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Preface

The productivity of crops is strongly influenced by properties of the subsoil, but 
surprisingly little attention is paid in agronomy, crop science and soil science to the 
identification, alleviation, and management of subsoil constraints. The last book on 
the subject was published 27 years ago by Jayawardene and Stewart (1994). 
However, a recent survey of high-impact soils journals reveals that in the last three 
decades 73 % of 1,146 published papers did not even mention soil depth, and of 
those that did, the average depth of soil investigation was only 27 cm (Yost and 
Hartemink 2020). Hence, the present literature continues to be dominated by studies 
of topsoil and a neglect of the subsoil. The present volume is intended to increase 
the focus of soil and crop research on subsoil constraints. It is intended to inform 
agronomists and crop scientists of the advances in knowledge about subsoil proper-
ties and their management and inspire a new generation of researchers to focus on 
the subsoil and the alleviation of the subsoil constraints to crop production.

The study of subsoil constraints for crop production depends on a deeper under-
standing of root systems, and their exploration of the soil profile including the sub-
soil. The other component of subsoil constraints derives from a knowledge of the 
subsoil properties themselves. In the present volume, chapters examined acidity, 
salinity and other salt-related constraints, nutrients, soil physical constraints, sandy 
and gravel subsoils, and soil biological constraints.

Subsoil constraints are particularly relevant in rainfed agriculture where deep 
roots are critical for accessing plant-available stored water and nutrients. Indeed, up 
to 75% of N, 85% of P and 70% of K may be acquired from the subsoil if root 
growth is not constrained. Subsoil constraints result in water and nutrients resources 
not being utilised, or being under-utilised, by plants during the growing season. 
Alleviation of subsoil constraints represents a promising untapped opportunity to 
increase crop productivity, and in doing so, to enhance food security.

One of the limitations to improved alleviation and management of subsoil con-
straints is the limited delineation of where such constraints occur. In specific areas, 
subsoil constraints have been mapped, and there are technologies being developed 
to alleviate these constraints, for example, in southern Australia. In most parts of the 
world, such information is lacking. Hence, researchers and policymakers are not in 
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a position to articulate the potential impact of research on subsoil constraints or to 
identify the best places to undertake research and technology development.

The present volume arose from a short course that was run at the Federal 
University of Vicosa, Minas Gerais, Brazil, in 2016. The short course was the inspi-
ration of Professor Bob Gilkes, who conducted pioneering research on a range of 
subsoil constraints in agricultural and post-mining land in south-west Australia, 
Brazil, and Thailand over many decades. Recognising similarities between the 
deeply weathered regoliths in southern Australia and in south-east Brazil, he pro-
posed the short course to increase awareness of, and increase research on, subsoil 
constraints. Following the short course, it was agreed that a book on the subject was 
needed, and the present editors agreed to undertake that task after Springer agreed 
to publish this volume.

In both Australia and Brazil, the development of vast areas of land for agriculture 
has depended on soil science to identify subsoil constraints and develop technolo-
gies to alleviate these constraints. Hence, we decided that the book chapters would 
be written as collaborations between Brazilian and Australian authors, and we have 
been able to accomplish that with most of the chapters. However, the subject of 
subsoil constraints has a much greater global relevance. Large areas of deeply 
weathered regolith occur across tropical regions in Latin America, Asia and Africa 
and also in many other parts of the world due to past climatic influences. These 
areas are prospective regions for the identification of subsoil constraints and the 
application of the technologies reviewed in the current volume. Our aim is to high-
light the opportunities for increased crop production by alleviating subsoil con-
straints and to inspire agronomists, crop scientists and soil scientists to develop 
programmes of research on subsoil constraints across the globe.

Viçosa, MG, Brazil Teogenes Senna de Oliveira  
Murdoch, WA, Australia  Richard Willian Bell   

Preface
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Chapter 1
Introduction to Subsoil Constraints 
for Crop Production

Teogenes Senna de Oliveira and Richard Willian Bell

Abstract Most investigations of edaphic processes are confined to the topsoil even 
though plant roots explore a much greater volume of soil than the topsoil. However, 
plant growth is commonly restricted by adverse physical, chemical, or biological 
properties of subsoils or combinations of such constraints. Testing surface soils 
does not reveal these limitations, and hence their significance in crop and soil man-
agement is often ignored. There is growing body of research on the impact of sub-
soil constraints on crop production. To synthesize the insights from this body of 
knowledge for soil scientists, agronomists, and land managers so that due attention 
is given to the subsoil in soil, crop, and land management, we have commissioned 
the 15 following chapters dealing with subsoil constraints for crop production.

Keywords Soil management · Tropical soils · Roots · Alkalinity · Salinity · 
Nutrient acquisition · Mined areas · Compaction · Sandy subsoils · Gravelly 
subsoils · Soil water storage · Soilborne pathogens · Water acquisition · Soil biota

1.1  Introduction

There is growing body of research on subsoil constraints for crop production. Many 
new insights have emerged since the book of Jayawardene and Stewart (1994). We 
think it is timely to synthesize this body of knowledge for soil scientists, agrono-
mists, and land managers so that due attention is given to the subsoil in soil, crop, 
and land management.

T. S. de Oliveira (*) 
Soils Department, Federal University of Viçosa, Viçosa, MG, Brazil
e-mail: teo@ufv.br 

R. W. Bell 
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Agriculture in large tracts of land in both Brazil (e.g., the Cerrado region) and 
Australia (e.g., the Southwest Wheatbelt) was substantially hampered until research 
led to the development of technologies to alleviate or manage subsoil constraints. 
Hence, this book is primarily a joint production of Brazilian and Australian authors 
and draws much of its material and insight from studies and agriculture in these two 
countries. However, subsoil constraints are much more widely distributed than just 
Brazil and Australia. By drawing attention to the consequences of subsoil con-
straints for crop production, we aim to stimulate researchers worldwide to give this 
subject greater attention.

The subsoil in this book is considered to be the layers of the root zone below 
where soil sampling and soil analysis are generally focused. It approximates to 
below the A1 horizon in soil profile descriptions. In practice, subsoil corresponds to 
soil below 10, 15, or 20 cm depth, depending on the soil sampling conventions of 
the region. In much of southern Australia, for example, soil sampling is confined to 
0–10 cm. The layer that is normally investigated as the topsoil often coincides with 
the plough layer also. However, in much of the cropping land in Brazil and southern 
Australia where zero tillage or minimum soil disturbance is the predominant means 
for crop establishment (Kassam et al. 2019), the plough layer is no longer a suitable 
surrogate for defining topsoil. However, even in zero tillage, the placement of fertil-
izer is rarely more than 10 cm deep, and with pasture lands and perennial crops 
(coffee, fruits, wood species, etc., irrigated or not), deeper layers than 10 to 20 cm 
are generally not disturbed or sampled.

1.2  Overview of Subsoil Constraints Chapters

The book was divided in six parts, each one with related chapters. Most of them 
have Australian and Brazilian authors writing about the same theme and drawing 
together the research, experience, and realities of the subsoil constraints in the agri-
cultural environments in those countries. The main parts of the book involve the 
following: (i) Natural Constraints in Subsoils (Part 1); (ii) Chemical Subsoil 
Constraints (Part 2); (iii) Physical Subsoil Constraints (Part 3); (iv) Soil Biology 
and Biological Processes in Subsoils (Part 4); Biotic and Root Interactions with 
Subsoils Constraints (Part 5); and Conclusion and Remarks (Part 6).

In Chap. 2, Schaefer et al. (2022) review the geological, geomorphological, cli-
matic, and hydrological background on the global nature of tropical regoliths and 
hostile subsoils showing that most regoliths and subsoils in the tropics are polycy-
clic and their properties may not be directly attributable to the present-day climates 
because of inherited features from past climatic conditions. Deep regoliths vary in 
constitution, depending on the parent rocks, but evolve to two basic forms that are 
dominated by kaolinitic/bauxitic or Fe-rich ferricrete materials. A novel map of the 
distribution of Brazilian regoliths according to depth to the lithic contact is pre-
sented. The authors also discuss key roles that climate and geological structure play 
in subsoil deepening. To understand the formation of regoliths in the Brazilian 

T. S. de Oliveira and R. W. Bell
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landmass, all types of tropical alterations are classified according to the geochemi-
cal processes. The authors highlighted Oxisols as the main representative of deeply 
weathered and saprolite-derived soils, whose chemical, physical, and mineralogical 
properties reflect prolonged weathering and chemical denudation. Moreover, the 
nature of saprolites has a definite impact on soil constituents, irrespective of biocli-
matic conditions. A framework of the major groups of rocks and their association 
with soil-landform and regolith attributes was used for a broad discussion on the 
chemical and physical limitations of hostile subsoils. The importance of subsoils 
and regoliths, their genesis, and environmental implications were discussed in a 
broader perspective, incorporating hydrological, pedological, and environmental 
interactions, focused on practical applications of this knowledge.

Subsoil constraints can be chemical, physical, biological, or combinations of 
them (Lynch and Wojciechowski 2015), but often combinations of multiple physical 
and chemical constraints occur in a single soil profile.

The second part of the book deals with chemical constraints which include acid-
ity, high extractable Al, high extractable Mn (Butterly et al. 2022, Chap. 3), alkalin-
ity, salinity, sodicity, boron toxicity (Rengasamy et al. 2022, Chap. 4), low nutrient 
availability (Ma et al. 2022, Chap. 12), and pyritic subsoils (Souza and Abrahão 
2022, Chap. 5).

Butterly et al. (2022) (Chap. 3) note that while many soils are naturally acidic in 
the subsoil, others have acidified due to land use and fertilization practices that 
altered the carbon and nitrogen cycles in soils. Acid subsoils (pHH2O <5.5) which are 
common in many agricultural systems reduce productivity because crops and pas-
tures fail to achieve water- and nutrient-limited potentials, particularly when top-
soils dry out, such as during spring in Mediterranean environments or during 
summer in tropical environments. The process of acidification is generally linked to 
nutrient depletion, soil fertilizer reactions, and by root physiological processes 
involved in nutrient absorption. A key challenge with subsoil acidity is to achieve 
cost-effective amelioration. Direct incorporation of lime and other amendments into 
subsoil layers is likely to be effective but is costly and time-consuming and may 
expose soil to erosion and promote organic matter mineralization. Some machinery 
is available in the market for deep incorporation, but their use is not common in 
rural properties. A great deal of research and effort has been focused on finding the 
most effective materials and methods to ameliorate acid subsoils with minimal or no 
soil disturbance. Lime, gypsum, calcium oxide, organic amendments, and biologi-
cal solutions have been tested. Combined incorporation of lime and organic materi-
als could be the most effective, since it provides ameliorative and nutritional benefits 
as well as improved soil physical conditions. As with many subsoil constraints that 
are not amenable to economic amelioration with soil treatments, crop breeding 
appears as an interim solution by developing cultivars with increased tolerance to 
the subsoil acidity, which has shown positive outcomes. However, acidity covers a 
range of soil constraints, and correct diagnosis of the specific limitations or combi-
nations of limitations in a subsoil (Al toxicity, Mn toxicity, low P, Ca, Mo, or Mg) 
is critical to the development of suitable tolerant cultivars, management, or amelio-
ration approaches.

1 Introduction to Subsoil Constraints for Crop Production
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In Chap. 4, Rengasamy et  al. (2022) examine processes leading to alkalinity, 
sodicity, B toxicity, and salinity. These chemical constraints may occur individually 
in subsoils, but commonly they occur together in combinations in subsoils 
(McDonald et  al. 2012) and can be interrelated: accumulation of salts, salinity, 
directly affects crop physiology, while the composition of the ions which deter-
mines sodicity and alkalinity also affects soil physics and biology, causing direct 
and indirect interference with crop performance. The potential to accelerate the 
intensity of these processes through inappropriate management is high and, in some 
cases, creates outcomes that are not viable to correct. Formation of different types 
of saline soils, the role of cations in relation to soil structural stability, the iron defi-
ciency and toxicity effects due to sodicity and alkaline pH, and the possible man-
agement of these constraints are also discussed in this chapter. The co- occurrence of 
B toxicity, sodicity, and alkalinity in subsoils has seriously hampered attempts to 
develop tolerant germplasm with increased yield potential on such soils in southern 
Australia (McDonald et al. 2010) and northeastern Brazil. Multispecies and peren-
nial crop systems could help to reduce the intensity of the salinity- sodicity- alkalinity 
processes especially those associated with high water table.

Nutrient acquisition in the subsoils is covered by Ma et al. (2022) in Chap. 12. 
The widespread emphasis on soil testing in the topsoil (0–10, 0–15, 0–20 cm) means 
that there is limited understanding of when and where low nutrient levels in the 
subsoil are a primary cause of deficiencies limiting crop production. While the sub-
soil is generally lower in available nutrients and organic matter than the topsoil, 
there is strong evidence that nutrient acquisition from the subsoil can contribute 
significant amounts of N, P, and K taken up by crops. The subsoil nutrient levels are 
particularly important in rainfed (cereal or grains) and tree crops (e.g., eucalyptus 
and coffee). Crops rely on stored subsoil water for growth after topsoils have dried, 
and, in such cases, the crop may be entirely dependent on the subsoil for uptake of 
nutrients such as P after the topsoil has dried (e.g., Kabir et al. 2015). There are 
challenges with amelioration and management of subsoil nutrient limitations. Some 
farmers in Brazil are using deep subsoiling with nutrient and liming application to 
improve productivity, which promotes better water and nutrient uptake in droughts 
or during short periods without rain during the rainy season. The better mechanical 
support promoted also increases crop resistance to strong wind, which may become 
more significant as climate changes. However, the crop responses to increased sub-
soil nutrient levels are not always economic as shown by modeling of K response by 
Scanlan et al. (2015). Field diagnostics and methods for identification of subsoil 
nutrient constraints were reviewed. For nutrients such as Zn, Mn, and B, which are 
immobile in the phloem, a low level of plant available nutrients in subsoil directly 
limits root growth. Hence, not only is the uptake of that nutrient impaired, but also 
water uptake from the subsoil may be depressed (Nable and Webb 1993; Grewal 
et al. 1997). Nutrient acquisition from subsoil will be limited by other constraints 
such as subsoil acidity, alkalinity, sodicity, toxic B, salinity, anoxia, and the physical 
impediments to root growth such as compaction, high bulk density, pans, gravels, 
and deep sand. Ma et al. (2022) focus on plant uptake of N, P, K, S, and micronutri-
ents from subsoils and review the evidence for enhanced subsoil nutrient uptake by 

T. S. de Oliveira and R. W. Bell
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fertilizer placement, nutrient localization, rhizosphere modification, and genotypic 
variation in subsoil nutrient uptake.

The last chapter of Part 3 is about pyritic subsoils in acid sulfate soils and mined 
areas with sulfidic rocks which represent a special case of subsoil acidity  
(Souza and Abrahão 2022, Chap. 5). Acid drainage is one of the most dangerous and 
costly environmental problems that reduce soil and water quality. Souza and Abrahão 
(2022) review the processes by which drainage of naturally pyritic subsoils or oxida-
tion of sulfidic waste materials produces subsoils with chemical constraints associ-
ated with extreme acidity and/or toxicity. The range of constraints and amelioration 
practices applied to these cases are commonly different to those used in acid agricul-
tural soils. On mine sites, there is capacity to apply much more expensive solutions 
than would be affordable in agricultural soils. Field diagnostics and methods for 
identification of subsoil constraints are particularly important for pyritic subsoils 
since the best management practice for such landforms is often to avoid disturbance 
or change in soil hydrology and their negative consequences over large areas. 
Avoidance depends on accurate surveys to delineate the locations of potential acid 
sulfate soils. Sampling and laboratory analyses can be used to predict the acidifica-
tion potential so that necessary land management practices can be applied.

Part 4 covers the physical limitations in subsoils which include poor or negligible 
subsoil structure, compacted layers, or dense pans that restrict root penetration in 
the subsoil in agricultural, forest, or mined areas (Oliveira and Fernandes 2022, 
Chap. 6; So et al. 2022, Chap. 7) or very sandy or gravelly subsoils that do not pro-
vide adequate water or nutrient storage (Scanlan et al. 2022, Chap. 8). The cited 
subsoil constraints can be both inherent properties of the soil profile or induced by 
crop and soil management practices. Examples from agriculture, from forestry 
(Oliveira and Fernandes 2022), and from mined land (So et al. 2022) are used to 
illustrate the diversity of natural and induced subsoil constraints for crop produc-
tion, their origin, and amelioration practices to reduce subsoil physical constraints 
as well chemical constraints that occur in the same profiles in some cases.

By restricting root growth in subsoils, physical constraints limit plant available 
water storage and access by roots to both water and nutrients. Oliveira and Fernandes 
(2022) address the subject in the Chap. 6, considering the origin and pedological 
conditions that cause natural pans or compaction, as well as the mineralogical and 
microscopic alterations due to land use that contribute to compaction. Natural and 
induced processes are compared in terms of how they contribute to the subsoil con-
straints. Oliveira and Fernandes (2022) also review amelioration methods and plant 
responses including economic benefits of treatments. Field diagnostics and methods 
for identification of physical subsoil constraints were reviewed considering agricul-
tural and forest lands.

A specific cause of induced physical subsoil constraints is on mine sites and 
mineral-processing residues (tailings) that can be attributed to trafficking by heavy 
machinery especially on the floor of mine pits and associated transport routes or by 
the deposition of well-sorted materials that pack to high density. In Chap. 7, So et al. 
(2022) discuss pans and compaction layers and high bulk density materials that 
limit soil water storage and access by roots on mined land and mineral-processing 

1 Introduction to Subsoil Constraints for Crop Production
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residues. The range of physical constraints is illustrated by examining contrasting 
mine substrates from the mining of iron ore and bauxite mining. The chapter exam-
ines amelioration practices and how the physical status can change with time as 
illustrated by a long-term experiment conducted in a bauxite mined area.  
This experiment tested a range of practices and strategies to rehabilitate the mined 
area, including surface and subsoil preparation, the return of the original topsoil, 
and fertilization to determine the most economical form of restoration for family 
farmers in the important Atlantic rainforest ecological area of Brazil. Unlike agri-
cultural and forestry land use, the rehabilitation of mined areas to remove subsoils 
constraints, so that the land is fit for the designated post-mining land use, is subject 
to legal and contractual agreements.

Deep sands and subsoils with a large proportion of gravels (>30%) limit subsoil 
plant available water storage as well as root density and function, water uptake, and 
nutrient acquisition from subsoils (Scanlan et al. 2022). Sand and gravel subsoils 
can both constrain root growth although the mechanisms differ. Root growth is con-
strained in sand subsoils by factors such compaction and aluminum toxicity that are 
often induced by land use practices. The impact of gravel subsoils on crop growth 
depends upon on the penetrability of the gravel layer by crop roots. For impenetra-
ble gravel layers, the properties of the topsoil will have the greatest influence on 
crop growth. For penetrable layers, root depth or length decreases as gravel content 
increases. On the other hand, deep sands can have some advantages compared with 
some other soil classes. They do not strongly adsorb applied nutrients, and normally 
they also have good conditions for crop mechanization especially when they occur 
on flat land. Sandy soils are receiving increasing attention in Australia and Brazil, 
as well around the world. Scanlan et  al. (2022) review the use, amelioration, 
management, and plant responses on deep sands and subsoils with a large propor-
tion of gravels as well as the economic benefits of treatments applied.

Part 4 and 5 cover the biological constraints by harmful soil organisms (Moura 
et al. 2022, Chap. 9) and the function and interactions of roots and biotic compo-
nents in the subsoils (Costa and Coutinho 2022, Chap. 10; Moreira et  al. 2022, 
Chap. 11; Vance and Milroy 2022, Chap. 13) as well the interactions between soil 
fauna and regoliths and their role in subsoil formation (Schaefer and Oliveira 2022, 
Chap. 15), sometimes with repercussions on the crop productivity. Most studies of 
soil biology and biological processes are conducted on topsoils, and there has been 
limited consideration of their significance in subsoils in the literature.

Chapter 9 from Moura et al. (2022) deals with soil pathogens of different groups: 
bacteria, fungi, oomycetes, and nematodes. It describes the characteristics of the 
soilborne pathogens, their geographical distribution and host range, favored growth 
conditions, typical symptoms, and plant damage. They cause diseases on most 
important species of plants, and almost all crop plants are susceptible to one or more 
species of soilborne pathogens. These pathogens cause a wide range of symptoms, 
and the damage caused to the plant can include death of germinating seeds and 
seedlings, rotting of roots, blocking of xylem, soft rot, deformation, and necrotic 
lesions on stem bases. The losses caused by these biological constraints are huge, so 
their mitigation is essential. However, it is necessary to diagnose the specific cause 
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in a given area to take the most appropriate control measure. Control measures, like 
the use of chemical compounds or products based on biological agents, are reviewed. 
On the other hand, beneficial soilborne bacteria and fungi are central to the perfor-
mance of most plants. The review of Moreira et al. (2022) (Chap. 11) describes the 
main groups of symbiotic and free-living organisms and explores how they contrib-
ute to plant and soil health in managed and natural ecosystems. Opportunities for 
enhancing beneficial plant microbe interactions in the subsoil deserve scrutiny par-
ticularly as crop productivity is becoming more dependent on subsoil moisture with 
declines in rainfall in many parts of the world. Effective rhizobium in subsoil are 
responsible for nodulation which in some dryland crops like pigeon pea is an impor-
tant source of symbiotically fixed nitrogen with active nodules formed as deep as 
50 cm (Kumar Rao and Dart 1987). There is scant information, however, on whether 
beneficial bacteria and fungi can persist and enhance root function in subsoils.

Crop root architecture and their response to adverse subsoils (e.g., rhizosphere 
modification) affect plant growth and tolerance to nutrient and water deficits. Costa 
and Coutinho (2022) review the depth, distribution, activity, and architecture of 
roots across a diversity of root systems in agricultural, forestry, and native species. 
The authors examine how roots are affected by subsoil constraints and how they can 
contribute to alleviating subsoil constraints. They review the root systems of widely 
cultivated species and their response to physical and chemical constraints, particu-
larly in subsoils. For most agricultural and horticultural species studied, roots are 
concentrated in the top 20 cm depth, but 20–30% of the root system commonly 
grows below this depth. Physical restrictions caused by soil compaction reduce root 
biomass, density, and length, besides limiting root exploitation depth. Some species 
such as rapeseed and black mustard may alleviate soil compaction, making the sub-
soil more suitable for roots of other crops. Plant root systems are negatively affected 
by constraints that are not always present in the topsoil such as excess of soluble 
aluminum, heavy metals, and salts. However, deficiencies of N, P, K, as well as 
micronutrients also impair subsoil root growth. Mechanized tillage systems, more 
tolerant genotypes, association with soil microorganisms, exudation of organic 
acids by roots, and adequate nutrient supply are among the strategies that allow for 
better root development and function, enabling improved crop growth in soil with 
subsoil constraints.

The acquisition of water from subsoil is critical to crop productivity in rainfed 
and drought-prone environments. In Chap. 13, Vance and Milroy (2022) review 
strategies used by plants for water acquisition from subsoils and how physical and 
chemical constraints and modification of roots architecture and rhizosphere alter the 
efficiency of water uptake. The physical subsoil constraints impair crop water use 
either through effects on water availability or the ability of the roots to access the 
water. The resultant impact on crop water use is modulated by the amount and dis-
tribution of rainfall, the soil’s water holding capacity, and the depth and severity of 
the constraint. That subsoil constraints influence crop water uptake is generally well 
understood, but one aspect that still needs clarification or quantification concerns 
processes of water transfer in subsoils from the bulk soil to the roots’ vascular ele-
ments. Also, there are knowledge gaps regarding the link between water uptake at 
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the scale of the crop or the soil profile with the influence of agronomic management 
on pore size distribution, continuity, and stability in terms of their influence on root 
system development: these gaps limit understanding of the water acquisition by 
crops. Simulation models that integrate the effects of variable access to water in dif-
fering soil types and climatic zones can help to quantify the agronomic importance 
of subsoil constraints in the context of interannual variation in rainfall distribution 
at specific locations.

Root activity is also closely related to the deep storage of soil organic carbon in 
subsoils (Sangmanee et al. 2022, Chap. 14). Soils with deep roots (meters deep) are 
located in most continents of the world particularly where there is deep regolith. In 
some cases, roots up to 40 m have been recovered (Dell et al. 1983). Plant roots are 
the primary source of carbon in the entire soil profile, and their presence explains in 
large part the deep stores of soil carbon (Harper and Tibbett 2013). Long after land 
is deforested for agricultural and other pursuits, significant portions of this root 
biomass persist. Hence, deforestation, commercial logging, pests, and fires have left 
behind considerable root biomass at the global scale, but estimation of the deep root 
biomass and carbon dynamics is challenging in deep soil and regoliths that may 
reach tens of meters deep (Schaefer et al. 2022). This chapter explores deep soil 
carbon from the perspectives of definition, source, and persistence of deep soil car-
bon; methodologies available to study deep soil carbon; and the effect of land use 
change on deep soil carbon.

The last chapter from Part 5 (Schaefer and Oliveira 2022) reviews the effects of 
biota on the regolith which operate at scales from the smallest organisms (bacteria) 
to the largest living ones (big trees). The authors examined how biological agents, 
especially roots, ants, and termites, play a key role in regolith and subsoil formation, 
highlighting the processes of pedoturbation, microaggregate genesis, chemical 
reactions in the rhizosphere, and soil morphological organization. The biological 
turnover of soils through the action of termites and ants was discussed, emphasizing 
its importance in the long-term evolution of tropical soils and subsoils.

Finally, all chapters are summarized and synthesized in Chap. 16 by Bell and 
Oliveira (2022) to highlight the significance of subsoil constraints and their impor-
tance in land use. The chapter identifies the key gaps and research questions that 
remain about subsoil constraints and techniques that can ameliorate subsoil 
constraints.
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Chapter 2
The Geological, Geomorphological, 
Climatic, and Hydrological Background 
of Tropical Regoliths and Hostile Subsoils: 
The Brazilian Landmass

Carlos Ernesto Gonçalves Reynaud Schaefer, José João Lelis Leal de Souza, 
Fábio Soares de Oliveira, Guilherme Resende Corrêa, 
and Elpídio Inácio Fernandes Filho

Abstract In this chapter, we first describe the global nature of tropical regoliths, 
showing the remarkable differences with temperate latitudes counterparts. It is shown 
that most regoliths and subsoils in the tropics are polycyclic and not directly attribut-
able to the present-day climates because of inherited features from past climatic con-
ditions. The Brazilian land surface has one of the deepest regolith mantles at a 
planetary scale, resulting from a long-term evolution under terrestrial conditions and 
warm, tropical climates within a tropical latitudinal belt since the Jurassic. Depending 
on the parent rocks, this deep regolith is varied in the constitution, but mature pre-
weathered sediments are commonly observed throughout the country. The two basic 
subsoils (kaolinitic/bauxitic and Fe-rich ferricretes) are described, and we offer a 
fresh perspective on the Brazilian view of these common tropical regoliths. We pres-
ent a pioneering map of the distribution of Brazilian regoliths according to depth to 
the lithic contact, estimated from soil surveys. It indicates that the shallowest depths 
are found on resistant rock belts, especially along the quartzitic Espinhaço Range and 
scattered areas on granites and quartzites in the southern Amazon. The main area of 
shallow saprolites is those on granites and migmatites/gneiss from the semiarid 
northeast. Thus, climate and geological structure are essential for subsoil deepening, 
and most of the Brazilian landmass is dominated by much deeper subsoils, reaching 
depths exceeding 20 m of rotten rocks. To  understand the formation of regoliths in 
the Brazilian landmass, we present all types of tropical alterations classified accord-
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ing to the geochemical processes. The allitization, monosiallitization, bisiallitization, 
and ferrallitization are defined and exemplified in Brazil, showing their relationship 
with current and past climatic differences. We highlight Oxisols as the main repre-
sentatives of weathered and deep saprolite- derived soils. Their chemical, physical, 
and mineralogical properties reflect prolonged weathering and chemical denudation, 
and the nature of saprolites has a definite impact on soil constituents, irrespective of 
bioclimatic conditions. The vast distribution of deep regoliths in the tropical domain 
is associated with extensive aquifers, mainly under sandy formations of the Paleo-
Mesozoic basins. For a broad discussion on the chemical and physical limitations of 
hostile subsoils in Brazil, we used the framework of the major rocks found in the 
country and their association with soil-landform and regolith attributes. Finally, we 
believe that the importance of subsoils and regoliths, their genesis, and environmen-
tal implications must be discussed in a broader perspective, incorporating hydrologi-
cal, pedological, and environmental interplays focused on practical applications of 
this knowledge. Therefore, we argue that regoliths and subsoils are now recognized 
as an essential part of the critical zone.

Keywords Critical zone · Subsoil definition · Tropical soils · Tropical weathering

2.1  Introduction

Across the entire tropical belt, anybody unfamiliar with their landscapes, upon 
arrival, will be taken by surprise by the widespread and astonishing exposure of 
deep, colorful regoliths and associated subsoils, in striking contrast with the com-
mon greyish and pale landscape images of the temperate zones. This lively and 
vivid impression for the newcomer to the tropics betrays one important aspect of 
this zone: the long-term pre-weathered nature of its tridimensional regolith body 
and the very ancient, pre-Quaternary memory of its formation, under varying cli-
matic conditions (Fig. 2.1). It is a tropical land print and characteristic signature, 
and its recognition is key for understanding the far-reaching consequences of these 
extraordinary, deep subsoils for many practical aspects of everyday life.

The intertropical belt has experienced a long period under warm, seasonally wet- 
dry climates that left a stable product in the form of a deep lateritic weathering 
profile, sometimes reaching the most insoluble end product – an Al(OH)3 blanket, 
which is rich in secondary minerals gibbsite and boehmite and generically named 
bauxite (Fig. 2.1). Bauxites are, thus, widely distributed across the intertropical belt 
and may even occur at subtropical latitudes, like in southwestern Australia, where 
they are inherited from past tropical paleoclimates during the Cenozoic, when 
Australia was located at lower latitudes, experiencing warmer and wetter climates 
(Butt et al. 2000). Indeed, paleoweathering conditions and tropical-like paleosols 
are found in many non-tropical latitudes. With the development of calibrated dating 
of weathering profiles, several studies point to past weathering formations and 
paleoenvironments. For example, Cecil et  al. (2006) used (U-Th)/He 
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Fig. 2.1 The classical illustration of regolith development along varying latitudes and the miner-
alogical paragenesis of each layer, with an approximate depth

thermochronology to date the exhumation history of the Sierra Nevada, California, 
indicating that a lateritic paleosol accompanied a period of tectonic stability during 
the Eocene when conditions were wetter and warmer (> 5 °C) during this period 
(Yapp 2008). Along the same line, Retallack (2007) concluded that general wet/
warm conditions existed in the northwest and west-central North America based on 
paleosol features from the Eocene to the Miocene, and later in the Pliocene, just 
before the Quaternary glaciations.

Climate and biological factors drive the regolith producer reactor, and tropical 
latitudes have the deepest subsoil development (Fig. 2.1). In contrast, coniferous 
vegetation releasing organic acids of high acidification potential is key for the tem-
perate deepening of sandy regoliths underneath boreal forests. Deep subsoils in the 
form of saprolite, either bauxitic or kaolinitic, are typical of all tropical countries 
located within the belt, from south America to central Africa, from peninsular India 
to Indochina, finally, to the Indo Malayan region and Australia (Figs. 2.1 and 2.2).

There, classical lateritic profiles are developed, forming very mature secondary 
minerals (Fe and Al oxides, kaolinite) and abundant quartz. Whenever indurated by 
long-term seasonal oscillations of oxidizing and reducing conditions, these weath-
ering profiles may evolve into hardened laterites, ironstones, or ferricretes, as indi-
cated by the prominent role of Fe oxides in promoting stable weathered mantles 
protected by Fe cementation, in some cases. These ironstone crusts occur through-
out the tropics, especially in the wet and dry zones, with little formation/

2 The Geological, Geomorphological, Climatic, and Hydrological Background…
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Fig. 2.2 The distribution of highly weathered subsoils containing exploitable Al hydroxides, in 
the form of bauxite, a key resource for many tropical countries. When found outside the tropical 
belt, like spots in Russia, Europe, and Southern Australia, they represent paleoweathering profiles, 
with stable subsoils dating back to Early Cenozoic, or even older (Fig.  2.3), either by climate 
changes (warm Eocene is a classic example) or tectonic movement towards high latitudes (like 
Australia moving southwards during the Cenozoic). (After Beckmann 1983)

preservation under more arid climates and progressive destruction under superhu-
mid climates under dissolution conditions. In West Africa, for example, ferricretes, 
in the form of petroplinthite or “ferruginous courasse,” are found along a latitudinal 
belt, with progressively decreasing depth and degree of Fe cementation towards the 
Sahara Desert (Fig. 2.3). Therefore, subsoils cemented by Fe oxides are climate- 
driven features and depend on seasonally wet and dry climates, where they form to 
the maximum extent.

The Australian landforms and regoliths are controlled by deep weathering on a 
tectonically stable block and widespread etchplanation under a long-term climate 
evolution from wet to dry during the Cenozoic (Fig. 2.4). In this illustration, shallow 
weathering zones (grey areas) only occur where the present-day climate is too dry 
and arid to allow water infiltration and reaction, and previously weathered sub-
strates from past wet climates have been stripped by erosion. However, most desert 
landscapes are now on pre-weathered sediments exposed to long-term erosional 
processes. On the other hand, deep weathering and ferricrete (ironstone) are particu-
larly found on the Yilgarn Craton in the Southwest and on the moderately wet zones 
of the Northeast (Queensland, mainly). In Fig.  2.5, different types of Australian 
subsoils were selected, ranging from pre-weathered subsoils to young, poorly 
drained areas with 2:1 cracking clays of transitional zones of northeastern and 
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Fig. 2.3 The distribution of a deep lateritic weathering profile with kaolinite and bauxite and the 
latitudinal range of a continuous blanket of indurated laterites (ferricretes) towards dry savanna 
areas (southern Sahel), whereas to the south of Conakry-Bouake, ferricretes disappear under wet-
ter climates, being replaced by Ferralsols (Latosols, Oxisols). As aridity increases towards the 
northern Sahara zone, ferricretes are not formed at all. (After Beckmann 1983)

eastern Australia. These illustrations clearly show many areas of high weathering 
where the present-day climate does not favor it, so pre-weathering is the rule of 
most Australian landscapes. In the Quaternary, most Australian landmass has been 
subjected to arid conditions, and wind erosion became a dominant process across 
the Australian landscape (Figs. 2.4 and 2.5).

Large areas of the world, especially the broad tropical to the subtropical zone 
between latitudes 40° north and south, are characterized by a thick regolith cover, 
with varying mineralogical assemblages. Much of this regolith is residual and con-
sists of intensely weathered bedrock, but there may also be an overlying component 
of colluvial transported material (Butt and Zeegers 1992), also weathered to varying 
degrees. The regolith is most extensive in continental regions of low to moderate 
relief, such as the Precambrian shields and adjacent and overlying Phanerozoic 
sedimentary basins, of South America, Africa, India, South East Asia, and Australia. 
It may be present also in old residual mountains and steep slopes from any tropical 
zone, subjected to gentle/moderate neotectonics.

Consistently, deep regolith is absent from tectonically active and mountainous 
areas, and thick residual regolith is also generally absent from very arid terrains in 
the tropics and subtropics, such as the Sahara and Arabian deserts. However, 

2 The Geological, Geomorphological, Climatic, and Hydrological Background…
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Fig. 2.4 (a) A basic general classification of Australian landforms and subsoils (after Hubble et al. 
1983). (b) The sand dunes and their main directions across Australia indicate strong wind ablation 
and erosion on the tectonically stable landmass. (After Beckmann 1983)
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Fig. 2.5 Different types of subsoils in Australia, based on Hubble et  al. (1983), selecting and 
highlighting (a) the spatial distribution of 2:1 cracking clay regoliths; (b) Fe-rich concretionary 
soils/ferricrete on pre-weathered regoliths; (c) massive, deep kaolinitic regoliths; and (d) well- 
structured, microgranular kaolinitic/oxidic regoliths. In the bottom map (e), the deep sandy rego-
liths of the desert and semi-desert areas indicate the Quaternary (Pleistocene) trend of arenization 
and desertification of Central and Western Australia. Carbonate-rich subsoils of the southern terri-
tory are not shown. (After Beckmann 1983)

2 The Geological, Geomorphological, Climatic, and Hydrological Background…
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Fig. 2.6 The Precambrian bauxitic and kaolinitic deep regolith from the Timan Mts in Russia is 
one rare example of pre-Paleozoic deep weathering reaching high bauxite grade (modified after 
Diomina and Iatskievitsch 1982 quoted in Bardossy 1982). The erosion surface that truncates the 
bauxite paleosol is certainly pre-Devonian, and one of the oldest worldwide is overlying a deeply 
weathered terrain

transported materials, including fluvial deposits and sand dunes, are widespread 
(Butt and Zeegers 1992).

Concerning South America, the Brazilian land surface possesses one of the deep-
est regolith mantles at the planetary scale, representing the effect of a long-term 
evolution under terrestrial conditions and warm, tropical climates within a tropical 
belt since the Jurassic. This usually deep regolith has a much varied constitution, 
depending on the mineralogical and physical nature of the parent rocks from which 
they formed, but in general is composed of mature pre-weathered sediments (quartz-
ous sandstones and mudstones, mainly). Elsewhere, deep regoliths dating back from 
the Precambrian can be found, with preserved alteration and soil features (Nikitina 
2016; Bardossy 1982) (Fig. 2.6). From now on, we shall examine the nature of sub-
soils and regoliths in greater detail, emphasizing Brazil.

2.2  Regoliths and Subsoils

Regolith is broadly defined as the set of unconsolidated or secondarily cemented 
materials overlying rocks. Its formation is related to surface processes, such as 
weathering, pedogenesis, erosion, transport, and sedimentation, and therefore, soils, 
saprolites, and various deposits, such as fluvial, colluvial, glacial, and surface 
organic accumulations or ashes, can be considered as regoliths. The regolith is in 
situ or eluvial when the material derives directly from underlying rocks’ physical 
and chemical weathering. If erosion operates upon the unconsolidated materials, 
they can be transported and deposited in new environments, being classified as 
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Fig. 2.7 Representative regolith profile, with saprolith (saprock; saprolite) and pedolith (subsoil; 
solum) zones. A, B, and C indicate soil horizons. (Drawing by Henrique Machado)

transported regoliths (Scott and Pain 2009). Regardless of whether it is in situ or 
transported, regolith is an expression of the interaction between lithosphere, hydro-
sphere, atmosphere, and biosphere (Taylor and Eggleton 2001).

The soil can be understood as the upper part of regolith, but the two terms are not 
synonymous. Soil genesis is related to the interaction between several environmen-
tal factors (Jenny 1941), resulting in physical, chemical, and biological transforma-
tions (weathering) of original materials (rocks, sediments, organic materials) and 
the formation of new arrangements and structures (pedogenesis). Since pedogenesis 
always occurs in situ, soils represent a testimony of current and/or past environmen-
tal conditions in which they occur.

The concept of subsoil1 here adopted is understood as part of the pedolith not 
directly influenced by exposure to the atmosphere and biosphere. The regolith is 
divided into two main units: saprolite and pedolith (Fig. 2.7). Saprolite incorporates 
portions in which rock structures are conserved (saprock) and portions in which 
such structures begin to be disintegrated by the progress of mineral changes. In 

1 This definition varies from the agronomic version defined by Bell and Oliveira (2022) and used in 
other chapters of this book.
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saprocks, pseudomorphism (for euhedral minerals) or alteromorphism (for anhedral 
minerals) (Delvigne 1998) produces volume conservation (isovolumetric weather-
ing) (Millot and Bonifas 1955; Nahon 1991) through the genesis of box-works. The 
passage of the rock to the saprolite occurs by alteroplasmation, in which chemical 
weathering is the main process. The pedolith, in turn, consists of the subsoil and the 
solum and is profoundly affected by biological factors. The subsoil comprises the 
transition zone between the structures formed by the alteroplasmation and those 
associated with the pedoplasmation, marking the fringes of pedogenesis. It is in the 
subsoil that the mobile zone is established, being strongly linked to the role of biota. 
Solum is composed of horizons A, more enriched in organic constituents, and the B 
horizon, which is often used to classify soils because it is considered to hold the 
maximum expression of the pedogenesis.

