay contents were, without exception, higher on
the border than on the bed of the trail; the average values of these attributes were 33% and
20%, respectively (Table 2). These compositions of the granulometric fractions of the soils
in this trail indicate the predominance of sand fractions; thus, with the exception of the soil
on the edge of site A, the other soils were classified between sandy loam and sandy clay
(Table 2).

3.3. Spatiotemporal Dynamics of Soil Microtopography

Soil microtopography monitoring of degraded sites with erosive features along the
WSS Trail and the CDN Trail (Figures 9–13) indicated a space–time evolution of erosion
processes, as well as deposition of organic and inorganic materials on the beds of these
trails. This may be associated with intensive trampling and soil compaction, removal and
deposition of vegetation cover and soil organic matter, and the rainfall indices recorded
in the region. The evolution of the cross-sectional area at the monitored site was evident
when observing that the soil surface from the last monitoring (black line) was in a lower
position than the soil surface during all other periods (orange, blue, and yellow lines) at all
monitored sites (Figures 9–13).
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Figure 9. Soil microtopography at site A of the Waterfall of Stone that Swallows Trail on the
PNSB coast.

 

Figure 10. Soil microtopography at site B of the Waterfall of Stone that Swallows Trail, on the
PNSB coast.

 

Figure 11. Soil microtopography at site C of the Waterfall of Stone that Swallows Trail on the
PNSB coast.
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Figure 12. Soil microtopography at point A of the Caixa D’Aço Natural Pool Trail on the coast of
the PNSB.

 

Figure 13. Soil microtopography at site B of the Caixa D’Aço Natural Pool Trail on the PNSB coast.

Figure 9 shows that, during the first monitoring period of this site (2021), for example,
the maximum depth of this rill was approximately 25 cm, while in the last monitoring
period (2023), the depth increased by ~8 cm. Furthermore, it should be noted that the
width of this rill also showed space–time evolution, since the value in the last monitoring
period was ~4 cm greater than that in the first period (Figure 9). This space–time evolution
corroborates the increase in the total cross-sectional area between the monitoring periods,
since this area was 0.265 m2 in the first monitoring period (2021), 0.284 m2 in the second
period (2022/1), 0.295 m2 in the third period (2022/2), and 0.304 m2 in the last period (2023).
Therefore, this indicates an increase of approximately 0.039 m2 in the cross-sectional area
from the beginning of monitoring.

Figure 10, which shows the soil microtopography at site B of the WSS Trail, also
indicates a space–time evolution of the monitoring period erosion feature. In the central
portion of this rill, for example, it was possible to identify that in the first monitoring
period (2021), the maximum soil depth surface was ~65 cm, while in the last monitoring
period (2023), this depth was greater than 70 cm (Figure 10). This space–time evolution
was reinforced by the increase in the total cross-sectional area between the monitoring
periods, since the total area was 0.327 m2 in the first monitoring period (2021), 0.336 m2

in the second period (2022/1), 0.258 m2 in the third period (2022/2), and 0.372 m2 in the
last one (2023), i.e., an increase of about 0.044 m2 in the total cross-sectional area from the
beginning of the monitoring period (Figure 10).
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Figure 11, which shows the microtopography of the soil at site C of the WSS Trail, also
shows a space–time evolution of the monitored erosion feature, especially in the lateral
portions of the cross section (Figure 11). The exception was found in the central portion
of this erosive feature. This occurred because the soil loss was severe at this site, and,
in turn, reached the rocky layer underlying the soil layer, as can be seen in Figure 7B.
Although the central portion of this rill did not indicate a space–time evolution at this point
due to the rock outcrop, which is more resistant to the erosion process, it was possible to
identify lateral soil loss in the other portions of this cross section. We considered the total
cross-sectional area at this site, which was 0.177 m2 in the first monitoring period, 0.192 m2

in the second, 0.205 m2 in the third, and 0.210 m2 in the last, that is, an increase of 0.032 m2

from the beginning of the monitoring period (Figure 11).
Figure 12 indicates the data associated with the monitoring of soil microtopography at

site A of the CDN Trail. It is possible to identify that, in the central portion of this cross
section, that is, inside the erosion feature, the maximum depth during the first monitoring
period (2021) was approximately 14 cm. In the last period, this depth was approximately
4 cm greater in relation to the first. This space–time evolution is corroborated by data on the
total area of the cross-section, which was 0.336 m2 in the first monitoring period, 0.355 m2

in the second, 0.37 m2 in the third, and 0.381 m2 in the fourth. This indicates an increase of
approximately 0.045 m2 in the total area from the beginning of the monitoring period.