Pedogenesis can also form secondary cemented horizons, which are commonly 
found in tropical regions. In the lateritic profile model, the rock is transformed into 
a deep pale zone, which changes upwards to a mottled zone until the formation of 
the upper cemented crust (Fig. 2.7). The crust (ferricrete, silcrete) is usually massive 
in its lower portion and is fragmented towards the surface, reflecting its current 
degradation. The alteration of the crust (ferricrete, silcrete) will give rise to the soil. 
The subsoil, in this case, would incorporate not only the upper portion of the mot-
tled zone but also the entire crust and its different facies.

2.3  The Brazilian Regoliths

The Brazilian territory is geologically complex, and the regoliths resting upon the 
parent rocks have varying mineralogical and physical compositions, usually domi-
nated by very stable secondary minerals. The country is in an old and stable conti-
nental landmass, representing the main segment of the South American Tectonic 
Plate (Ab’Saber 1956; Barbosa 1966; Almeida et al. 2000; Schaefer 2013). A rapid 
examination of the geological structure of the South American Plate (Fig. 2.8) dis-
tinguishes two fundamental segments of the continental crust: (i) to the west, the 
young, Cenozoic Andean orogenetic zone, comprising an elongated north-south, 
“S” shaped, belt, coinciding with the current collision belt between the Nazca, 
Pacific, and South American Plates, and (ii) to the east, the much older, vast Brazilian 
landmass (cratons, mobile belts, and basins), where much older continental crust 
rocks, and derived sediments, are relatively undisturbed by late tectonics, although 
the eastern coastal sector represents an active divergence zone from the neighboring 
African plate (Fig. 2.8).

Thus, the Brazilian territory is the oldest and most stable part of the South 
American continent and encompasses several distinct structural sub-provinces of 
great interest for understanding the evolution of regoliths and the Brazilian land-
scape, in general. The so-called structural provinces, a modified structural model of 
Brazil, proposed by Almeida et al. (1976, 2000), can be adopted here, assuming 
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Fig. 2.8 The basic geotectonic framework of South America indicates that deep weathering is 
concentrated on the Brazilian craton and mobile belts and derived Phanerozoic basins, all con-
nected by sea through the Paleozoic

some generalizations on a small scale adopted, allowing a broad understanding of 
the nature of subsoils.

Brazil can thus be divided into four distinct structural zones, so-called (i) cra-
tons; (ii) Precambrian mobile belts; (iii) Paleozoic sedimentary basin; and (iv) 
Meso-Cenozoic sedimentary basins (Fig. 2.9b). As clearly indicated in Fig. 2.9b, 
most Brazilian highlands are concentrated in the southeastern region, where neotec-
tonic uplift in the Neogene (Miocene to recent) has taken place.
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Fig. 2.9 (a) A digital elevation model of Brazil, highlighting the high altitudes (> 1000 m) of the 
corresponding Atlantic mobile belt (Schaefer 2013). (b) The basic structural geotectonic of Brazil, 
showing the framework of structural provinces (cratons, orange; mobile belts, pink; Paleozoic 
sedimentary basins, yellow); (Data from Schaefer 2013)

According to depth to the lithic contact, the distribution of regoliths in Brazil was 
estimated by data obtained from soil surveys throughout the country for the first 
time to produce a general picture of Brazilian subsoil conditions (Fig. 2.10). The 
shallowest depths are found on resistant rock belts, especially along the quartzitic 
Espinhaço Range and in some scattered areas on granites and quartzites in southern 
Amazon. However, the main area of shallow saprolites is those on granites and 
migmatites/gneiss from the semiarid northeast. Thus, climate and geological struc-
ture are the keys for subsoil deepening, but most of the Brazilian landmass is domi-
nated by much deeper subsoils, reaching depths exceeding 20 m of rotten rocks 
(saprolites). These saprolites reach amazing depths in some places, like in the 
Carajás (Amazon) and Iron Quadrangle, where more than 300 meters of subsoil are 
commonly observed.

2.4  Long-Term Weathering and Brazilian Subsoils

The map illustrating the regolith depth to fresh rock, shown in the previous Fig. 2.10, 
does not distinguish the two main types of weathered mantles that cover the country. 
The two basic types (kaolinitic and ironstone) are described in the following sec-
tion. They are part of a broader cover of unconsolidated Late Cenozoic sediments, 
which geologists have difficulty distinguishing and mapping from a pure pedologi-
cal cover (Fig. 2.11) and are normally associated with deeper regoliths (Fig. 2.10).
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Fig. 2.10 The approximate regolith depth in Brazil is based on data obtained from soil surveys 
throughout the country and compiled by C. Schaefer

2.4.1  The Kaolinitic Mantle

In the great majority of the Brazilian landmass, a “kaolinitic mantle” (sensu Millot 
1983) prevails, either on crystalline basement rocks (gneiss, granites, migmatites) 
or on Cenozoic clayey sedimentary rocks. This so-called lateritic mantle (Lato 
sensu) is composed of kaolinite, quartz, and secondary Fe and Al oxy-hydroxides in 
lesser amounts. According to Boulet et al. (1998), this kaolinitic mantle in the tropi-
cal zone under contrasting seasons (up to 7–8 months of dry season) lacks a pedo-
climatic equilibrium under present-day dry (or super humid) climatic extremes, 
where it is interpreted as inherited from wet and dry tropical climates (Schaefer 
2013). Most kaolinitic subsoils under the Atlantic or Amazon rainforest are covered 
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Fig. 2.11 The Cenozoic sedimentary cover (mostly kaolinitic) matches the occurrence of three 
Paleozoic basins so that a structural control on its distribution is inferred. The recent Quaternary 
alluvium, however, is either associated with zones under intense post-Miocene tectonic move-
ments (Coastal Tablelands, Pantanal, and Araguaia basins) or to widespread alluvial sedimentation 
by extraordinary river systems (Amazon, Juruá, Purus, and Madeira rivers) (Schaefer 2013)

by deep Latosols, especially on the formerly forested zone of juxtaposed demi- 
orange hills and hillocks. Whenever the parent rock is more resistant to weathering, 
like in coarse-grain plutonic granites, inselbergs emerge from the dissected plateau, 
a common feature across the entire tropical belt, like in the Manhuaçu region of 
Minas Gerais (Fig. 2.12).

Most Brazilian soils and subsoils are kaolinitic, but in some cases, they can be 
degraded. The pedological transformations of the kaolinitic mantle, under superhu-
mid climates, involve strong acidification, clay destruction, and particle migrations, 
all accompanied by microstructural changes, with a decrease of soil volume (up to 
30%), collapse, and formation of the deep residual sandy mantle (Schaefer 2013). 
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Fig. 2.12 Deep kaolinitic soils and subsoils on deep saprolites and resistant plutonic granites 
forming rocky crests and outcrops, in a highly dissected terrain at the “Mar de Morros” (Sea of 
Hills) in the Manhuaçu region, Minas Gerais State (Schaefer 2013). (Drawing by C. Schaefer)

These lateral transformations have been observed in Africa (Senegal and Cameroon) 
by Chauvel (1977) and Amazon by Andrade et al. (1997) (Figs. 2.13 and 2.14), with 
dissection of plateaus and development of lateral glacis (Chauvel et al. 1987). The 
progressive accumulation of skeleton grains and matrix disruption is accompanied 
by clay hydrolysis. If the climate turns drier, reworking these sandy mantles by 
eolian erosion gives rise to extensive dunes system and widespread peneplanation 
(Schaefer et al. 2020; Fig. 2.13).

2.4.2  Ironstone or Ferricrete Mantles

In Cerrado (Savanna) areas, kaolinitic or bauxitic mantles may possess an overlying 
ironstone cap in the form of hardened laterite (petroplinthite, canga, cuirasse, duri-
crust, ferricrete, ironstone), particularly if the bedrock is Fe-rich. They are very 
common on the top of old planation surfaces where soils have been stripped by ero-
sion, exposing the plinthite layer to irreversible induration. They also frequently 
occur along the steep slopes and scarps of high plateau due to lateral migration of 
Fe and further oxidation at the edges. In this case, they help preserve the upslope 
planated surface from erosion and dissection. Under forest (Capões, Fig.  2.15), 
these ironstones or ferricretes of rupestrian grasslands (Campo Rupestre de Vellozia) 
are progressively destroyed and form Latosols with loose petroplinthite fragments, 
called Fe concretions. These are the classical concretionary soils of Brazil. When 
formed under past or present-day conditions of poor drainage, they have nodular 
features and pisolites, normally rich in Mn and Fe, and occur on waterlogged bogs 
under a grassy cover (Campo Brejoso Nodular; Fig. 2.15).

Similar degradation processes of petroplinthite and ferricrete under humid tropi-
cal climates have been shown in studies in Upper Volta and Senegal, West Africa 
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Fig. 2.13 The biggest resistant granitic/gneiss massif in northern Amazon, the Serra da Mocidade, 
is surrounded by the largest tropical peneplain on Earth: the Rio Negro-Rio Branco white sands 
peneplain, where deep kaolinitic saprolite mantles are progressively degraded into a quartz-rich 
complex (Içá Formation), forming sandy hydromorphic plains, sandy alluvial plains, sandy dunes, 
and large alluvial fans along the mountain footslopes. These mountains possess the largest high-
land Amazon rainforest preserved, with deep weathering on gneisses and shallow soils on intrusive 
granites. Down the peneplanated landscape, Spodosols with Campinarana vegetation dominate. 
(Drawing by C. Schaefer)

Fig. 2.14 The lateral transformation of the kaolinitic mantle overlying granite/gneiss saprolites 
into a sandy, hydromorphic domain of Spodosols and Entisols (after Andrade et al. 1997). The 
black dots indicate the presence of petroplinthite in the subsoils or plinthite with mottling 
downslope. This pedological transition also forms a vegetation gradient, from Forest to 
Campinaranas. (Modified from Schaefer 2013. Drawing by C. Schaefer)
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Fig. 2.15 Typical sequence of Canga (ferricrete, ironstone) degradation with accompanying 
changes in vegetation and soils. These are the richest subsoils in terms of Fe contents, reaching 
values of >70% Fe2O3. (Drawing by C. Schaefer)

(Leprun 1979; Nahon et al. 1977), Brazil (Costa 1991; Schaefer 2013), and Australia 
(Hubble et al. 1983), illustrating their continuous evolution under contrasting cli-
mate conditions, leading to loss by degradation (Figs. 2.16 and 2.17).

Under seasonal climates, the initial iron accumulation does not attack the origi-
nal saprock structures and develops by filling voids and primary minerals’ epigen-
esis. Further evolution and pedological transformations lead to microstructuration, 
nodulation, and internal reworking and cementation. In some cases, with high Fe 
contents, these ferricretes can form meters of “ferruginous canga,” similar to a 
short-range transported agglomerate. Suppose climate (or microclimate) allows 
water accumulation and pedobioturbation by termites (mostly): in that case, the 
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Fig. 2.16 The evolution of Canga landscapes in Serra dos Carajás (ferricrete, ironstone) under 
contrasting climates in the last 50,000  years, based on different proxies. Latosol formation by 
intense pedobioturbation followed the onset of humid climates, and dry phases eroded most of the 
Latosols cover. (Drawing by C. Schaefer)

degradation occurs, and the lithoplinthic layer is transformed into a loose concre-
tionary layer (Figs. 2.16 and 2.17) under the iron dissolution, clay hydrolysis, and 
leaching, leading to the concentration of residual resistant ferricrete and quartz 
grains. Surface erosion by rain wash disperses the Fe concretions of colluvial nature 
in glacis or pediments. An ironstone landscape is leveled by the combined action of 
weathering, iron accumulation with constant volume, pedological restructuration, 
pedobioturbation, and development of surface leached horizons with volume losses.

2.4.3  Types of Tropical Alteration and Subsoil Formation

In trying to assemble all types of tropical alterations into classified geochemical 
types, Pedro and Melfi (1983) proposed the separation of two basic groups: (i) those 
suffering total hydrolysis and desilification and (ii) those of partial hydrolysis and 
desilification (Tables 2.1 and 2.2).

Hence, according to Pedro and Melfi (1983), the evolution of the tropical regolith 
under humid conditions leads to two main forms of paragenesis (Table 2.2) that 
represent the two basic types of subsoils in Brazil:
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Fig. 2.17 Gondwana ferricrete landscapes: two termite mounds are found on similar pre-Miocene 
ferricrete – (a) one in Gandarela (MG), Brazil, where shallow concretionary soils are transformed 
into Latosols under wet subtropical climate, and (b) at Tom Price, Pilbara (Western Australia), 
where shallow concretionary soils are transformed into deep Petric Plinthosols by pedobioturba-
tion process. In both cases, the old, pre-weathered Fe-rich saprolites (> 50 m deep) occur on simi-
lar Precambrian banded iron formation but very contrasting climates. (Brazil, humid tropical; 
Western Australia, aridic, desert)

 (i) The Al hydroxides-ferric hydrates paragenesis, in what is called ferralitization, 
with low to nill negative liquid charge (CEC) under sensu stricto ultraferraliti-
zation and high Fe contents (e.g., Canga).

 (ii) The ferric hydrates/kaolinite paragenesis, in what is called kaolinite 
ferralitization.

In many areas of the high altitude Atlantic mobile belts, kaolinitic (monosialitiza-
tion) and bauxitic (allitization) regoliths are controlled by the fracturing of resistant 
rocks and degree of desilification leaching, leading to kaolinite and gibbsite occur-
ring side by side in the same profile. One emblematic example, long recognized in 
the Brazilian highlands, is the Itatiaia massif, where shallow soils occur under sub-
tropical to temperate climates. These soils are developed from alkaline rocks 
(syenites) of Late Cretaceous age, one of the largest plutonic intrusions in Brazil 
(Fig. 2.18).

Only under dry semiarid tropical climates do limited areas of sialferritization 
occur, especially when drainage conditions are not good. In semiarid Brazil, how-
ever, kaolinite ferralitization is more common.
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Table 2.1 The main geochemical types of tropical alteration and resulting subsoils

Evolution of 
aluminosilicate 
minerals

Degree of 
hydrolysis Total hydrolysis Partial hydrolysis
Silica 
geochemistry

Total desilification Partial desilification

Neoformed 
minerals 
(general type)

Aluminium 
hydroxides (allites)

Clay silicates (siallites)

Mineralogy Gibbsite Al(OH)3

Boehmite γ-AlO OH
Kaolinite 1:1 Smectite 2:1

Geochemical 
process

Allitization Monosiallitization Bisiallitization

Geochemistry 
of alkaline and 
earth alkaline 
cations

Total desalkalinization Partial 
desalkalinization

Evolution of 
ferromagnesian 
minerals

Mineralogical 
types

Amorphous ferric hydrates (ferrihydrite) 
and crystalline compounds (hematite 
αFe2O3 and goethite αFeO OH); some 
maghemite

Ferric smectite 
(Nontronite)

General 
evolution of 
parent rocks

Geochemical 
process

Ferrallitization Sialferritization
Ferrallitization
Sensu stricto
(Ultraferrallitization)

Ferrallitization 
Sensu lato
(Kaolinite 
ferralitization)

Characteristic 
paragenesis

Gibbsite-ferric 
hydrates (Oxidic type)

Kaolinite-ferric 
hydrates 
(Kaolinitic type)

Smectite (Al-Fe)

Modified after Pedro and Melfi (1983)

Table 2.2 The pathways of regolith evolution in ferrallitization in tropical conditions

Evolution 
pathways

Characteristic 
mechanisms

Corresponding 
phenomenon Genesis conditions

Relations 
with the 
pedoclimate

Homogeneous Close association 
clay/iron/
skeleton – 
pedoplasmation 
bonding

Ferrallization Well drained – Humid Zonal 
evolution

Heterogeneous 
with 
segregation

Demixture 
clay-iron 
skeleton-plasma 
separation

“Laterization” 
s.l.

Alternating Alternating 
wet and dry 
seasons

Seasonal 
evolution

Alternation of 
humid drained 
periods and 
waterlogged 
periods (free 
ground water)

Modified after Pedro and Melfi (1983)
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Fig. 2.18 (a) Itatiaia massif in southern Brazil and associated regoliths. Bauxitic and kaolinitic 
mantles occur side by side depending on drainage, slope angle, vegetation, and fracturing/faulting. 
(b) At the footslopes of this large mountain massif, the correlative deposits form the Late Cenozoic 
Resende basin, where pre-weathered sediments, coming from upslope erosion, occur. The vegeta-
tion gradient closely follows the topography, and regolith depth and very shallow soils are domi-
nant under Paramos or cloud forests, whereas Araucaria forest and ombrophilous forest are related 
to deeper colluvial soils. (Drawing by C. Schaefer)

2.4.4  The Deep Subsoil Composition

The behavior of elements in tropical subsoils depends on the host rock’s mineral 
and chemical composition and relative mobility and retention under tropical condi-
tions (Table 2.3.). A good synthesis has been presented by Butt and Zeegers (1992), 
serving as a framework on which we have based our discussions, as follows.

Rock containing sulfides is one of the most unstable in humid, oxidizing environ-
ments, and S is strongly leached from the deep saprolite. Many insoluble elements 
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Table 2.3 Relative mobility and retention of elements in the regolith, with indication of hazards 
(bold, underlined)

Rocks/host minerals
Soluble and 
leached

Partly retained in secondary 
minerals

Soil/saprolite interface and upper saprolite

Metasedimentary with sulfides: As, Cd, Co, Cu, 
Mo, Ni, Zn, S, 
Al

As, Cu, Ni, Pb, Sb, Zn (Fe 
oxides), Al (gibbsite),

Igneous/metamorphic with muscovite Cs, K, Rb Si, Al (kaolinite)
Schists and hydrothermally altered 
metamorphics with chlorite, talc, and 
amphiboles

Mg, Li Fe, Ni, Co, Cr, Ga, Mn Ni, Ti, V 
(Fe, Mn, and Ti oxides)

Pellitic sedimentary with smectites Ca, Mg, Na Si, Al (kaolinite)
Ironstone and ferricrete of varying 
composition (itabirite, jaspilite, and 
carbonatite)

Fe and trace 
elements

Al, Cr, Fe, Hf, Ga, Nb, REE, 
Th, Ti, V, W, Zr (depending on 
composition)

Limestone and marble with carbonates Ca, Mg, Mn, Sr Si, Al (kaolinite, gibbsite), Fe 
oxides

Lower saprolite

Igneous/metamorphic – Feldspars and 
plagioclases

Ca, Mg, Cs, K, 
Na, Rb

Si, Al, (kaolinite, gibbsite); Ba 
(barite)

Plutonic or volcanic mafic rocks –
ferromagnesians (pyroxene, olivine 
amphiboles, chlorite, and biotite)

Ca, Mg Fe, Ni, Co, Cr, Ga, Mn, Ti, V 
(Fe, Mn, and Ti oxides)

Carbonates and alkaline intrusions with 
apatite

Ca, Mg, Na, K U, Th, P (phosphates), Ti, Al 
(gibbsite)

Modified from Butt et al. (2000)

hosted by sulfides (e.g., Cd, Co, Cu, Mo, Ni, Zn) can be partially leached deep in the 
profile, although a proportion is retained in Fe oxides (Butt et al. 2000). Limestone 
and marble with carbonates are similarly highly susceptible to weathering, espe-
cially under wet, acidic environments, leading to strong Ca, Mg, Mn, and Sr leach-
ing. The insoluble weathering products are kaolinite and gibbsite.

Weathering in the lower saprolite destroys feldspars and ferromagnesian miner-
als, releasing soluble Na, Ca, and Sr, with Si and Al, retained as kaolinite/halloysite 
or gibbsite. Smectites are only stable in less drained or drier environments. K, Rb, 
and Cs will be leached if orthoclase or muscovite is present. Ba present in feldspars 
is released and precipitated as stable barite. Less stable ferromagnesian minerals 
(pyroxene, olivine, amphibole, biotite, etc.) are strongly altered and form Fe oxides, 
with retention of minor and trace elements (Ni, Co, Cu, Mn, and Ni) and losses of 
Mg and Si, partially retained in smectite (Mg, Si), kaolinite (Si), or quartz (Si).

Only the most resistant primary minerals persist at the upper saprolite, and less 
stable secondary minerals (smectites) are destroyed. If present in the host rock, 
serpentine and chlorite are weathered, but talc and muscovite may persist up to the 
surface. Ferromagnesian minerals host transition metals (Ni, Co, Cu, and Zn) in 
mafic and ultramafic rocks which are retained in the saprolite incorporated in 
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secondary Fe-Mn oxides. Limited leaching and redistribution of Ni, Co, and Mn are 
restricted to periods of poor drainage and reduction.

Most igneous and metamorphic rocks develop a bleached and mottled saprolite, 
where only quartz persists, whereas all primary minerals are destroyed. The insolu-
ble products are rich in Si, Al, and Fe, as kaolinite, quartz, Fe oxides (hematite and 
goethite), and gibbsite. The kaolinization of saprolites is most potent over felsic 
rocks, while mafic and ultramafic rocks usually concentrate Fe oxides and gibbsite.

In physical and morphological terms, the accumulation, partial dissolution, 
recrystallization, and pedoturbation of Fe oxides result in various features, like piso-
liths, nodules, tubules, and concretions. Micro or trace elements (Cr, Co, As, Ga, V, 
Cr, Ni) closely follow Fe oxides, due to substitution or coprecipitation. The same 
applies to the distribution of Zr, Hf, Th, Nb, Ta, W, rare earth elements, and Ti due 
to their relative chemical immobility (e.g., Zr and Hf in zircon; Ti in rutile and 
anatase).

2.4.5  Latosols and Similar Soils Overly Deep Weathered 
Saprolites in Brazil

Mostly Latosols (Oxisols), with oxic B horizons, dominate the Brazilian landmass. 
According to Schaefer (2013), most Latosols and associated Cambisols on deeply 
weathered saprolites in Brazil have very low CEC, and all charge is pH-dependent. 
The conventional procedure for measuring cation exchange capacity with neutral, 
1 N ammonium acetate, where pH is adjusted to 7, overestimates the real CEC at 
actual soil pH. In this case, Al3+ occupies most negative charged exchangeable sites, 
and allic soils are the rule (> 50% of Al saturation). As weathering advances towards 
almost complete leaching, kaolinite is replaced by gibbsite, and pH becomes higher 
by approaching the zero point charge of Al and Fe oxides. This is the case of the 
soils on itabirite, one of the oldest and deepest Latosols (Oxisols) worldwide.

Many Latosols have Bw horizons where pH in KCl is higher than pH in water, 
indicating a positive net charge. This is called “isoelectric weathering,” when leach-
ing is so intense that soil pH tends to drift to pH0. Prolonged leaching under warm 
and humid conditions leads to “weathering out” of constant surface charge miner-
als, and the pH of the soil solution drifts to pH0 of the insoluble residue.

The Latosols are comparable to Oxisols (USA) and “ferrallitic soils” (French 
system). They are broadly defined as having the following attributes: (i) complete 
weathering of primary minerals with the possible exception of some inherited min-
erals, mostly quartz and Ti/Zr-resistant minerals (the washing out of alkaline and 
earth alkaline bases and of the more significant part of silica); (ii) presence of the 
following secondary compounds formed in the soil (1/1 lattice clay minerals and 
oxy-hydroxides of aluminum and iron, both in crystallized and amorphous forms); 
and (iii) materials which are organized in A-B-C or A-(B)-C profile where the B 
horizon is usually thick (> 50 cm in depth) and contains the essential secondary 
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Fig. 2.19 The subsoil/regolith anisotropy in Brazilian highlands: strong textural difference with 
depth in two distinct soils/saprolites on gneiss (haplic Cambisol and red-yellow Latosol) (after 
Rezende 1980). The pedoplasmation front (Stoops and Schaefer 2018), where clay is formed by 
combined chemical, physical, and pedobiological processes, is clearly illustrated at the BC horizon 
depth (4 m) at the red-yellow Latosol

minerals quoted above, with less than 5% weatherable primary minerals. The A 
horizon is usually relatively thin with a low organic matter content, except if the 
climate (past and present) is (was) colder. The C horizon is normally very thick and 
contains a similar assemblage of secondary, weathered minerals. If igneous or meta-
morphic, it physically resembles the parent rock but can be easily crushed with the 
fingers. The isovolumetric weathering is the rule, and (iv) the following characteris-
tics are associated with this morphology: low cations exchange capacity, low sum of 
exchangeable base cations, medium to high Al saturation, and low pH.

After prolonged weathering and chemical denudation, the fresh parent rocks are 
generally absent in the tropical belt of Brazil, and the nature of saprolites has a defi-
nite impact on soil constituents, irrespective of bioclimatic conditions. Deep man-
tles of altered rocks are essentially formed by secondary minerals, irrespective of 
the richness of parent materials (limestone, shales, sandstones, siltstones, gneiss, 
granites) due to profound long-term losses of all soluble elements and silica. In the 
case of limestones, where a minor proportion of impurities occur, residual soils are 
formed by clays inherited from those impurities. On the other hand, quartzites and 
banded iron formations show a very low rate of weathering and erosion and form 
prominent landforms.

The clay content rises abruptly to the top, in the boundary between soils and 
saprolites, across varying lithologies, as illustrated by a classical study in Minas 
Gerais (Rezende 1980) (Fig. 2.19). Thus, soils and saprolites have contrasting tex-
tures, and saprolites are susceptible to erosion if exposed, since they have high silt 
content and no structural development. This is clearly shown by comparing the 
microstructure of saprolites and overlying Latosols under thin section, as illustrated 
in Fig. 2.20.
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Fig. 2.20 Micromorphology of BA (A, plain light), Bw (C and D, plain light), and Cr (saprolite) 
horizons (B, polarized light) of a deep weathered red-yellow Latosol from Rio de Janeiro at the 
Tijuca National Park. The microped structure is clearly seen on the oxic, latosolic horizon (Bw), 
whereas a welded structure is observed at the BA. In the saprolite, the porous isovolumetric weath-
ering of the gneiss left large silt-sized kaolinite pseudomorphs after biotite, Fe-minute particles 
dispersed, and quartz grains. The bluish color indicates the porous space formed by intense leach-
ing and deep weathering. (Schaefer 2018, Stoops and Schaefer 2018)

Dissected landforms are typical of the Atlantic Forest morphoclimatic domain 
where the widespread dissected and polyconvex hill pattern called “Sea of Hills” 
occurs (Ab’Saber 1996). According Ab’Saber (1996), landforms of the forested 
environment have (i) the general mamelonization (convex slopes) of the low and 
medium slopes in the mountainous regions forming rounded hills bordered by flu-
vial terraces and pediments on the bottom valleys; (ii) deep saprolites formed by the 
generalized decomposition of rocks; (iii) widespread presence of deep, overlying 
reddish-to-yellowish Latosols or related soils; (iv) buried stone lines formed during 
Quaternary climatic fluctuation; (v) the presence of inselbergs (“sugar loaves”) of 
granitic resistant domes with boulder fields (Fig. 2.21); and (vi) presence of alveolar 
upland plains in mountainous regions, perched valleys, and ill-drained headwaters. 
The drainage network is typically perennial and with high density of streams. To the 
west of Brazil, landforms become flatter and planated, as we move towards the 
transition to the savanna biome. The exceptions are the resistant sandstone or 
quartzite mountains, where regoliths are poorly developed and shallow soils domi-
nate. The Serra de São José (Fig. 2.22) is a typical example of very shallow soils and 
regoliths in a humid tropical landscape of resistant quartzites and metasandstones.
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Fig. 2.21 The topographic and structural control of regolith and subsoils in the Atlantic Forest 
Zone clearly show the important role of tectonics and block displacement in exhuming the resistant 
cores of granitic plutons, where regolith is much shallow and controlled by fracturing and faulting. 
(Drawing by C. Schaefer)

Fig. 2.22 (a) The quartzitic landscapes of the Proterozoic at São José Mountain Range (Tiradentes, 
MG State). The very shallow soils (Litholic Neosols  – b) are associated with quartzite, and 
metasandstone outcrops, representing the most resistant rocks under tropical weathering condi-
tions. The regolith is more developed on the metabasic rocks that occur as mafic dikes. Most water 
infiltration follows the fractures and faults since the overlying soils do not offer good permeability. 
The vegetation is a typical “Campo Rupestre” (rupestrian grasslands) with many endemic species 
of high conservation value
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2.5  Hydrogeological Characteristics of Deep Subsoils

The relationships between surface and subsurface hydrology of the Brazilian land-
mass and the nature and depth of associated regolith are diverse and interwoven but 
remain little explored and interpreted. The hydrogeology of this deeply weathered 
regolith in tropical landscapes is little understood but has direct practical implica-
tions for water management. All long-term processes that led to deep regoliths and 
chemically hostile subsoil formation have produced extensive groundwater reser-
voirs worldwide.

The Brazilian subsoils, like others from elsewhere in the tropics, have marked 
differences in groundwater recharge. In most sedimentary areas, the dominance of 
sandy substrates and deep strata promoted the formation of the largest aquifers in 
South America, at three main Paleozoic basins, as follows: (i) the Paleozoic Paraná 
Basin, with a Cretaceous sandstone cover on top; (ii) the Maranhão Piaui Basin, 
also with a similar overlying Cretaceous sandstone; and (iii) the Amazon Basin, 
partially covered with remnants of Cretaceous sandstones but largely capped by a 
Cenozoic clayey cover, called the Solimões Formation. The Cretaceous cover (Alter 
do Chão Formation) runs along both margins of the Amazon Valley, in the middle 
and lower sectors, with a vast groundwater reservoir (Fig. 2.23).

These large areas of deep sandy subsoils allowed the development of very large 
and extensive subterraneous water reservoirs, named the abovementioned basins. 
However, the Paraná Basin is best known as the Guarani Aquifer, one of the largest 
in South America and currently intensively exploited by urban centers and modern 
farms for irrigation. Other great aquifers in Brazil are the high tablelands of Espigão 
Mestre (between Tocantins and Bahia) and the Parecis (Mato Grosso), where highly 
intensive agriculture is taking advantage of groundwater for high productivity under 
irrigation. Both are associated with sandy subsoils and represent case studies where 
water uptake needs to be regulated to not exceed long-term water recharge before 
this groundwater resource is gone.

In fractured aquifers, the highest groundwater recharge is in Minas Gerais (sap-
rolites of Precambrian crystalline rocks) and Goiás and São Paulo State (mostly 
basalts metapellitic sediments). The highest productivity of the granular aquifers is 
found on sandstones of the Cretaceous age widely distributed across the continental 
sedimentary basins (Fig.  2.23a, b). Because of the limited expanse of limestone 
outcrops and subterranean groundwater karstic aquifers (except the Irecê and Apodi 
Plateau), we have mapped these with the largest fractured aquifers, since they are 
closely associated and most limestone are also intensely fractured.

As shown in the earlier section, the tectonically stable Brazilian cratons are usu-
ally poor aquifers, except when coated by Late Cenozoic sediments. However, deep 
chemical weathering has produced thick regoliths (overburden) in which extractable 
groundwater resources abound (Fig. 2.24). In this case, regional differences in par-
ent materials, climate, and/or spatial variations in weathering depth result in varying 
characteristics of regolith aquifers. The effects of these factors on the mode of 
occurrence of the zone of saturation in the weathered mantle and on the relationship 

2 The Geological, Geomorphological, Climatic, and Hydrological Background…



38

Fig. 2.23 (a) The hydrogeological map of Brazil, adapted from the original CPRM (2014) map-
ping, identifying granular and fractured (together with karstic) aquifers. (b) Illustrates the deep 
quartzose sandstones of Cretaceous age where groundwater productivity of granular aquifers 
is maximum

Fig. 2.24 The Upper Paranaíba Basin landscape is a model of a highland plateau of central Brazil 
with high groundwater recharge due to sedimentary covers. The erosion surface between the 
Precambrian Bambui Group (slates, shales) and the overlying cover of Cretaceous sandstones and 
tuffs also marks the level where deeply infiltrated water in a continuous aquifer discharges, form-
ing a myriad of draining watercourses along the steep slopes. Further upslope, a blanket cover of 
Canga (ironstone, ferricrete, petroplinthite) protects the highland plateau from widespread erosion. 
Latosols occur on top, while shallow Cambisols are dominant down slope. (Drawing by 
C. Schaefer)
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between saturated zone thickness and weathering depth have been reported for 
deeply weathered landscapes in Africa (Enslin 1943; Faniran and Omorinbola 
1980). While isolated groundwater compartments occurring in discrete basins of 
decomposition tend to characterize regolith aquifers in semiarid areas (Enslin 
1943), the zone of saturation in the regolith overburden is generally widespread or 
spatially continuous in the more humid low relief areas (Omorinbola 1984; Schaefer 
2013). Even in humid areas, local rainfall variations can be used to explain differ-
ences in the values of weathering depth threshold for the formation of a groundwa-
ter zone in tropical regoliths (Omorinbola 1984).

Probably the greatest challenge posed by the hydrogeology of the tropical belt is 
to obtain reliable estimates of the groundwater resources in the regoliths. A quanti-
tative evaluation would offer great opportunities for successful groundwater exploi-
tation schemes, especially in the rural areas where piped water is usually rare.

With increasing pressure on groundwater resources by irrigated agriculture in 
Brazil, there is a big challenge to quantify the groundwater resources in tropical 
Brazilian regoliths accurately. Limitations of indirect methods for evaluating 
groundwater storage within regoliths are due to many geohydrological peculiarities 
of deeply weathered tropical terrains. In this sense, Omorimbola (1984) suggests 
that direct methods of quantitative groundwater evaluation which utilize data on 
hydrogeological parameters of regoliths should be applied. The relevant parameters 
include the spatial pattern of regolith aquifers, the areal extent and thickness of the 
groundwater zone, and the porosity and specific yield of the saturated zone. 
Appropriate computational formulae based on these parameters must be used for 
evaluating the total and the drainable groundwater storage in the regoliths at a given 
point in time.

Despite the absence of substantial groundwater resources in the semiarid zone of 
Brazil, the presence of scattered remnants of Cretaceous sandstones, such as the 
case of Araripe plateau in the Cariri of Ceará state, makes the crucial difference that 
allows social development and promotes sustainable family agriculture. These are 
the so-called Brejos do Sertão, where Cretaceous sandstone groundwater is key for 
the human settlements downslope within the semiarid depression (Fig. 2.25).

2.6  Dating of Brazilian Subsoils, Age of Regoliths, and Rates 
of Denudation

As previously demonstrated, deep regoliths, saprolites, and soils are seen through-
out Brazil. Their ancient age is quite variable when considering the whole solum 
volume. In the upper part, most Latosols are younger than 10,000 years based on 
14C dating of soil organic matter, whereas the underlying saprolites have ages in the 
range of 5–10 MA up to 70–90 MA. One of the oldest regoliths on Earth, the Serra 
da Moeda and Gandarela (Iron Quadrangle), with a cap of ironstone on banded iron 
formation, reaches more than 250 meters of depth, and more than 70 MA of age, 
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Fig. 2.25 A block diagram of the Araripe plateau and the Cariri depression near Crato (Ceará 
State). Intensive sugarcane, maize, and beans cultivation on rich Vertisols or Chernosols on lime-
stone are possible only because of the groundwater resources that drain from the extremely poor 
Exu Sandstone Formation (with Latosols), upslope. (Drawing by C. Schaefer)

dating back to the Late Cretaceous (Fig. 2.26). The estimated erosion rate based on 
10Be dating is one the lowest worldwide, so that differential erosion and etchplana-
tion are the two basic processes of landform and landscape sculpturing. Most soils 
in Brazil are formed on weathered saprolites and do not retain any significant chem-
ical reserves, although they reveal subtle evidence of the lithological inheritance.

On the other hand, the role of differential chemical denudation in different rocks 
is marked, and the same area may produce strikingly different regoliths (Fig. 2.27). 
Based on careful measurements of dissolved products of weathering in monitoring 
sites across river catchments in highlands of Minas Gerais, Salgado et al. (2004) 
showed a large variation in chemical rates of weathering, varying from high denuda-
tion rates in limestone and carbonatic rocks (17–25  m My−1); medium rates for 
granite and gneisses, schists, and phyllites (4–10  m My−1); and lower rates for 
banded iron formation and quartzites (<1.5–5 m My−1). This highlights the remark-
able role of structural geomorphology and rock resistance in landscape evolution in 
highly weathered terrains. Mountains, in such cases, are the products of differential 
erosion, in which prominent reliefs are those with greater resistance to weathering 
and erosion.

The rate of subsoil formation remains poorly investigated. Geochemical tracers 
of soil erosion and regolith residence time are still little explored in Brazil. The 
denudation rates determined by in situ-produced 10Be concentration in sediments 
and soils vary between 9.0 m My−1, in plateaus of Central Brazil, and 30.2 m My−1, 
in highlands influenced by recent epeirogenesis. The higher denudation rates in 
highlands are attributed to by (i) humidity (because of orographic rains, the seaward- 
facing scarps of mountains exhibit mean denudation rates that are approximately 
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Fig. 2.26 The Gandarela Syncline and the associated deep regolith on banded iron formation, 
dating ages to Paleogene and Upper Cretaceous (Vasconcelos 1999; Spier et al. 2006). (Drawing 
by C. Schaefer)

Fig. 2.27 The double planation interfaces (surface and subsoil) in two different regoliths: (a) a 
shallow dystric yellow Latosol developed from quartzose schists from Coronel Xavier Chaves 
(MG) and (b) a deep red Latosol on metabasics from Lagoa Dourada (MG). The presence of abun-
dant quartz veins and layers in the first case promotes the formation of thick lag deposit of stone 
line made of quartz pebbles and cobbles at the border zone between soil and saprolite, whereas the 
pedoplasmation front in the metabasics is gradual, without stone lines, due to the complete absence 
of quartz. The high erodibility of both saprolites shows that road cuts should avoid exposures such 
as those and revegetation measures must be implemented immediately after the intervention

1.5 times those of the inland-facing scarps (Salgado et al. 2016)); (ii) the resistance 
of rocks (the drainages over more resistant rocks, such as granites and quartzites, 
had lower average denudation rates than those over schists and gneisses (Salgado 
et al. 2014)); and (iii) neotectonics (the decrease of the denudation rates in upper 
sediments suggests a reduction in intraplate tectonic activity beginning in the 
Middle Quaternary or earlier (Varajão et al. 2009)). On the other hand, the land-
scape of the deeply weathered soils derived from sandstones and mafic rocks in 
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Paraná Sedimentary Basin is very stable. Very low erosion rates indicate that the 
plateaus sustained by ferruginized deposits are being dismantled very slowly since 
the Late Miocene (Braucher et al. 2000).

2.7  Brazilian Subsoils: Hostile for What or Whom?

The nature of Brazilian subsoils and weathered rocks, forming part of the regolith, 
possess both lithologic and pedologic features. Hostile subsoils for agronomic pur-
poses may not be similarly unfavorable for geological and geotechnical uses and 
applications. Such is the case of bauxitic or ironstone saprolites, which are valuable 
assets for producing aluminum or iron ores while completely inhospitable for any 
agricultural use. Usually, pedogenic and lithological features found in weathered 
rock substrates can be identified and interpreted according to the specific interest, 
allowing a broad interpretation of these regoliths’ processes and environmen-
tal roles.

Graham et al. (1997) pointed out that lithogenic features (rock structure, texture, 
and composition) strongly influence weathering rates and resulting regolith charac-
teristics. Joint fractures provide rapid access for infiltrating water and roots, assist-
ing weathering. As rock weathering progresses, it develops microporosity, thereby 
increasing the water-holding capacity of the regolith, which further enhances weath-
ering and water availability for plants. Plant roots can penetrate the saprolite and 
locally change the nature of the weathered material, as clearly illustrated by bauxite 
hot spots concentrated around very old Jarrah trees in Western Australia. In less 
weathered rocks, roots follow fractures and bedding planes, creating high localized 
organic C concentrations that retain nutrients before they can be leached out, reach-
ing higher amounts than in overlying A horizons. Different organic acids and dis-
solved CO2 from dead, decomposing roots further promote weathering, whereas K 
uptake by living roots causes the degradation of biotite into vermiculite, further 
increasing weathering along with fractures and bedding planes. Root and faunal 
exploitation of the young saprolite progressively and eventually reduces the relative 
importance of lithogenic features, like galleries, channels, and macropores which 
are formed, helping conduct water more efficiently. Soluble products can be entirely 
removed by leaching, but suspended colloids only translocate down the regolith, 
forming argillans in fractures, abandoned root channels, and intergranular pores 
within the matrix.

These clay infillings and cutans (argillans) can be quite protected from physical 
disturbances down the regolith. With time, precipitate neoformed mineral phases, 
such as CaCO3 and opaline silica in semiarid/arid regoliths, can be helpful to prox-
ies to interpret past environmental conditions.
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2.7.1  The Nature of Brazilian Subsoils and Their 
Environmental Limitations

The Brazilian subsoils are directly related to the nature of the parent rock. For a 
broad discussion on the chemical and physical limitations of hostile subsoils in 
Brazil, we used the framework of the major rocks found in the country and their 
association with soil-landform and regolith attributes (Table 2.4). This useful group-
ing broadly follows the systems proposed by Resende (1988) and Resende et al. 
(2019), adapted by Schaefer et al. (2000), and finally published by Schaefer (2013).

According to Schaefer (2013), the mineralogical/chemical composition of the 
rocks is the basic attribute controlling weathering processes in the tropics. However, 
in many cases, we observe rocks with high vulnerability to chemical change remain-
ing little altered in the soil mass, forming boulders and blocks of granite, limestone, 
and diabase. In this case, structural compactness is the key factor in explaining the 
phenomenon since massive rocks resist water penetration, retarding the advance of 
weathering. The presence of fractures, faults, or banding (alternating minerals hav-
ing different resistances) leads to preferential deep water flow and the removal of 
soluble products. On top of that, plant rooting and the role of rhizosphere and soil 
fauna (termites and ants – see Chap. 15 this volume Schaefer and Oliveira 2022) 
make new pathways for water penetration through channels and galleries into the 
regolith, creating a complex network of large, connected pores and channels.

In Group 1 (Table 2.4), the soils developed from acid granitic rocks can be either 
shallow or deep, depending on the climate in which they form. Granites with smaller 
grain size when quartz rich are more resistant to weathering and tend to form rocky, 
bouldery outcrops under steep slopes in the form of rounded peaks. Faults or major 
fractures control the valleys, and surface erosion and landslides are frequent and 
severe. Yellow Latosols on top, yellow and red-yellow Argisols on midslopes, and 
dystric Cambisols occur in close association, the first two on convex slopes, while 
concave and steep slopes are usually associated with Cambisols under wet climates. 
In dry areas, Litholic Neosols, Planosols, and red-yellow Argisols are most repre-
sented, with lesser Luvisols. K is the only macronutrient in high amounts, whereas 
all others are very low and limiting. High silt contents make these subsoils prone to 
erosion. Eutrophic soils and subsoils are very uncommon, except in semiarid areas.

In Group 2, the soils developed from mafic rocks (rich in Fe-Mg minerals) form 
gentle, smooth landforms. They weather easily, depending on the compactness and 
fracturing (e.g., very fractured basalts versus compact diabase). Red Nitosols and 
red Latosols (Oxisols) are very common in the wet and dry zones, but yellowish 
soils also occur in wetter areas. Chernosols and Vertisols occur sporadically on dry 
areas. Volcanic rocks are generally far more vulnerable to weathering than plutonic, 
especially those formed at greater depth. The subsoils are not as deep as those on 
banded rocks but comparable to Group 1 (granites). Some subsoils attained a high 
degree of weathering, with bauxite-rich subsoils, but most are kaolinitic (monosial-
itic) and some even illitic/smectitic (bisialitic). Fresh basalt is uncommon in wet 
climates, and most regoliths are also very leached.
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Table 2.4 Grouping of rocks for pedological purposes with associated nutritional and 
environmental problems

Rock groups Characteristics
Nutrient/soil element

Erosion featuresHigh Low

1. Granitic Granites, granitoids, 
migmatites. 
Diorites; SiO2 
content>65%

K, Al, B, Si Ca, Mg, Fe, 
Mn, Cu, Zn, 
P, Co, Se

Rilling erosion 
common; gullies where 
deep and exposed 
Fe-poor saprolites 
occur (Cambisols)

2. Mafic Basalts, diabases, 
gabbros, diorites, 
tuffites. SiO2 content 
between 54 and 
65%

Ca, Mg, Fe, Cu, 
Si, Mn, Co, P 
(mostly) but 
depending on 
weathering 
degree

K, B, Zn Rilling erosion is 
common in basalts and 
tuffites (red latosols)

3. Pelitic and 
metapelites

Slates, phyllites, 
siltstones, muscovite 
shales, diamictites, 
mudstone, 
metassiltites

K, Si, and Al All other 
elements in 
general

Erosion depends on the 
slope of the sediments 
strata. Rilling and 
gullies are common in 
geological contacts and 
deeper saprolites, rich 
in silt. Strong sheet 
erosion in siltstone and 
mudstones

4. Arenitic Sandstones and 
quartzites

Depends on 
cement 
(ferruginous, 
carbonate, or 
siliceous); with 
full dominance 
of Si

In general, 
very poor, 
with very 
low P and Ca 
besides other 
elements

Rill erosion in the most 
friable Si-cemented 
sandstones; quartzites 
are extremely resistant

5. Ferruginous Banded iron 
formations, 
ferruginous laterites

Fe Other 
elements in 
general, 
especially P

Development of 
subterranean cavities 
between the crust and 
the saprolite; moderate 
rilling erosion in the 
deepest and most 
friable soils; resistant 
to erosion when 
cemented

6. Calcareous Limestone, marble, 
marl

Ca, Mg Fe, Cu, Zn, 
Mn

Common underground 
erosion by dissolution, 
soil collapse (dolines)

7. Recent 
alluvial

Sand, silt, clay, and 
gravel sediments

Very variable, no 
trend

Very 
variable, no 
trend

Severe sheet erosion; 
alluvial deposition and 
burial of topsoil; silting 
up in the drainage 
channels

(continued)
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Table 2.4 (continued)

Rock groups Characteristics
Nutrient/soil element

Erosion featuresHigh Low

8. Gneiss Mesocratic (rich in 
biotites) or 
leucocratic gneisses 
(with muscovite and 
rich in quartz) form 
two very distinct 
groups

K, Mg, Si, Al P, Ca, B Deep saprolites retard 
erosion, but muscovite- 
rich leucocratic 
gneisses give rise to 
very erodible soils and 
saprolites (rilling and 
gullying)

9. 
Conglomerate

Conglomerate, 
breccia, tillites

They are usually 
very quartz rich, 
poor in nutrients

Other 
elements in 
general

Gravelly and stony 
soils are less erodible, 
but it depends on 
topography and 
cementation

10. Organic 
sedimentary, 
peat bogs

Peat bogs, lignite All in general Other 
elements in 
general

Soils susceptible to 
subsidence by burning 
and degradation by 
cultivation and 
drainage. Extremely 
fragile systems

Source: Adapted from Schaefer et al. (2000), with data from Resende (1988) and Resende et al. (2019) 

Group 3 represents the very common acid and poor pelitic or metapelitic rocks, 
with shallow or deep soils and subsoils, depending on time, climate, and bedding. 
Red-yellow and yellow Latosols (Oxisols) are the most developed and leached, but 
the dystric Cambisols (Inceptisols) are far more frequent. When possessing horizon-
tal stratification, they offer more resistance. With advancing age, deeper soils are 
less rich in exchangeable Al, making the deep weathered Oxisols in this group less 
limiting chemically than the young Inceptisols, where exchangeable Al is always 
high. The subsoils are generally very hostile in terms of chemical properties, espe-
cially from toxic levels of soluble Al, and physically limiting. The exposure of sap-
rolites on pelitic rocks makes a kind of chemical desert difficult to rehabilitate. The 
vegetation growth is reduced, and erosion is usually more severe due to high silt 
content and little structural development. The only major nutrient in adequate con-
centrations is potassium, due to the presence of mica, amid the almost universal 
nutrient depletion in these rocks.

In Group 4, soils developed of quartz-sandstone rocks, landforms tend to be 
tabular in more friable and horizontally bedded sandstones, with relatively deep, 
sandy soils that are poorly differentiated in their morphology (weak B horizons 
development). Litholic Neosols, Quartzarenic Neosols, and Spodosols are particu-
larly common, all very dystric and nutrient-depleted. Landforms are steep and 
mountainous in more compact and resistant quartzite (metamorphic rock) with very 
shallow soils. Forest rarely occurs in this group, due to the combined strong defi-
ciencies of water and nutrients.

In Group 5, ferruginous rocks are associated with quartzite in the general high 
mountain scenery. However, soils are often iron-cemented, petroplinthic or 
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concretionary, and these concretions are stable, helping protect the soil from long- 
term erosion, under dry or seasonal climates. In humid seasonal, stable climates, 
these ironstone caps normally degrade, leading to loose concretionary Latosols 
(Oxisols) or Petric Plinthosols, showing various stages of degradation, ranging from 
a continuous petroplinthite layer (indurated laterite) (Costa 1991; Schaefer 2013) to 
scattered residual concretions, common in Fe-rich Oxisols (Latosols), as they form 
from the ironstone degradation.

In Group 6, the limestone rocks form deep reddish soils, well-drained but with 
surprising low Fe content (compared to mafic or ferruginous rocks). Drainage tends 
to be good, with a deep underground network of cavities, in more humid climates. 
Under dry climates, limestone outcrops may occur with more compact and resistant 
cores. The dominant soils are red Latosols where weathering is pronounced, but red 
Nitosols and Argisols also occur. The subsoils are not deep, since the insoluble 
products that form the shallow saprolites are derived from impurities present in the 
limestone, usually less than 10% of the total rock material. Under dry climates, 
Eutrophic Cambisols are common.

In Group 7, with Quaternary alluvial sediments, soils are always young, poorly 
developed, and little differentiated and with many morphological features (texture, 
organic matter content) inherited from the original sedimentary deposit. Chemically 
poor, mature alluvial sediments are the dominant types in Brazil, and Fluvic Neosols 
and Gleysols are remarkably dystrophic, except in the Amazon River floodplain, 
with an Andean source.

In Group 8, gneisses represent high-grade metamorphic rocks that cover a large 
extent in Brazil, with two basic types: the biotite-rich gneisses and schists, deeply 
altered in the humid regions, and relatively rich in iron, with a pinkish-red, well- 
drained, and very deep saprolite, covered by red-yellow Latosols (Oxisols) or dys-
tric Cambisols, usually under forest. Dystric red-yellow Argisols also occur. In the 
second case, leucocratic gneisses (rich in quartz and muscovite), soils are much 
poorer, yellowish, silt-rich, and prone to erosion. In both cases, however, there is a 
very deep saprolite development (alteration mantles or regoliths), which makes it 
difficult to link the current soil formation with rock, so deeply altered. The vegeta-
tion is less developed than in biotite gneisses, and dystric Cambisols and Litholic 
Neosols are more common. Under dry climates, Luvisols and Planosols are pre-
dominant, with some Eutric Litholic Neosols.

In Group 9, the conglomerates, depending on the nature (pebbly, gravelly, angu-
lar material, breccia, etc.) and the type of cement (Fe, Si, CaCO3), can have both 
nutrient-rich or nutrient-poor soils and subsoils. Litholic and Regolitic Neosols are 
the main soils.

In Group 10, the organic sediments in bogs that accumulated in inundated areas 
(peat bogs) form organic soils, with varying degrees of humification and preserva-
tion of the original constitution of the plant material. Deep organic soils are rarely 
met in Brazil, and their acid nature and high vulnerability to carbon emissions and 
losses preclude any intensive land use. Organosols and Humic Gleysols are the main 
soil types.
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2.7.2  Mineral Resistance to Weathering in Tropical Brazil

In terms of comparative mineral resistance to weathering, quartz is extremely resis-
tant. However, a long time exposure in a free leaching environment can result in 
strong removal of silica (Loughnan and Bayliss 1961), as evidenced by the deep 
saprolite of banded iron formation, or Quartzite caves in Ibitipoca State Park, in 
Minas Gerais (Dias et al. 2003). Feldspars have well-developed cleavage, easing 
hydrolysis. Plagioclases (Ca  >  Na) alter more easily than potassium feldspars 
(orthoclase>microcline). Kaolinite and gibbsite are the most common products of 
alteration of feldspars and depend basically on the drainage.

Pyroxene has good cleavage among the mafic minerals and is readily weathered, 
producing clay minerals and oxides. Amphiboles are more resistant than pyroxenes, 
especially hornblende, which can be found in moderately weathered soils in Brazil’s 
seasonal dry tropical areas (Albuquerque Filho et al. 2008). Micas, which have per-
fect cleavage in layers, are soft and easily broken, resulting in rapid hydrolysis, 
generating clay minerals; muscovite is much more resistant than Fe-rich biotite. 
Although not having cleavage, olivines are easily altered by their network of frac-
tures, exposing the inner structure to water penetration.

Among the carbonates, the most soluble of common minerals, dolomite is more 
resistant than calcite. More soluble than carbonates, sulfates are not common in 
soils or rocks in Brazil, requiring dry climate to remain stable. The weathered rock 
zone is a key, neglected part of the critical zone. Much more effort and research are 
needed to understand better how it evolves and functions in the environment 
(Graham et al. 1997).

2.8  The Way Forward: Regolith and Subsoils Within 
the Critical Zone (CZ) Concept

There is a clear need for a broader perspective on subsoils and regoliths and a meth-
odological shift to address the hydrological, pedological, and environmental inter-
plays focused on practical applications of this knowledge. In this respect, regoliths 
and subsoils are now recognized as an essential part of the CZ. The CZ is conceptu-
ally described as a feed-through reactor (Anderson et al. 2007), in which physical 
and chemical processes, coupled with biological factors, work together to transform 
and move (upwards, downwards, laterally) materials. The thickness of this reactor, 
the nature of the weathered product, and the solute leached or washed out are key 
attributes of the CZ. Also, the rate at which it is formed depends on the rate of mul-
tiple chemical, physical, and biological processes in the reactor (Anderson 
et al. 2007).

The geological memory is fully considered in the CZ concept. Long-term pro-
cesses operating from tectonic (faulting, jointing, fracturing) below the CZ have a 
role. Geomorphological processes at the slope scale (soil creep, rilling, gullying) 
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Fig. 2.28 A proposed model of critical zone system at Carajás Region, Amazonia (Schaefer et al. 
2015). Vegetation changes according to soils, topographical variations, and lithology, illustrating 
the close interplay between regolith and vegetation in this ecotonal region of Brazilian Amazonia. 
The implications for groundwater recharge can be discussed and help management plans for min-
ing operations and environmental conservation measures. (Drawing by C. Schaefer)

down to mineral scales (phase transformations, stresses, microcracks, neoforma-
tion) all drive the chemical weathering rate. All these processes combined, besides 
the key role of living organisms (the biological factor), control the residence time of 
the resulting material in the CZ. Also, they control the rate of water flow, groundwa-
ter recharge, size, and nature of primary or secondary mineral particles in the rego-
lith, all of which influence the chemical weathering flux and, conversely, are 
influenced by this flux (Fig. 2.28).

It is a challenge to integrate all aspects of the CZ and unravel the interplays oper-
ating over a range of scales. This requires a shift in the traditional research approach 
from one of correlating observations to one of understanding the mechanical and 
chemical processes, as suggested by Anderson et al. (2007). Departing from these 
measures and quantifiable parameters, one can model the CZ for different purposes.

There are three dimensions in the CZ volume. With reference to the third dimen-
sion, lateral transfers of soluble or suspended material through the CZ affect the 
nature of regoliths at a given depth. The lowest, deepest parts of the CZ may be quite 
stable, and subsoils may have reached a kind of steady state, with little changes over 
time. On the other hand, at the surface, geomorphic (slope) processes are fully rec-
ognized in the study of soil catenas, so that this dynamic part of CZ is key for inter-
preting recent environmental changes, especially those related to human-induced 
impacts (Fig. 2.29).

Many areas of the tropics have colluvial soils, a kind of pedological cover on the 
move, by transport processes collectively called soil creep that permanently move 
soil downslope, intensively affected by biotic or mechanical disturbances. The 
result of soil creep is the discontinuity between soils and saprolites, and the typical 
marker is a colluvial lag or stone line. Several models now track regolith produc-
tion, sediment transport, and chemical weathering on a hillslope (e.g., Mudd and 
Furbish 2006; Yoo et al. 2007). In a steady state, such models predict that the mean 
age of the soil column is uniform along the hillslope, so chemical evolution and soil 
age should not vary much with slope position. These models are not yet sophisti-
cated enough to capture the differences in hydrologic conditions downslope.

C. E. G. R. Schaefer et al.
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Fig. 2.29 Displaced subsoils and regoliths by human action. (a) The alluvial terrace of Carmo 
River just after the deposition of millions of tons of tailings from the Fundão Dam. (b) A Technosol 
profile formed only 5 days after the accident

Fig. 2.30 The regolith formation is based on a double planation process, in which the surface 
evolves under strong pedobiological working, with varying vegetation and climates. In contrast, 
the subsoil is formed by geochemical processes related to chemical and physical weathering, 
superimposed on a rock with geotectonic memory in the form of fractures, folds, and faults. 
(Drawing by C. Schaefer)
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Finally, regolith and subsoils are not steady, static entities and are permanently 
under dynamic stresses from changing climates, so a much more complex picture 
emerges. In general, it can be synthesized as follows, with shifts of tropical condi-
tions ranging from dry (left) to humid (right), emphasizing the key role of the bio-
logical factors, without which the tropical belt would not form its so distinctly 
singular CZ, regolith, and subsoils (Fig. 2.30).
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Chapter 3
Soil Acidity and Acidification

Clayton Robert Butterly, Telmo Jorge Carneiro Amado, and Caixian Tang

Abstract Acid subsoils (pHH2O < 5.5), which are common in many agricultural 
systems, reduce productivity because crops and pastures fail to achieve water- and 
nutrient-limited potentials, particularly when topsoils dry out, such as during spring 
in Mediterranean environments or during summer in tropical environments. 
Depending on soil type and management, acid soil horizons can occur in the subsur-
face (8–20 cm) or subsoils (>20 cm) making these difficult, slow and expensive to 
ameliorate. The mechanisms which cause soil acidification or intensify existing 
acidity in managed agricultural production systems and lead to the development of 
acid subsurface and subsoil layers are presented. Unless there are visible effects on 
root development, soil tests are generally required to identify and diagnose subsoil 
acidity. Growing acid-tolerant crops can overcome some of the limitations of soil 
acidity but does not solve the problem. Hence, the use of lime (CaCO3) is invariably 
required. Lime applied on the soil surface moves very slowly through the soil profile 
and is not suitable to ameliorate deep acid subsoil layers (>10 cm) in the short term. 
Surface applications of liming materials can create abrupt vertical fertility gradients 
and increase the susceptibility of plants to water stress, particularly in systems that 
use conservation agriculture. Consequently, direct incorporation of lime and other 
amendments into subsoil layers is likely to be the most effective but is costly and 
time-consuming and may expose soil to erosion and promote organic matter 
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 mineralisation. A great deal of research and effort has been focussed on finding the 
most effective materials and methods to ameliorate acid subsoils with minimal or no 
soil disturbance. Lime, gypsum, calcium oxide, organic amendments and biological 
solutions have been tested. Combined incorporation of lime and organic materials 
could be the most effective, since it provides ameliorative and nutritional benefits as 
well as improved soil physical conditions. Establishing cover crops on amended 
soils is advocated in Brazil to improve the physical condition of the soil profile. The 
continuous biopores formed by roots or macrofauna increase macroporosity and 
maximise water infiltration which is critical to achieve amelioration of subsoil lay-
ers. However, ameliorating acid subsoils may not always be practical and/or profit-
able, and it is better to take actions to minimise the rate at which subsoil acidity 
develops. Future development of cost-effective and integrative approaches is 
still needed.

Keywords Amelioration · Biopores · Cation/anion balance · Organic amendments 
· Subsoil acidity · Subsurface acidity

3.1  Introduction

Soil acidity combined with low plant nutrient availability is a major constraint for 
crop production in many parts of the world, particularly throughout the Asia-Pacific, 
Africa and South America. Acid soils (pHH20 < 5.5 or pHCaCl2 < 4.8) are estimated 
to cover 30% of the world’s land area and about 50% of that which can be used for 
food production (von Uexküll and Mutert 1995; Wang et  al. 2013). Importantly, 
many of these soils are also acid in subsurface (8–20 cm) or subsoil layers (>20 cm) 
(Paul et al. 2003; Scott et al. 2007). In most cases, acid soils have developed natu-
rally from either base cation-poor parent materials or in areas which have under-
gone extensive weathering and leaching (Sumner and Noble 2003). However, 
intensive management of agricultural systems has exacerbated soil acidification and 
ongoing pressures on land-use mean that many are becoming highly acid mainly in 
the subsoil. Assessing the extent, rate of acidification and severity of soil acidity is 
often difficult, particularly at depths >10 cm, due to the lack of monitoring. Also, 
traditional soil sampling depths (0–10, 10–20 cm, etc.) fail to sufficiently detect pH 
stratification within soil profiles (Condon et al. 2021). Furthermore, the rate of acid-
ification is highly variable depending on the soil type, farming system, fertiliser 
inputs, management and net primary productivity. In Australia, it is estimated that 
around 50% of agricultural land (50 M ha) has an acid topsoil and 23 M ha an acid 
subsoil (NLWRA 2001) occurring predominantly in areas used for crop production 
(de Caritat et al. 2011). Around 70% of Brazilian agricultural soils are also naturally 
acid, and while four decades of lime use has improved topsoil pH, extensive areas 
of subsoil acidity remain. Soil acidity is a critical issue in the Brazilian Cerrado, an 
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important crop production area that expanded from 7.4 M ha in 2000 to 20.5 M ha 
in 2016 and has a total potential agriculture/pasture area of about 205 M ha (Fageria 
and Nascente 2014). The cost associated with lost agricultural productivity by soil 
acidity in Australia was estimated at $1.6 G per annum (1997–2001) (Lockwood 
et  al. 2003) and is greater in recent years (Orton et  al. 2018). Reductions in the 
choice and performance of crop and pasture species ultimately impact the profit-
ability and sustainability of these systems.

Constraints on crop growth and performance are generally apparent at 
pHH20 ≤  5.5. Reductions in soil pH are associated with a number of important 
chemical changes (Meng et al. 2019). A fundamental change is the sharp increase in 
solubility and availability of Al3+ (below pHH20 5.5) and Mn2+ (below pHH20 5.5) 
which are phytotoxic. Aluminium binds to the surface of root tips, preventing elon-
gation and causing roots to rupture (Kopittke and Blamey 2016), and eventually 
inhibits cell division (Kochian et al. 2004). This Al3+ mostly occurs in the apoplast, 
with some moving to the symplast, but little is translocated to shoots in annual crop 
plants (Kopittke et al. 2016; Kochian et al. 2004). Manganese, an essential plant 
nutrient, accumulates in plant tissues in acid soils and interrupts key biochemical 
processes such as photosynthesis (Hue et al. 2001). Moreover, as soils acidify, their 
effective cation exchange capacity is decreased, and basic cations (Ca2+, Mg2+ and 
K+) are displaced into the soil solution making these susceptible to leaching. Hence, 
greater availability of Al3+ is also associated with it replacing Ca2+ as the dominant 
cation contributing to the effective cation exchange capacity. Crop growth in acid 
soils can also be limited by low availability of nutrients. Plant-available P is reduced 
via the formation of stable complexes with Al and Fe oxides. Low availability of Mo 
often limits legume performance. In tropical soils, low calcium and high aluminium 
levels constrain root and crop growth, decreasing nutrient uptake and water use 
efficiency with negative consequences for plant vigour.

Subsoil acidity primarily reduces the amount, distribution and function of plant 
roots. The uptake of water and nutrients from subsoil layers is restricted by shallow 
root growth, and plants do not achieve their water- and nutrient-limited potentials. 
This is particularly important in grain production systems and during dry periods 
when grain filling occurs in Mediterranean, temperate, tropical and subtropical 
environments. In addition to drought, symptoms of subsoil acidity at the paddock 
level are difficult to distinguish from other nutritional disorder such as P deficien-
cies. Closer examination of roots often reveals poor root development, characterised 
by stunted and thick roots, and poor nodulation of legumes. Reducing the develop-
ment of subsoil acidity is of paramount importance as it is orders of magnitude 
cheaper than trying to reverse the problem once it has developed. Considerable 
effort has been placed on the selection and development of acid-tolerant crops and 
pasture species (Ryan 2018). However, this approach is essentially adaptation to the 
problem rather than a treatment or long-term solution.

The processes contributing to soil acidification have largely been known for 
some time (Helyar and Porter 1989), and these have been reviewed for a number of 
regions, including the United Kingdom (Goulding 2016), South America (Fageria 
and Nascente 2014) and for dryland cropping systems of Australia (Slattery and 
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Helyar 2004). However, acidification and the development of acid subsurface or 
subsoil layers have gained less attention (Paul et al. 2003; Tang et al. 2013). In all 
cases, acidification of soil layers occurs via the spatial separation of acid-producing 
and acid-consuming processes in the soil profile. It is important to differentiate 
between the acidification of subsurface soil layers and further acidification of natu-
rally occurring acid subsoils. The later occurs deeper within the soil profile, remains 
acid for the entire root zone and is inherently more difficult to manage. In contrast, 
acid subsurface layers that have developed under agricultural management are gen-
erally shallower, occupy only a narrow soil layer and importantly often overlay 
subsoils which are not sufficiently acid to constrain root growth.

The benefits of lime (CaCO3) application for crop productivity are well estab-
lished (Liu et al. 2004), and this practice has been used for centuries to correct acid 
soils (Goulding 2016). However, the solubility of lime in water is low, and the dis-
solution of lime may be slow in climates with low rainfall and long dry periods. 
Less mechanical mixing of topsoils occurs under conservation agriculture (ca. 
180 M ha globally in 2015/16) which means reduced incorporation and slower dis-
solution of lime (Kassam et al. 2015). Residual surface-applied lime can only move 
down the soil profile once most acid in the topsoil is neutralised (pHCaCl2 > 5.5), 
and this requires high lime rates that are often agronomically unrealistic (Conyers 
and Scott 1989; Scott et al. 2000). In addition, it is likely to take a number of years 
(2–10) to achieve some amelioration of subsoil (Whitten et al. 2000). Surface appli-
cations of lime can effectively maintain adequate pH levels in the topsoil but lead to 
the development of abrupt transition between this layer and the non-ameliorated 
subsurface or subsoil layers. The stratification of pH is exacerbated in farming sys-
tems with reduced or no-tillage (Dalla Nora et  al. 2017b), and consequently the 
agricultural system is more vulnerable to climate change and variability, i.e. drought 
and high temperatures.

In general, further acidification of subsurface and subsoils has occurred in recent 
times due to insufficient lime application, increased crop yields and export of alka-
linity, soil erosion due to agricultural intensification and possibly the reliance on 
acid-tolerant crop varieties. Rates of lime application for many parts of Australia 
and Brazil are still well below what is needed to arrest the problem and prevent re- 
acidification (Lockwood et al. 2003). Many soils have become sufficiently acidic to 
limit productivity and represent an important threat to the sustainability of these 
systems. Traditionally, the amelioration of subsoil acidity (below 20 cm) was con-
sidered too difficult and too expensive (Cregan and Scott 1998). While this may still 
hold true in some cases, Wong and Asseng (2007) showed that yield and environ-
mental benefits exist from amelioration of subsurface or subsoil acidity in Australian 
systems in areas with higher annual rainfall and in other areas when adequate rain-
fall occurs. Similarly, Dalla Nora et al. (2017a) reported in Brazil that high-yielding 
wheat, corn and soybean performed better when acid subsoil was alleviated, which 
was attributed to reducing water stress of these modern, short-season crops with 
high water demand. Recently, attention has again focussed on innovative approaches 
to manage acid subsoils including the placement of lime, fertiliser and other amend-
ments directly into acid subsurface layers via deep ripping (chisel) in a minimum 

C. R. Butterly et al.



57

tillage system. New machinery and precision agriculture technologies such as soil 
sensors (apparent electrical conductivity; ECa; gamma radiation) may enable the 
right amount of amendment to be placed where it is needed. Areas at risk of becom-
ing acidic can be identified with these technologies (Wong et al. 2008) and their pH 
buffering capacity (pHBC) and hence lime requirements determined using pedo-
transfer functions based on more readily available soil properties such as organic 
matter and clay contents (Wong et al. 2013; Wang et al. 2015). Developments in soil 
sensors that help to quantify pH, SOM and ECa and estimate pHBC, using param-
eters such as clay content, will enable lime rates to be calculated for the ameliora-
tion of specific areas of acid soils (Corassa et al. 2016; Schirrmann et al. 2011). In 
particular, amelioration of subsurface layers in cropping soils is likely to be easier 
and cheaper than subsoils and could be beneficial if productivity gains exceed the 
cost of amelioration. Pressures on land-use and food security mean that areas 
affected by subsoil acidity can no longer be viewed as permanently damaged and 
permanent areas of low productivity. This chapter provides an overview of the 
development of acid subsoils in cropping systems, their identification and manage-
ment options including reducing the rate of acidification and the amelioration of 
acid subsoil layers with lime and other amendments.

3.2  Soil Acidification and the Development of Acid Subsoils 
(Soil pH Gradients)

Soil acidification is a natural process that is prevalent in medium- to high-rainfall 
areas where accelerated leaching of basic cations has occurred and in many highly 
weathered soils which have had a long history of pedological development. Nitrate 
is weakly adsorbed by soils and is highly mobile. Its leaching causes the leaching of 
an equivalent amount of cations to maintain charge neutrality. The cations accom-
panying nitrate (and sulphate, bicarbonate and chloride) are primarily the base cat-
ions K+, Ca2+ and Mg2+ which become depleted in acid soils (Wong et al. 1992). 
Leaching of bicarbonates, although more slowly than cations, can cause significant 
pH changes (Helyar and Porter 1989). Rates of soil acidification that occur under 
natural conditions are very slow and take many decades or hundreds of years to 
develop. In agricultural systems, many farming practices have resulted in acceler-
ated soil acidification, and these can be attributed to imbalances in the C, N and S 
cycles (Bolan and Hedley 2003; Helyar and Porter 1989). These processes may or 
may not subsequently lead to the development of pH gradients down the soil profile 
and importantly to the acidification of subsoils. The effects of the C and N cycles on 
soil pH change depend on the amounts and forms of C and N entering a specific soil 
layer and whether it is either removed or transported to subsequent layers down the 
soil profile.

During normal growth and development, plants obtain nutrients from the soil 
solution. The ratio in which cations and anions are taken up by plants is critical to 
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the development of soil pH gradients (Tang and Rengel 2003). Excess cation uptake 
through the plasma membrane and into the root is often associated with the net 
release of H+. Conversely, plants maintain overall charge neutrality when excess 
anion uptake occurs with the export of OH HCO− −/ 3 . Hence, net release of H+ 
occurs when plants take up more cations than anions, or net consumption of H+ 
occurs when plants take up more anions than cations, and OH HCO− −/ 3  are released 
into the rhizosphere. Indeed, legume crops generally take up an excess of cations 
over anions under current farming systems, with the amount and distribution of H+ 
production being proportional to root length and their allocation in the soil profile 
(Tang and Rengel 2003). Of course, the potential impact of plants on soil pH during 
their growth is dependent on the species (Loss et al. 1993a; McLay et al. 1997; Tang 
et al. 1997a, b), whether they are legumes or non-legumes and the amount and forms 
of N present or added to the soil during plant growth. The greatest excess cation 
uptake occurs by legumes that are actively fixing atmospheric N2 (Coventry and 
Slattery 1991; Loss et al. 1993b) and can ultimately lead to the development of acid 
subsurface layers (5–20 cm) (Chan and Heenan 2005; Dolling 1995; Conyers et al. 
1996). Clearly, the proportion of N derived from N2 fixation will likely be reduced 
in soils with a high N content (Tang et al. 1999b). For all plants, N form is also criti-
cal for the cation-anion balance, with NH4

+  fertilisers inducing net acidification and 
NO3

−  fertilisers net alkalisation of the rhizosphere. Nitrogen form is important for 
soil acidification considering that N is a major plant nutrient (10–50 g N kg−1). Over 
time the efflux of H+ into plant rhizospheres can influence the pH of the bulk soil, 
particularly if the pHBC is low.

In productive agricultural systems, much of the resulting biomass is either 
removed directly (hay, grain and crop residues) or indirectly (meat, wool and animal 
waste). The export of these products represents a substantial net loss of alkalinity 
from the plant-soil system. Large differences in the amounts exported with each 
product can be attributed to the differences in the alkalinity content of each material 
and the relative quantities that are exported (Slattery et  al. 1991). The alkalinity 
contents of plant and animal products are expressed relative to their organic anion 
content. Plants synthesise or catabolise organic acid anions, such as malate and 
citrate, to balance internal electrical charge due to excess cation uptake (Noble et al. 
1996; Tang et al. 1999a). It is the export of organic anions with base cation pairs 
from agricultural systems which are critical for loss of alkalinity (net acidification). 
Accounting for the greater organic anion contents that occur in legumes than non- 
legumes and the relative yields, alkalinity exported in legume hay is ~2 times greater 
than grass hay, 12–48 times that of legume grain and 49–66 times more than from 
cereal grains (Slattery et al. 1998). Alkalinity removed in animal products varies 
widely depending on the age of the animal but can be considerable when animals 
are large or if successive growing seasons are required to produce each animal 
(Slattery et al. 1991). Notably, the return of animal waste minimises the net loss of 
alkalinity from an animal production system, but invariably these materials are 
returned to specific areas of the paddock and constitute an important loss of alkalin-
ity from other areas.
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The processes whereby the remaining above-ground plant biomass enters the soil 
and is decomposed along with root residues are particularly important for the devel-
opment of pH gradients (Paul et al. 2001b). Both the rate and depth of incorporation 
of shoot residues into topsoil are likely to be restricted in farming systems which 
employ minimum tillage or no-tillage. Increases in pH can occur quite rapidly upon 
mixing with soil, and this is attributed to abiotic association reactions between H+, 
organic anions and other chemical constituents present within the materials (Tang 
and Yu 1999). However, the liming effect of plant materials is predominantly a bio-
logical process and often highly correlated with soil microbial activity (CO2 release) 
(Paul et al. 2001a). During decomposition by soil microbes, organic anions within 
plant materials undergo decarboxylation, a process that consumes H+ (Yan et  al. 
1996). Accumulation of organic matter within the topsoil is often considered as a 
cause of soil acidification. However, in agricultural systems acidification mainly 
occurs in subsurface layers, that is, below the topsoil layer where organic matter has 
accumulated. Hence, acidification is not likely to be due to build-up of organic 
material per se but the redistribution of alkalinity to the topsoil at the expense of net 
acidification in the root zone below (Ritchie and Dolling 1985). In fact, the acid- 
neutralising capacity of the plant materials can be measured explicitly to estimate 
their effect on soil pH (Wong et al. 2000; Noble et al. 1996).

Some studies have demonstrated that alkalinity may be generated below the 
layer in which shoot residues are incorporated. Leaching and subsequent decompo-
sition of soluble components from plant materials, including organic acid anions, 
are thought to be the main process (Butterly et al. 2011). The experimental addition 
of organic acids, including citric and malic acid, to soil solutions has been shown to 
effectively detoxify Al and increase cotton root growth (Hue et al. 1986). While the 
formation of organic Al complexes by soluble components of crop residues is likely 
to be important for acid soils, it is unclear whether they influence subsoil 
pH. Considering that only a portion of the alkalinity in plant materials is potentially 
soluble and these organic compounds are likely to be rapidly decomposed by soil 
microbes, they may not leach very deep within the soil profile (Butterly et al. 2013). 
However, the leaching and decarboxylation of organic anions are probably an 
important process in subsurface soil layers. This is particularly important since root 
residue decomposition is generally not sufficient to neutralise acidity generated by 
the root system due to their lower organic anion content compared with shoots 
(Tang et al. 1999a).

Nitrogen cycle processes that occur during production, removal and subsequent 
decomposition of organic matter are also critical for changes in soil pH. Theoretically, 
there is no net effect of N transformation on pH (H+ concentration) when plant 
material is produced and decomposed in the same location, but this is rarely the case 
in agricultural production systems. Net changes in pH induced by the N cycle are a 
result of N transformation between different pools and their movement between soil 
layers. Inorganic N forms, NO3

−  and NH4
+  , in plant and animal residues are negli-

gible (Tang and Yu 1999; Butterly et al. 2011). Furthermore, NH4
+  movement in soil 

is minor and is rapidly converted to NO3
−  in the topsoil unless nitrification is inhib-

ited by low pH. The leaching of NH4-N from urine patches is an exception (Condon 
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et al. 2004). Hence, N cycle processes are dominated by the production, movement 
and conversion of organically bound N, and its subsequent ammonification and 
nitrification mainly occur in the topsoil due to the concentration of organic matter 
and soil microbial biomass. Here, the charge associated with ammonification (−H+) 
and nitrification (+2H+) is balanced if NO3

−  is taken up within the topsoil by plants 
and microorganisms (−H+). However, NO3

−  is highly mobile and often leached to 
the subsoil resulting in net acidification (+H+) of the topsoil. This process is ampli-
fied by high rainfall as occurs in tropical and subtropical regions, mainly during the 
wet season.

It is well established that NO3
−  leaching is a dominant process for acidification 

of surface soils (Dolling 1995; Scott et al. 2000; Burle et al. 1997). Legume-based 
systems, particularly permanent pastures, have the greatest potential for NO3

−  
leaching due to the high N concentration of the plant residues and the relatively 
small root systems which are unable to capture NO3

−  before it is leached (Bolan 
et al. 1991). In addition, NO3

−  leaching is more prone to occur in cropping systems 
with abrupt chemical gradients between topsoil and subsurface layers due to the 
concentration of crop roots in shallow topsoil. Systems that use high-yielding culti-
vars that demand high mineral N fertilisation rates (e.g. corn and wheat) but only 
achieve low N use efficiency can also be a source of NO3

−  leaching. Conversely, 
transformation of NO3

−  that has moved to subsurface or subsoil layers such as deni-
trification, immobilisation or its uptake by plants would result in alkalinisation 
rather than acidification (Tang et al. 2000). These N cycle processes in the subsoil 
will therefore reduce net acid production. However, organic N is only one compo-
nent of the soil N pool. Application of NH4

+ -based fertilisers, MAP (NH4H2PO4) 
and DAP ((NH4)2HPO4) will result in net acidification of the topsoil even if all the 
N is taken up by plants. Nitrification of NH4 in NH4NO3 or derived from urea hydro-
lysis also acidifies. The effects of these fertilisers will be worsened if subsequent 
nitrification of NH4

+  in the topsoil is followed by NO3
−  leaching (Sumner 2009). In 

contrast, NO3
− -based fertilisers will result in net alkalinisation of the soil following 

NO3
−  uptake into plants and soil microbes. Hence, NO3

−  uptake by plants can gen-
erate alkalinity in the subsoil (Weligama et al. 2008, 2010) or reduce net acidifica-
tion (Tang et al. 1999b).

Overall, it is evident that C cycle rather than N cycle processes mainly contribute 
to subsurface and subsoil acidity. Consequently, even for cropping systems where 
only grain is removed, the return of alkalinity from residues produced in situ is 
highly stratified. Acidity produced by the roots in the subsoil will remain, and this 
effect will be quantitatively greater for deep-rooted plant species (grain legumes) 
than shallow-rooted species (pasture legumes). Since the greatest net acidification 
occurs during a legume phase, the severity of pH gradients will depend on their 
frequency in the cropping rotation and also the duration of the farming system. 
Thus, differences in pH gradients between surface and deeper soil layers will be 
stronger when crop residues have greater organic anion content (residue quality), in 
mildly acid systems (higher initial pH) with greater productivity (residue quantity) 
and for soils with a low pHBC, low bulk density and greater potential for leaching.
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3.3  Identifying and Diagnosing Subsoil Acidity

Identification and diagnosis of subsoil acidity in the field are challenging. Above 
ground, the symptoms of subsoil acidity are difficult to distinguish from common 
nutritional deficiencies, due to the negative impacts of acidity on plant roots. 
Nevertheless, uneven crop and pasture growth, small leaves often with abnormal 
colouration (intense green and purple colours) and yellowing and necrosis of leaf 
tips can all occur. Leaf symptoms are generally due to Mn toxicity and P deficiency 
and in some cases Ca and Mn deficiencies. Below-ground effects of acidity are 
more easily identifiable. Restricted root growth, often with stunted and thickened 
roots, especially root tips, is common due to the presence of Al3+ as is the lack of 
fine branching and poor nodulation of legumes (Araújo et  al. 2016; Adams and 
Adams 1983). Consequently, grain yield is often reduced due to water stress and is 
more severe in years with low rainfall during critical flowering and reproductive 
stages (Joris et al. 2013; Dalla Nora et al. 2017a). In fact, the combined stresses of 
Al toxicity and drought on plant growth are likely to be greater than by either stress 
alone. For example, there was greater callose formation and reduced root elongation 
of bean (Phaseolus vulgaris L.) with combined drought and Al toxicity (Yang et al. 
2012) and a detrimental interaction of these factors on all plant traits in soybean 
(Glycine max L.) particularly leaf water status (Goldman et al. 1989).