Figure 13, which presents the soil microtopography data from site B of the CDN Trail,
also shows a space–time evolution of the monitored erosion feature that is similar to the
behavior of the other monitoring sites,. At this site, it was possible to identify a significant
space–time evolution of soil loss by exposing the roots, the greater distance between the
lines that indicate the soil surface, or the increase in the total value of the cross-sectional
area (Figure 13). In the first monitoring period, for example, the total cross-sectional area
was approximately 0.259 m2, while in the second monitoring period, it was 0.284 m2. In the
third monitoring period, the total value of this area was 0.307 m2, and in the last monitored
period, 0.318 m2. This indicates an increase of about 0.059 m2 from the beginning of the
first monitoring period.

4. Discussion

When jointly considering the obtained data, it was possible to identify that these
factors are related to each other, since certain physical-chemical parameters, for example,
when subjected to certain dynamics of use and precipitation, tend to condition the evolution
of erosive features such as those that were evidenced during the soil microtopography
monitoring period (Figures 9–13) [9,14,17,18].

Knowing that water erosion is a process of mobilization, transport, and deposition
of soil sediment through the action of rainwater, the concentration of rainfall in the PNSB
region, especially in specific periods, tends to intensify aggregate breakdown and the
detachment of soil particles from the bed of the trails, corroborating the evolution of the
erosive features that were identified (Figures 9–13). In this sense, the impact of the kinetic
energy of raindrops when they reach the soil surface causes its sealing, compaction, and
detachment through splash erosion. Consequently, this material is lost and transported
through runoff, therefore leading to the space–time evolution of the erosion features
monitored. This culminates in an increase in the area of the soil surface and its cross-
sections, as observed during the monitoring periods [9,14,17,18].

It is worth mentioning that Rangel and Guerra [22], as well as Lima et al. [9], have
already identified that the evolution of cross-sectional areas on trails during monitoring
periods of soil microtopography can also be associated with the presence or removal of
organic material/litter by surface runoff. Therefore, this evolution is not strictly associated
with the loss of mineral material from the soil. This behavior reinforces a possible influence
of physical–chemical characteristics on this evolution, given that the organic matter content,
for example, can accentuate or delay the evolution of the erosion processes.
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Considering that the beds of the trails are the places with the most trampling and least
vegetation cover compared to their edges, the values of bulk density, total porosity, organic
matter, and pH, for example, tended to be different from those of soil samples that were
collected on the edges, as evidenced in the data in Tables 1 and 2. In the soils on the trail
beds, the minimal vegetation cover and the intensive trampling of the soil tend to contribute
to the decrease in porosity values and organic matter content, in addition to favoring the
increase in bulk density values and soil loss. This explains not only the evolution of the
monitored erosion features (Figures 9–13), but also the values of porosity, organic matter,
and bulk density (Tables 1 and 2). At the trail edges, the presence of vegetation cover
and low trampling tend to reduce bulk density and affect pH values, while also directly
affecting total porosity values and organic matter content (Tables 1 and 2).

The lack of vegetation cover on the trail beds also contributes to the dynamics of this
behavior, in addition to exposing the soil to the impact of the kinetic energy of raindrops
(splash), which in turn contributes to its compaction. Its respective loss also influences the
levels of organic matter [8,33–36].

As the lack of soil trampling on the edges favors a greater development of vegetation
compared to the beds of the trails, the mechanical action of roots during the growth and
retraction processes increases the amount of empty space inside the soil that can be filled
by air and water, that is, the value of total soil porosity [35–37]. In addition, because it is
composed predominantly of plant and animal residues, organic matter provides nutrients
for the endopedonic fauna, which, together with the agents secreted by the roots, favor an
increase in microbial activity and total soil porosity [33,36,38].