Emergent precision agriculture techniques that use on-the-go sensors are avail-
able to measure apparent soil pH, electrical conductivity and soil organic matter 
directly in the field (Doolittle and Brevik 2014). Combining different techniques 
such as electromagnetic induction (EMI) and gamma-ray emission spectrometry 
with the farmer’s paddock data (soil types, yield maps) was effective at identifying 
subsoil acidity and was superior to using EMI alone (Wong et al. 2008). Alternatively, 
sensors may be mounted to farm implements. A study by Kweon (2012) utilised six 
coulter electrodes for EC measurements, a specially configured row unit for optical 
measurements of organic matter and a soil sampling shoe and ion-selective elec-
trodes for pH measurements. Soil cores (0–15 cm) extracted on the go were brought 
into direct contact with two antimony ion-selective pH electrodes for 7–20  s. 
Correlation between laboratory measured values and those estimated by the equip-
ment was high for soil organic matter (R2 = 0.95), CEC (R2 = 0.88) and pH (R2 = 0.85) 
with the datasets having low root mean square errors of prediction for mean values 
of 27 g kg−1, 22 cmolc kg−1 and pH 6.4, respectively (Kweon 2012). Although the 
use of ion-selective electrodes for determining soil pH is promising, the depth of 
sampling may be limited since soil needs to be brought up from the subsoil to physi-
cally contact with the sensor.

Soil analysis is often the only reliable way to diagnose soil acidity. In the field, 
soil pH is easily measured using colour indicators via commercially available and 
inexpensive kits. However, results from these kits are highly variable among manu-
facturers, and data are given as pH classes (often increments of 0.5 pH units). In 
addition, the matching of colours between standard charts and saturated pastes by 
the user is subjective (Benke and Robinson 2017). The use of more sensitive 
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portable pH meters with glass electrodes is recommended. Due to convenience, 
water rather than CaCl2 (and less so KCl) is often used as the extractant in the field. 
Irrespective of the method, users should be mindful of the extractant used or the 
relationship of pH data obtained with extractant versus saturated paste methods 
from commercial kits. It is advisable that data from field tests be confirmed in an 
appropriate laboratory where possible.

In the laboratory, soil pH is commonly measured following extraction with either 
water or 0.01  M CaCl2 (Miller and Kissel 2010; Goulding 2016). Analysis of 
extracts is an accepted compromise with the direct analysis of the soil solution due 
to the difficulty of extracting soil solution (Rengel 2011). The use of CaCl2 as the 
extractant in research and commercial laboratories is common in many countries, 
including Australia (Rayment and Lyons 2011). In particular, pH of CaCl2 extracts 
is less affected by differences in soil water content, ionic strength of the soil solution 
and the liquid junction potential of glass pH electrodes than water extracts (Kissel 
et al. 2009). As a general rule, soil pH measured in CaCl2 is about 0.8 pH units lower 
than pH in water in highly weathered soils of Australia (pHCaCl2 4–5) (Slattery 
et al. 1999). The actual difference between the two extractants can range from 0.5 to 
1.2 pH units, and the relationship is non-linear for soils with variable charge com-
ponents (Minasny et al. 2011; Henderson and Bui 2002). The relative differences in 
pH between the two extracts are less in acid soils and diminish further as the pH 
approaches the point of zero charge for the soil (Gillman and Bell 1978; Aitken and 
Moody 1991). In order to standardise methods in Australia, soil pH is determined 
using air-dried soil following extraction with 0.01 M CaCl2 1:5 (soil-to-extract) by 
shaking end-over-end for 1 h, allowing to settle for 30 min and measuring the pH of 
the supernatant using a glass electrode without stirring (Rayment and Lyons 2011). 
The use of fresh buffer solutions and reference soils is essential.

Determining the amounts and forms of Al in the soil is critical to diagnose acid 
subsoils. However, the total soil Al concentration is not suitable to indicate the 
potential for constraints on plant growth. Solution culture experiments have identi-
fied that monomeric Al species (especially Al3+) are predominantly responsible for 
phytotoxicity. The availability of Al3+ in the soil solution and its activity on exchange 
sites increases sharply when the soil pH drops below a critical threshold, approxi-
mately pHH2O 5.5 or pHCaCl2 4.8. However, Al exists in many soluble forms with 
OH− which vary according to pH, and quantifying phytotoxic Al concentrations in 
the soil solution is inherently difficult. Firstly, soluble Al can complex with inor-
ganic anions, e.g. SO4

2− , NO3
−  and PO4

− , with organic ligands, e.g. organic acid 
anions, and form polynuclear hydroxyl-Al compounds that are not toxic to plants 
(Soon et al. 2007). Secondly, the methods used to obtain the soil solution may unin-
tentionally alter the speciation of toxic Al species or contaminate or precipitate Al 
in the sample. Though ideal, the direct measurement of Al3+ in the soil solution is 
not considered appropriate for routine measurements and diagnostic purposes.

Soil Al is determined using various extraction procedures. Since the Al in the soil 
solution is a function of the exchangeable Al pool, soil Al is commonly assessed by 
the amount of Al that is exchanged by an unbuffered salt, usually 1 M KCl (Bertsch 
and Bloom 1996). This method has also commonly been used to calculate lime 
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requirements. Briefly, soil is extracted with 1 M KCl 1:10 (soil-to-extract) by shak-
ing end-over-end for 1 h, and the filtered (Whatman #2) extract (diluted 1:1 with 
water) is titrated to pH 8 to obtain exchangeable acidity and then reacted with 5 ml 
NaF (4% w v−1) and titrated back to pH 8 to obtain exchangeable Al3+ (cmol+ kg−1) 
c.f. (Rayment and Lyons 2011). Alternatively, Al in acidified KCl extracts can be 
determined colourimetrically (Bertsch and Bloom 1996). However, the use of high- 
ionic- strength extractant raises doubts about whether this pool of Al is only the 
exchangeable form (Menzies 2003).

Another common approach is to express soil Al as a function of the cation 
exchange capacity (CEC). This is particularly important because in addition to the 
absolute concentration of Al in the soil solution, when Al is the dominant exchange-
able cation, it reduces or excludes the uptake of other important cations by plants 
(Ritchie 1989). As for many Al measurements, the extractant, its ionic strength and 
the duration of extraction vary extensively among laboratories. However, the com-
pulsive exchange method of Gillman and Sumpter (1986) that estimates CEC using 
unbuffered solutions while maintaining ionic strength and soil pH close to field 
conditions has been widely adopted in the United States and Australia. Briefly, soil 
is extracted (1:10) with 0.1 M BaCl2/NH4Cl for 2 h, NH4

+  removed and the ionic 
strength reduced to 0.006 M (approximating the soil solution) before the compul-
sive exchange of Ba2+ by Mg2+ for 1 h. The combined concentrations of base cations 
Ca2+, K+, Mg2+ and Na+ (CECB) plus Al3+ (cmolc kg−1) in the MgSO4 supernatant are 
determined by atomic absorption spectroscopy (AAS) or inductively coupled 
plasma optical emission spectroscopy (ICP-OES) (Gillman and Sumpter 1986; 
Rayment and Lyons 2011). Alternatively, CECB value measured by this method can 
be added to the exchange acidity (Al3++H+; 1 M KCl exchangeable). In both cases, 
CECB plus acidic cations is termed the effective CEC (eCEC). These approaches are 
useful as they allow Al and base cations (e.g. Ca2++ Mg2+) to be calculated as a % of 
eCEC. However, neither Al saturation nor exchangeable Al have proved to be reli-
able indicators of Al toxicity over a wide range of soil types, and as such critical 
levels for phytotoxicity are not easily transferable among soils.

Various extractants with lower ionic strength have also been used to quantify 
toxic levels of soil Al. Among these, 0.01 M CaCl2 has been popular given the effi-
ciencies of using the same extract for both soil pH and Al measurement. Following 
pH determination, whereby samples have been standing for 1–2 h, an aliquot of the 
extract is taken, filtered and the Al concentration determined colorimetrically or by 
ICP-OES.  Pyrocatechol violet (PCV) is a common colorimetric reagent and has 
been recommended due to its simplicity, and Al concentrations in filtered extracts 
(0.8 μm, Whatman grade 40) are determined spectrophotometrically at 580 nm fol-
lowing a 1-h colour development (Conyers et al. 1991). Although the extracts may 
contain both soluble toxic inorganic Al forms (Al3+) and non-toxic organically com-
plexed and particulate forms of Al (Menzies et al. 1992), the use of PCV is thought 
to discriminate against micro-particulates and, to some extent, organically com-
plexed Al (Kerven et al. 1989; Menzies et al. 1992). The use of 0.22-μm filters is 
recommended, and generally a 1:1 relationship between the Al concentrations 
determined by PCV and ICP-OES is observed for agricultural soils with relatively 

3 Soil Acidity and Acidification



64

low organic matter (<2% total C), suggesting that the ICP-OES may be suitable for 
rapid Al determination in some cases. Some studies have used shorter periods of 
colour development to determine labile monomeric Al3+ (1  min) (Kerven et  al. 
1989) and total monomeric Al3+ (4 min) (Wang et al. 1999a) to discriminate against 
organically bound Al which reacts more slowly with PCV. This approach is made 
easier with modern plate readers. Although PCV-based methods for the determina-
tion of Al in the field have been developed (Barton and Carr 1996), these are not 
widely adopted.

Given the effort and cost of soil analysis, careful consideration needs to be given 
to field sampling methodology. Soil pH and Al vary considerably both spatially and 
temporally. Where possible, geospatial information, yield maps, remotely sensed 
imagery, etc. should be used for targeted sampling, and in semi-arid environments, 
the collection of samples from dry soils, most likely during summer periods, is rec-
ommended to minimise seasonal variability (Oliver et al. 2015). Furthermore, tradi-
tional sampling depths (e.g. 0–10, 10–20 cm) may be too coarse or too shallow to 
accurately determine the severity of subsoil acidity and the chemical gradients faced 
by plant roots. Particularly for subsurface acidity, acid layers that occur at 5–15 cm 
may be overlooked by traditional sampling (Scott et al. 2017).

3.4  Minimisation of Subsoil Acidification

Minimising the rate at which farming systems acidify is of primary importance, 
since amelioration of subsoil acidity is difficult and may not always be practical or 
economically feasible. There have been a number of excellent reviews on reducing 
soil acidification in cropping systems (Coventry et al. 2003; Helyar 1991; Fageria 
and Nascente 2014; Conyers et  al. 1996). Approaches include reducing rates of 
ammonium-based fertilisers, slowing the rate of nitrification, reducing legume pas-
ture or fallow periods that increase the risk of NO3

−  leaching, fertiliser management 
to maximise N use efficiency, selecting crops and their sequence to maximise NO3

−  
uptake and minimising the export of alkalinity as farm products. However, many of 
these target N-cycle processes which acidify topsoils but have the opposite or no 
effect in the subsoil. Approaches to minimise subsurface or subsoil acidification are 
inherently different from those that treat surface soils and are limited to designing 
cropping systems which have low excess cation uptake or the manipulation of the 
biological cation/anion balance in the subsoil by expediting anion uptake.

Designing cropping systems with reduced excess cation uptake is technically 
possible but may not be achievable. Essentially it requires eliminating or reducing 
the frequency of crops with high excess cation uptake (that acidify the greatest) and 
legumes that have deep roots systems (that acidify the deepest). While the acidify-
ing potential of crops is highly variable, particularly for legumes (McLay et  al. 
1997), crop choice is largely determined by profitability, soil and climate con-
straints, seed availability and cost and other economic factors. Given their impor-
tance in crop rotations, replacement of legumes is unlikely, but options that acidify 
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less may exist. In addition, reducing the net export of alkalinity also potentially 
reduces the net acidification of the entire soil profile. Modern crop varieties gener-
ally have higher harvest indices, and the retention of crop residues is common prac-
tice, so there may be little scope for improvements in this regard. However, 
minimising the removal of hay is important since the alkalinity in shoots is much 
higher than in grains. The critical challenge is getting the above-ground residues 
back into the soil where the acidity was generated during their production. Strategic 
tillage to incorporate crop residues in the subsurface soil may be an option to accel-
erate this process (Azam and Gazey 2021).

Expediting the biological uptake of anions in the deeper soil layers could be an 
important approach to reduce subsoil acidification. Supplying plants with N in the 
form of NO3 promotes greater anion uptake, results in the release of OH− ions into 
the rhizosphere (or co-transport of H+ into the root) and increases the pH of the 
rhizosphere soil (Tang et al. 2013; Jarvis and Robson 1983) with the effect differing 
among crop species (Weng et al. 2021). Root-induced alkalinisation of plant rhizo-
spheres can ultimately increase pH of the bulk soil (Hinsinger et al. 2003). In soil 
columns, NO3

−  taken up by lupin and subterranean clover roots reduced the net 
acidification of these legumes by 14% in a 105-day leaching study (Tang et  al. 
2000). Similarly, surface-applied NO3

−  taken up by deep wheat roots in the subsoil 
achieved pH increases of 0.8 and 0.3 units of the rhizospheres and bulk soils, respec-
tively, when soil water content and N rates were high (240 kg N ha−1) (Weligama 
et  al. 2010). Wheat grown at two field sites and supplied with Ca(NO3)2 
(200 kg N ha−1) showed increases in pH of 0.5 units in the rhizosphere and 0.3 units 
in bulk soil with maximal effects occurring at the depth of N placement (5–10 cm) 
after 3 years of treatment (Tang et al. 2011). Importantly, in two consecutive grow-
ing seasons at the same field sites, it was confirmed that the alkalinisation effect of 
Ca(NO3)2 could be achieved while maintaining similar N use efficiency and grain 
yield to that of urea (Conyers et al. 2011). This approach can induce net alkalinisa-
tion of soil under non-legumes and is therefore likely to be important for increasing 
or at least maintaining subsoil pH (Butterly et al. 2021b).

The effectiveness of the biological manipulation of the cation/anion balance 
relies on a number of soil and plant factors. First, NO3

−  would need to be placed 
either directly into the acid layer or above it with potential to leach into the acid 
layer. Leaching should not be excessive and move the NO3

−  past the acid layer or 
out of the root zone. Root growth in the acid layer must be sufficient for the com-
plete uptake of NO3

−  and subsequent release of OH−. Hence, root function must not 
be impaired, nor plant growth limited by nutrient availability which may occur in 
acid subsoils. This approach will be most effective on moderately acidic soils with 
lower pHBC and using acid (Al)-tolerant crop species (Conyers et al. 2011). The 
impact of initial pH is likely to depend on crop species and soil nutrient status. For 
example, greater alkalinity was generated by maize at initial pH 4 than pH 5 in solu-
tion culture, and greater NO3

−  uptake was attributed to enhanced enzyme activity 
(Masud et al. 2014). Generally, plants take up more NH4

+  than NO3
−  when supplied 

at similar concentrations. However, NO3
−  may be preferentially taken up over NH4

+  
at lower pH due its co-transport with H+ through the plasma membrane. Also, higher 
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concentrations of other nutrients in the subsoil, such as P, are likely to enhance root 
growth and the relative impact of NO3

−  uptake (Weligama et al. 2008; Hansel et al. 
2017). Conversely, decomposing legume residues or high soil N status will reduce 
the uptake of NO3

−  applied as fertiliser (Caires et al. 2015). Plants that have a greater 
depth and density of roots or are active for a longer duration will take up more NO3

−  
and other anions (e.g. SO4

− ) and therefore have the largest impact (e.g. Brachiaria 
reaching up to 2 m deep). This approach should be practical if NO3

−  supply in the 
subsurface soils can be synchronised with plant demand.

3.5  Ameliorating Subsoil Acidity Using Lime 
and Other Amendments

Lime is the most effective and common approach to ameliorate acid topsoils. Lime 
applied to soil is predominantly derived from naturally occurring limestone or chalk 
(CaCO3) and dolomitic limestone [CaMg(CO3)2] deposits, but burnt lime (CaO) 
(quicklime) and slaked lime [Ca(OH)2] (hydrated lime) produced as industrial by- 
products are also used (Goulding 2016). The ameliorative effects of lime on crop 
growth occur via increases in pH and subsequent reductions in Al and Mn concen-
trations but also via reduced Al activity (increased Ca2+ saturation). However, lime 
is mainly broadcast on the soil surface, and without mechanical incorporation, 
movement of carbonate (CO3

2− ) and bicarbonate (HCO3
− ) through the soil profile 

from the initial zone of placement is very slow (Scott et al. 2007). Especially in vari-
able charge soils, the effects of surface-applied lime on pH change may be restricted 
to a few centimetres depth, and the added Ca2+ may not be available to plants since 
it is adsorbed onto pH-dependent exchange sites (Ernani et al. 2004; Sumner 1994). 
Nevertheless, surface-applied lime can eventually ameliorate subsoil acidity over 
many years (Li et al. 2019). The relative impact of lime below its zone of incorpora-
tion is a function of the amount and quality of lime added, the initial soil pH and 
pHBC as well as soil texture and rainfall which influence leaching. Whitten et al. 
(2000) showed that 62% and 24% of lime trials on sandy soils had soil pH increases 
at 10 and 20 cm below the limed layer, respectively. Furthermore, these increases in 
pH of at least 0.2 pH units occurred within 4–7 years depending on the amount of 
lime applied (2.5–5 t ha−1) (Whitten et al. 2000). Similarly, soil pH below 10 cm had 
increased over 5 years after surface application (Tang et al. 2003; Wang et al. 2016c; 
Aye et al. 2016). The importance of lime rate has been highlighted in numerous field 
studies. At three sites, 5  years after lime application, increases in soil pH were 
detected up to 6 cm below the layer of incorporation for 8 t ha−1 but not 2 t ha−1 
(Conyers and Scott 1989). Annual rates of subsoil (15–20 cm) amelioration at 0.044 
pH units year−1 (1 unit over 22 years) were achieved with surface liming to maintain 
the pHCaCl2 above 5.5 (Li et al. 2010). Generally, a surface soil pHCaCl2 > 5.5 is 
needed to enable leaching of alkaline species and neutralise acidity generated below 
the limed layer (Slattery and Helyar 2004). However, the lime required to achieve 
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pHCaCl2 above 5.5 commonly exceeds that used by farmers (<2.5 t ha−1) and may 
not be agronomically realistic (Conyers and Scott 1989; Scott et al. 2000). Adding 
high rates of lime to surface soils to expedite downward movement could have a 
negative impact on crops and induce micronutrient deficiencies (Zn and B), nutri-
tional imbalances and reduced growth.

Agricultural lime products are insoluble and can only move from the point of 
application via water movement through soil pores (Ernani et al. 2004). The relative 
effectiveness of surface-applied lime on ameliorating acid subsoils is slightly greater 
in areas with high rainfall and more permeable soils, such as Brazil where rainfall 
could range from 1200 to 1800  mm  year−1 in many agricultural areas, and lime 
particles can move down before they are completely reacted at the point of place-
ment (Caires et al. 2015; Castro et al. 2017). Lime movement is particularly slow in 
no-till systems compared with conventional tillage (2–4  years longer) (Conyers 
et al. 2003). These issues have been known for some time, and various attempts 
have been made to either mix lime within a larger volume of soil or place it deeper 
within the profile. Incorporating lime in the 0–20 cm layer had a greater impact on 
cereal growth and yield than surface (0–10 cm) incorporation, particularly in dry 
seasons and for acid-sensitive crops (Scott et al. 1997). Although the technology is 
commonly available, ploughing to mix such a large volume of the soil profile is 
arduous, labour, time and fuel demanding. Also, intensification of cropping systems 
means that farmers are either not willing to consider ploughing or only have short 
periods where ploughing is suitable such as in tropical regions of Central Brazil 
with short dry seasons. Hence, approaches to partially ameliorate acid soil profiles 
with lime have been developed using deep tillage. Slotting uses a wider (e.g. 15 cm) 
cut than traditional deep ripping and achieves greater mixing. Maximal wheat yields 
were achieved when 6.5 t of lime ha−1 was incorporated by slotting (30 cm deep) 
and one-third of the soil was treated (Kauffman and Gardner 1978). Similarly, slot-
ting achieved almost half the benefit of full lime incorporation (0–80 cm deep) with 
less than 17% of the lime and 25% of the soil being ameliorated (Jayawardane et al. 
1995). However, this approach is very expensive and not widely adopted. In some 
cases, slotting has not had any advantage over modified deep ripping and conven-
tional moldboard plough incorporation (Farina and Channon 1988a). Similarly, no 
difference in subsoil amelioration (10–20 cm) via ploughing and deep ripping (sub-
soiling) to incorporate dolomitic lime (15 t ha−1) was observed (Auler et al. 2017). 
In the long term (over 10  years), soil chemical properties were similar between 
mechanical practices (Farina et al. 2000b), but costs associated with amending the 
subsoil were rapidly recovered (Farina et  al. 2000a). Mechanical approaches to 
incorporate lime are associated with increased risk of erosion and damage to soil 
structure.

Ameliorating subsoils without direct incorporation requires the amendments, 
their soluble components or their decomposition products to be more mobile than 
lime. Gypsum is often advocated to ameliorate subsoils with minimal disturbance 
(Sumner 1994), and its use is increasing due to improvements in water use effi-
ciency and yield stability (Dalla Nora et  al. 2017b). Gypsum reduces the toxic 

3 Soil Acidity and Acidification



68

effects of Al3+ on roots, albeit without increasing the soil pH, and has been shown to 
be superior compared to deep incorporation of lime in some circumstances (Farina 
et al. 2000a). Large increases in yield observed in field studies have confirmed its 
economic benefit (Farina and Channon 1988b). A number of possible mechanisms 
have been proposed for the improvement in plant growth once gypsum leaches into 
an acid subsoil. These include reduced toxic Al3+ by forming Al2(SO4)3 ion pairs, 
facilitating Al3+ leaching, increasing Ca2+ availability and base saturation and the 
displacement of OH− by SO4

−  (self-liming) (Wang et al. 1999a; Dalla Nora et al. 
2017a). Although polymerisation of Al into insoluble forms was suggested to occur 
since no evidence for Al leaching was detected in an oxisol (Pavan et al. 1984), 
other research has shown that considerable Al is leached in gypsum-amended soils 
creating a deep soil layer (up to 100 cm) that has very low exchangeable Al (<5% 
CEC), but this requires high rates of lime (1–1.5 t ha−1 year−1) and gypsum applica-
tion (50% of lime). Importantly, the reduction in phytotoxic Al in the subsurface 
layer must be sufficient to enable plant roots to effectively access subsoil water and 
nutrients. A number of studies have shown that improvements in plant growth are 
greater with combined use of gypsum and lime (Dalla Nora 2017; McLay et  al. 
1994a, b; Dalla Nora et al. 2014). Lime dissolution is thought to occur faster in the 
presence of gypsum. Also, leaching of Ca into the subsoil occurs more rapidly pre-
sumably moving as the CaSO4 ion pair (Dalla Nora et al. 2017b). Increases in grain 
yield from the combined ameliorants were superior in dry seasons, highlighting the 
importance of better root growth and access to subsoil water (Dalla Nora et  al. 
2017a) and consequently enhanced water use efficiency (Dalla Nora 2017). 
However, better root growth and plant performance in gypsum-amended soils is not 
always achieved (Wang et al. 1999b; McLay et al. 1994a). The relative differences 
between studies are likely due to species variation and the rate of gypsum applica-
tion and the edaphic and climatic effects that control leaching (Dalla Nora and 
Amado 2013; Tiecher et al. 2018).

Organic materials have been used to ameliorate acid soils for some time. The 
mechanisms whereby organic materials, including crop residues, alter soil pH and 
lead to the development of pH gradients have been summarised earlier. In general, 
plant residues have a liming effect in the layer in which they are added (Wang et al. 
2013; Tang et al. 1999a; Xu et al. 2006). Consequently, Al toxicity is reduced, and 
the processes involved have been reviewed (Haynes and Mokolobate 2001). Under 
field conditions, surface-applied crop residues can generate alkalinity below the 
amended layer (Butterly et al. 2013). This is attributed to the leaching and subse-
quent decomposition of organic compounds, including organic acid anions, that 
move into the soil profile with cation pairs (Miyazawa et al. 2002; Franchini et al. 
2001; Butterly et  al. 2011). Soluble components may therefore reduce the con-
straints of subsurface acidity on plant growth by pH-induced decreases in Al3+ con-
centration, forming non-toxic organo-Al complexes or decreasing Al saturation 
(increasing base saturation). It is not clear whether this could also facilitate the 
leaching of Al3+ out of acid subsurface layers and into less acid subsoils thereby 
reducing the Al3+ concentration. Nevertheless, because of ongoing acidification, 
amelioration of acid subsurface and subsoil layers will indefinitely require the direct 
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incorporation of organic materials. It is imperative to make the distinction between 
those materials produced in situ and those from offsite. Imported organic materials 
represent a net increase in alkalinity to the soil system. However, alkalinity gener-
ated from the incorporation of organic materials (e.g. crop residues) produced in 
situ represents the redistribution of alkalinity, since its production is associated with 
acidification in some part of the soil profile. Furthermore, alkalinity generated by 
organic materials with low C:N may diminish over time due to net nitrification and 
the production of NO3

−  that is not taken up by plant roots or immobilised by 
microbes and leaches down the soil profile (Vanzolini et  al. 2017; Butterly 
et al. 2013).

A diverse range of materials are used to ameliorate acid soils, and these are often 
employed when lime is not available or too expensive. These include bone meal, 
rapeseed cake, alkaline slag, dolomite, phosphogypsum, chicken manure, poultry 
litter, sewage sludge and composts (Hue and Licudine 1999; Li et al. 2015a; Liu and 
Hue 2001; Shi et al. 2017; Wang et al. 2016a; Lauricella et al. 2020). The potential 
for these materials to ameliorate acid soils is highly variable (Wong and Swift 2001, 
2003). With the exception of alkaline slag (Masud et al. 2015), the alternative mate-
rials are generally less effective than lime at increasing soil pH. However, long-term 
application of organic materials, such as farmyard manure, has been successfully 
shown to maintain soil pH (Cai et al. 2015; Kidd et al. 2017). For all organic amend-
ments, crop responses may be due to combined ameliorative and nutritional bene-
fits, and reductions in Al availability and activity may occur independently of pH 
(Wong and Swift 2003). Organic and inorganic materials are often applied in com-
bination, in some cases having additive effects (Shi et al. 2017; Wang et al. 2016a; 
Butterly et al. 2021a). Mixing crop residues with lime facilitated the leaching of Ca 
and Mg and increased soil pH in a 24-week column study, with black oat residue 
being the most effective (Miyazawa et al. 2002). However, this was not observed 
under field conditions, which is likely due to lower input of organic material (Caires 
et al. 2008). Canola straw was more effective than peanut straw when combined 
with alkaline slag, and this was attributed to higher S and Cl contents that facilitate 
the leaching of cations (Li et al. 2015b). It was suggested that crop residues with 
higher C:N ratio be used with alkaline slag to minimise re-acidification via nitrifica-
tion and maximise the liming effect (Wang et al. 2012). Similarly, compost with 
high gypsum (SO4

2− ) content was shown to increase the effectiveness of lime below 
the layer of mixing (Liu and Hue 2001). Amendments such as manures and sewage 
sludge are able to ameliorate acidity deep within the soil profile due to high alkalin-
ity and nutrient contents that are able to be leached (Hue and Licudine 1999; Wang 
et al. 2016b). Importantly, there is evidence of decreases in exchangeable Al, Al 
saturation as well as expedited leaching of Al, all of which reduce its phytotoxicity 
(Li et al. 2015b). However, some studies have shown that manures can increase H+ 
and Al3+ concentrations in the subsoil via displacement, due to the salt effect of the 
added material (Haynes and Judge 2008). Many of the organic materials may be 
pyrolysed into biochar before they are added to soil (Dai et al. 2017; Steiner et al. 
2007). Biochar is generally very effective at increasing soil pH, but the effects are 
highly variable and depend on feedstock and the temperature and residence time of 
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pyrolysis (Hass et al. 2012; Buss et al. 2018). Lower rates (10 g kg−1) of wheat, rice 
and peanut biochar achieved the same pH increases as higher (20  g  kg−1) rates 
(Wang et al. 2014). Also, the ameliorative effects of canola and peanut straw biochar 
were enhanced by the addition of Ca(NO3)2 (Mehmood et al. 2015). Biochar with 
high alkalinity and nutrient contents, e.g. poultry litter biochar, successfully amelio-
rates acid soils (Lauricella et al. 2021b). Although effective, limited availability of 
many of these products is likely to restrict the locations or areas of land in which 
they are used.

3.6  Future Farming Practices to Combat Subsoil Acidity

Future farming practices will need to focus on overcoming the economic and practi-
cal limitations of ameliorating acid subsoils (Shoghi Kalkhoran et al. 2019). Since 
minimising subsoil acidification is limited to practices and crop choices in cropping 
systems that have low excess cation uptake, which biologically manipulate the cat-
ion/anion balance and ensure low removal of alkalinity in farm products, these 
approaches are not likely to eliminate the need to use lime or other amendments. 
Nevertheless, future farming practices aimed at minimising nitrate leaching and 
supplying crops with N in the form of Ca(NO3)2 are likely to be important approaches 
to minimise subsoil acidification. In the Brazilian Midwest (Cerrado), cover crops 
such as Brachiaria spp. and pearl millet with deep roots (up to 2 m) are used to 
maximise nitrate uptake from the subsoil. For example, corn intercropped with 
Brachiaria is grown after soybean (it is possible to grow two crops per agricultural 
year in some regions of the Brazilian Midwest), and after harvesting corn, the 
Brachiaria is well established with deep roots (this practice is called the Santa Fe 
system). Variable rate technology, split applications of nitrate and using acid- 
tolerant crops will expedite anion uptake and N use efficiency and have the greatest 
effect in slowing subsoil acidification. Hence, the development of acid-tolerant crop 
species and their adoption is important to complement other management strategies 
(Ryan 2018). The nutrition of these crops will need to be managed appropriately, 
and in particular, subsurface placement of P may help reduce Al toxicity and maxi-
mise NO3

−  uptake.
The greatest advances are likely to come with future development of cost- 

effective approaches to ameliorate acid subsoils with lime and other amendments. 
This will invariably require greater detail of soil pH in biopores and its gradient 
within the profile by combining new precision agriculture technologies including 
on-the-go smart soil sensors and soil and yield data collected by farmers together 
with simulation modelling (Wong et al. 2008; Filippi et al. 2018). In addition to pH, 
these approaches could also help to predict pHBC and enable better calculations of 
the rates of lime and other materials required to ameliorate subsurface soil acidity 
(Wong et  al. 2013). Hence, efficiencies could be improved via reductions in the 
quantities of materials used or targeting the areas to which these materials are 
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applied (Oliver et al. 2015), compared with current practices that apply blanket rates 
of lime. Also, lime could be combined with other materials to facilitate alkalinity 
movement and acidity amelioration down the soil profile (Butterly et  al. 2021a; 
Lauricella et al. 2021a). Even without new technology, some farmers in Australia 
have realised the need to better characterise soil pH within their paddocks and have 
embarked on obtaining these data themselves using handheld pH electrodes 
(Baxter 2018).

Further development of machinery may also be required to incorporate lime and 
other materials into subsoils. For land areas still being converted to agriculture, such 
as the Brazilian ‘Cerrado’ region, it is advocated that high rates of lime (~5 t ha−1) 
be incorporated up to 30 cm deep with heavy disk harrows, before planting with 
fast-growing crops (e.g. pearl millet and Brachiaria) to limit soil erosion and restore 
soil physical attributes affected by tillage. In other areas of the world, however, 
amelioration of acid subsoils already under agriculture is more difficult because 
such cultivation is often not desirable. Opportunistic tillage (ploughing) may be an 
option to reduce the stratification of existing pH within the soil profile or facilitate 
the incorporation of soil amendments (Dalla Nora et al. 2017b). Depending on the 
intensity, strategic tillage has ancillary benefits including improved P distribution, 
burying weed seeds, correcting hydrophobicity and reducing compaction. However, 
farmers are likely to opt for less aggressive approaches for deep liming and subsoil 
injection via deep ripping (chisel), which will require new machinery. Depending 
on the materials, alternatives to lime may require high rates of application (e.g. 
15 t ha−1), and pelletisation of these materials will facilitate their handling and deliv-
ery into the soil. The choice of these materials will depend on the severity and depth 
of acid soil layers.

Soils will need to be managed properly to maximise the longevity of the subsoil 
amendments. It is likely that traditional surface applications of lime will comple-
ment new approaches. Deep-rooted crops and pasture species have been shown to 
facilitate lime movement through compacted layers (12–18 cm) that develop under 
no-till monocropping systems in Central Brazil, with minimal disturbance. The 
impact of grazing will also be important since large areas of acid soils are managed 
as integrated crop-livestock systems. However, in Brazil grazing intensity did not 
reduce the effectiveness of surface-applied lime (Martins et al. 2014). Greater use of 
lime to correct soil acidity may also have complementary effects on the sustainabil-
ity of farming systems. In subtropical systems, studies have reported that lime appli-
cation (Briedis et al. 2012) and combined application of lime and gypsum (Inagaki 
et al. 2017) can increase soil carbon accumulation under minimum tillage (conser-
vation agriculture) due to increases in above-ground and root biomass and the pres-
ence of Ca2+ ions which increase soil aggregation and chemically protect soil C 
(Ferreira et al. 2018). However, increases in soil C following long-term lime use 
have not been observed in Australian cropping systems (Wang et al. 2016c). In fact, 
some studies suggest that liming can promote native soil C mineralisation, i.e. have 
a priming effect (Aye et al. 2017; Grover et al. 2017, 2021).
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3.7  Conclusions

Subsoil acidity is an insidious problem, and innovative ways to minimise acidifica-
tion and ameliorate acid subsoils will be required to maximise future crop produc-
tion and ensure food security. This drive to remove the constraints of subsoil acidity 
on crop production in order to maximise water and nutrient-limited yield potentials 
will be particularly important in areas with increased climate variability and declin-
ing rainfall. Although the mechanisms that lead to the development of acid subsoils 
and pH gradients are generally well understood, lime application and other amelio-
rative approaches have not been sufficient to offset rates of acidification. 
Traditionally, deep placement of lime with or without other organic amendments 
was considered not practical or profitable, but this is being revisited. For acid sub-
soil amelioration, the treatments need to be able to improve a large volume of soil; 
otherwise, there will be no real benefit in terms of root growth and crop perfor-
mance. In contrast, the key to ameliorating acid subsurface layers that overlay non- 
acidic subsoils is improving root access to the subsoil where they can proliferate, 
and this may not require amelioration of large parts of the soil profile but instead 
zones of access where roots can pass through the acid layer. The effectiveness and 
longevity of any approach to ameliorate acid subsoils need to be considered in terms 
of crop response (low pH, Al and Mn toxicities and nutrient deficiencies) and re- 
acidification. Future development of cost-effective methods is still needed.
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Chapter 4
Salinity, Sodicity and Alkalinity

Pichu Rengasamy, Claudivan Feitosa de Lacerda, and Hans Raj Gheyi

Abstract Many of the subsoil constraints to crop productivity are due to the chemi-
cal components of soil water influenced by salinity, sodicity and soil 
pH. Accumulation of salts above a threshold level, commonly described as ‘salin-
ity’, affects plants by osmotic and ionic effects. When these salts are dominated by 
sodium, increased level of soil adsorbed (exchangeable) sodium, known as ‘sodic-
ity’, affects soil structural stability leading to poor soil physical conditions limiting 
water and air movement in the root zone layers. Domination of bicarbonate and 
carbonate anions in soil water increases soil pH above 8 resulting in soil alkalinity 
and pH-related ion deficiency and toxicity. This chapter focusses on subsoil con-
straints caused by salinity, sodicity and alkalinity. These three phenomena are inter-
related: accumulation of salts, salinity, directly affects crop physiology, while the 
composition of the ions determines sodicity and alkalinity, affects soil physics and 
biology and indirectly interferes with crop performance. Formation of different 
types of saline soils, the role of cations in relation to soil structural stability, the ion 
deficiency and toxicity effects due to alkaline pH and the possible management of 
these constraints are also discussed.
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4.1  Introduction

Plant growth is highly influenced by the chemical components of soil solutions at 
different water contents in root zone soil layers under field conditions. The compo-
sition and concentration of dissolved ions determine the multiphase equilibria 
involving the solid phase containing inorganic and organic compounds, the liquid 
phase comprising soil water and the gaseous phase dominated by oxygen, nitrogen, 
water vapour and carbon dioxide. Plant roots need a well-hydrated and well-aerated 
soil environment of low osmotic pressure, with adequate nutrients and low toxicity. 
Changes in soil chemistry impact on most of the plant requirements: soil structure, 
osmotic potential of soil water and presence of toxic ions. Accumulation of salts in 
subsoil above a threshold level leads to ‘salinity’ impacts on crops by osmotic and 
ion toxicity effects. Increased concentrations of sodium in soil water lead to 
increased levels of exchangeable sodium, known as ‘sodicity’, which affects the soil 
structural stability. Similarly, accumulation of bicarbonate and carbonate ions in 
soil water increases soil pH above 8, leading to soil ‘alkalinity’ and pH-related ion 
deficiency and toxicity.

While this book deals with most aspects of subsoil constraints, this chapter will 
deal with the constraints caused by soil chemistry related to salinity, sodicity and 
alkalinity. These three phenomena are interrelated: accumulation of salts causes 
salinity effects, while the composition of the accumulated ions determines sodicity 
and alkalinity. These chemical factors, in addition to directly affecting crop physiol-
ogy, indirectly influence physical and biological properties of soils, also interfering 
with plant performance. Although the focus is on subsoils, it is important to note 
that the interactive processes between top soil and subsoil layers influence the envi-
ronment in both layers.

4.2  Salinisation Processes: Subsoil Accumulation of Salts

Commonly, salt accumulation over long periods of time through natural process is 
termed ‘primary salinity’, while salinisation of soil layers as a consequence of mis-
management of natural resources is termed ‘secondary salinity’. Salinity is a grow-
ing problem worldwide, especially in regions with arid and semi-arid climates, 
where the annual total precipitation is not sufficient to leach the salts present in the 
root zone. Overall, it is estimated that about 1.0 billion hectares is affected by salin-
ity and sodicity (Sharma and Singh 2015), including primary and secondary salini-
sation. These areas are mainly in the Middle East, Australia and North Africa. In 
South Asia, including India, about 52 million hectares are affected by salts (Sharma 
and Singh 2015), and extensive areas of salt-affected soils are also found in Europe 
and South America (Beltrán 2016). According to Wicke et al. (2011), most of the 
salt-affected areas (~85%) are only slightly to moderately affected, while the 
remaining 15% suffer from severe to extreme constraints to plant development.
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According to Ribeiro et al. (2016), based on the soil map of Brazil, saline and/or 
sodic soils occupy about 160,000 km2 or 2% of the national territory. Most of these 
salt-affected areas are located in the Brazilian semi-arid region, and the accumula-
tion of salts and sodium is mainly due to natural causes (primary salinity). However, 
in this region there are also problems of secondary salinity, where about 25% of the 
irrigated areas present varying degrees of soil salinisation. This has resulted in seri-
ous socioeconomic problems related to loss of soil productivity and abandonment 
of area by farmers.

In general, these processes involve several sources of salts, such as weathering of 
rocks and minerals, wind transportation of aeolian dust, rainfall containing varying 
amounts of salts from oceanic spray, discharge of saline groundwater, sea water 
intrusion, agronomic input of fertilisers and pesticides and irrigation using brackish 
water or industrial waste water. The particular processes contributing salt, combined 
with the influence of climatic and landscape features, and the effects of human 
activities, determine where and what type of salt is likely to accumulate in soil lay-
ers. Rengasamy (2006) identified three major types of salinity based on soil and 
groundwater processes found globally.

4.2.1  Groundwater-Associated Salinity

Leaching of salts from the permeable soil layers leads to salt storage in deep layers 
and also in the water table over geological time scales. When the equilibrium levels 
of the water table have been changed due to clearing of native vegetation and intro-
duction of agricultural activities, the water table levels may rise to close to the root 
zone soil layers. Capillary rise of salty groundwater leads to salt deposition in top 
and subsoil layers, the degree of salinity being dependant on the quality of ground-
water and rate of capillary rise which depends on soil texture and depth of water table.

4.2.2  Transient Salinity Not Associated 
with Groundwater Processes

Even in landscapes where the water table is very deep (below 10 m), salt has been 
accumulating in substrata over thousands of years. Under semi-arid conditions, the 
rainfall has not been sufficient to leach all the salts accumulated in the root zone to 
the layers below. The clay layers below root zone have restricted water and salt 
movement. In salt-affected soils dominated by sodium compounds, soil layers 
become sodic and highly dispersive. Sodic subsoils with degraded soil structure 
prevent water flow and restrict salt leaching leading to salinisation of root zone lay-
ers which affects plant growth. This ‘transient salinity’ in dispersive subsoils 
(Rengasamy 2002a; Fig. 4.1) varies in depth and concentration, and its effect on 
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Fig. 4.1 Schematic diagram of accumulation of salt in the root zone layers (transient salinity) in a 
sodic subsoil. (Reproduced from Rengasamy 2002a with permission from CSIRO Publishing)

plant growth changes with seasonal factors including rainfall, leaching, water use 
by plants and water evaporation from the soil surface. Generally transient salinity is 
not influenced by groundwater processes. It is estimated that about 67% of dryland 
cropping area in Australia are affected by this type of salinity (Rengasamy 2002a; 
Barrett-Lennard et al. 2016). The problem of transient salinity is not, however, con-
fined to Australia. About 5.8 × 106 km2 of soils around the world are sodic with 
dispersive soil layers (Bui et al. 1998) and have the potential for transient salinity.

The salt accumulation, in addition to increasing the osmotic pressure of soil 
water, can also introduce high concentrations of soluble boron, carbonates and 
microelements such as Al, Mn and Fe, which can be toxic to crops. As a result of 
future climate changes, regions experiencing high temperature and low rainfall can 
expect an increase in the occurrence of transient salinity. By contrast, in high rain-
fall regions, salinity, induced by groundwater fluctuations, may increase.

4.2.3  Salinity Induced by Irrigation

In soils with low hydraulic conductivity (i.e. low leaching fraction), salts introduced 
by poor quality irrigation water are stored in the root zone layers. Clayey dispersive 
(sodic) soils and high evaporative conditions accelerate salinisation of soil layers. 
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Irrigation waters from groundwater sources usually contain high to moderate 
amounts of salts and, unless appropriately used with proper drainage, can induce 
salinity of soil layers. The dominance of sodium and/or potassium ions in irrigation 
waters, as well as in industrial effluents and recycled waters (e.g. Arienzo et  al. 
2012), may lead to deterioration of soil structure. In addition to the quality of irriga-
tion water, improper drainage and methods of application of water play important 
roles in irrigation-induced salinity. FAO (2015) reported that globally, about 20–30 
million hectares of irrigated lands were severely affected by salinity and about 80 
million hectares were affected moderately.

Salinity and sodicity are interrelated, and the three processes discussed above 
can occur together in many instances. It is difficult to state which process contrib-
utes more in salt-affected regions globally, because surveys conducted by national 
and international agencies are not systematic and also not appropriately coordinated.

4.3  Physical and Chemical Processes Influencing Salinity 
and Sodicity

Irrespective of the sources of salts, discussed above, the total concentration and 
composition of the accumulated salts can vary widely in a given landscape or even 
between horizons of a soil profile within a given location in a paddock. The interac-
tions between root-zone environments and plant responses to salinity in the field are 
complicated by many soil processes such as soil water dynamics, soil structural 
stability, solubility of compounds in relation to pH and pE and movement of nutri-
ent and water in soil.

Because of poor soil physical conditions, restricted water movement in a given 
soil layer leads to waterlogging in the overlying soil layer. As the water evaporates, 
the dissolved salts are also stored in that layer. Thus, subsoil salinity (or transient 
salinity) is a result of the condition of the layers below, usually with high clay con-
tent and sodicity. Seasonal changes in rainfall pattern and evaporation and subsoil 
sodicity (reflecting the reduced drainage) have been found to be highly correlated 
with subsoil salinity in Australia (Rengasamy 2010).

When the accumulated salts are predominantly sodium compounds, soil particles 
adsorb Na+, and the soil becomes saline-sodic. When salinity is in excess of a 
threshold value (point of zero dispersion in Fig. 4.2), soil structural problems such 
as clay dispersion do not occur, but osmotic and ionic effects of salinity will prevail. 
Once the salt levels are leached below the threshold, soil becomes sodic and disper-
sive, and the limitations on plant growth are imposed primarily by the soil physical 
condition. Therefore, in a landscape dominated by sodium salts, salinity and sodic-
ity are interrelated.

Soil physical conditions influence soil water retention, while changes in water 
content largely affect salinity dynamics in a soil profile. As the soil dries due to 
evapotranspiration, the salt concentration increases in the soil water, as does the 
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Osmotic stress reduces plant growth
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Fig. 4.2 Distinction between saline and sodic (dispersive) soils based on dispersive charge, floc-
culating charge and percentage of dispersed clay. (After Rengasamy 2016a with permission from 
MDPI CC BY 4.0)

Table 4.1 Percentage of stored water not taken by plants in soils affected by salinity in southern 
Australia

Average EC (dS m−1) of soil watera % of stored water not taken by plants

0.7 0
2.8 5.1
10.6 5.9
22.6 50.2
30.8 59.6
41.0 84.8
63.9 95.4

Source: Rengasamy (2010)
aThe values are average of several observations from seven locations in Southern Australia. By 
comparison, sea water has an EC of approximately 50 dS m−1

osmotic pressure of soil water. Concomitant changes in matric and osmotic poten-
tials of soil water determine plant water uptake in the field. In dryland cropping, 
fluctuating soil water content during the growing season is an important factor in 
considering the effects of salinity on crops. The percentage of water in soil that is 
apparently available based on matric potential but not used by plants in soils affected 
by subsoil salinity in southern Australia is given in Table 4.1. The unused soil water 
stored in the subsoil is also termed ‘green water’ (Sposito 2014).
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Many soil chemical processes affect the ionic composition and chemical reactiv-
ity of the water in salt-affected soils (Naidu and Rengasamy 1993). For example, 
ion exchange reactions between solid components and the dissolved ions in soil 
water determine the distribution of cations and anions in each of these phases. 
Dissolution and precipitation of soil compounds induced by soil pH, pE, CO2 and 
organic matter alter the ionic composition and control ion activities including that 
of protons (H3O+). Toxicity of elements depends on chemical speciation (e.g. differ-
ent species of Al, Mn, Fe and hydroxy complexes) which is a function of pH and 
pE. Biochemical reactions due to soil microbes also control the chemical reactivity 
of soil solutions. Further, under field conditions, soil water content fluctuates from 
high to very low levels, and the chemical equilibria become more complex as soils 
dry (Rengasamy et al. 2016). Thus, chemistry in soil layers is an intricate phenom-
enon, and appropriate soil management is necessary to maintain a suitable soil 
chemical environment.

4.4  Mechanisms of Salinity-Reducing Crop Production

Salt tolerance varies widely among plant species, ranging from those growing at 
salinity levels similar to seawater to those that do not survive even at low salt con-
centrations. This amplitude of response is due to differences in the efficiency of the 
mechanisms that can minimise the effects of salinity, which are divided into three 
types: osmotic, toxic and nutritional effects. The osmotic effect, associated with the 
accumulation of soluble salts in the root environment, reduces the gradient of water 
potential between the roots and the external soil solution, resulting in a decrease in 
the rate of water absorption by the cells. The initial reductions in plant growth and 
stomatal conductance, for example, are mainly due to this type of effect of salts 
(Munns and Tester 2008).

If the plant continues growing in a salt-affected soil or saline solution, then an 
unavoidable consequence is the accumulation of the predominant dissolved ions in 
the rhizosphere. This may cause toxicity to the plant cells, which is expressed by 
direct effects on metabolism and can lead to death of cells and necrosis in the leaves. 
In most waters and saline soils of the world, Na+ and Cl− ions predominate, although 
in some cases high concentrations of Mg2+, Ca2+ and SO4

2−  may also be found. The 
low capacity of the plants to compartmentalise these ions in the vacuole, especially 
Na+ and Cl−, accelerates toxicity problems, being a strong indicator of the low 
capacity of the species to grow in salt-affected areas.

The nutritional effect or imbalance of nutrients occurs when the excess of one 
ion in solution inhibits the absorption of another. For example, excess of Na+ can 
inhibit K+ and/or Ca2+ uptake, while excess of Cl− can reduce the uptake of nitrate. 
This effect is certainly the most complex and also the least relevant. The nutritional 
effects of salinity are complex because of the large number of plant species (more 
than 300,000) that can be subjected to many combinations of salinity conditions, 
and these species vary in nutrient demand and degrees of salt tolerance. However, in 
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general the reduction in growth is primarily caused by the osmotic and toxic effects 
of salinity, so that the nutritional demand of the whole plant is reduced (Lacerda 
et al. 2016) and the reduction in growth itself may lead to changes in the foliar con-
centration of some nutrients (Lacerda et al. 2006). The nutritional imbalance could 
be more severe under sodic soil conditions, due to the high percentage of exchange-
able sodium and high pH. However, in these soils the negative effects on the physi-
cal properties are mainly responsible for limiting plant growth.

In plants growing under field conditions, it is possible that osmotic, toxic and 
nutritional effects are not uniform throughout the root zone, since neither salinity 
nor sodicity is uniform in the root zone (Nuttall and Armstrong 2010; He et  al. 
2014). For annual irrigated crops, most roots concentrate in the upper 20 or 30 cm 
of the soil. In this case, a common practice is to promote the leaching of salts into 
the subsoil, thereby reducing impacts on plant growth and yield. However, the lack 
of adequate drainage can cause an increase in subsoil salinity over time (Roux et al. 
2007), and subsequently salinity enters the surface layer, rendering the area unpro-
ductive in the future.

Under rainfed farming with annual and/or perennial crops and for native vegeta-
tion, the response to salinity tends to be different to well-watered conditions, as the 
roots tend to explore deeper layers, due to periods of water deficit and reduction of 
water content in the surface soil layer. Thus, it is possible for roots to find a higher 
water content in the subsoil but also to encounter higher concentration of salts and 
sodium (Rengasamy et al. 2003; He et al. 2014). High soil salinity and sodicity in 
the subsoil, therefore, are limiting factors for plant yield (Dixit and Chen 2010), 
because they restrict the ability of the plant roots to absorb water and nutrients 
stored in subsoils, in areas of rainfed agriculture.

Salinity in the subsoil may result in lesser root growth, lower water uptake, an 
increase in potentially toxic ions (Na+ and Cl−), nutritional imbalance and lower 
yield, but these effects depend on the level of salinity (Grewal 2010a) as well as on 
the degree of tolerance of the plant (Grewal 2010b; Nuttall et al. 2010). In the case 
of rainfed agriculture, these negative impacts may be more intense in drought years 
when the evaporative demand is higher. These conditions result in severe water defi-
cit in the soil surface layer, forcing the roots to further explore subsoil where they 
encounter salinity and sodicity constraints (Sadras et al. 2003).

Another very common field situation in salt-affected areas is the occurrence of 
transient waterlogging in the topsoil and subsoil, both in irrigated and non-irrigated 
areas (Barrett-Lennard 2003; Saqib et al. 2005; Qureshi et al. 2008; Bakker et al. 
2010). In transient salinity, transient waterlogging in the subsoil will commonly 
coincide with wetting of the sodic horizons. The interaction between these two abi-
otic factors causes simultaneous increase in Na+ and/or Cl− concentrations and 
decreases in K+ concentrations in shoots, which can have adverse effects on plant 
growth and survival (Barrett-Lennard and Shabala 2013). In fact, salinity along with 
excess water causes damage to plant growth much more than that caused only by 
salinity. However, these impacts are greater the longer the duration of waterlogging 
and are less expressive in the species capable of producing adventitious roots and 
aerenchyma (Barrett-Lennard 2003; Saqib et al. 2005). The latter are root structures 
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that favour the aeration of the root system under conditions of excess water in the 
soil. This justifies, at least in part, the success of rice cultivation under flooding in 
saline areas in Brazil, this species being used commonly during the processes of 
reclamation of salt-affected soils (Gomes et al. 2000).

The interaction between salinity and excess water is quite complex, since it 
depends on the degree of tolerance of the plants to the osmotic, ionic and oxygen 
deficiency stresses, which may be present at different intensities in the root environ-
ment. For example, the beneficial effect of flooding on rice crops in saline soils 
(Gomes et al. 2000), a species considered sensitive to salinity, is due to the effect of 
dilution of salts by excess water and to the fact that this species has mechanisms to 
adapt to the oxygen deficiency conditions in the soil. Opposite results can be 
obtained with species that are more tolerant to salts, but that do not have the capac-
ity to produce aerenchyma that favours the oxygenation of the root system (Medeiros 
et  al. 2018). Therefore, any generalisation about this topic may not be 
recommended.

4.5  Effect of Exchangeable Cations (Including Sodicity) 
and Soluble Anions on Soil Structural Stability

It is well known that when exchangeable sodium percentage (ESP) of a soil increases 
above a certain level, the soil structural stability is impaired due to swelling and 
dispersion of clay particles in soil aggregates. As a result, soil physical parameters 
such as aeration porosity, hydraulic conductivity and soil strength are highly altered 
to levels not conducive to plant growth (So and Aylmore 1993). Since it has been 
well established that cations other than Na+ have specific roles in clay swelling and 
dispersion, the term ‘dispersive soil’ is more appropriate than ‘sodic soil’ when soil 
physical phenomena in salt-affected soils are considered.

The schematic diagram (Fig.  4.3) using the data of Rengasamy et  al. (1992) 
compares aeration porosity, mechanical resistance and relative water content for a 
dispersive and a non-dispersive subsoil. Aeration porosity >15% and mechanical 
resistance <1 MPa are considered to be conducive to good crop performance, and 
both are related to the soil water content. In this diagram for a dispersive soil, point 
A is the water content where mechanical resistance starts to decrease below 1 MPa, 
while point B is the water content of a dispersive soil where aeration porosity starts 
to increase above 15%. The water contents between A and B are defined as the ‘non- 
limiting water range’ of the dispersive soil, i.e. the water content range that does not 
limit crop production (see Letey 1985). In contrast when these points are deter-
mined for a non-dispersive soil (points C and D), the non-limiting water range is 
many times larger (Fig. 4.3).
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Fig. 4.3 Relationships of mechanical resistance and aeration porosity to soil relative water con-
tents for a dispersive and a non-dispersive subsoil. Relative water content is the ratio between soil 
water content (θ) and the water content at saturation (θs). The ‘non-limiting water range’ can be 
estimated from these data based on critical values for mechanical resistance (1 MPa) and aeration 
porosity (15%), i.e. A to B for the dispersive subsoil and C to D for the non-dispersive subsoil. 
(Reproduced from Rengasamy 2016b with permission from Oxford University Press USA)

4.5.1  Role of Exchangeable Cations and Soluble Anions 
in Clay Swelling and Dispersion

Soil aggregates are composed of clay, silt, sand and organic matter linked by differ-
ent types of chemical bonding. The combination of these materials results in an 
electrical charge different from the charge contributed by the individual clay min-
eral and organic materials. This specific ‘charge’ changes also with soil pH. With 
increasing pH, negative charge on soil particles increases, while pH values below 
zpc (zero point of charge) induce positive charge. This charge, when negative, is 
usually balanced by adsorbing cations and, when positive, by adsorbing anions. 
Most of the salt-affected soils have net negative charge balanced predominantly by 
Ca2+, Mg2+, K+ and Na+ and lead to the linking of soil particles via covalent and/or 
ionic bonding. Water molecules being polar react with ionic bonds (and not covalent 
bonds). Therefore hydration reactions depend on the ionicity index (Marchuk and 
Rengasamy 2011), a molecular-scale geochemical parameter which estimates the 
relative bonding (ionic and covalent) tendency of a cation with charged particles. 
Following these principles, Rengasamy (2002b) determined the dispersive powers 
of these cations relative to Ca. They are Ca = 1, Mg = 1.7, K = 25 and Na = 45. 
While, in dry soils, the exchangeable cations react with water molecules inducing 
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clay dispersion, the soluble cations present in soil water oppose the dispersive reac-
tions because of their flocculating powers, and relative to Na, they are Ca = 45, 
Mg = 27, K = 1.8 and Na = 1 (Rengasamy and Sumner 1998).

Recently, Rengasamy et al. (2016) proposed a new concept of ‘net dispersive 
charge’ which determines the amount of clay dispersed from a dispersive soil and is 
defined as:

 Net dispersive charge Dispersive charge Flocculating charge� �  

The dispersive charge of a soil is derived from the concentrations of exchange-
able cations (cmolc kg−1) measured at the given soil pH, weighted by the respective 
dispersive power, and is defined as:

 
Dispersive charge cmol kg Ca Mg K Nac

�� � � � � � � � � � � � � �1 1 7 25 45.
 

Similarly, the flocculating charge is derived from the concentrations of the cat-
ions (cmolc kg−1 on soil basis) in the dispersed soil-water suspension, weighted by 
the respective flocculating power, and is defined as:

 
Flocculating charge cmol kg Ca Mg K Nac

�� � � � � � � � � � � � � �1 45 27 1 8.
 

When the dispersive charge is above a threshold value, clay particles dissociate 
and form a diffuse double layer. The flocculating effects of cations operate only 
when a diffuse double layer is developed. At low dispersive charge, soil aggregates 
slake, as macro aggregates break into micro aggregates; this process is not affected 
by the electrolyte concentration (i.e. salinity) of the soil solution. The point of zero 
dispersion (Fig. 4.2) occurs when flocculating charge equals the dispersive charge. 
If the flocculating charge contributed by the cations in a saline soil is equal to or 
greater than the dispersive charge, the soil structural effects of salinity will be mini-
mal, and crop growth is mainly affected by osmotic and ion toxicity effects. When 
the flocculating charge is lower than the dispersive charge, degradation of soil phys-
ical properties will affect crop growth in addition to salt effects on crops. When the 
electrolyte concentration is low, cations do not reach toxic concentrations in the soil 
solution. For example, non-saline soils with high exchangeable sodium and low EC 
do not have toxic levels of sodium in soil solutions. However, seasonal changes in 
salt concentration due to soil wetting and drying in the field will determine whether 
soil structural or salinity effects influence crop performance.

Because of the difficulties in the estimation of exchangeable cations, concentra-
tions estimated in soil solution have been used to derive values of sodium absorption 
ratio (SAR) to predict ESP and associated soil physical conditions. However, K is 
not included in the derivation of SAR, and Mg is considered as equal to Ca in the 
SAR model. In order to include the different roles played by K+ and Mg2+ in 
dispersion- flocculation processes, Rengasamy and Marchuk (2011) proposed the 
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‘cation ratio of soil structural stability (CROSS)’ parameter which is defined as 
follows:

 
CROSS Na K Ca Mg� �� � �� �0 56 0 6

0 5
. / .

.

 

where the concentrations of cations are expressed in mmol L−1. Unlike SAR, 
CROSS includes the dispersive effects of K and the flocculating effect of Mg and 
Ca. Values for CROSS were effective in predicting clay dispersion and soil physical 
behaviour, particularly when K and Mg are present in significant amounts in soils 
(Rengasamy and Marchuk 2011; Oster et al. 2016).

In soils, dominated by iron and aluminium oxides and kaolinite, such as Oxisols, 
when soil pH is lower than the ‘zero point of charge’ (zpc), the net charge is posi-
tive, and conditions can be dispersive. Exchangeable anions and soluble anions such 
as Cl− and SO4

2−  will play a vital role in clay swelling and dispersion when soils 
have a net positive charge. In addition, the anions, HCO3

−  and CO3
2− , induce high 

pH, higher than zpc, and, hence, increased negative charge in soils leading to clay 
dispersion.

This new concept of net dispersive charge of dispersive soils resolves the contro-
versies over the definition of sodic soils on the basis of arbitrary ESP values which 
vary with many soil factors such as mineralogy, organic matter, exchangeable cat-
ions, electrolyte concentration of soil solution, soil texture and pH.  The long- 
standing debate on the roles of K and Mg in clay dispersion is settled by introducing 
appropriate weighting for their dispersive powers. Establishing the quantitative rela-
tionship between net dispersive charge and the amount of dispersed clay and also 
threshold values for clay dispersion and their effect on soil physical conditions in 
the field will be necessary for decisions on soil management.

4.6  Alkalinity and High Soil pH

When the pH of a soil is >7, it is described as alkaline. However, soils with pH 
between 7 and 8 produce limited constraints for plants. Generally, soils with pH > 8 
are considered to be ‘alkaline soils’. As the pH increases above 8, soil constraints, 
like nutrient deficiency and ion toxicity, increase in severity. Alkalinity of soil solu-
tion with pH > 7 can be defined (Sposito 2008), without considering organic spe-
cies, as follows:

 

Alkalinity HCO CO H PO HPO PO� �� �� � �� �� � �� �� � �� �� �
� � � �
3 3

2
2 4 4 42 2 3 33

4

�

� � �

�� ��
� � ��
�

�
� �

�� �� � �� ��B OH OH H
 

Bicarbonate and carbonate ions dominate in alkaline soils with pH > 8 and are 
related to the ‘carbonate alkalinity’ as below:
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Carbonate alkalinity HCO CO� �� �� � �� ��

� �
3 3

22
 

Calcareous soils contain lime (calcite, CaCO3) as dispersed powder or as nod-
ules, and irrespective of the concentration of lime, the soil pH is buffered between 8 
and 8.5. Because of the low solubility of lime, soil pH levels are determined by the 
chemical buffering of calcite. Very alkaline environments (pH ≥  9) are found in 
large areas of Western Asia, East Europe, Southern South America and Southern 
Australia and have expanded with irrigation in dry valleys such as those watered by 
the river Ganges in India and the Nile in Egypt (Kelly 1951; Jobbagy et al. 2017). 
High pH (≥ 9) environments are developed when concentrations of (HCO CO3 3

2� �� )
species in solutions are higher than (Ca2+ + Mg2+). Soil solutions are also dominated 
by Na+ + K+. Thus, when Na salinity increases in calcareous soils, protons induced 
by sodium chloride react with calcite, and bicarbonate and carbonate salts of sodium 
are formed. This also leads to the increase in exchangeable sodium. But, it is impor-
tant to recognise that high alkalinity (or high pH) is caused by bicarbonate and 
carbonate concentrations, and not by high ESP or excessive Na+ in soil solutions 
(Tavakkoli et al. 2015). Jobbagy et al. (2017) cite the examples where seawater hav-
ing high sodium [SAR >58 (mmol L−1)0.5] and low carbonate species causes the 
formation of saline soils and not alkaline-sodic soils. Irrigation with river waters 
containing low sodium [SAR <15 (mmol L−1)0.5] with a strong dominance of car-
bonate species leads to the development of alkaline-sodic soils. Generally, in 
Australian sodic soils, topsoils are less alkaline (pH < 8) than subsoils (Northcote 
and Skene 1972). Physical conditions of sodic subsoils lead to water stagnation and 
anoxic environment where concentrations of CO2 increase leading to an increase of 
HCO CO Ca Mg3 3

2 2 2� � � �� � �  in soil solution and hence high pH. Jobbagy et al. 
(2017) estimated that the extent of soils with pH > 9 in the top metre are 2.7% glob-
ally but 18% in areas with low slope (<0.05%) and semi-arid-subhumid climate. 
Australia has the largest proportion of very alkaline soils compared to other conti-
nents, many of which are located under more arid climates and in areas with higher 
slopes (De Caritat et al. 2011). This may be due to dispersive subsoils with transient 
waterlogging and anoxic conditions leading to higher concentration of carbonate 
species.

Accumulation of chloride and sulphate salts in alkaline subsoils reduces the soil 
pH. Generally, in salt-affected soils, a negative relationship between soil pH and 
salinity (EC) has been observed (e.g. Al-Busaidi and Cookson 2003). In our obser-
vations, measurements of pH of high alkaline soils (pH in water >9) using 0.01 M 
CaCl2 always result in a pH value ≈ 8.2 reflecting that Ca Mg HCO CO2 2

3 3
2� � � �� � �  

in the solutions, because of the precipitation of carbonate species by CaCl2. However, 
when increasing concentrations of NaCl (EC of 0.5 to 2.6 dS m−1) were added to an 
alkaline soil, pH gradually decreased from 9.7 to 8.9 (Rhiannon Schilling, Personal 
communication), in spite of the fact NaCl is not involved in either carbonate precipi-
tation or the increase of Ca2+ + Mg2+ in solution. The role of NaCl in decreasing soil 
pH remains to be explored.
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7.0             8.0        8.5                         9.0                                                                  10.0

Productive
soils

Increasing abiotic stress and decreasing yield of crops

Lime occurs as insoluble solids     
Bicarbonate domination

Carbonate domination (and its toxicity)
Soil structural deterioration due to increased clay dispersion

Decreasing organic carbon and biological activity (reducing N,P,S)

Decreasing levels of Ca and Mg ; Zn, N and P deficiency

Fe deficiency

Microelement toxicity

Increasing levels of Al, Mn, Mo, B and Fe in 
soil solutions

Soil  pH 1:5 (in water)

Fig. 4.4 Abiotic stress in alkaline soils in the pH range between 8.5 and 10. (Adapted from 
Rengasamy 2016b with permission from Oxford University Press USA)

Specific constraints in alkaline soils (pH in water between 8.5 and 10) depend on 
soil pH (Fig. 4.4). For example, bicarbonate toxicity may prevail between pH values 
of 8 and 9, while carbonate toxicity dominates above pH 9. Iron deficiency may be 
a problem when pH is between 8 and 9, while Fe toxicity can occur above pH 9 
(Setter et al. 2009). Similarly, boron deficiency and toxicity are dependent on soil 
pH. As the pH increases above 9, B OH� ��

4
 species increase and are adsorbed by soil 

particles (Sposito 2008), perhaps leading to B deficiency. Recent studies have shown 
that Al toxicity can be a problem when soil pH increases above 9 due to the forma-
tion of soluble anionic aluminate species (Brautigan et al. 2012). With increasing 
pH, monovalent ions, particularly Na+, increase in soil solution, while concentra-
tions of divalent Ca2+ and Mg2+ decreased, leading to high clay dispersivity and soil 
structural degradation. This also renders subsoil with transient waterlogging and 
anoxic conditions, where pH and pE interactions induce microelements (such as 
Mn, Fe, Al and B) toxicities due to their increasing concentrations in soil solutions 
and/or reduced energy of plant roots to exclude these ions (Setter et al. 2009). When 
alkaline soils are salinised by chloride and sulphate salts of sodium, high soil pH is 
considerably reduced, and toxicity due to carbonates and elements (Mn, Al and Fe) 
is diminished, and osmotic effects become dominant. Alkaline soils sequester less 
organic carbon, high pH being responsible for the increase in dissolved organic 
carbon (McDonald et al. 2017) and reduced microbial activity.
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4.7  Categories of Salt-Affected Soils

The classification of salt-affected soils has mainly been based on the chemical char-
acteristics of the soil, such as electrical conductivity (ECse) and sodium adsorption 
ratio (SARse) measured in a soil saturation extract, pH of a saturated paste (pHsp) 
and exchangeable sodium percentage (ESP). These characteristics allow the identi-
fication of problems of salinity, sodicity and alkalinity in the soil.

The most commonly employed classification was initially proposed by the US 
Salinity Laboratory (USSL/ARS/USDA) (Richards 1954) which recognised three 
categories of salt-affected soils: saline, saline-alkaline or saline-sodic soils and 
alkali or sodic soils. Saline soils are those with ECse higher than 4 dS m−1 at 25 °C, 
ESP less than 15 and pHsp generally lower than 8.5. Saline soils are often recognised 
by the presence of white crusts of salts on the surface and thus received the name of 
white alkali soils (Hilgard 1906). In the Old Russian classification, such soils were 
denominated as Solonchaks. The presence of high salt concentrations and low ESP 
values results in well-structured soils, and salinity problems can be corrected by 
leaching using a good drainage system.

Saline-alkaline or saline-sodic soils are the result of the processes of salinisation 
and alkalisation or sodification. These soils have ECse higher than 4 dS m−1 at 25 °C 
and ESP greater than 15. The pHsp of these soils is high but usually not higher than 
8.5. The management of these soils is more complex in comparison to saline soils, 
since simple leaching, while removing excess salts, has no effect on ESP which 
remains above 15 and increases pHsp. The net effect of leaching is damage to the soil 
structure. The reclamation of this type of soil requires a chemical treatment in 
advance, especially when the gypsum content in soil is very low.

Sodic soils as defined by Richards (1954) are those that have an ESP greater than 
15, but the ECse is less than 4.0 dS m−1, at 25 °C. In alkaline soils, the pHsp can reach 
values between 8.5 and 10. These high values of pHsp can cause dispersion and dis-
solution of the organic matter, producing a dark colour thin layer (or film) on the 
surface, hence the name black alkali soils (Hilgard 1906). In the Russian classifica-
tion, these soils were called Solonetz. High exchangeable sodium in these soils 
results in the dispersion of clay and promotes the formation of compacted layer at 
certain depth due to deposition of clay that considerably reduces water permeability 
and root development, so that few plant species are able to grow under these 
conditions.

Despite its wide diffusion and application throughout the world, the classifica-
tion proposed by Richards (1954) has also generated controversy. The first one con-
cerns the ECse value of 4.0 dS m−1 as the limit for saline soils. According to the 
Terminology Committee of the Soil Science Society of America (SSSA 1976), the 
value of 2.0 dS m−1 would be more appropriate, since many agricultural crops espe-
cially the fruit crops are seriously affected in ECse values between 2.0 and 4.0 dS m−1. 
The Committee also recommended the use of SAR of the saturation extract in place 
of ESP because of simplicity in its determination and suggested a value of 13 
(mmol L−1)0.5 to distinguish between sodic and non-sodic soils.
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Even greater divergence of opinion is related to the ESP values. Australian and 
Spanish researchers have defined the limit value of 6% for sodic soils, considering 
that this value is enough to cause damage to the soil structure (Northcote and Skene 
1972; Pizarro 1978; Isbell 2002). Earlier experiments on hydraulic conductivity of 
sodic soils to define critical ESP levels for sodicity in the USA and Australia used 
waters containing different amounts of electrolytes. Generally, increased levels of 
electrolytes in water reduce the harmful effects of sodicity on hydraulic conductiv-
ity. Tap water containing salts were used in US Salinity Laboratory, whereas pure 
water was used in Australian experiments. This resulted in the different critical ESP 
values adopted in the USA, Australia and Spain (Sumner 1993; Ribeiro et al. 2016).

Other authors and organisations have preferred to increase the number of catego-
ries of salt-affected soil or adopted hierarchical levels within a soil classification 
system, such as the Brazilian Soil Classification System (Ribeiro et al. 2016) and 
WRB (World Reference Base for Soil Resources; FAO 2015). The classification of 
the WRB allows, for example, for salic (ECse  ≥  8.0  dS  m−1), hypersalic 
(ECse ≥ 30.0 dS m−1) and hyposalic soil layers (ECse ≥ 4.0 dS m−1). In a way, this 
classification of WRB accepts the values of 4.0 dS m−1 and 15%, as limits for salin-
ity and sodicity, respectively, in agreement with the USSL classification (Richards 
1954). The term Solonchak indicates the existence of salic horizon, and Solonetz 
indicates a natric horizon; these terms are currently used in the first classification 
level of WRB.

Another more detailed classification has been presented by Rengasamy (2016a). 
It proposed a set of categories of salt-affected soils, which uses the electrical con-
ductivity and SAR measured in the soil saturation extract (ECse and SARse) and the 
pH measured in 1:5 (soil:water) extract. The critical value of SARse is based on the 
Australian criteria of sodicity, which is ESP > 6 (Isbell 2002). The 12 categories 
recognise that the problems of salinity and sodicity vary with soil acidity and alka-
linity (Table 4.2).

It is important to note that the classification shown in Table 4.2 is dynamic and 
can be altered depending on soil management and other processes. In addition, tox-
icity, deficiency or imbalance due to various ions will depend on the ionic composi-
tion of soil solution (Rengasamy 2016a). Moreover, the actual effects of these 12 
categories of salt-affected soils on crop growth also depend on crop tolerance.

4.8  Managing Subsoil Constraints Due to Salinity, Sodicity 
(Dispersivity) and Alkalinity

Inefficient use of ‘green water’ stored in subsoil is considered as a major factor for 
the low yield of crops. Roots struggle to grow through subsoil with constraints, 
caused by salinity, sodicity and alkalinity, and are unable to make full use of the 
stored subsoil water. In part, plants are also unable to use stored water because of 
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Table 4.2 Categories of salt-affected soils based on ECse (dS m−1), SARse (mmol L−1)0.5 and pH1:5 
of soil solutions and the possible effects on plants

Category of saline 
soil Criteria Possible impact on plants

Acidic-saline soil ECse > 4; SARse 
< 6; pH1:5 < 6

Osmotic effect; microelement (Fe, Al, Mn, etc.) 
toxicity; SO4

2−  toxicity in very low pH
Neutral saline soil ECse > 4; 

SARse < 6; 
pH 1:5 6–8

Osmotic effect; toxicity of dominant anion or cation 
other than Na+

Alkaline-saline soil ECse >4; 
SARse < 6; 
pH 1:5 8–9

Osmotic effect; HCO3
−   and CO3

2−  toxicity

Highly alkaline- 
saline soil

ECse > 4; 
SARse < 6; 
pH 1:5 > 9

Osmotic effect; HCO3
−  and CO3

2−  toxicity; 
microelement (Fe, Al, Mn, etc.) toxicity

Acidic-saline-sodic 
soil

ECse > 4; 
SARse > 6; 
pH 1:5 < 6

Osmotic effect; Na+ and microelement (Fe, Al, Mn, 
etc.) toxicity

Neutral saline-sodic 
soil

ECse > 4; 
SARse > 6; 
pH 1:5 6–8

Osmotic effect; Na+ toxicity; toxicity of dominant anion 
(Cl− or SO4

2−

Alkaline-saline- 
sodic soil

ECse > 4; 
SARse > 6; 
pH 1:5 8–9

Osmotic effect; Na+ toxicity; HCO3
− and CO3

2− toxicity

Highly alkaline- 
saline- sodic soil

ECse > 4; 
SARse > 6; 
pH 1:5 > 9

Osmotic effect; Na+ toxicity; HCO3
−  and CO3

2−  
toxicity; microelement (Fe, Al, Mn, etc.) toxicity

Acidic-sodic soil ECse < 4; 
SARse > 6; 
pH 1:5 < 6

Indirect effect due to soil structural problems; seasonal 
waterlogging can induce microelement (Fe, Al, Mn, 
etc.) toxicity

Neutral sodic soil ECse < 4; 
SARse > 6; 
pH 1:5 6–8

Indirect effect due to soil structural problems; seasonal 
waterlogging; Na+ toxicity at high SARse

Alkaline-sodic soil ECse <4; 
SARse > 6; 
pH 1:5 8–9

Indirect effect due to soil structural problems; seasonal 
waterlogging; Na+ toxicity at high SARse; HCO3

−  and 
CO3

2−  toxicity
Highly alkaline- 
sodic soil

ECse < 4; 
SARse > 6; 
pH 1:5 > 9

Indirect effect due to soil structural problems; seasonal 
waterlogging; Na+ toxicity at high SARse; HCO3

−  and 
CO3

2−  toxicity; microelement (Fe, Al, Mn, etc.) toxicity

After Rengasamy (2016a)

decrease in osmotic potential of soil solution due to increase in soil salinity, so the 
available water to plant is reduced.

Ameliorating subsoil constraints by changing crop and soil management is often 
difficult because of the depth at which these constraints occur and the high cost of 
correcting them. Genetic improvement of crops to tolerate these constraints and to 
increase yield is another option.

4 Salinity, Sodicity and Alkalinity



100

Table 4.3 Problems encountered and principles of management of saline, sodic and alkaline soils

Category Problems encountered Principles of management

Saline The major impediment is the salt 
concentration inducing osmotic 
stress. Depending on the ionic 
composition, specific ion effects 
may arise

Leaching of salts to the level tolerated by crop 
species
Leaching may lead to soil dispersivity 
(sodicity)
Utilisation of salt-tolerant crops

Sodic 
(dispersive)

When the salinity (EC) is low, 
swelling and clay dispersion 
affect soil physical condition 
(including hard-setting of soil 
layers and waterlogging)

Reduction of dispersive charge and increasing 
flocculation by cations (ca in gypsum can 
reduce the dispersive charge by exchanging 
adsorbed monovalent cations and also increase 
the flocculating charge in soil solutions)

Alkalinity 
(pH > 8)

As shown in Fig. 4.3, depending 
on soil pH, ion toxicity or 
deficiency affects crops. Soil 
structural stability can also be a 
problem

Reduction of pH (<8.2) by phytoremediation 
or chemical amendments

Under field conditions, it is common to observe vertical variations of soil con-
straints within a given profile at a site, in addition to the horizontal variations across 
a farm. Subsoil constraints cannot be managed in isolation, without considering the 
problems in topsoil. Similarly, several subsoil constraints can occur together. 
Problems due to salinity, sodicity (dispersivity) and alkalinity can occur simultane-
ously. There is a tendency to evaluate the effects of these constraints separately, and 
little information is available on the relative importance of different subsoil con-
straints (McDonald et al. 2012). High alkalinity is usually associated with sodicity. 
Commonly, salinity and sodicity are interrelated when sodium salts are prevalent. 
Thus, several categories of salt-affected soils are possible (Table 4.2). Management 
of subsoil constraints requires strategies specifically suitable to a given category or 
a site. Principles involved in the management of different categories of saline, sodic 
and alkaline soils are given in Table 4.3.

4.8.1  Reclamation of Saline Subsoil

When salinity alone is the constraint, soils can be reclaimed by applying good qual-
ity water, causing leaching of excess salts to the deeper layers. This process usually 
requires a large volume of water and generally promotes the reclamation of saline 
land, especially when the soil has good natural drainage and there is no impeding 
layer in the subsoil, or when the water table is deep (beyond 3–4 m). When there are 
problems of soil permeability, it may be necessary to install subsurface drainage 
system and to adopt some cultivation techniques. These techniques can ensure the 
removal of salts from the topsoil, making it again productive, but in this case, the 
cost of the reclamation increases considerably (Sousa et al. 2014).
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When the salinity problem occurs in the subsoil, the issue becomes more com-
plex, since water and salt movement occur simultaneously between the upper and 
lower layers of the soil, depending on the inflow and outflow of water in the profile. 
Thus, depth, thickness of layer, degree of salinisation, physical characteristics of the 
subsoil, depth of the groundwater and salt tolerance of crops to be grown are deci-
sive aspects in the reclamation of salinity in the subsoil. For example, when crops 
exploit only the surface layer and when it is possible to minimise capillary rise, 
subsoil reclamation may not be necessary. However, for crops that exploit water and 
nutrients from the subsoil, particularly under rainfed farming, leaching could be an 
option. However, when the subsoil has restricted drainage, which is not unusual, 
reclamation by leaching should be preceded by the installation of a subsurface 
drainage system and the adoption of techniques such as subsoil modification or 
deep ploughing.

Various models (SWAP, DrainMod-S, UnSatChem and Hydrus), based on 
Richard’s differential equation for the movement of water in unsaturated soil, are 
available to predict water and solute transport in the soil. These models require input 
of soil characteristics like the unsaturated soil moisture content, water tension, 
water retention curve, unsaturated hydraulic conductivity, dispersivity and diffusiv-
ity. These relations vary to a great extent from place to place and from time to time 
and are not easy to measure. Further, the models are difficult to calibrate under 
farmer’s field conditions because of the spatial variability of soil salinity.

Simpler models, like SaltMod (Oosterbaan 2000), based on monthly or seasonal 
water and salt balances and an empirical capillary rise function, are also available. 
They are useful for long-term salinity control and predictions in relation to irriga-
tion and drainage practices.

LeachMod (www.waterlog.info/leachmod.htm), using the SaltMod principles, 
helps in analysing leaching experiments in which the soil salinity is monitored in 
various root zone layers. The model optimises the value of the leaching efficiency 
of each layer so that a best fit is obtained between observed and simulated soil salin-
ity values.