The soil’s characteristic chemical conditions influence the formation of aggregates,
retention, and water infiltration. They also increase aggregate stability, the number of
pores, and biological activity, in addition to reducing the density [8,14,38–41]. By acting
as a cementing agent that unites soil particles, organic matter forms organic substances
that, when released and made available to the soil, bind and agglutinate the particles,
increasing aggregate stability and reducing their erodibility [39,42]. Therefore, the ability of
organic matter to affect the structural integrity of the soil, form aggregates, and stimulate
the development of its biota favors aeration and increased permeability, which in turn
increases water infiltration, reduces runoff, and increases soil resistance to erosion. Its
absence, on the other hand, tends to trigger water erosion processes, remove soil material,
and both cause and reduce nutrient retention [8,41,43,44].

In addition to vegetation cover influencing the disposition of organic matter, it also
influences the total soil porosity, which in turn controls percolation, infiltration of water
inside the soil, the penetration of air, and the movement of roots. The modifications to
the distribution, volumes, sizes, and shapes of these pores through use and soil cover,
for example, affect permeability, aeration, hydraulic conductivity, and, consequently, the
dynamics of water erosion processes [8,44–46].

Considering that porosity values are inversely proportional to their density, and that
intensive trampling by people contributes to reducing soil porosity, this behavior implies
that the soils on the bed of the trail are more susceptible to erosion compared to the soils
on the edge, either due to low porosity values, low levels of organic matter, or high bulk
density values. This justifies not only the values found in Tables 1 and 2, but also the
evolution of soil microtopography (Figures 9–13). On the other hand, the edge soils, which
are not trampled, have low erodibility due to the maximum values of porosity and organic
matter and the low values of bulk density, thus favoring the dynamics of the values shown
in Tables 1 and 2 [8,45].

Erodibility tends to increase with high rainfall in the PNSB region, which, in turn,
tends to be concentrated in specific periods, especially during the beginning of summer
and the holiday (vacation) period (December and January) (Figure 13). In addition to
the absence of vegetation covering the low levels of organic matter in the trails’ soils
and, in turn, increasing the instability of its aggregates, it facilitates the rupture of its
particles due to the impact of raindrops, thus favoring the formation of crusts in the topsoil
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layer, reducing water infiltration, and increasing the soil loss via runoff. Therefore, when
concentrated in specific periods, the rain tends to intensify the compaction of soils due to
trampling by people on the beds of the trails, favoring the formation of preferential paths
of water that culminate in the development of erosion features. This influences not only the
values of some physical–chemical parameters (Tables 1 and 2), but also the loss of organic
and mineral particles, as evidenced in the monitoring period of soil microtopography with
the evolution of the cross-sectional area (Figures 9–13).

The pH values were all acidic (pH < 7), with the highest values found at the beds of
the trails and the lowest associated with the trail edges (Tables 1 and 2). The fact that the
edges have greater vegetation cover and, consequently, higher levels of organic matter may
indicate the excretion of certain acidic substances, either by the action of the roots or by
the decomposition of vegetable and animal matter. Soils obtained on the beds of the trails,
on the contrary, lack vegetation cover and materials for decomposition (Tables 1 and 2).
The more acidic soils at the trail edges tend to present colloidal complexes deficient in
chemical elements that confer greater stability, that is, they lead to reductions in erodibility
and increase the shear resistance of soil particles, since some of these elements result not
only in greater biological activity, but also in stability of the aggregates [47–49].

Soils on the edges, despite having lower pH values, are less susceptible to erosion
processes because, in addition to not suffering from trampling or the direct impact of
raindrops, these soils are more porous, less dense, less compacted, and have higher levels
of organic matter, which, by producing and releasing humus into the soil, favor their
aggregate stability. In contrast, the soils on the trails, despite having less acidic pH values
than the soils on the edges, in addition to being subjected to intensive public use and
the impact of raindrops, have higher bulk density values, low porosity, and low levels of
organic matter. This justifies our findings (Tables 1 and 2), and the evolution of erosion was
evidenced by monitoring the soil microtopography (Figures 9–13).