4.8.2  Amelioration of Subsoil Sodicity and Soil Dispersivity

Dispersive (sodic) soils present a variety of abiotic constraints to plant growth and 
function, including waterlogging and anoxia and Na+ toxicity, as well as present a 
physical barrier to root growth resulting from high soil strength. Measures under-
taken to amend sodicity by application of Ca compounds such as gypsum (or lime 
in acidic-sodic soils) aim to reduce exchangeable sodium. Soluble Ca2+ from these 
compounds exchanges with Na+ and also other cations (K+ and Mg2+), thereby 
decreasing dispersive charge. The Ca2+ in soil solution also increases the flocculat-
ing charge. As a result, clay dispersion is prevented, and soil physical condition is 
improved.

4 Salinity, Sodicity and Alkalinity
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Lime (CaCO3) is insoluble when pH is above 8, and its low solubility under 
acidic pH values makes it suitable for amending acidic-sodic soils with pH  <  6 
(Bennett et  al. 2014). Lime also corrects soil acidity. Gypsum (CaSO4.2H2O) is 
sparingly soluble and has been effectively used for all types of sodic soils (Oster and 
Jayawardane 1998; Zoca and Penn 2017), particularly in ‘gypsum-responsive soils’ 
identified by clay dispersion tests rather than by relying on ESP values (Loveday 
1974). Addition of organic matter, including organic and green manures, to subsoil 
can alleviate the dispersivity (Gill et al. 2009) but depends on the use of organic 
compounds which covalently bond to clays and reduce the dispersive charge. 
Hydrophobic organic compounds can prevent water interactions with soil particles. 
Synthetic organic polymers such as polyvinyl alcohol (PAV) or polyacrylamide 
(PAM) have been effectively used in surface soils (Shainberg and Levy 1994; 
Mamedov et  al. 2010). Subsoil application of these polymers is rare in crop-
ping lands.

Dense, sodic, clay subsoils, particularly under dryland conditions, pose great 
problems in the reclamation of dispersivity because of the difficulty in the applica-
tion of amendments to the deeper soil layers, in addition to the cost involved. Deep 
ripping, deep ploughing and profile inversion in conjunction with the amendments 
such as gypsum or manures are the common techniques used. Positive and negative 
results have been reported with these techniques (e.g. Hamza and Anderson 2003; 
Nuttall et al. 2005). Farmers have to choose the options on the basis of economic 
analysis including cost-benefit ratio.

4.8.3  Correction of Subsoil Alkalinity

High soil pH has been shown to be a constraint to crop productivity in South 
Australia by Cooper (2004) and the Central Soil Salinity Research Institute (CSSRI 
2007) in India. The remediation of phytotoxicity in alkaline soils may not necessi-
tate lowering soil pH to neutral, but to <9 (Brautigan et al. 2014). Protons needed to 
reduce pH in soils with a pH range of 8.5 to >9 may be comparatively low (because 
of the absence of calcite buffering in this pH range) compared to soils with pH near 
8.5 since at the lower pH, calcite dissolves faster and buffers the pH change. Thus, 
the condition where HCO CO Ca Mg3 3

2 2 2� � � �� � �  in soil solution should be the 
criterion for the correction of alkalinity. Management of soil alkalinity should aim 
in reducing the concentrations of HCO CO3 3

2� ��  in soil solutions and maintaining 
soil pH below 8.5.

Application of sulphuric acid to reduce soil pH has been discussed but may be 
hazardous if not managed appropriately. Use of elemental sulphur to reduce soil pH 
will be successful only when soil contains sulphur-oxidising microorganisms. 
Chemolithotrophic bacteria such as Thiobacillus spp. are efficient S oxidisers, but 
they prefer low pH (<5) soil. Heterotrophic bacteria and fungi can oxidise S but will 
require biologically available carbon in alkaline soils (Lawrence and Germida 1988; 
Zhao et al. 2015). Pyrite (iron sulphide) available as an industrial waste has been 
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used to reclaim alkaline sodic soils. While lime can increase soil pH in acid soils, 
gypsum application reduces soil pH by about 0.5 unit. The Ca2+ from gypsum can 
also precipitate HCO CO3 3

2� ��  found in alkaline soil solutions, thereby reducing 
soil pH.

Plant roots can secrete protons in the rhizosphere and reduce alkalinity. Thus, 
growing of legumes in crop rotation has been shown to cause soil acidification (e.g. 
Xu et al. 2002). Addition of organic materials may increase the population of acid- 
secreting microbes in the soil, thereby lowering soil pH (Jones 1998; Tang and Yu 
1999; Walker et al. 2004). Brautigan et al. (2014) found that the reduction of pH 
achieved with biological amendments was temporary, with pH returning to pre- 
amendment levels over a short period of time. However, they found that when gyp-
sum was added in conjunction with organic matter, the pH reduction was sustained. 
Phytoremediation occurs where protons produced by roots increase the dissolution 
of calcite and release Ca2+ which will be useful in reclamation of calcareous sodic 
soils (Qadir et al. 2007). As mentioned earlier, the successful use of these amend-
ments for treatment of subsoil alkalinity will depend on the economics of applying 
them in subsoils and the benefits obtained in terms of yield.
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Chapter 5
Pyritic Subsoils in Acid Sulfate Soils 
and Similar Problems in Mined Areas 
with Sulfidic Rocks

José João Lelis Leal de Souza and Walter Antônio Pereira Abrahão

Abstract Acid drainage is one of the most dangerous and costly environmental 
problems that reduce soil and water quality. Acid drainage begins when pyrite and 
other sulfides are exposed and, in the presence of oxygen and water, undergo oxida-
tion to form hydrated sulfates. This can occur in tailing piles, sterile or other materi-
als moved by mining activities, cuts of pyrite materials on roads, tunnels, etc., where 
the oxidized compounds appear as white and yellowish crusts on the exposed sur-
face of rocks and weathered sediment. Sulfide oxidation products, besides being 
highly soluble, have a strongly acidic reaction, so that they are easily dissolved in 
the liquid phase, acidifying the water bodies into which they discharge. Thus, the 
waters, when dissolving the salts produced by oxidation, become acidic and with 
high concentrations of sulfate and iron. Due to the low pH values (which may drop 
below 2.0), other elements such as aluminum, manganese, copper, zinc, lead, mer-
cury, cadmium, etc., if present in the medium, are solubilized and mobilized in the 
drainage waters and may become toxic. By reaching lakes and rivers, acid drainage 
can compromise the ecological balance of water resources, with the potential to 
incorporate heavy metals in the food chain. Remediation of acid drainage involves 
(i) admixture of sufficient alkaline material to neutralize acidity and (ii) reducing 
sulfide contact with the atmosphere through a water layer or chemical or biological 
precipitation of sulfates and oxides. Adoption of preventive and corrective strategies 
should be based on balance between acidity and alkalinity generation, as well as the 
reaction kinetics.
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5.1  Introduction

The phenomenon of acid drainage from sulfide oxidation was first reported in 
ancient times by Theophrastus (315 B.C.) and Pliny (23–79 A.C.) (Agricolla 1950). 
Acid drainage is a process of widespread occurrence in tropical and temperate envi-
ronments but also in periglacial landscapes. In this process, sulfide minerals exposed 
to oxygen and water are oxidized, yielding strong acidity and high concentrations of 
soluble salts in water. Additionally, the acidity favors the dissolution of other miner-
als and increases the activity of metal(loid)s in solution. This process can occur due 
to natural exposure of sulfides in potential acid sulfate soils or from sulfidic rocks 
(when the discharge is called acid rock drainage) or through exposure of sulfides by 
anthropogenic activities, usually mining (when it is named acid mine drainage) 
(Simate and Ndlovu 2014). The existence of sulfidic materials in the subsoil has 
implications for crop production, but most of the implications are for water resources 
and for off-site impacts. Acid drainage threatens crop production and the dwindling 
supply of fresh water. The United Nations recently labeled acid drainage as the 
second biggest problem facing the world after global climatic changes. Hence the 
present chapter focuses on the implications of the sulfidic subsoils (naturally occur-
ring) and subsurface sulfidic wastes (in mine sites).

Acid drainage is the result of acidity-producing reactions from the oxidation of 
sulfides and ferrous ions but is influenced by dissolution reactions of some minerals, 
mainly carbonates, capable of producing alkalinity. Acid drainage, as well as the 
solubilization and precipitation of metal minerals, has been the focus of geochemi-
cal investigations in the last 60 years (Sato 1960; Nordstrom 1977; Evangelou 1995; 
Hemingway et al. 2002; Dold 2010; Kefeni et al. 2017). It is necessary to under-
stand the parameters that control the formation of acid drainage and to develop 
effective prevention methods.

The reaction rate differs depending on the type of sulfide being oxidized by Fe3+. 
Experiments on weathering kinetics indicate the importance of trace elements on 
the individual stability of sulfides. When different sulfides are present, electrochem-
ical processes that influence the reactivity of individual sulfides are likely to occur 
(Aghamirian 1997).

The initial reaction of acid drainage is the oxidation of sulfide, represented by 
pyrite, by atmospheric O2, producing sulfate, a metallic cation and H+ ions 
(International Network for Acid Prevention 2009) (Eq. 5.11). In sequence the Fe2+ is 
oxidized to Fe3+, which, in turn, undergoes hydrolysis producing ferric hydroxide 
and more acidity (Eqs. 5.2 and 5.3). The oxidation of pyrite, followed by hydrolysis 
of Fe3+, can generate four moles of H+ per mole of pyrite (Eq. 5.4).

 FeS O H O Fe SO H K2 2 2
2

4
27 2 2 2 206 91� � � � � � �� � �/ log .  (5.1)

1 The equilibrium constants were calculated based on the free energy of formation of the reactants 
(ΔGro) and the products, according to data from Faure (1991).
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 Fe O H Fe H O K2
2

3
21 4 1 2 7 67� � �� � � � � �/ / log .  (5.2)

 Fe H O Fe OH H K3
2 3

3 3 3 54� �� � � � � � � �log .  (5.3)

 4 15 10 4 8 858 692 2 2 2 4FeS O H O FeOOH H SO K� � � � � �log .  (5.4)

The Fe3+ hydrolysis reaction usually occurs readily in the initial stages of pyrite 
oxidation, limiting the free Fe3+ activity in the solution. However, as acidity builds 
up in the medium and the pH falls below 3.5, the hydrolysis reaction is limited, 
significantly increasing the Fe3+ concentration in the solution. In these conditions, 
Fe3+ starts to act as an electron acceptor on the surface of the pyrite crystals (Singer 
and Stumm 1970), becoming the main mechanism of sulfide oxidation and acid 
production (Eq. 5.5).

 FeS Fe H O Fe SO H K2
3

2
2

4
214 8 15 2 16 98 49� � � � � � �� � � � log .  (5.5)

As the pH of the medium is sufficiently acidic, the Fe3+ becomes the main oxi-
dant of the pyrite, being reduced to Fe2+, and O2 has an indirect role in the re- 
oxidation of Fe2+, regenerating Fe3+ (Eq. 5.2). Under acid conditions corresponding 
to pH values below 3, the oxidation of pyrite by Fe3+ is about 10–100 times faster 
than by O2 (Kefeni et al. 2017). The process becomes self-propagating, constituting 
a continuous cycle capable of generating large amounts of H+ ions.

In natural environments, the presence of some species of bacteria, such as 
Thiobacillus ferrooxidans, can increase sulfide oxidation (Blowes et al. 2003). The 
initial step of pyrite oxidation does not require an elaborate sequence of different 
geochemical reactions for each pH range. Thiobacillus sp. attach onto the mineral 
particle surfaces and directly oxidize iron and sulfur (Eq. 5.6). The bacteria also can 
accelerate the oxidation reaction of Fe2+ (Eq. 5.7) and consequently catalyze sulfide 
oxidation (Eq.  5.5). Thiobacillus sp. also forms nano-environments surrounding 
sulfides, excreting polymers on the mineral surface (Simate 2009). Subsequently, 
the bacteria oxidize Fe2+ to Fe3+, which is utilized to oxidize sulfide (Eq. 5.5).

 FeS O H O Fe SO H
Bacteria

2 2 2
2

4
27 2 2 2� � � � �� � �/  (5.6)

 2 0 5 2 22
2

3
2Fe O H Fe H O

Bacteria
� � �� � � �.  (5.7)

These bacteria occur naturally in aquatic and soil systems but appear to be more 
active in acid media, with pH values close to 3.0 (Rowe et al. 2007). For this reason, 
iron oxidation is considered the limiting step of the acid drainage process and pro-
ceeds slowly under sterile conditions.

When acidic water, rich in Fe2+, from underground layers reaches the surface, it 
will undergo oxidation, and, by hydrolyzing, it can precipitate ferrihydrite, schwert-
mannite, goethite, or jarosite depending on the pH-Eh conditions, and availability of 
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other necessary elements, such as potassium and sulfur. Jarosite, schwertmannite, 
and ferrihydrite are meta-stable minerals concerning goethite (Equeenuddin et al. 
2010; Hemingway et al. 2002; Schwertmann 1991). The hydrolysis and precipita-
tion of ferric hydroxides at pH above 3.5 is the largest acidity generator in this 
process.

Pyrite (α-FeS2) is the main sulfide mineral capable of producing acid drainage, 
although other, less common sulfides may also contribute to the process. In general, 
iron sulfides with metal/sulfur molar ratios lower than one and sulfosalts (e.g., enar-
gite) generate acid when reacting with oxygen and water. On the other hand, sul-
fides with metal/sulfur molar ratios equal to one (e.g., sphalerite, galena, 
chalcopyrite) tend not to produce acidity when oxygen is the oxidant. However, 
when aqueous Fe3+is the oxidant, all sulfides can generate acidity. Therefore, the 
quantity and reactivity of iron sulfide present in potential acid sulfate soils, an ore 
deposit, or mine waste play a crucial role in determining the mine drainage 
characteristics.

5.2  Thionic Soils

The influence of sulfide materials in pedogenesis is indicated by (i) pH in water 
which can reach values lower than 4.0; (ii) the presence of mottles or coatings with 
accumulations of iron or aluminum sulfate; or (iii) hydroxysulfate minerals and 
water-soluble sulfate content higher than 0.05%. These characteristics are used to 
define the “thionichorizon” (IUSS Working Group WRB 2015). Similar horizons 
are present in Soil Taxonomy (Soil Survey Staff 2006), the Brazilian System of Soil 
Classification (Santos et al. 2013), the Australian Soil Classification (The National 
Committee on Soil and Terrain 2016), and the Canadian System of Soil Classification 
(Soil Classification Working Group 1998).

Thionic soils are present in all continents. In general, thionic soils are developed 
under tidal oscillation and occur in mangroves and actual or paleo marine fans. 
Sediments transported and deposited by rivers and seawater bring together Fe 
oxides from water basins and SO4

2−, from seawater. In these areas, subsoils are typi-
cally waterlogged (hypoxic), which contributes to the accumulation of organic mat-
ter in anaerobic conditions (paludization). The low partial pressure of O2 favors the 
activity of chemotrophs, and the relative natural abundance of iron and sulfur means 
Fe3+ and SO4

2− is by far the most abundant terminal electron acceptors in estuarine 
soils (Kristensen et al. 2008). Consequently, H2S and ferrous ion are formed and 
react to form at first FeS and S0. Pyrite crystals either form from saturated solution 
of FeS (Wada and Seisuwan 1986), although no micromorphological evidence 
seems to be available for this issue (Mees and Stoops 2010). Pyrite is more abundant 
in deeper horizons (i.e., subsoils) and often occurs in spherical or framboid clusters 
of microcrystalline particles (Wilkin and Barnes 1997). Pyrite framboids take 
3 hours and 3 years to form in sediments (Rickard 2019) and are one of the most 
reactive sulfides (Evangelou 1995).
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Histosols and Gleysols are the main soil groups affected by thionic materials in 
coastal lowlands, while these characteristics are less common in Vertisols, Planosols, 
Solonchaks, Stagnosols, and Umbrisols (IUSS Working Group WRB 2015).

Thionic soils also are observed far from marine influence, in soils developed 
from sulfide-bearing rocks or where mining-related materials are exposed to weath-
ering (Borba et al. 2003; Francelino et al. 2011). Although this process occurs natu-
rally, anthropogenic activities, especially mining, can induce a thionic horizon by 
increasing the number of sulfides exposed (Dold 2014; Li et  al. 2009). In these 
cases, Technosols and Inceptisols are commonly affected by thionic materials.

The colors of thionic soils reflect various stages in the process of sulfurization 
(Fig. 5.1). Oxidation of sulfides in surface horizons may produce a variety of colors, 
which range from 10YR through 2.5Y and 5GY together with low to high chroma 
and values (Fanning et al. 1993). By contrast, sulfidic mineral materials associated 
with potential acid sulfate conditions have low chroma and value, typically equal to 
or below 1 and 4, respectively.

The input of Fe and other metals by sulfide oxidation is essential for phytoplank-
ton production (Dold et al. 2013; Hodson et al. 2017). However, in general, oxida-
tion of sulfides affects the balance between macro and micronutrients in the soil 
(Halcomb and Fare 2002) and reduces the diversity of aquatic life to a small number 
of species better adapted to conditions of low pH and high pE (He et al. 2015; Rowe 
et al. 2007; Zhi et al. 2015). Even when the input of Fe and other metals is limited 

Fig. 5.1 Schematic thionic soil profile and their variability with depth
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to groundwater, there may be impacts on terrestrial plants and animals depending on 
the substrate and rocks through which the acidic water passes, the extent of dilution 
or neutralization caused by contact with other water bodies, and with the hydrologi-
cal regime (Lei et al. 2010).

Heavy metal contamination derived from sulfide oxidation is highly variable 
because it depends on the mineralogy and amount of sulfide mineral oxidized and 
the gangue minerals present in the rock (Durães et  al. 2014; Equeenuddin et  al. 
2010; Li et al. 2009). Besides the ingestion of other toxins in polluted water, the 
ingestion of excess sulfates is harmful. Consumption of water with more than 
600 mg sulfate L−1 by humans will lead to vomiting and diarrhea in most individuals 
(Dawson et al. 2015). Except for a few species, plants are sensitive to excessive dis-
solved ions in the soil solution. The plants growing along the riparian zone of 
streams containing acid water discharge are exposed to high levels of sulfates and 
may be replaced by the sulfate-tolerant species over time.

Even after mining ceases, the heavy metal pollution in soil and water continues 
to endanger the health of plants and animals (Jennings et al. 2008; Liao et al. 2016). 
Once organisms absorb heavy metals, they accumulate in vital organs and glands 
and inhibit the absorption of nutrients, thereby hindering biological functions 
(Singh et al. 2011). Because heavy metals accumulate in the trophic chain, they are 
generally related, even at low concentrations, to necrosis, tumors, cancer, and gen-
eral impairment of the digestive system, cardiovascular system, and urogenital sys-
tem in vertebrates (Chen et al. 2010; Li et al. 2012). Heavy metals cause cellular 
damage and disturbance of cellular ionic homeostasis of plants (Yadav 2010).

Acid mine drainage is associated with several lithologies (Dürr et al. 2005) and 
numerous mining sites worldwide (Fig. 5.2). Water and soil samples taken from 
these sites have concentrations above the legislation limits for several toxic ele-
ments, namely, fluoride, uranium, and aluminum and heavy metals, from coal 
(Campaner et al. 2014), gold (Andrade et al. 2008), copper (Larsson et al. 2018), 
zinc (Macías et al. 2012), silver (Sainz et al. 2003), and uranium mining (Ferrari 
et al. 2017).

Although the exchangeable fraction of heavy metals in thionic soils is higher 
than in other polluted soils (Candeias et al. 2014), approximately 70% of the heavy 
metals in thionic soils are in the crystal structures of goethite, hematite, jarosite, and 
schwertmannite, which are relatively resistant to leaching and transfer to the trophic 
chain (Zhao et al. 2011).

5.3  Prediction of Acid Drainage

There are two main approaches for predicting the drainage water quality from a 
given substrate regardless of whether it is topsoil or subsoil material. Chemical 
analyses of the substrate are standard but often supplemented by kinetic tests of 
leaching or simulated weathering. Chemical analysis of sulfides and neutralizing 
materials present in the substrate allows calculation of the acid generation potential 
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Fig. 5.2 Acid mine drainage sites in the world according to lithology

(acidity potential) and the alkali generation potential (neutralization potential), 
respectively. Based on the results of these analyses and the stoichiometry of the 
reactions discussed above, an acid-base balance can be derived (Skousen et al. 2001, 
2002). The substrate is considered a possible acid drainage generator if the acidity 
potential is higher than the neutralization potential. Otherwise, acidic drainage from 
this substrate is not expected unless the rate of acid formation exceeds the rate of 
neutralization.

The acidity potential is determined from the total sulfide content in the sample. 
In this analysis, the sample is washed with acid to remove the sulfates and non- 
pyritic Fe present (Evangelou 1995). Subsequently, the sample is digested, and the 
S or Fe content in the extract is determined. The direct determination of sulfur has 
the advantage of providing a more exact measure of the abundance of sulfides pres-
ent in the substrate. However, if any of the sulfide minerals present cannot generate 
acid when oxidized, the acidity potential will be overestimated. Determining the 
iron content to predict iron sulfide content minimizes the possibility of overestima-
tion. However, the determination of Fe relates only to pyrite and does not consider 
other sulfides present that can generate acidity. Also, Fe is often present in other 
minerals, which are not removed in the initial acidic washing of the sample, which 
would overestimate the pyritic iron. The primary method used for the oxidative 
digestion of sulfides is hydrogen peroxide (H2O2) at 30% (Evangelou 1995). 
However, other oxidants may be used.
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The main limitation of the static chemical analysis is that the particle size of the 
material is not considered: very coarse materials or crystal size limits the rate of 
dissolution compared to fine texture or small crystal size. Another limitation of the 
analysis is when part of the carbonate is in the form of siderite (FeCO3), whose dis-
solution can produce a neutral final solution but is computed as an alkaline material 
during the analysis (Evangelou 1995). The final major limitation of the acid-base 
balance (ABB) determination to predict drainage water quality is that it does not 
consider the reaction kinetics. The kinetics of the acidity and alkalinity producing 
reactions are not necessarily equivalent, leading to prediction errors in samples con-
taining acid-forming (sulfides) and neutralizing materials (e.g., limestone). 
Obviously, for substrates containing only sulfides, with relatively small amounts of 
neutralizing compounds, ABB-based acid drainage generation estimates tend to be 
closer to reality.

To avoid the limitations and errors of interpretation of the static substrate analy-
ses, an alternative technique is leaching tests that simulate substrate weathering to a 
certain extent (Schaffie and Hosseini 2014). These tests consist of placing the sam-
ple into leach cells or columns, to which distilled water is periodically added. In the 
leachate solution, acidity and sulfate and iron concentrations are determined, but 
other analyses such as pH and toxic metal or metalloid concentrations can be 
performed.

The main advantage of simulated weathering tests is that data are obtained as a 
function of time, enabling a prediction of the oxidation kinetics of the sulfides. 
However, kinetics may still deviate from field weathering since the dissolution 
kinetics of carbonates vary according to field rainfall and the interval between 
leaching events. In this case, leaching studies can adjust the quantities of water and 
the interval between leaching to match the precipitation conditions of the target 
environment. The main disadvantage of this leaching technique is the time required 
to obtain enough data to understand the kinetics. To shorten this time, hydrogen 
peroxide (H2O2) at low concentrations as a leaching solution can be used 
(Evangelou 1995).

5.4  Prevention and Soil Remediation Opportunities for Acid 
Sulfate Materials

Prevention of acid drainage generation can be achieved by a mixture of materials 
containing sufficient alkaline material to neutralize acidity. Examples of admixtures 
include mine tailings and soil, quarried and crushed aggregate, basic sand materials, 
and cement (Benzaazoua et al. 2002). Placement of a capping layer above the sub-
strate and subaqueous disposal is a possible strategy to prevent water and air, respec-
tively, from reaching the sulfide-bearing rocks or tailings (Villain et al. 2013). Clay 
subsurface horizons of soils, oxide wastes, fly ashes, organic wastes, and geofabrics 
are commonly used to seal the sulfidic wastes (Lu et al. 2014; Olds et al. 2012).
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Dissolution of silicate minerals can neutralize acidity. However, silicates gener-
ally decompose more slowly than carbonates and have lower neutralization capacity 
(Masindi and Gitari 2016). Consequently, addition of limestone (CaCO3), slaked 
lime (Ca(OH)2), soda ash (NaCO3), caustic soda (NaOH), ammonium hydroxide 
(NH4OH), magnesium hydroxide (Mg(OH)2), and calcium oxide (CaO) is the most 
generally applied treatment of thionic soils to increase the pH and precipitate dis-
solved metals (Watten et al. 2005).

Limestone (CaCO3) consumes two protons (H+), according to Eq. 5.8.

 CaCO H Ca CO H O Ko
3

2
2 22 9 74� � � � �� � log .  (5.8)

Equation 5.8 assumes maximum neutralization, that is, when the reaction pro-
ceeds at high acidity and the carbonate equilibrium is shifted to H2CO3. At lower 
acidity, when the carbonate buffers the pH to around 6.5–7.0, the equilibrium shifts 
to HCO3

−, and the dissolution of 1-mole calcite consumes only 1 mole of protons. 
Most of the ABB theory assumes the condition of maximum acidity, in which the 
H2CO3 species is the most stable. This may lead to an overestimation of the neutral-
ization potential at pH close to neutrality.

Treatment of thionic soils can be exceedingly challenging and costly. First of all, 
the control of water tables is needed to ensure the thionic or sulfidic materials 
remain submerged. In the exposition of sulfide material, the amount of lime required 
to neutralize soil acidity depends on its purity and pH buffer capacity of the thionic 
soil. Soil pH buffer capacity increases with increasing organic matter, clay minerals, 
Al/Fe (hydr)oxides, and carbonate contents (Kissel et al. 2012; Vasques et al. 2018; 
Wang et al. 2015; Zhou et al. 2007). Applications of low-cost alkaline waste prod-
ucts, such as cement waste (Kastyuchik et al. 2016), bentonite (Masindi and Gitari 
2016), fly ashes and concrete (Jones and Cetin 2017), and biochar (Kim et al. 2014), 
are less effective than neutralization of acidity with limestone and require higher 
rates and more time for effective remediation of acid drainage (Iakovleva et al. 2015).

5.5  Treatment of Acid Discharge Water

Because the application of alkaline compounds to reduce the acidity of thionic soils 
is palliative and expensive (Mello et al. 2006), quite commonly, thionic soils are left 
untreated. Instead, the strategy applied is to treat, recover, and reuse resources from 
acid drainage with technologies designed to reduce the volume of waste and make 
financial returns. Treatments include artificial wetlands (Kuyucak 2002), sulfate- 
reducing bioreactors (Bwapwa et  al. 2017; Wang et  al. 2017; Yadav and Jamal 
2015), and permeable reactive barriers (Holmes et al. 2017; Shabalala et al. 2017; 
Wang et al. 2016). Wetlands treated with organic materials to induce bacterial sul-
fate reduction can neutralize acidity and precipitate dissolved metals in acid drain-
age waters (Ayora et al. 2016), while similar neutralization can be achieved with 
passive compost bioreactors in drains containing acid discharge waters (Biermann 
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et al. 2014). Permeable reactive barriers utilize zero-valent iron, zeolite, activated 
carbon, and other materials to sorb or precipitate contaminants in acid discharge 
water, while limestone barriers can neutralize the acidity in the water (Henderson 
and Demond 2007). Bioreactors use salts (CaCl2, K2HPO4, NH4Cl, MgSO4.7H2O, 
CaCO3, and (NH4)2Fe(SO4)2) as nutrient sources and to reduce the adverse effect of 
toxic elements. Organic components increase media permeability and are carbon 
sources for microbiological activity (Muhammad et al. 2017; Neculita et al. 2007; 
Zagury et  al. 2007). Bioreactors based on mixtures of salts and organic sources 
provide more effective heavy metal removal than limestone reactors from acid 
drainage (Kiran et al. 2017; Nancucheo et al. 2017; Zhang and Wang 2016).

Chemical precipitation, ion exchange, adsorption, membrane filtration, 
coagulation- flocculation, flotation, and electrochemical methods were extensively 
tested to recover metals from acid drainage (Fu and Wang 2011; Schaffie and 
Hosseini 2014). Uranium (Howard et al. 2009), rare earth elements (Ayora et al. 
2016), metals (Chockalingam and Subramanian 2006; Park et al. 2015), and pig-
ments (Michalková et al. 2013) are some of the resources efficiently recovered from 
contaminated waters.

5.6  Conclusions

Mineralogy, the surface area of sulfide exposed, temperature, degree of saturation 
with water, water movement, oxygen diffusion in soil and water, pH, and microbial 
activity affect sulfide oxidation. Consequently, the chemistry of sulfide exposed 
sites is highly variable from site to site, and remediation cannot be achieved by a 
single intervention practice. The treatment chosen is determined by the toxic ele-
ments present, their ionic species and concentration, land use and waste produced, 
sulfide-bearing rock, pH, and economic factors.
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Chapter 6
Physical Subsoil Constraints 
of Agricultural and Forestry Land

Teogenes Senna de Oliveira and Raphael Bragança Alves Fernandes

Abstract Physical subsoil constraints can originate from natural or anthropic pro-
cesses, and some of them can be reduced, avoided, corrected and/or predicted by the 
land use practices applied. While the solutions may not be economically viable in 
cases of hardened layers (e.g. duripan, fragipan), shallow rock layers or water tables, 
the elimination of compacted layers originating from soil management practices in 
areas of agricultural potential is generally feasible. Soil compaction is the most 
reported physical subsoil constraint worldwide and can affect plant productivity by 
reducing the root system growth and the soil volume explored for the absorption of 
water and nutrients, as well as inducing soil surface erosion depending on the local 
physical environment. This chapter explores the compaction processes and their 
genesis, factors affecting susceptibility to compaction, response of compaction to 
land use and the prediction, prevention and correction of compaction.

Keywords Compaction · Diagnosis · Ecosystem services · Mechanization · 
No-tillage · Soil management · Susceptibility · Tillage

6.1  Introduction

The soil has multiple functions that play a fundamental role in the environmental 
balance of the planet, but more attention is paid to the topsoil rather than the hori-
zons below (subsoil). Topsoil and subsoil are a single entity, allowing the soils to 
perform their ecosystem functions, especially under agricultural land use. The sub-
soil constraints can be due to physical, chemical and biological factors and originate 
from natural or anthropic actions. All these factors have the potential to compromise 
land use and plant development, as well as all other soil functions depending on the 
contrast between the topsoil and the subsoil. Specifically, subsoil physical 
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constraints can have a direct impact on water and gases dynamics and the develop-
ment of plant roots in the soil profile.

The most common natural subsoil physical constraints are associated with the 
presence of rocky material and/or gravel and hardened horizons (fragipan, duripan 
or cohesive horizons). Clay-textured horizons (textural B) can also be a natural 
subsoil constraint and is a common characteristic in soil classes of Acrisols, Luvisols 
and Leptosols in Brazil and in Sodosol and Chromosol soils in Australia (MacEwan 
et al. 2010; Davies et al. 2019; Isbell and National Committee and Soil and Terrain 
2021). Schaefer et al. (2022) outline how subsoil constraints are often associated 
with deeply weathered and deep saprolite-derived soils, and these are particularly 
prevalent in tropical climates or in regions that experienced prolonged chemical 
weathering in earlier geological periods. Their chemical, physical and mineralogi-
cal properties reflect prolonged weathering and chemical denudation, and the nature 
of saprolites has a definite impact on soil constituents, irrespective of bioclimatic 
conditions, including subsoil physical constraints. On the other hand, land use prac-
tice in crop production, livestock raising and forestry can also cause physical restric-
tions in the subsoil due to machine traffic for intensive soil tillage in conventional 
planting, soil preparation and cultivation/harvesting operations at unsuitable soil 
water content, overgrazing and limited adoption of practices that maintain or 
increase soil organic matter.

Soil compaction is the most reported physical subsoil constraint worldwide, and 
its origin is frequently associated with unsuitable land use practices and soil man-
agement. The greater use of heavier machinery in annual and perennial crop produc-
tion, worldwide, is a matter of concern (Lipiec et al. 2003; Wahlströma et al. 2020), 
and its direct consequences on soil functions and crop productivity were reviewed 
by Keller et al. (2019). Indirect effects of subsoil compaction include waterlogging 
which could happen in soils with natural physical limitations (clay enrichment at 
depth as in duplex soils in Australia or Inceptisols in Brazil and Australia) or induced 
as subsoil compaction by machinery use (Manik et al. 2019).

Although subsoil compaction is an important constraint for agricultural produc-
tion, it is often overlooked and was referred to by Frisby and Pfost (2020) as “the 
silent thief”. This chapter will address the susceptibility to subsoil compaction 
under different soil conditions, the effect and limitations caused by soil compaction 
under agriculture (conventional and no-till) and forestry activities, the methods to 
evaluate compaction and existing practices to manage and prevent compacted soil 
layers forming.

6.2  Soil Compaction and Land Use

Conceptually, induced soil compaction can be considered as the compression pro-
cess (increase in soil mass per unit volume) caused by soil use and management 
practices, through the application of external forces that cause the reduction of pore 
space, a denser rearrangement of solid particles and, consequently, an increase in 
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soil bulk density (Håkansson and Lipiec 2000). The physically compacted layers 
restrict root penetration, gas exchange and infiltration of water, in addition to 
increasing the susceptibility of soil to erosion (Raper 2005).

The breakdown of soil aggregates during conventional tillage facilitates the rear-
rangement of particles/aggregates into smaller spaces, promoting a decrease in vol-
ume, which is intensified by the compression exerted by the weight of the machinery 
and the exposure of the soil to the direct impact of rain drops (Ampoorter et al. 
2007). These effects are less evident in the topsoil since the layer is commonly tilled 
annually, but compaction stands out in a subsurface layer in the form of dense layers 
coinciding with the transition zone between the disturbed and undisturbed part of 
the soil. Management, harvesting and transportation operations in agricultural and 
forest areas also cause compaction, due to uncontrolled heavy machinery traffic.

The spatial distribution of soil compaction and with depth down the profile is 
quite variable. In conventional agricultural systems, there is a tendency for compac-
tion to occur superficially in the profile and homogeneously in a field, due to uni-
form trafficking and to ploughing in the first 30 cm of soil (Reichert et al. 2007). On 
the other hand, in forest soils, compaction is heterogeneous spatially (Greacen and 
Sands 1980; Horn et al. 2004; Reichert et al. 2007), and its intensity depends, among 
other factors, on the type of machine used, localized traffic, soil moisture and root 
growth (Arvidsson et al. 2001).

Although more limited, the effect of roots on soil compression cannot be disre-
garded. The growth of tree roots in forest and agricultural areas (e.g. fruit cultiva-
tion) promotes a natural increase in soil density in the rhizosphere, decreasing 
exponentially with the distance from the surface of the roots (Dexter 1987). Increases 
in soil density can be significant as a result of root elongation only, with the absolute 
values comparable to the compaction induced by machine traffic (Aravena et  al. 
2014). Increases in soil density and reduced porosity were verified in electron 
microscope scanning images of a root section of the corn crop that showed a 22–24% 
reduction in soil porosity in the layer close to the soil-root interface (0–180 μm) and 
an increase in soil density from 1.56 kg dm−3 between 1440 and 1500 μm from the 
root to 1.79 kg dm−3 at the interface (0–60 μm) (Bruand et al. 1996). However, the 
root compacting effect at the soil-root interface is outweighed by the beneficial 
effects of roots on soils. The roots cause cracks in soils with their expansion, pro-
moting the formation of biopores (Gaiser et al. 2013), incorporate organic matter in 
the profile and release exudates which are important for the formation and stability 
of aggregates, improving the subsoil physical conditions.

Compaction compromises soil ecosystem services by reducing soil porosity and 
permeability, increasing mechanical resistance to root penetration and by degrada-
tion of soil structure (van den Akker and Soane 2004). These impacts affect drain-
age and water retention in the soil, gas exchange, absorption of nutrients and the 
extension of roots, compromising or limiting the growth and production of plants  
(Ma et al. 2022; Vance and Milroy 2022). Soil conservation itself is also affected by 
compaction (Thorsøe et al. 2019). Therefore, soil management practices should be 
designed based on the premise of avoidance of compaction (van den Akker and 
Schjønning 2004). Hamza and Anderson (2005) listed practical techniques which 
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have emerged on how to avoid, delay or prevent soil compaction: (i) reducing pres-
sure on soil by either decreasing axle load or increasing the contact area of wheels 
with the soil; (ii) working soil and allowing grazing at optimal soil moisture; (iii) 
reducing the number of passes by farm machinery and the intensity and frequency 
of grazing; (iv) confining traffic to certain areas of the field (controlled traffic); (v) 
increasing soil organic matter through retention of crop and pasture residues; (vi) 
removing soil compaction by deep ripping in the presence of an aggregating agent; 
(vii) crop rotations that include plants with deep, strong taproots; and (viii) mainte-
nance of an appropriate base saturation ratio and complete nutrition to meet crop 
requirements to help the soil/crop system to resist harmful external stresses. In the 
following sections, we review the origins of soil compaction, its effects and amelio-
ration techniques.

6.2.1  Conventional and No-Tillage Farming

Worldwide, agricultural activities are reported to promote the formation of com-
pacted soil layers for both annual and perennial crops. The compacted layers are 
often present below the arable layer with conventional tillage practices. In the no-till 
systems, the compacted layer will be more superficial due to the limited soil distur-
bance, while maintenance of the crop residue on the surface increases soil organic 
matter content close to the soil surface. The increase in soil density in tilled soils is 
associated with the rearrangement and compression of particles and soil aggregates 
due to the pressure exerted by machines and implements, both on the surface 
(upturned layer) and in the subsoil (interface between the unturned and 
upturned layer).

The alteration of electrochemical soil properties with fertilizers and soil amelio-
rants must also be considered in the process of soil compaction, especially in domi-
nant oxidic soils in a tropical environment. The increase in soil pH after liming 
increases surface negative charges due to the loss of protons from functional groups 
on the surface of organic matter and the clay fraction (silicates and oxides of Fe and 
Al) or by the replacement of trivalent cations (Al3+) with bivalent cations (Ca2+ and 
Mg2+). The increase in negative changes can favour the dispersion of particles. On 
the other hand, at higher lime rates, Ca2+ concentrations and ionic strength in soil 
solution increase causing compression of the electrical double layer and renewed 
flocculation. Both lime and hydroxy-Al polymers, formed by precipitation of 
exchangeable Al, can act as cementing agents bonding soil particles together and 
improving soil structure (Haynes and Naidu 1998). So, the liming effect on soil 
aggregation is unclear, and the intensity of this effect on soil compaction at field 
level is not quantified yet. The dispersion of particles in tropical soils in Brazil was 
observed with higher liming rates favouring higher soil density, clay dispersion and 
tortuosity of pores, and total porosity, saturated hydraulic conductivity and fractal 
dimension for 1–2 mm aggregates decreased, while larger pores were replaced by 
smaller ones (in 1–2 mm aggregates) (Spera et al. 2008; Ferreira et al. 2019).
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The level of soil compaction increases with time and with intensity of produc-
tion, even in areas with less intensive uses, such as pastures and under no-tillage. 
The diagnosis and the correction of soil compaction should become a routine prac-
tice, especially in more intensive land use systems such as frequent short-cycle 
crops under irrigation and where tillage is part of the production process (produc-
tion of roots, tubers, bulbs, etc.).

Agricultural intensification is exacerbating soil compaction since mechanization 
in agriculture and forestry is expanding due to the efficiency gains in farm enter-
prises. The intensification of mechanization in agricultural and forestry use has 
invariably been associated with an increase in the size and mass of machines and 
implements, to enhance gains in productivity and profitability, but without due con-
cern for the potential effects on the soil physical quality. In the last four decades, 
there was a fourfold increase in applied loads and in the frequency of machinery 
moving on the ground (Horn 2015).

Even in the cultivation of perennial plants, where mechanized operations are 
concentrated between the planting lines, compaction is a growing concern due to 
limitations to the development of the root system. Petry et  al. (2016) found that 
wheel trafficking by tractors and implements (especially sprayers) caused soil com-
paction between the lines, limiting the lateral distribution of peach roots by up to 
60%. This limitation was most associated with the central strip between the lines 
(1.7 m from each line of trees), where the movement of machines occurs and where 
resistance to penetration exceeded 2  MPa which limits root elongation of most 
plants (Gregory et al. 2006): root restrictions were most pronounced in the 5–30 cm 
layer. Furthermore, the compaction occurred across virtually the entire central por-
tion of the orchard inter-rows since tractor traffic coupled with a range of imple-
ments with varied wheel-to-wheel distance results in trafficking of most of the 
inter-row space. Similar results were reported by van Dijck and van Asch (2002) 
who assessed the extent of soil compaction of mature orchards and vineyards. 
However, in other studies, despite the mechanical traffic between the lines, the soil 
physical quality was maintained, highlighting the differences between cultivation 
systems, crops and soil classes. Indeed, Sandoval et al. (2020) observed an improve-
ment in stability and an increase in the size of soil aggregates in the inter-rows of 
coffee growing areas after 32 years.

The increase in the frequency of machine traffic in crops increases the risks of 
compaction and the possibility of reaching critical limits for plant growth (Ampoorter 
et  al. 2007; Jaafari et  al. 2014). The indiscriminate trafficking by machines and 
implements even in areas of no-till highlights the urgent need to decrease and con-
trol the traffic of machines and implements as much as possible. While controlled 
traffic is increasingly adopted in Australian cropping systems, it is not common in 
Brazil (https://www.actfa.net/actfa- conferences/).

The implementation of no-till systems has been advocated to improve soil physi-
cal quality by reducing mechanical disturbance of soils and by increasing the reten-
tion of crop residue on the soil surface. However, even in no-till areas that are widely 
adopted globally, especially in Brazil and Australia, studies have indicated the fre-
quent presence of compacted layers and with restriction to root growth (Reinert 
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et al. 2008). Soil compaction has been considered one of the most important barriers 
to soil management under no-tillage systems in the world (Spera et al. 2018). One 
of the reasons for soil compaction in no-till areas in Brazil is that minimum soil 
disturbance is the dominant practice, but crop rotation, the use of winter crops and 
the maintenance of crop residue cover throughout the year are not always practiced 
due to costs or climatic limitations, or even low acceptance of these practices by 
farmers.

In no-till areas in Brazil, the effects of compacted soils are more serious in non- 
irrigated areas during years with less rain, when the mechanical resistance of the 
soil to root penetration is increased. In the long term, no-tillage has been associated 
with gains in aggregate stability but often also with compromised soil physical qual-
ity (Martínez et al. 2008). Alternatives to tackle these problems in areas of continu-
ous adoption of no-till include crops with different root systems and the occasional 
practice of scarification or even ploughing (Peixoto et al. 2019b). The use of seeders 
equipped with double discs reaching a depth of 7 cm or double disks + short ripper 
reaching a depth of 13 cm was also evaluated to decrease soil compaction in long- 
term no-till systems (Drescher et al. 2012). However, the effects of applying these 
practices, which can be costly, have not provided permanent reduction in soil com-
paction and crop yield gains, as they have only short-term effects.

Where soil compaction persists despite the adoption of measures to mitigate traf-
ficking, deep subsoiling or more superficial action implements (harrows, knife roll-
ers, scarifiers and cultivators) may be used, but these may simply transfer the 
compaction to deeper layers beyond the range of these implements or to the inter-
face between the disturbed and undisturbed soil layers. The presence of compacted 
layers at depth may not be easily perceived by farmers. This is more problematic in 
areas of intensive and irrigated production, where there is no expression of restricted 
root development in the form of crop water stress. Negative effects of the deep com-
paction on nutrient uptake may go unrecognized. However, there is limited direct 
evidence yet in the literature about this issue.

Irrigation alone can be related to loss of structural soil quality, especially when 
poor quality irrigation water causes colloidal dispersion and destabilization of soil 
structure (Rengasamy 2018). For example, in the semi-arid region of Brazil after 
23 years of continuous use of irrigation, the repetitive wetting and drying cycles 
provided by irrigation have improved the stability of soil aggregates but caused an 
increase in microporosity and a decrease in the air permeability of soil, leading to 
the formation of a less well-connected pore system (Costa et al. 2014). The concern 
with compaction in irrigated areas is greater in climatic regions which allow crop-
ping system intensification and the production of year-round cropping.
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6.2.2  Livestock/Pasture

Pasture covers 45% of the Brazilian territory (IBGE 2017) and 52% of Australia 
(Bell et al. 2014), and in both countries, livestock production makes up about 40% 
of the agricultural sector’s gross domestic product (GDP) (Australian Bureau of 
Statistics 2012). In pasture areas, compaction is more prevalent in the first millime-
tres of soil (~50 mm), mainly due to the pressure exerted by the animals’ hooves 
(Bilotta et al. 2007) at high stocking rates. The decrease of soil physical conditions 
such as less porosity and water infiltration is associated with reduced productivity 
and vegetation cover (Bell et al. 2014), and trampling by stock at rates above the 
recommended levels intensifies soil surface erosion and its degradation. The effect 
of machines and implements is also reported for pastures, although pasture is con-
sidered a minimum trafficking and soil disturbance land use compared to cropping. 
The reduction of superficial compaction can be achieved by shallow subsoiling or 
soil scarification to eliminate the physical surface restrictions in association with the 
application of fertilizers and correction of acidity. Alternatively, these measures and 
the adjustment of stocking rates can be combined with the planting of trees in pas-
tures (Wolfe 2020). Bilotta et al. (2007) discuss a set of mitigation and remediation 
measures for pastures that can promote 33 ecosystem services, with the most fre-
quent being C sequestration, forage production and water erosion control (Zhao 
et al. 2020). Such measures are particularly needed in the pastures of the Brazilian 
Atlantic Forest biome to reverse the state of degradation. The inadequate past man-
agement of pastures on undulating land together with excessive trampling and the 
nutritional poverty of deep weathered soils led to drastic consequences for soil qual-
ity in this environment. In addition, for decades burning the grasses in the dry period 
to provide forage of better nutritional quality was a common practice before the 
rainy season. Intensive erosive resulted from the combination of heavy rainfall and 
concentration of water in the paths formed by the animals and led to the formation 
of rills or even gullies. Soil erosion in pastures has led to soil degradation, subsoil 
exposure and negative effects on water quality at the basin level. Although soil con-
servation practices (e.g. introducing trees in pastures) are necessary to interrupt the 
degrading practices, improving chemical and physical conditions such as nutrient 
replacement, reducing acidity and reducing compaction, the creation and adoption 
of public policies that enable integrated actions to recover these pastures are also 
important.

6.2.3  Planted Forests

Plantation forestry in Brazil has been marked by great advances in productivity and 
innovation in recent decades. Part of these productivity gains in Brazil and the world 
is associated with shorter rotations and the increased use of mechanization in 
the field.
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In the forestry sector, the heavy machinery traffic starts at the soil preparation 
stage and continues until the harvest of the trees and their transport outside the area, 
with numerous machine operations in the field in between. The use of mechanized 
forest harvesting systems can cause a series of disturbances in the soil physical 
quality (Ares et al. 2005). Harvesting is considered the most critical stage, when 
there is greater pressure exerted by machinery, in addition to tipping, tree dragging 
and storage in the field, which increases the risks of soil compaction (Marchi et al. 
2016). Among the disturbances, soil compaction is considered in the forestry sector 
a serious trigger of disturbances already mentioned for agricultural areas, affecting 
the quality, the biodiversity, the emission of greenhouse gases and the soil carbon 
stocks, as well as forest growth and regeneration (Cambi et al. 2015). Soil compac-
tion in forest areas is easily observed visually at the time of field operations and 
includes the formation of deep furrows by the machinery wheels, superficial soil 
disturbance, the formation of water puddles and the local deposition of plant resi-
dues (Agherkakli et al. 2010).

The effects of forest harvesting on soil are dependent on the type of harvest, 
which determines the presence or absence of residues on the soil surface and the soil 
moisture at the time of the operation. Mechanical forest harvesting systems can be 
divided into three categories: (i) short log system (cut-to-length), in which the com-
plete processing of logs is done in the stand and the resulting residues are left on the 
soil surface; (ii) the system of long logs (tree-length), in which the processing of 
logs is partly done in the stand and part outside, after dragging to remove the trees; 
and (iii) the full-tree system, when the complete removal of the tree is done for full 
processing outside the stand (Rodrigues 2018). Depending on the system applied, 
heavier machines have more negative consequences for soil compaction, especially 
when transporting the wood out of the field by complete dragging of the log 
(full-tree).

Among the adopted harvest procedures, the cut-to-length has been shown to have 
less impact on the physical quality of the soil, by leaving residues on the surface that 
minimize the effects of compaction. The attenuating effect of organic waste on com-
paction is due to its low density and high susceptibility to elastic deformations, 
forming a protective layer that reduces the contact and helps to dissipate the pres-
sure applied by the machinery, reducing the risks of compaction (Reichert et  al. 
2007). Therefore, the use of the harvester + forwarder module of the cut-to-length 
system has advantages over the tree-length feller + skidder module, as it promotes 
greater accumulation of residues when performing all the processing of the logs 
within the field.

The maintenance of forest residues may affect the re-planting by reducing the 
depth of action of the implements during soil preparation (Oliveira 2018). However, 
the gains with the residues left in the soil outweigh the disadvantages, and this prac-
tice is widespread. Nevertheless, this practice is facing a new challenge due to the 
demand for this organic material as a bioenergy source. The maintenance of resi-
dues in the field, especially from the bark of the trees, has economic and environ-
mental benefits, which attenuate the reduction in productivity in mechanically 
harvested forest plantations (Jesus et al. 2015).

T. S. de Oliveira and R. B. A. Fernandes



133

The effects of subsoil compaction are persistent, if not permanent on forestry 
(van den Akker and Schjønning 2004; Cambi et al. 2017). During forest harvest, 
only two passes of harvester + forwarder can cause soil compaction, an effect that 
lasted for more than 441 days in a Ferralsol in Brazil (Silva et al. 2008). Longer 
lasting effects of compaction on forest soils have also been reported by Hattori et al. 
(2013) in Malaysia. These authors evaluated the growth of seedlings planted in a 
logging area more than 20 years after the forest harvest and found an increase in the 
mortality rate in the initial phase of seedling development (0–12  months) and a 
reduction in elongation (81  months) of roots with increased soil resistance to 
penetration.

The intensity of damage to the structure depends on the external and internal fac-
tors that govern compressibility in unsaturated soils (Ampoorter et al. 2007). The 
external factors are related to the characteristics of the applied force and the topog-
raphy of the area, while the internal factors are initial soil density, texture, structure, 
contents of organic matter, mineralogy and current soil water content (Bygdén et al. 
2003; Dexter 2004). It is important to emphasize that soil compressibility is also 
directly associated with the ability of soil aggregates to withstand pressure without 
breaking (Han et al. 2006). Therefore, the cementing agents within aggregates, such 
as organic matter and Fe and Al oxides, directly influence compaction. Soil organic 
matter can be considered as the main cementing agent in soils in temperate regions, 
mainly in the superficial layers (Abdollahi et al. 2014). However, in tropical soils, 
Fe and Al oxides assume greater importance in cementing aggregates, helping to 
form aggregates with high resistance to compaction (Ferreira et  al. 2007). Fine- 
textured soils are more susceptible to compaction when compared to coarse- textured 
soils (Wästerlund 1985), especially as they retain a higher volume of water, which 
acts as a lubricant between particles, facilitating the denser resettlement of soil.

The water content is decisive in compaction since the dry soil has a high degree 
of cohesion, and this increases the soil resistance to deformation. Higher moisture 
levels imply an increase in soil compressibility (Han et al. 2006; McDonald and 
Seixas 1997) and the intensity of damage to the soil structure, especially during for-
est harvesting, which is enhanced during rainy seasons. It is not always possible to 
harvest trees during ideal soil moisture, but failure to do so can have a negative 
impact on the growth of future trees (Wronski and Humphreys 1994) with the great-
est amplitude of the compaction effects in a subsoil layer. Machine operations on 
soils with inadequate soil moisture may cause compaction of layers below 50 cm in 
depth if the load-bearing capacity of the subsoil is exceeded (Alakukk et al. 2003). 
The pressure applied to the ground by the machinery’s wheels increases with its size 
and load capacity. In logging systems, the impacts caused by the forwarder on soil 
were greater than those caused by the harvester. Under higher soil moisture condi-
tions, the deformations caused by forwarder traffic have become even more severe, 
with potential effects on soil physical conditions and tree growth (Wronski and 
Humphreys 1994).

The terrain slope can also accentuate compaction in forest soils since in steep 
terrain, the plots experience higher machine traffic compared to areas of gentle 
slopes to achieve the same efficiency. The increase in the number of machinery 
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passes increases the risk of additional compaction to a threshold that exceeds the 
critical limits for plant growth (Ampoorter et al. 2007; Jaafari et al. 2014; Schaefer 
and Sohns 1993; Williamson and Neilsen 2000). Therefore, mechanized cutting 
operations in areas with more than 20% slope should be avoided, whenever possi-
ble, to reduce the risks of soil compaction (Jaafari et al. 2014; Naghdi et al. 2016).

The number of machine passes also affects the spatial distribution of compaction 
in forest systems. Localized traffic in harvest and transport operations increases the 
spatial variability of soil compaction due to differences in the frequency with which 
a given area is trafficked (Arvidsson et al. 2001). Tracking the movement of a skid-
der used in the forest harvest, it was found that the resistance to penetration in the 
first 0.15  m in the post-harvest traffic area increased by 81–272% (Zenner and 
Berger 2008).

There is a tendency for soil compaction to decrease with increased depth due to 
the dissipation of the force applied by the weight of the machinery. However, high 
moisture content at the time of operations in conjunction with the stresses induced 
by machine traffic above the load-bearing capacity of the subsoil can cause compac-
tion of layers below 0.50 m in depth (Alakukk et al. 2003). Then, the heterogeneity 
and depth of compaction in forested areas make the control and correction measures 
even more complex than in agricultural areas or pastures (Reichert et  al. 2007; 
Soane et al. 1980). In general, the following recommendations for minimizing com-
paction in forest harvest involve (Cambi et al. 2017) reducing machine movement; 
limiting the area trafficked by machines; and promoting the use of brush mat on the 
skid trail to reduce the pressure exerted on the ground.

6.3  Compaction and Impacts on Soil Functions

Compaction affects several soil functions and can compromise the provision of 
essential ecosystem services. The main impacts of compaction are on soil physical 
properties and include the increase in soil density and the mechanical resistance of 
the soil to root growth, in addition to the reduction in the volume of macropores, the 
rate of infiltration and the movement of water and gas (Cambi et al. 2017; Schjønning 
et al. 2015; van den Akker and Schjønning 2004).

The damage caused to the pore continuity affects the transport pathways and the 
mineralization rates of soil organic matter, changing the transport and the amount of 
nutrients in solution (Berisso et al. 2012). In a mechanized forestry system, an aver-
age increase in soil density by 60% in the traffic areas caused decreases in the soil 
levels of organic C (−38%) and concentration of N (−57%), P (−25%) and K 
(−31%) (Naghdi et  al. 2016) compared with undisturbed areas. Biological pro-
cesses driven by soil macro and microfauna, such as the formation of macropores 
and the humification of organic matter, are also affected by soil compaction (Jaafari 
et al. 2014). There is an interdependence between the soil biological processes and 
soil compaction, since the latter affects biodiversity, while the activity of soil organ-
isms can alleviate compaction (Beylich et al. 2010).
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The preservation of soil functions or at least the mitigation of the effects of com-
paction on these functions should guide soil management practices. However, most 
studies about soil compaction are concerned with only one or a few soil properties, 
and not the multiplicity of functions that soils can offer. Seeking to overcome this 
challenge, Pöhlitz et al. (2020) defined critical values of stress caused by compac-
tion on soil physical, morphological and biological attributes as well as in the devel-
opment of plants in soils of different textures. Considering the optimum soil density 
for soil to perform all its functions at close to field capacity, the following critical 
ranges were found: 45–71 kPa for mechanical pre-compression stresses; 12–155 kPa 
for the minimum desirable macroporosity (0.08 m3 m−3); 100–200 kPa for pore con-
nectivity; 11–80 kPa for biopores built by earthworms; 7–56 kPa for grain produc-
tion; and 30–50 kPa for straw production.

Concerns about compaction affecting soil functions are usually restricted to its 
effect on soil structure. Rabot et al. (2018) review the relationship between different 
methods of assessing soil structure with soil functions such as biomass production, 
storage and filtering of water in the soil, dynamics and cycling of nutrients, soil 
carbon storage, habitat for biological activity and the role of soil in stability and 
physical support. Among the indicators of soil structure, porosity, macroporosity, 
pore distances and pore connectivity are the most relevant for the soil functions 
evaluated.

Agricultural adaptation practices associated with reducing erosion and increas-
ing soil carbon stocks can maintain soil functions and ecosystem services which 
may be compromised by climate change. However, a study that evaluated 20 agri-
cultural adaptation case studies in Europe to address threats to the world’s soils, 
within the context of the Sustainable Development Goals (Hamidov et al. 2018), 
concluded that reducing soil compaction is still a major challenge to overcome, not 
only because of the direct but also indirect repercussions (e.g. soil erosion).

Also concerning climate change, soil compaction can affect the flow of green-
house gases. While there is no consensus on this effect and its persistence, some 
studies associate compaction with increased CH4 (Cardoso et  al. 2019) and N2O 
emissions (Bessou et al. 2010; Ruser et al. 2006) but a reduction in CO2 emission 
(Mordhorst et al. 2014). The effects of compaction on the dynamics of soil gases are 
directly related to porosity, diffusivity of gases and water-air relationship in the 
pores and indirectly to the activity of the roots and microbial communities. 
Compaction reduces macroporosity, the key determinant of water drainage and gas 
exchange (Ampoorter et al. 2007), which occurs as both decreased pore space and 
pore connectivity. With increasing the degree of soil compaction (Suzuki et  al. 
2007; Reichert et al. 2009; Millan et al. 2014), macroporosity decreased by 53–67% 
with the application of 0.9 MPa pressure (Silva et al. 2006) or from 0.29 m3 m−3 to 
0.04 m3 m−3 when soils were artificially compacted from 1.0 to 1.6 kg dm−3 (Stone 
et al. 2002). By contrast, increases in macroporosity of compacted soils can lead to 
greater root development and plant production (Colombi et al. 2017). The minimum 
value of soil macroporosity suggested by some authors is 0.10 m3 m−3 and is also 
considered adequate by Reichert et al. (2009) for clay soils, although the same value 
may be low for sandy soils, since they have less connectivity among macropores. 
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This same limit of 0.10 m3 m−3 is considered to be the critical total porosity for root 
development (Lipiec and Hatano 2003; Schjønning et al. 2003).

The increase in microporosity is another possible effect of compaction 
(Ampoorter et al. 2007). While compacted soils may have higher water retention, it 
does not necessarily imply more available water, given that very small pores can 
retain moisture at high matric potential, limiting the absorption by plants (Van Der 
Weert 1974). In addition, the reduction of macroporosity slows soil drainage, caus-
ing increased run-off, which can trigger erosive processes (Zimmermann and 
Elsenbeer 2009). Compaction also affects the continuity of pores, impairing air and 
water flows. These effects can be observed by the reduction of infiltration rate, 
hydraulic conductivity and availability of water for plants in compacted soils 
(Berisso et al. 2012; Frey et al. 2009; Nadezhdina et al. 2012). It is important to 
emphasize that the water flow in soils is essential for the transport of nutrients to 
roots, and hence compaction may compromise the nutrition of the plants. The con-
tinuity of soil voids can compromise the mineralization rates of organic matter in 
the soil, changing the mobility and the amount of nutrients in solution (Berisso 
et al. 2012).

Changes in pore size distribution by compaction affect biological activity, as the 
effects on soil water and air flow and storage can restrict the activity and diversity 
of microorganisms and compromise their functions in soil and in carbon and nutri-
ent cycling (Beylich et  al. 2010). Increases in soil density are associated with 
changes in microbial biomass, soil respiration, phospholipid fatty acid profile 
(PLFA) (Schnurr-Pütz et al. 2006; Busse et al. 2006), soil enzymes (Li et al. 2002) 
and the density and diversity of soil macro and mesofauna (Battigelli et al. 2004) 
such as earthworms (Lees et al. 2016).

The effects of soil compaction on plant development can be expressed as smaller 
plant size, yellowed leaves, shallow and horizontal root systems and tortuous or 
malformed roots (Dias Júnior 2000). The root system is the first component to 
reflect the effects of compaction, with reduced growth, limiting the volume of soil 
explored by the roots. Then, the possibility of water and nutritional deficits increases 
leading to reduction of leaf photosynthesis rates and, consequently, of crop produc-
tivity (Gaertig et al. 2002).

The reduction of soil porosity caused by compaction can also cause changes in 
the hydrological cycle of river basins, affecting the flood regime. The reduction of 
water infiltration and soil hydraulic conductivity with a consequent increase in run- 
off is the source of this relationship between compaction and flooding. Alaoui et al. 
(2018) reported a relationship between increased areas of compacted soils and 
changes in land use with discharge peaks in rivers, mainly in plots and at hill slope 
scale. At the catchment scale, this relationship is stronger in small basins with 
shorter response times.

In contrast to the above concerns about soil compaction, in a few situations, it 
can be beneficial. This is the case when soil compaction improves the contact zone 
between roots and soil particles on coarse soils. Slight soil compaction can increase 
water retention by increasing soil bulk density and reducing macroporosity. A mod-
erate level of soil compaction could increase soil water retention and be beneficial 
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for soils where rains are scarce (Agrawal 1991). However, these effects can be lim-
ited to short time periods and may cease to be beneficial over time. In addition to 
negative effects and no effects, Armando Gomez et al. (2002) noted positive effects 
of soil compaction on cumulative stem volume for a Pinus species on sandy loam 
soil. Powers et  al. (2005) observed positive effects of severe compaction on the 
productivity of sites with sandy soil textural classes after a long-term (10 years) soil 
productivity study. Gains of more than 40% are indicated and associated with 
improvements in available water holding capacity on sands after compaction.

6.4  Assessment Methods of Soil Compaction

Subsoil compaction can be detected by visual qualitative approaches (Shepherd 
2009; Ball et  al. 2007). Decreases in productivity, premature haying off, surface 
concentration of the root system, toppling of plants, surface erosion and waterlog-
ging are some of the signs that may indicate the presence of compacted layers at 
depth. These signs can also be associated with the natural soil density occurring in 
the subsoil due the high clay concentration (textural B) or even another depth limiter 
such as the presence of rock or gravel layers. The history of land use of an agricul-
tural area also can help to rule out one or another of these possible causes.

The compacted subsurface layers can be identified by the greater hardness and 
density than the layers just above and below, what is often observed by the massive 
structure in contrast to the adjacent layers. Also, it is possible to observe platy struc-
ture neo-formed by soil management, especially in weakly structured silty soils, as 
observed by Sasal et al. (2017) in soils under no-tillage. The visual evaluation can 
be comparatively effective based on prior knowledge and technical experience with 
the soils of the region and provided the assessment depth is no greater than 60 cm 
in depth.

Soil physical attributes that are frequently measured as indicators of compaction 
include soil bulk density, soil resistance to penetration, porosity and soil structure 
(Dexter 2004). However, the use of these indicators can be limited by the lack of 
sensitivity for the direct and short-term response to changes in the soil physical 
condition imposed by the management or to support decision-making in the agricul-
tural systems.

Rabot et al. (2018) discuss the advantages and limitations of different soil struc-
ture assessment methods to assess compaction. The soil structure is assessed by 
field (visual assessment of topsoil morphology and the entire soil profile) and labo-
ratory methods (soil bulk density, aggregate size distribution and stability and esti-
mated indexes of stability expression), by direct characterization of soil pores 
(imaging techniques) and by indirect measures (mercury porosimetry, soil water 
retention curve methods and derived indicators and gas adsorption). Imaging tech-
niques are modern tools and include computer-assisted tomography (CAT) and 
nuclear magnetic resonance (Lipiec and Hatano 2003) but are mostly restricted to 
research use.
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Soil bulk density, defined by the ratio of mass of solids to total soil volume, is 
one of the parameters commonly used to express the effects of soil compaction, as 
it represents the degree of mechanical impediment that restricts the growth of root 
system (Håkansson and Lipiec 2000). Critical values of soil bulk density associated 
with the restriction of root development in Brazilian soils ranged between 1.21 and 
1.84 kg dm−3 (average of 1.60 kg dm−3) for soils with clay contents between 9% and 
75% (Reichert et al. 2009). Any impact on soil bulk density reflects changes in soil 
porosity. Nevertheless, the pore network is also dependent on the structure, texture, 
content of organic matter and soil mineralogy. Thus, although soil bulk density is 
relevant, it should not be used as the only indicator of soil compaction (Horn et al. 
2004; Naderi-Boldaji et al. 2016). An alternative is the use of relative soil density 
(or degree of compaction, expressed as a percentage), which relates soil density to 
a maximum reference density (Lipiec and Hatano 2003; Naderi-Boldaji et al. 2016) 
obtained at a given soil moisture condition and standardized tension (Proctor 1933). 
The use of relative density aims to normalize the current density to allow its com-
parison with other situations and soils (Naderi-Boldaji et al. 2016). As an indicator 
for plant development, Oliveira et al. (2016) reported the relative density or degree 
of compaction equivalent to 98% was a critical value for soybean, regardless of soil 
texture. However, Silva et al. (2014) indicate that the degree of critical compaction 
of a crop will depend on which attribute is being evaluated and found that for soy-
bean critical values varied from 82% (plant height) to 75% (root dry matter produc-
tion), 87% (shoot dry matter production) and 93% (evapotranspiration).

Another parameter commonly used to assess soil compaction status is the soil 
mechanical resistance to penetration. This evaluation aims to simulate the resistance 
that the roots face when growing vertically down the soil profile. The penetration 
test can be performed in the laboratory or in the field, and the results are expressed 
in units of pressure (MPa) (Moraes et al. 2014b). Although measurements of soil 
resistance to penetration are simple to perform, the results can be affected by soil 
moisture, texture and density (Vaz et al. 2011). In general, for the same soil density, 
the resistance decreases with the increase of soil moisture, but the resistance 
increases with the increase of the soil density at a particular soil moisture level. 
Under dry conditions, clayey soils are more resistant to penetration than sandy soils. 
Therefore, assessments of resistance to penetration should also report soil moisture 
and/or soil bulk density values (Busscher 1990; Vaz et al. 2011).

The effect of moisture on soil resistance to penetration can cause misinterpreta-
tions about the magnitude of management effects on compaction of the soil. The 
most common recommendation is to assess penetration resistance at close to field 
capacity (Arshad et al. 1996). However, this recommendation is not unanimous, and 
Peixoto et al. (2019a) proposed for no-till areas in Brazil that the ideal range of soil 
water content for diagnosis of compaction (IRDC) is −0.03 and −0.50 MPa soil 
water potential. At the field level, the basic recommendation is to determine the soil 
resistance to penetration across soil types or management zones at a fixed time 
when differences in soil moisture are minimal.

The critical value most associated with soil resistance to root penetration is 
2 MPa. While many authors attribute this value to Taylor et al. (1966), they reported 

T. S. de Oliveira and R. B. A. Fernandes



139

that 2.5 MPa was the limit for the development of cotton roots, from the seed, for 
the four soils of the semi-arid and western United States, with sand contents varying 
from 44% to 83%. The value of 2 MPa also coincides with that proposed in the Soil 
Survey Manual (USDA 2019) as the lower limit of soil resistance to penetration to 
use when describing soil profiles. However, Moraes et al. (2014a) indicate 3 MPa as 
the critical value for soils under minimum tillage with chiselling and 3.5 MPa for 
soils in no-tillage. Miller et al. (2004) reviewed other studies and found values vary-
ing from 2 to 4.2 MPa as limits for the beginning of severe restriction or cessation 
of the growth of pine and eucalyptus tree roots. Ribeiro (2010) proposed the follow-
ing classes of soil resistance to penetration (RP) and degrees of limitation to the 
growth of roots: <2 MPa as low RP and without impediment to plant growth; from 
2 to 4 MPa as moderate RP when restrictions begin to exist; 4–6 MPa as high RP, 
indicating that there are restrictions on root development; and >6 MPa, as very high 
RP. Oliveira et al. (2016) propose that the critical limit of resistance to penetration 
for soybean roots should also consider the soil texture as follows: 2.8 (sandy loam 
soil), 5.6 (sand clay loam soil), 3.5 (clayey soil) and 5.2 MPa (very clayey soil).

Recently, a series of soil compaction sensors have been evaluated for the diagno-
sis of this phenomenon (Lee et  al. 2010). Sensors have acquired importance for 
rapid assessment of compaction for precision agriculture (Lui et al. 1996). Some 
sensors can assess soil compaction through electrical resistivity (Islam et al. 2012), 
using a piezoceramic-based active sensor (Yang et al. 2018) or a strength profile 
sensor (Agüera et al. 2013), and others are based on electromagnetic conductivity 
(Hoefer et al. 2010). When linked to GPS equipment, they are capable of mapping 
the spatial variability of soil compaction in rural properties (Hemmat and 
Adamchuk 2008).

6.5  Soil Compaction Management

Soil compaction management should focus on minimization (McPhee et al. 2020), 
using a range of approaches: reduction of machine and implement traffic, which 
avoid trafficking during excess soil moisture; adoption of crop rotation, green 
manure, cover crops, etc.; vary the depth of soil preparation; select machines and 
implements that exert less pressure on soil; and control tyre pressure and load dis-
tribution on machines. For remediation, soil compaction can be reduced with the 
use of deep ploughing, chiselling or subsoiling according to the depth of occurrence 
of the compacted layer, followed by the use of cover plants with vigorous roots. In 
remediated soils, trafficking should be controlled, restricting the compaction to per-
manent wheel tracks that cover less than 20% of the land area (Davies et al. 2019).

Conservative soil management systems seek to safeguard the soil against the 
negative effects of compaction, and they can be organized (Lebert et al. 2007) con-
sidering four principles: (i) practices that aim to reduce stress on the soil (larger 
tyres and avoid mechanical disturbance of soils with higher moisture); (ii) improved 
soil support capacity (no-till, minimum cultivation, conservation practices); 
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(iii) development of new solutions (low-pressure tyres and pressure regulation sys-
tems); and (iv) crop adaptation methods, such as adapting the width of the planting 
lines to receive larger tyres.

The spatial identification of areas susceptible to compaction can aid in its future 
management; however, such predictions are scarce and limited by methodological 
gaps. Low-cost methodologies are also needed for long-term monitoring of soil 
compaction at field scale.

In addition to general recommendations, some rules have been suggested to min-
imize soil compaction. The 50–50 rule, for example, proposed by Schjønning et al. 
(2012) for sustainable traffic on soils stated that: “at water contents around field 
capacity, traffic on agricultural soil should not exert vertical stresses in excess of 
50 kPa at depths >50 cm”. To predict the depth (d50) at which the vertical stress of 
50 kPa is reached, the same authors suggest an equation that can be used by farmers 
that considers the wheel load (WL, in tonnes) and tyre pressure (tyre in bar): 
d50 = 30 + 8WL + 8log2 (tyre). The 8–8 rule states that “the depth of the 50-kPa 
stress isobar increases by 8 cm for each additional tonne increase in wheel load and 
by 8 cm for each doubling of the tyre inflation pressure”.

In addition to the tyre pressure and contact area, attention should be paid to the 
implements used in agricultural management, including those used to correct soil 
compaction such as the subsoiler. The pressure exerted at depth and its localized 
action may be contributing to the formation of a new compacted layer at the inter-
face between the disturbed/subsoiled layer and the undisturbed layer. This condition 
is well exemplified with the soil preparation in areas of melon cultivation produced 
for export in Northeastern Brazil (Mossoró-RN). In soils with a textural B horizon 
(Red Dystrophic Argisol), the conventional preparation uses implements for form-
ing ridges for planting melons causing the accumulation of topsoil in ridges and 
exposure of lower layers between the ridges. The densified soil caused by the pres-
sure of the implements is evident from the spatial distribution of pores, showing the 
localized action of the implements compacted the subsoil layers (white dots indicate 
the presence of pores) (Fig. 6.1). While the negative effects on soil water availability 
and root volume of soil are minimized due to irrigation, more pronounced effects 
are likely for the productivity in rainfed systems, and these may be exacerbated by 
climate change.

The plough harrow is one of the most used implements in conventional tillage in 
Brazil that performs two operations in one pass: ploughing and harrowing. Its mass 
varies between 2000 and 4000 kg, distributed over a very reduced contact area with 
the ground, which leads to high pressure on the trafficked soil layer. This implement 
has been associated with the formation of compacted layers in the subsurface.

Selection of crop species or cultivars tolerant to soil compaction seems to be an 
efficient alternative for compacted soils and may even reduce compaction in subsur-
face layers. More aggressive root systems, with some capacity to overcome or even 
break compacted soil layers (Meyer et al. 2014), should be considered in rotations. 
This practice has been called biodrilling or biological drilling (Cresswell and 
Kirkegaard 1995) or “biological tillage” (Chen and Weil 2010). Williams and Weil 
(2004) present a very illustrative example when photographing the development of 
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Fig. 6.1 Soil porosity quantified by image analysis of the superficial horizon of cultivated and 
non-cultivated profiles of a dystrophic Red Argisol, in the Angico cultivation area located at 
Fazenda MAISA, Mossoró, Rio Grande do Norte, Brazil. The black dots refer to the soil matrix 
and the white patches to soil pores (Alencar 2000)

soybean plant roots in channels left previously by canola roots. Other plants are 
reported in the literature, both in field or laboratory studies, as capable of penetrat-
ing compacted layers, namely: pasture bush (Senna occidentalis L.) (Alvarenga 
et  al. 1996), alfalfa (Medicago sativa) (Löfkvist et  al. 2005), guar (Cyamopsis 
tetragonoloba L.) (Bassegio et al. 2018), forage radish (Raphanus sativus) (Chen 
and Weil 2010, 2011), rapeseed (Brassica napus) (Chen and Weil 2011) and Tifton 
85 grass (Cynodon spp.) (Magalhães et al. 2009). The combination of these plant 
species capable of biodrilling, in rotation with mechanical practices, can give inter-
esting results. These are the cases reported for no-till areas when subsurface com-
paction was attenuated with the use of scarification in combination with ruzi grass 
(Brachiaria ruziziensis) and castor bean (Ricinus communis) (Rosolem and Pivetta 
2017) or with brachiaria grass (Urochloa spp.) (Spera et al. 2018).

The most common mechanical practices for coping with soil compaction are 
deep ploughing, chiselling and subsoiling. Deep ploughing consists of the same 
traditional soil preparation operation but with a greater depth than the compacted 
layer. For the greatest efficiency of this practice, the soil must be in a friable condi-
tion, and the disc plough or mouldboard can be used, and even the chisel plough. 
Then, in some cases, it has been common to use a light levelling and grinding-type 
harrow before planting.

The chisel plough has been recommended lately, including in no-till areas with 
compaction problems (Camara and Klein 2005) and in association with biodrilling 
plants. The implement cuts the soil without inversion of soil and maintains the cul-
tural residues on the soil surface, minimizing soil and water losses. The advantages 
of using the chisel plough in reducing erosion have been shown for maize crops 
(Levien et al. 1990). The reduction in soil losses when the chisel plough replaced 
the conventional tillage was from 16.7  t  ha−1 to 0.79  t  ha−1 in the corn/wheat 
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succession, while the total percentage of rainfall run-off decreased from 44.6% to 
29.6%. However, chiselling is not so effective as subsoiling to eliminate compaction 
in no-till areas at depth greater than 0.20 m (Peixoto et al. 2019b), having a short- 
term effect when performed as an isolated practice (Drescher et al. 2016). The lower 
efficiency of scarification associated with no-till areas has been attributed to the 
failure to adopt a crop rotation scheme that favours soil protection in conditions that 
allow the production of straw to be maintained on the soil surface.

Subsoiling is a corrective practice directed towards more serious situations of 
soil compaction. The implement tines can reach up to 1.0 m in depth and break up 
dense and/or compacted layers in the subsurface. This practice has been considered 
efficient to increase the soil aeration, favour deep root growth and increase the pro-
duction of agricultural crops, especially where there are no chemical restrictions in 
the subsurface (Davies et al. 2019; Hall et al. 2020). The high energy consumption 
determines the costs involved in carrying out this practice, which requires high- 
powered machines, including four-wheel tractors or crawler tractors, both operating 
at reduced speed, which causes greater fuel consumption, the main operational cost 
of subsoiling (Simões et al. 2011). Also, the greater the depth, the greater the energy 
expenditure and the lower the crop yield response.

Subsoiling efficiency is dependent on the operation’s depth and soil moisture. In 
more humid soils, the tine can contribute to compaction at the interface with under-
lying soil. Subsoiling is more recommended in drier soils, when the breaking of 
compacted layers is more effective, and the effect extends over greater distances in 
the soil profile. The ideal soil moisture for subsoiling varies among soils, as observed 
by Sasaki et al. (2007) when they evaluated three Ferralsols in Brazil with different 
textures. The ideal subsoiling water content was 0.07–0.13 m3 m−3, 0.12–0.19 m3 m−3 
and from 0.14 to 0.27 m3 m−3, respectively, for soils with 24%, 46% and 62% clay.

The potential benefits of subsoiling depend on the land use (Sasaki et al. 2007). 
In the forestry sector, soil preparation is often characterized by the subsoiler only in 
the seedling planting line to guarantee the full development of the root system. This 
practice is also being adopted in other perennial crops, such as coffee (Oliveira et al. 
2019), where the deep soil preparation (80 cm) with the subsoiler is associated with 
the application of liming, ensuring gains in aeration and available water in the soil 
(Barbosa et al. 2020). Subsoiling is becoming a frequent practice also in irrigated 
areas, but the recommendation to apply this practice at low soil moisture conditions 
is often not taken into consideration. Finally, in recovery programs of mined areas, 
subsoiling up to 1 m depth is practiced since soils are deeply compacted by the 
intense trafficking by heavy machinery during mining.

Although controlled traffic has been evaluated in many countries, its adoption is 
still restricted. The practice consists of always using the same traffic lines, thus 
sacrificing <20% of the land affected by the wheel tracks and preserving most of the 
cultivation area (Raper and Kirby 2006). In this case, two zones are created, one 
cultivated and not trafficked and the other with machine and implement traffic, both 
optimized in their functions (Chamen 2015). The advent of global position system 
(GPS) technology and the development of precision agriculture can greatly increase 
the use of traffic plans on farms. However, its adoption is limited by the lack of 
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standardization of equipment specifications, since all machines and implements, 
from preparation to harvest, must have similar width of the wheel base. Even with 
the adoption of controlled traffic, other practices to prevent or minimize compres-
sion, as mentioned above, should be applied.

In modern agriculture, which is increasingly mechanized and technological, the 
gain in profit is often associated with larger tractors and implements that are also 
heavier. It is also common to acquire machinery that exceeds needs, which implies 
the use of excessive loads over the soil. The gain in load increases the depth of com-
paction layers worldwide, although the rate of increase in depth has slowed with the 
advent of radial tyres. However, the efficiency gains from radial tyres have been 
offset due to the increase in load over time (Chamen 2015).

In addition to the weight, Miller et al. (2004) indicate that the effect of machinery 
on soil compaction depends on soil characteristics (depth to water table, moisture 
movement, depth of A horizon, texture), the season, presence of crop residues on 
the soil surface, static weight and dynamic load of the equipment and knowledge 
and skill of the operator. Nevertheless, choosing tractors and implements with no 
greater capacity than is necessary and following the manufacturers’ recommenda-
tions for use would go a long way towards mitigation of compaction risks.

The selection of tyres and their operation can help to mitigate the effects of com-
paction. Tyre size, type and pressure directly affect the pressure distribution on the 
ground. Radial tyres and lower pressure increase the tyre-to-ground contact area, 
providing a better distribution of the machines’ weight, reducing the effects of the 
pressure exerted. However, simply using tyres with a larger diameter, a smaller 
cross section, less rigid walls and operated at low inflation pressure (Richart et al. 
2005) has not been sufficient to prevent soil compaction. Other options are to 
increase the number of axles or wheels or switch to tracks, develop lighter machines 
(Schjønning et  al. 2015) or use smaller and autonomous vehicles (McPhee 
et al. 2020).

The susceptibility to soil compaction increases with soil water content, but there 
seems to be a consensus that the maximum soil compaction occurs when soil mois-
ture is at or near the field capacity. Trafficking when the soil is in a plastic or sticky 
condition is harmful to the soil structure and favourable to soil compaction. By 
contrast, soil water content close to the state of friability will minimize the forces of 
adhesion and cohesion which result in soil compaction. With soil water content 
close to the state of friability, there is less propensity for deformation, destruction 
and reorganization of soil particles. Trafficking on friable soil will reduce machin-
ery wear and fuel expense.