The granulometry and textural classification of the soils indicate the predominance
of clayey, medium-texture soil (clay-sandy loam), in which clay and sand fractions pre-
dominate in the granulometric composition of the soils. The predominance of coarse sand
fractions and clay fractions causes the soils to have low erodibility, considering that the
coarse sand fractions, due to their diameters, weights, and fast decanting speeds, make
their removal and transport difficult due to the action of water. The clay fractions, in turn,
have high aggregation capacity, the colloids and specific surfaces with cohesive strength,
and a significant presence of fractions of silt and fine sand, especially in soils on the beds
of trails. These favor the formation and loss of soil through erosion, since these fractions
are easily removed by low cohesion and insufficient weight in the face of detachment and
transport caused by the action of water [50–53].

Further, these soils have granulometric compositions of solid particles with minimal
cohesion, so these characteristics together can be fundamental conditioning factors for soil
loss, which became evident due to the evolution of the area of the cross sections recorded
during the monitoring of the soil microtopography (Figures 9–13). On the other hand,
the soils on the edges had the highest values of porosity and organic matter, the presence
of vegetation cover, low values of bulk density and pH, a lack of trampling, and greater
presence of granulometric fractions of clay. These factors increase the cohesion of soil
particles, hinder soil loss, and elucidate the data (Tables 1 and 2) [8,10,14,17,20].

In this sense, the joint action of soil physical and chemical characteristics, mainly the
values of bulk density, total porosity, granulometry, and organic matter content associated
with rainfall indices in the coastal region of the PNSB, as well as the intense public use
of the trails of this protected area, were assessed. These conditions culminate in the
development and evolution of erosion features along the trails, as evidenced in cross
sections of the soil microtopography (Figures 9–13). This is because public use tends to
influence some of these physical–chemical characteristics, while the dynamics of regional
rainfall together with other intrinsic characteristics of the soil (granulometry) favor the
evolution of erosion features.
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5. Conclusions

The obtained data indicate the intensive trampling of the soil resulting from public
use is associated with the intrinsic characteristics of the location, such as the granulometric
fractions of high erodibility and concentrated rains, especially in periods that coincide with
greater local visitation. These conditions are leading to the environmental degradation of
the trails of this conservation unit, as evidenced by the evolution of the erosion features in
the cross-sectional areas monitored during the survey.

Monitoring the soil microtopography has demonstrated a loss of solid organic and
inorganic particles which culminates in a degradation process, given that in all the cross
sections monitored, there were increases in the areas of erosion features from the beginning
of the monitoring. Such behavior, therefore, evidences the surface runoff process, which
has a high capacity to remove solid materials. In addition, the reduction in soil protection
against the impact of raindrops is enhanced by the trampling of the ground resulting from
the intense flow of people along the trails.

The physical–chemical characteristics of the soil also showed an association with
the degradation process, given that compaction, evidenced by the values of bulk density,
especially on the bed of the trails, contributes to the reduction in water infiltration and to
the increase in surface runoff. This, in turn, culminates in soil loss along the trails. Organic
matter content also contributes to the dynamics of this process; all results were higher at
the edges of the trails compared to those obtained in the respective beds, and these contents
affect soil erodibility.

Intrinsic pedological and climatic factors, such as soils with coarse texture and intense
rainfall in concentrated periods, also contribute to the evolution of the monitored erosion
processes. The presence of sand and silt fractions and low levels of clay in the soils from
the bed of the trails, for example, contribute to soil loss, especially when accompanied by
compacted soils and by concentrated rainfall in specific periods.

This collective evidence shows the need for management and recovery actions for
degraded areas along these trails through strategic management actions and improvement
of their physical–chemical attributes, whether through the incorporation of organic matter
or the construction of steps.

Finally, it is concluded that the obtained data can be fundamental tools for identifying
environmental weaknesses or potential, as well as supporting actions aimed at planning
and managing trails for public use in conservation units, especially when these protected
areas are in high demand for public use and have intrinsic environmental characteristics
that favor the triggering of environmental degradation processes.
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