Knowing the soil physical properties and their response to soil water levels can 
help in choosing the best time for mechanical operations while avoiding soil water 
levels that will increase soil compaction. Grouping of soils based on the number of 
days required to achieve the friable moisture content after rains is a practical exam-
ple (Milde et al. 2010) of managing machine trafficking to minimize compaction. 
However, in practice the timing of machinery movement, tillage and cultivation 
operations often fails to prioritize concerns with soil quality. The pressures of mar-
ket demands, harvest time, the time of the year (rainy) and the needs for yield and 
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maintenance of post-harvest quality will determine the time for machine operation, 
which will not always be associated with the ideal soil condition for its execution. 
Controlled traffic systems provide much greater operational flexibility in the timing 
of machinery operations, without the consequences of greater soil compaction.

6.6  Compaction Susceptibility

The soil susceptibility to compaction depends on external and internal factors that 
govern its compressibility (Ampoorter et al. 2007). The external factors are related 
to the characteristics of the applied pressure and the topography of the area, while 
the internal factors are associated with the history of disturbance experienced by the 
soil, the initial soil bulk density, the texture, the structure and its compressibility, the 
content of organic matter, mineralogy and current soil moisture (Bygdén et al. 2003; 
Dexter 2004; Han et al. 2006).

Lebert et al. (2007) indicate that measures of soil stability and soil strength, soil 
water content and soil water potential, vehicle data and soil stress distribution are 
essential for a full risk assessment of soil compaction. This study proposed a four- 
step method to assess the risk of soil compaction and ways to avoid it and suggests 
two concepts that can be used to assess the effects and susceptibility of soils to 
compaction: pre-compression stress and loading ratio. In the first step, these two 
indicators are used to define the soil compaction status. Once the compaction is 
diagnosed, the next step considers the use of good agricultural practices to reduce 
the loads applied on soil. The third step is actually the repetition of the first, seeking 
to evaluate the effectiveness of the adopted practices, and, if the compaction per-
sists, the fourth step proposes more in-depth physical analyses to identify suitable 
measures to eliminate soil compaction.

It is also possible to predict the susceptibility to compaction through information 
existing in soil surveys (Schneider and Don 2019). These authors assessed the 
extent, cause and effect of root-restricting layers in agricultural soils in Germany 
and found that compactness was the most common cause of root restriction, affect-
ing 51% of cropland and 32% of grasslands. The German study is noteworthy by 
showing that it is possible to produce subsoil constraints mapping at farm scale and 
to map subsoil constraints that arise from land management practices. The restric-
tions to root elongation due to compactness was evaluated by the packing density 
(PD) – a parameter well correlated with other indices describing the soil compact-
ness, such as least limiting water range (da Silva and Kay 1997; Kaufmann et al. 
2010), S-index (Dexter 2004; Kaufmann et al. 2010) and degree of compactness 
(Naderi-Boldaji et al. 2016). Packing density (PD) is obtained by the dry bulk den-
sity of the <2 mm soil fraction plus clay (%) and silt (%) (Renger et al. 2014). Then, 
it was assumed that the compactness in a cropland (PDcrop) can be described consid-
ering (i) the PD reference (PDref) which is the theoretical, site-specific value without 
anthropogenic influence; (ii) the land use-induced change in compactness due to 
SOC losses after conversion to cropland (use); and (iii) the management-induced 
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change in compactness due to trafficking/tillage (man). In the German study, grass-
land was considered the PDref as it is not ploughed (no plough pan) and typically 
receives a lower trafficking intensity than cropland. To quantify man, a random for-
est model was trained only on data from permanent grassland (0–100 cm with soil 
depth as the predictor variable) and used to predict the PD of cropland as a function 
of depth ( PD crop). If PDref,i of a specific site, i > 1.75 g cm−3, severe soil compact-
ness was assumed to be of pedogenic or geogenic origin. If PDref,i < 1.75 g cm−3 and 
PDref,i +  (man) >1.75 g cm−3, severe soil compactness was assumed to be due to 
tillage/trafficking. If PDref,i < 1.75 g cm−3 and PDref,I + use  > 1.75 g cm−3, severe soil 
compactness was assumed to be land use derived (due to SOC loss). The authors 
defined “compacted” as the soil layers with PD above the critical limit of 1.75 g cm−3 
and “compaction” as the compression of soil from initially ≤1.75  g  cm−3 to 
>1.75 g cm−3.

Finer textured soils are generally more susceptible to compaction than coarse 
textured soils (Wästerlund 1985). Finer textured soils retain a higher volume of 
water compared to sands, and water acts as a lubricant between particles, facilitating 
the denser rearrangement of soil particles. Even in soils considered more resistant 
and with a stronger structure, such as the Ferralsols of the Brazilian Central Plateau, 
the clay effect is evident. Horn et al. (1995) propose three texture-based groups of 
soils in terms of susceptibility to compaction: sandy, silty soils with low clay con-
tent, medium and fine textured loam and clay soils. The first group represents soils 
that are slightly susceptible to soil compaction which, even if it reaches a high 
degree of compaction, does not cause a significant deterioration in the soil physical 
quality. The second represents soils with a weaker structure that are easily com-
pacted. The third group comprises soils that are more resistant to mechanical pres-
sure when dry, but that are very susceptible to compaction when moist or wet.

Notwithstanding the above classification, subsoil compaction can become a sig-
nificant subsoil constraint on deep sands subject to heavy machinery trafficking 
(Davies et al. 2019) as in Western Australia. Average yield responses to deep ripping 
of about 0.5 t ha−1 have been widely measured (Moodie et al. 2020), although these 
yield gains may be short lived (e.g. 2–3 years). Hence, subsoil compaction cannot 
be associated simply with the particle diameter classes, as proposed by Horn et al. 
(1995), but with their propensity for particle arrangement and high packing density 
(Hall et al. 2020). Packing models need to consider all soil particle classes (finer and 
coarse) and their distribution within the soil profile, even in sandy texture soils 
classes. The reorganization of soil particles could increase density in specific soil 
layers, and the crop response to these changes can be a good indicator of the effec-
tiveness of amendments adopted in the tillage.

The susceptibility to compaction can be predicted by the degree of pedality (the 
proportion of soil in aggregates/peds and their strength), by clay activity expressed 
by cation exchange capacity (CEC) and also by soil consistency (the differential 
between cohesion within aggregates and adhesion between aggregates) that is asso-
ciated with the aggregate’s resistance to destruction by external forces. When the 
soils are wet (field capacity), the structure/aggregates breakdown will be higher in 
soils with high clay activity and less in soils with low clay activity. Generally, in 
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soils with higher clay activity, the grade of structure/aggregates is weak/moderate 
(Cambisols/Luvisols) when wet, while with low activity clays, strong degree of 
structure/aggregation is maintained (Ferralsol). Table 6.1 shows the differences of 
soil bulk density between weak (Cambisols) and strong (Ferralsol) grade of struc-
ture/aggregates at depth of 0–5 cm (the layer of direct effect of the pressure exerted 
by machines and implements) under different land use and natural vegetation. The 
compaction will be higher in weakly structured/aggregated Cambisol than in the 
Ferralsols, under natural vegetation and/or even under intensive agricultural use.

The pre-consolidation pressure (σp) of a weakly structured Red-Yellow Ferralsol 
declined with an increase of soil moisture to a greater extent than that in a moder-
ately to strongly structured Cambisol (Fig. 6.2). The maximum pressure that should 
be applied to soil in order to avoid soil compaction was lower in soils of a weak 
grade of structure/aggregate (Cambisols). In addition, the increase in soil bulk den-
sity values under land use was higher compared to that under natural vegetation, 
highlighting the proximity of the maximum (Bdmax), especially in the irrigated areas 
of Cambisols.

In apedal soils (massive or single grain), compaction can occur through the reor-
ganization of the particles (single grain), naturally or under pressure, while massive 
apedal soils are theoretically already in a condition of maximum compaction. Sandy 
soils naturally tend to have higher pre-consolidation pressure than soils with some 
degree of pedality. The pre-consolidation pressure can increase by the reorganiza-
tion of the soil particles with tillage and/or cultural crop practices. Table 6.1 shows 
several examples of bulk density changes between the plant rows (R) and inter-rows 
(I), where the machine movement on the ground is minimum and maximum, respec-
tively. The differences between soil bulk densities (ΔBd) of inter-rows are lower for 
both situations than that obtained in the rows, and the pre-consolidation pressure 
could be similar in the inter-rows to that obtained in the rows (6 and 10 years of 
cherry Indian). The exception occurs when the application of palm straw as mulch 
(a common management practice in the situation studied) is done in the first years 
of crop development, which increases the pre-consolidation pressure required to 
induce compaction. The results (Table 6.1) show that sandy soils (apedal) become 
susceptible to increasing their density with land use, due to the rearrangement of 
particles and not to their susceptibility to aggregate breakdown.

The higher susceptibility of soils with a low degree of structure development to 
the disintegration and reorganization of particles and aggregates caused by soil 
compression soils can be characterized at a microscale. Cambisols originating from 
limestone rocks in the Chapada do Apodi (Ceará state, Brazil) and intensively used 
for crop production under pivot irrigation systems become denser due to pore filling 
with particles and microaggregates (Fig. 6.3). There were different types and com-
position of pore fillings in all the evaluated land use systems, from the most inten-
sive with successive corn and bean crops (2 per year) under central pivot to soils 
under natural vegetation and guava and banana (perennials) with localized irriga-
tion, in addition to pasture areas under central pivot (Oliveira et al. in press). The 
pore fillings can be composed of primary particles of Si (Si mapped) or Fe (Fe 
mapped) compatible with quartz, Fe oxides (Fe mapped) or microaggregates from 
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Table 6.1 Effects of grade of structure/aggregates1, cation exchange capacity (CEC)2 and 
consistency3 on bulk density (Bd) and pre-consolidation pressure (σp) of rows (R) and inter-rows 
(I) of Cambisols, Arenosols and Ferralsols under different agricultural land uses at 0–5 cm depth

Soil class Land use
Bd
(kg dm−3)

Bdmax

(kg dm−3) ΔBd
σp

(kPa)

Weak moderate structure, 
high CEC, very firm to very 
strong consistence
(Cambisol)

Pasture (central pivot)a 1.52 1.56 0.04 118
BananaI (15 years – micro 
sprinkler)a

1.68 1.72 0.04 131

CornI (central pivot)a 1.62 1.73 0.11 83
Natural vegetationa 1.50 1.79 0.29 128

Primary particles, low CEC, 
loose consistence
(Sandy soil)

Cherry IndianI 1 year 
(central pivot)b

1.69 1.84 0.15 199

Cherry IndianI 6 years
(irrigation with micro 
sprinkler)b

1.70 1.75 0.05 124

Cherry Indian (I) 10 years 
(inter-rows and micro 
sprinkler irrigation)b

1.44 1.64 0.20 125

Cherry Indian (R) 1, 6 and 
10 yearsb

1.44 1.69 0.25 170

Strong/very strong granular 
structure, low CEC, weak to 
firm consistence
(Ferralsol)

No-tillage (soybean)c 1.21 – – –
Annual crops 31 years 
(central pivot irrigation)d

1.21b – – 303

Eucalyptus harvesting and 
trafficked eight times by 
forwardere

1.00 – – 349

Eucalyptus harvesting and 
trafficked eight times by 
forwardere

0.99 – – –

Natural vegetation
1.06f – – 168
0.96f – – 227
1.30f – – 153
1.22g – – –
0.99g – – –
0.83g – – –
0.96 156
1.06 –
1.34 227

All observations were made in inter-rows unless otherwise indicated for the effects of mechaniza-
tion of the different managements
Bd bulk density, Bdmax maximum density, ΔBd Bdmax – Bd, σp pre-consolidation pressure (matric 
potential of −10 kPa), I inter-rows, R rows, Pivot irrigation by central pivot, CEC
aWatanabe et al. (2017)
bWatanabe (2013)
cSouza et al. (2010)
dKlein and Libardi (2002)
eSilva et al. (2010)
fAyayi et al. (2009)
gSeveriano et al. (2011)
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Fig. 6.2 Variation of pre-consolidation pressure (σp) as a function of water content of a Red- 
Yellow Ferralsol (LVA weak structure) and Cambisol Háplico (CX moderate to strong structure) 
(Severiano et al. 2008)

the soil matrix (Al mapped), among others. In this case, the pore filling is the pri-
mary evidence that explains the increase in the soil bulk density and compaction, 
the obstruction of pores and the reduction of the porous space, not only due to direct 
effects of tillage but also due to the pressure exerted by machines and equipment.

Although the structure of Ferralsols is more resilient to the impact of intensive 
land use, these soils are still susceptible to the damaging effects of soil management 
practices. In Ferralsols, the granular microstructure is favoured by the electrochemi-
cal flocculation condition and by the activity of cementing agents, especially Fe and 
Al oxides, and shows high resistance to the impacts of soil physical degradation 
(Ferreira et  al. 2007). A study was conducted with very clayey, oxidized Red 
Ferralsols from Alto Paranaíba (Minas Gerais state, Brazil) characterized by strong 
to very strong structure that was quite resistant to disruption. However, even these 
well-structured soils change over time with intensive land use. Pereira (2020) 
reported a decline in the stability of aggregates with land use, especially in the 
0–20 cm layer of well-structured Ferralsols after 1, 17, 22, 28, 32 and 43 years of 
growing vegetables. Change was reflected in the reduction of the weighted and geo-
metric and macroaggregate average diameters and the increase of meso and micro-
aggregates at a rate of 1.7% per year. The physical changes were greatest in the first 
year, when cracks are observed in aggregates examined in soil thin sections and by 
electron microscope. The first year coincides with the first deep tillage, pH changes 
with liming, the addition of ions by fertilizers and the reduction of organic matter 
contents. The soil under natural vegetation (Cerrado vegetation) presents a well- 
developed rounded to sub-rounded granular microstructure separated by compound 
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Fig. 6.3 Backscattered electron micrographs of infillings consisting of Al-, Fe-, Si- and 
Ca-enriched particles or clods for samples taken under irrigated crops in the Jaguaribe-Apodi 
Plateau, Ceará state, Brazil (Oliveira et al. in press)
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packing voids and subangular blocks internally constituted by coalesced granules. 
Contrastingly, in the soils under cultivation for 17, 22, 28, 32 and 43  years, the 
granular microstructure declined in size, and there was closer contact between the 
granule surfaces, forming curved planar voids. The total intra-aggregate porosity 
(connected and isolated pore) in Cerrado vegetation (22%) was similar to the 1-year 
treatment (22%) but declined after 17 years of cultivation (14%) and then increased 
after 43 years of cultivation (32%). On the other hand, there is a reduction in the 
number of voids with the time of cultivation, ranging from 39 thousand isolated 
voids under Cerrado vegetation to 21, 14 and 12 thousand voids in soils after 1, 17 
and 43 years of cultivation, respectively. Although the number of voids in the aggre-
gates decreased with time of land use, an increase in the volume of isolated voids 
was found with an average of 167.6 μm3 after 17 and 43  years compared with 
52.9 μm3 under Cerrado vegetation. With increasing time under this land use, larger 
voids formed, but pore network connectivity decreased. The tortuosity data show 
that the inter-aggregate connected voids (main pore) presented more tortuous paths 
until 17 years of cultivation and at 43 years more straight paths when compared with 
Cerrado vegetation. According to Peth et al. (2008), more aligned voids can be asso-
ciated with a better interconnected network of more continuous flow channels. 
However, as observed for the soil after 43 years of land use, the better alignment in 
connected voids (less tortuosity) was not reflected in greater connectivity (greater 
number of Euler). Changes in the shape of the intra-aggregate voids were also 
observed. For instance, the sphericity reduced in areas under cultivation compared 
with Cerrado vegetation, corroborating to the findings of Carducci et al. (2014) and 
Tippkötter et al. (2009).

6.7  Final Comments

Subsoil physical restrictions may be natural properties or originate from manage-
ment practices that increase soil density. Restrictions on air and water circulation 
can affect the development of cultivated plants and their productivity. Soil and sub-
soil biological restrictions are intensified by the physical changes imposed by man-
agement, especially in the interactions between the root system and microorganisms. 
Alleviation of subsoil physical constraints will favour the development of the root 
system and increase nutrient absorption and water acquisition by plants so long 
there are no other physical, chemical or biological constraints in the subsoil.

The focus of soil management should be on prevention or correction of soil phys-
ical constraints, but it is necessary to improve our understanding of the changes 
caused by management, since some effects will persist after amelioration. Even 
when aggregates are stable, they can be modified on a microscopic scale, or spa-
tially in the soil profile, even when these changes are not detected macroscopically 
or by visual observations. Better characterization of residual physical limitations, 
even after amelioration, is needed to design management practices that avoid degra-
dation of soil physical properties.
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Increases of soil organic matter promote soil resilience. The chemical, physical 
and biological advantages associated with organic matter can be achieved not only 
by its presence on the surface with the deposition of crop and pasture residues but 
also by land use systems in which the soil volume explored by root systems favours 
the increase of organic matter at depth. In addition to the direct incorporation of 
organic matter, root systems can alter physical conditions at depth when biopores 
are created by the penetration of roots and the subsequent degradation of tissues. 
Understanding the role of organic matter, either by its direct addition or by its indi-
rect effects in increasing porosity, is necessary to minimize the effects of physical 
constraints in soils managed for agricultural production.

The rapid and direct identification of subsoil physical constraints, as well as the 
development of models and methods for prediction, requires investment in training 
more students, field technicians and farmers to identify and record the problems. 
Diagnostic methods to identify soil physical limitations in field conditions are 
essential for the development of integrated land management practices that maintain 
soil quality and plant productivity. In addition, the advances in machine learning 
techniques allow the predictive assessment of soil physical constraints and their 
susceptibility to change at spatial scale based on local or national surveys sampling. 
These spatially explicit models could better orient the management of land use sys-
tems, avoiding the generation or intensification of soil restrictions by mechanical 
practices. Therefore, more priority should be given to approaches that predict pos-
sible physical subsoil restrictions according to soil susceptibility and specific man-
agement practices rather than a sole focus on intervention and correction techniques.

Regardless of a soil’s susceptibility to compaction, a focus on avoidance of sub-
soil compaction should have the highest priority. Soil compaction is a silent, wide-
spread and hidden phenomenon, which can compromise the quality and sustainability 
of agroecosystems, affecting essential soil functions and soil ecosystem functions. 
The diagnosis of the problem at early stages can be decisive for the most effective 
and least costly management strategy for its mitigation.
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Chapter 7
Subsoil and Surface Soil Constraints 
of Mined Land and Tailings

Hwat Bing So, Ivo Ribeiro da Silva, Lucas Carvalho Gomes, 
and Teogenes Senna de Oliveira

Abstract Mining causes extreme forms of soil degradation and creates new sur-
faces and topography. The new landforms have increased average slopes with impli-
cations for increased run-off and erosion, while mine pits and tailing dams may alter 
groundwater as well as surface water. Soil biota is removed or otherwise hampered, 
and in addition, nutrient cycling, biodiversity and resilience of vegetation are all 
altered by mine site disturbance. The process of rehabilitation involves the reduc-
tion of excessively steep slopes and requires significant earth movement using large 
machinery, which in turn causes subsoil compaction. Deep ripping to improve soil 
aeration and water infiltration is usually required to create suitable conditions for 
root growth and development in the subsurface layers. Capping the area with the 
original surface and/or subsoil, which supplies organic matter, microorganisms and 
a seedbank from the original ecosystem, will greatly support root growth and plant 
development. The subsoil conditions control the growth and development of the 
root system, which is specifically affected by high bulk density, pans, hardsetting, 
compaction layers, extreme texture (sandy, silty or clayey) and adverse chemical 
properties (high sodicity, alkalinity, salinity, acidity and other possible toxic ions 
and materials). The limitations of the subsoil of mined land and tailings are dis-
cussed, and case studies of rehabilitation after bauxite and iron ore mining are 
described to demonstrate the main practices applied and results. Overall, the types 
and intensity of soil constraints are site specific, and consequently the practices 
adopted to restore or rehabilitate each area must consider the local conditions to 
achieve the best outcomes. .
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7.1  Introduction

Mining causes extreme forms of land degradation and creates new surfaces and new 
topography. In some instances, the pre-existing land use and ecosystem can be 
restored to the land after mining, but in many cases restoration requires the creation 
of new ecosystems because the substrate and landform are no longer suitable for the 
pre-existing land use, species or plant communities. Most modern open-cut mining 
requires the stripping and storage of the original surface soil and subsoil for restora-
tion activities if their properties are suitable for later use as root zone capping during 
the final stages of post-mining land restoration.

Land disturbance due to mining has many forms, and soils are compacted, 
eroded, buried, mixed, stored, dug up and relocated or altered in their chemical 
properties. New landforms are created by waste rock dumps, tailing dams and pits. 
Except for the tailings, the new landforms commonly have increased average slopes 
compared to the pre-existing landforms with implications for increased run-off and 
erosion. The new landforms, particularly mine pits and tailings dams, may alter 
groundwater as well as surface water hydrology. In addition, nutrient cycling, soil 
biota, biodiversity and resilience of vegetation may be altered by mine site distur-
bance. These disturbances, including those in the subsoil, should be reversed by 
acceptable post-mining land use to minimise further damage and pollution to the 
surrounding environment.

In Australia and most developed countries, legislation and public opinion require 
that these highly disturbed post-mining landscapes be satisfactorily rehabilitated 
into an approved post-mining land use. This involves the reduction of excessively 
steep slopes, which require significant earth movement using large machinery, 
which in turn causes topsoil and subsoil compaction. Acceptable post-mining land 
use generally involves developing a sustainable ecosystem or cropping system on 
this landscape, and that requires the creation of a suitable medium for root growth 
and development including the subsurface soil.

Soils in mature undisturbed ecosystems would generally have at least three hori-
zons underneath the litter layer. However, in a profile on a mine waste dump or one 
that is otherwise disturbed by mining, the substrate may be uniformly or heteroge-
neously mixed, or layered, but generally does not conform to the horizons of a natu-
ral soil profile. Hence the characteristics and functions of each horizon of the 
disturbed soil, which vary with depth, are rather different and may not be suitable 
for a productive soil. In a natural soil profile, the surface soil plays an important role 
in the supply of nutrients, water infiltration and air supply into the subsoil, while the 
subsoil (B and C horizons) plays an important role in the storage and supply of 
water, oxygen and nutrients. On the other hand, it can present a major limitation to 
plant growth if toxic chemicals are present in the soil. The soil profile controls the 
growth and development of the root system which is responsible for water and nutri-
ent acquisition in such deeper soil layers. In a mature native ecosystem that is in 
equilibrium with the prevailing climate, the subsoil (B and C horizons) is able to 
supply adequate water and nutrients during the drier months for the vegetation to 
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survive until the next wet season. This is an important criterion that will determine 
the success or failure of rehabilitated ecosystems on mine sites located in areas 
where the climate is characterised by distinct wet and dry seasons.

In contrast to undisturbed soils, rehabilitated mined land and tailings generally 
consist of one (if they are not capped) or two uniform or heterogeneous mixtures of 
material. In the latter case, the first layer (topsoil) is of limited depth, and the second 
layer (subsoil) can be of considerable depth. The first layer is commonly a capping 
made up of the stripped and stored surface horizons of the original soil or a similar 
suitable material, and the quantity of this material determines the depth of the top-
soil of the newly constructed soil profile (e.g. Ni et  al. 2014). The second layer 
consists of regolith or the broken-up waste rock overburden material (at various 
stages of weathering) or tailing material in the case of the tailing dam. To develop a 
sustainable ecosystem or cropping system on this newly constructed soil, the first 
layer provides an important medium for the initial establishment of the plant com-
munity, and it can be the source of the necessary seedbank, organic matter, microor-
ganisms as well as nutrients. The second layer or new subsoil is important for plant 
survival and sustainability and must be able to (i) store and supply adequate water 
to the vegetation and to keep it alive during the dry season; (ii) supply adequate air 
and oxygen; (iii) supply adequate nutrients; (iv) be free from materials that are toxic 
to the plant or plant roots; and (v) display low mechanical resistance to allow ade-
quate root growth to explore and access the above resources.

These processes will be affected by adverse subsoil structure (e.g. high bulk 
density and strength in pans or hardsetting and compaction layers), texture 
(extremely sandy, silty or clayey) and chemical properties (e.g. high sodicity, alka-
linity (from bicarbonate, carbonate or hydroxyl), salinity, acidity (inherent or trig-
gered by oxidation of exposed sulphidic materials), and other possible toxic 
elements or materials). Any limitation imposed by these properties will affect the 
desired post-mining land use. If the land is to be returned to productive seasonal 
cropping, limitations are important during the cropping season, generally the rainy 
season and/or dry season where irrigation is available. If the land is to be returned 
to permanent pastures, forestry or native ecosystem, subsoil water and nutrient sup-
ply should be adequate to support the vegetation during the dry season and to sur-
vive into the next wet season.

This chapter will outline the limitations of the subsoil of mined land and tailings 
and possible ways to ameliorate them.

7.2  Compaction and High Soil Strength

In natural soil profiles or soil profiles used for agricultural/forestry production, the 
presence of compacted layers or pans will reduce the depth of soil that can support 
root growth and the storage of plant-available water and nutrients (Duiker 2004). 
Hakansson and Reeder (1994) reviewed the results of an international series of 25 
experiments on the immediate and residual effects of compaction of surface and 
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subsoil compaction on the yield of wheat. They summarised the results and pro-
posed an approximate model that describes the average residual effect following a 
single compaction event from agricultural vehicles with a high axle load of 10 Mg 
on the yield responses of wheat (Fig. 7.1). They were able to show the contribution 
of surface (0–25 cm), upper subsoil (25–40 cm) and deeper subsoil (>40 cm depth) 
compaction on the average relative yield of wheat. Figure 7.1 shows that shallow 
compaction (0–40 cm) is likely to be ameliorated naturally by processes such as 
wetting and drying, and freezing and thawing, but that this process will require time 
depending on the depth of compaction (5 years for the surface and 10 years for the 
upper subsoil), while the effect of deeper subsoil compaction appears to be perma-
nent. Although these results were derived from agricultural soils, this pattern of 
response is relevant to mined lands, as vehicles of much higher axle loads are used 
in developed countries (100 to 200 Mg) with multiple passes during the rehabilita-
tion process irrespective of the soil water contents. The effects will most probably 
be greatly magnified. To establish plants on these post-mining soils will require 
positive action to ameliorate subsurface compaction.

Compaction increases soil strength, which depends on soil water content, with 
the effects being lowest at higher water contents and increasing as the soil dries out. 
Although there are differences among species, roots have reduced growth rates as 
soil strength increases above a threshold range and decrease to zero when soil 
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Fig. 7.1 Schematic diagram showing the contributions to subsequent relative crop yield reduc-
tions from compaction in different soil layers caused by high axle load traffic. The magnitude and 
persistence of the individual components vary considerably among soils. The diagram illustrates 
the situation for a clay loam soil. (After Hakansson and Reeder 1994)
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strength (measured as the resistance to a cone penetrometer) reaches about 2 MPa 
(Cornish et al. 1984; Duiker 2004; Daquiado 1998).

Modern mining operations use large machinery and trucks with high axle loads 
to efficiently reshape the post-mining landscape and to apply topsoil to the dis-
turbed mine site resulting in significant soil compaction to depth. This has been 
reported as a major problem with coal mining reclamation in the Appalachian region 
(Fields-Johnson et al. 2014; Sweigard et al. 2007) and lignite mining in Germany 
(Sagel 2015), as well as on Australian bauxite mine reclamation (Gardner and 
Bell 2007).

Haigh and Sansom (1999) reported that soil bulk densities on reclaimed coal 
lands in the United Kingdom are low in the surface 10 cm and increase rapidly to 
levels of 1.8 g cm−3 at depths of 50 cm or more. These levels of soil bulk density are 
close to critical densities that suppress root extension. In addition, these high densi-
ties result in low hydraulic conductivity and consequently waterlogged conditions 
when the prevailing rainfall is high. They found that a major contributor to high bulk 
densities is the breakdown of unstable primary particles in the mine spoils which 
releases large quantities of fine particles that accumulate in the pore spaces of the 
soil. Disruption due to heavy machinery trafficking added to the increase in bulk 
density.

In most Australian open-cut coal mining, rehabilitation of the damaged land-
scape is compulsory and requires the reduction of slope gradient and slope lengths 
to stabilise the landscapes against geotechnical failures (landslips) and erosion (So 
et al. 2018). This necessitates moving large quantities of spoil and soil to achieve the 
desired landscape using heavy machinery resulting in significant compaction par-
ticularly when operations are conducted under high soil/spoil water contents during 
the wet season. Where the overburden is highly saline and sodic, the soil becomes 
less permeable and water contents remain high and the spoil prone to compaction. 
In addition, dispersion of clay-sized materials associated with high sodicity could 
also fill the pore spaces leading to increased bulk densities.

Rehabilitation to native ecosystems requires adequate growth of trees and shrubs, 
and these in turn require loose soil/spoil to a depth of at least 120 cm to grow opti-
mally (Sweigard et al. 2007). Root growth and development of an establishing eco-
system will be restricted in the presence of a compacted layer with its associated 
high strength that restricts the ability of the root system to explore the reconstructed 
soil profile.

The best management strategy for dealing with compaction is to avoid it in the 
first place, using techniques that can reduce soil/spoil bulk density at lower cost than 
correction of soil compaction (Sweigard et al. 2007). In the Appalachian region, 
coal operators are using such techniques successfully to establish commercial for-
ests (Burger et al. 2005). Techniques consist of loosely dumping surface materials 
combined with minimal grading necessary to shape the landscape creating loose 
soils and rough surfaces, thus increasing rainfall infiltration and increasing the sur-
vival and growth of trees. Garcia and Stearns (2015) described a successful rehabili-
tation operation of open-cut coal mining in Colorado where the topsoil is stripped 
and used immediately to topsoil nearby rehabilitated areas to preserve the soil 
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fertility and seedbank, followed by deep ripping using tined implements to reduce 
compaction prior to tree planting.

This technique of preventing compaction may not apply to all areas, and in that 
case, compacted areas should be deep ripped on the contour to a depth of 80–120 cm 
to increase water infiltration and storage capacity. This has been shown to signifi-
cantly improve tree growth and development (Fields-Johnson et al. 2014). This is 
standard practice on open-cut coal mines in Queensland, Australia, and bauxite 
mining in southwest Australia (Lardner and Tibett 2013).

7.3  Soil Texture: Soil Water and Chemical Constraints

Profiles formed from waste rock dumps, from dredging and from tailings commonly 
have a narrow range of particle sizes creating extremes of soil texture that limit 
water and nutrient availability to plants. For example, in tailings which are devel-
oped as by-products from the processing of mineral rocks, waste is often deposited 
as a slurry into ponded structures. In the process, it is separated into different sized 
particles with the coarser sand particles deposited near the discharge outlet or spig-
ots and the finer particles further downstream in the tailing dam or other dams. 
Typical examples of this are sand and silt tailings from open-cut tin mining. The 
most common method of mining depositional tin in Australia, Malaysia and 
Thailand is the gravel pump method where the sedimentary ore deposits are dis-
lodged and washed into a sump using high-pressure waterjets (Tanavud 1992; Yap 
2007). The gravel pump is then used to pump the ore-sand-soil slurry from the sump 
onto a sloping giant sluice or palong with baffles across the flow direction that sepa-
rate and trap the heavy (high density) ore particles from the lighter sand and silt 
tailing slurry. The tailings are directed into a large pond or through a series of ponds 
resulting in each pond having progressively finer particles (Tanavud 1992; Lau 
1999). As the soil has a sedimentary origin, there are more coarse/sandy materials 
than the silt and clay in the tailings. Sandy tailings have low fertility and a low water 
holding capacity but allow high infiltration rates. Figure 7.2 shows coarse tailing 
ponds in Thailand and in the background a stockpile of the sandy tailings which will 
remain unvegetated despite the high prevailing rainfall conditions. To reclaim the 
sandy tailings, they are either capped with topsoil or where adequate topsoil is not 
available, the finer tailings or other available organic materials are mixed into the 
surface of the coarser tailings before revegetation can be attempted. As many tin 
mining operations are located in the wet tropics, water is generally not a limitation, 
but soil fertility is and needs appropriate management until the desired ecosystem is 
established. Where the dry season is pronounced, the water holding capacity of the 
sandy subsoil is critical to the survival of the vegetation on these reclaimed tailings. 
On the other hand, where the subsoil consists of predominantly silty or clayey mate-
rials, waterlogging may become the limiting factor to vegetation growth under the 
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Fig. 7.2 Tin tailing dump in Thailand – tailings are stored in impounded dams (after Yap 2007) 
and in the background is a coarse sandy tailing stockpile where very little vegetation will grow due 
to nutrient limitations despite the high prevailing tropical rainfall conditions

high tropical rainfall conditions, and the provision of adequate drainage facilities 
(agricultural drains or open ditch drains) is necessary for the success of rehabilita-
tion of these heavy-textured tailing dumps. By contrast, with the above examples, 
soil texture was generally not a limitation in the subsoil of an open-cut coal mine in 
Australia that usually consists of pulverised and degraded rocks (mudstones or 
sandstones) derived from sedimentary rocks (Hannan and Gordon 1996; Roe 
et al. 1996).

Water and nutrient stress are also likely to be the limiting factors in the establish-
ment and growth of plants on the fine sandy tailings associated with gold mining in 
a monsoonal climate with distinct wet and dry seasons, e.g. the tailings from 
Kidston Gold Mine in North Queensland. A water spillway was incorporated in the 
design of the tailing impoundment wall that can maintain high water tables across 
the dam with a seasonal fluctuation of approximately 1.5 m (Williams and Currey 
2002). Vegetation was established directly on the tailings without soil capping 
using a combination of fertilisation, supplemental irrigation, seeding and tube stock 
planting (Edraki et al. 2017). It was anticipated that the deep roots from trees and 
shrubs will reach the water table and contribute to the sustainability of the new 
ecosystem.
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7.4  Chemical Limitations of the Subsoil

In contrast to the relatively benign tin mine tailings, the processing of bauxite into 
alumina ore produced sandy and silty-clayey residues (red mud) that are highly 
saline (EC >30 dS m−1) with a high pH (pH >10 associated with the use of NaOH in 
the Bayer process for extracting the alumina) and high in exchangeable sodium 
(>70%) (Wehr et al. 2006). The insoluble materials (residue sand and mud) from the 
Bayer process are washed, sometimes partially neutralised (with seawater, CO2 or 
acids) to reduce its pH and salinity and deposited in impoundments or tailing dams 
(after transport from the processing plant) as a wet slurry (15–30% solids) or thick-
ened slurry (50–65% solids) (Jones and Haynes 2011). Thick slurries are deposited 
by dry stacking as shown in Fig. 7.3 for highly saline and alkaline thick slurry from 
the bauxite refinery at Gove, Northern Territory, Australia. These toxic and hostile 
conditions in combination with low concentrations of plant-available nutrients 
make it difficult to establish vegetation directly on these tailings, particularly on the 
red mud. They require capping with an adequate depth of surface soil or surface 
soil-like material that allows vegetation to grow and then sufficient time to leach out 
the salt and alkaline substances.

Another option includes capping the red mud with residue sand and then topping 
it with soil, or mixing residue sand with the red mud to make it more permeable 
(Anderson et  al. 2011). The low water holding capacity of the residue sand is 

Fig. 7.3 Dry stacking of thick slurries from bauxite processing at Gove, Northern Territory, 
Australia
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increased by mixing with the finer red mud (silt and clay) (Anderson et al. 2011), 
but mixtures that give minimum void ratios and high densities (70% sand with 30% 
mud) should be avoided as they result in hardsetting mixtures with high soil strength 
(Buchanan et al. 2010) which is not conducive to healthy root development.

The physical, chemical and nutritional limitations of these residues can be 
improved using large quantities of amendments such as gypsum and lime, manure/
compost and sewage sludge (Wehr et al. 2006; Jones and Haynes 2011). Seawater 
neutralisation also improves some nutritional limitations by increasing the concen-
trations of plant-available Ca and Mg and reducing the plant-available sodium and 
pH of the residue. When this is followed with freshwater flushing (easier on the 
sandy compared to the fine tailings), the salinity of the residue is further reduced 
and renders it more suitable for plant growth. However, some alumina processing 
residues contain high concentrations of reactive silica which forms sodium alumino- 
silicates and continues to release sodium and hydroxyl ions over time resulting in 
increased sodicity and alkalinity that will hamper plant growth in the longer term 
(Wehr et al. 2006).

Revegetation experience at the Alcan refinery at Gove, Northern Australia, exe-
cuted progressively from 1978 to 1982, shows that after 10 years the establishment 
of the vegetation cover was highly variable (Wehr et al. 2006). The red mud had a 
pH of 10.5, while the sandy residues had a pH of 9.7. Both were highly saline 
(EC >30 dS m−1). As these are hostile conditions for plant growth, they were capped 
with 75–150 cm depth of a clayey subsoil material and topped with 15 cm of sandy 
topsoil. The soil was ripped to 60 cm depth, adequately fertilised and sown with a 
mixture of salt- and alkali-tolerant exotic pasture and native species (grass, shrub 
and trees). The climate at Gove is monsoonal with an average rainfall of 1330 mm, 
but 90% falls during the wet season between December and April. In 1990, an aerial 
survey showed that 52% of the area was predominantly grass, 39.5% was predomi-
nantly trees and 8.5% was bare. It was observed that areas with shallow soil cover 
(0.6 ± 0.3 m) supported mostly grass cover, while the deep soil cover (1.4 ± 0.4 m) 
supported a dense vegetation cover consisting of grass, shrubs and trees. The bare 
areas had sodic surface soil with an elevated salinity (pH >8.5, EC1:5 >1 dS m−1) 
associated with waterlogging during the wet season and upward capillary rise of the 
salt and NaOH from the underlying red mud. The incorporation of a capillary break 
above the residue mud, as part of the capping, would prevent capillary rise, reduce 
the variability of the vegetation and eliminate the bare areas.

Both overburden and tailings generally have low plant-available nutrient con-
tents and are biologically hampered, hence the necessity for capping with topsoil 
which supplies soil nutrients, organic matter, microbial populations and a seedbank 
of native species. In addition, fertilisers will be required for the establishment of 
suitable vegetation and until nutrient cycling has stocks and fluxes that are in bal-
ance with the established ecosystem.

Another important limitation on post-mining landscapes is the presence of acids 
derived from the oxidation of pyrite (FeS2), commonly present in the overburden 
material above coal seams. The action of mining brings the sulphide-bearing 
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minerals into contact with water and oxygen which leads to the production of sul-
phuric acid as shown by the following reactions (McQuade and Riley 1996):
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where M represents a metallic cation present in the soil.
If sulphide-bearing minerals are present in the subsoil or root zone, it will impose 

a severe limitation on plant growth. It is important that sulphide-bearing minerals 
are buried sufficiently deep to minimise their chemical transformation into sulph-
uric acid and to keep them away from plant roots to ensure that sustainable ecosys-
tems can be developed on the post-mining landscapes. It is also important to prevent 
or minimise leaching of the acids into the surrounding environment.

7.5  Overcoming Multiple Soil Constraints for Brazilian 
Bauxite Rehabilitation in High Rainfall Environments

The biggest challenge of mining activities is the restoration or rehabilitation of the 
area after mining, when the subsoil and tailings present physical and chemical limi-
tations for plant growth and development. For this, it is essential to address the limi-
tations of the soil surface and subsurface in an integrated way, especially when the 
objective is to rehabilitate the area for long-term productive agricultural use. 
However, given the variety of natural and agroecosystems where mining occurs, the 
restoration and rehabilitation alternatives must be evaluated and applied considering 
principles of rehabilitation discussed above according to the local conditions and 
possibilities. Mining is one of the principal economic activities in Brazil (52% of 
the Brazilian trade balance in 2019), and results from an experiment on a bauxite 
mine under rehabilitation will be presented as a case study.

In a post-mined bauxite area in the Zona da Mata, Minas Gerais state, research-
ers from the Universidade Federal de Viçosa set up, in 2011, a series of experiments 
(Fig. 7.4) aimed at rehabilitating the area for coffee, eucalyptus and pastures that are 
the main land uses and sources of income in the strongly undulating relief in this 
region. The climate is predominantly Cwa (Köppen), with hot and rainy summers 
(October–February) and a well-defined dry season (April–August). The annual pre-
cipitation is 1287 mm and temperature average is 20.3 °C (INMET, 2016). During 
the mining process, the topsoil of the typic dystrophic Red-Yellow Latosol (an 
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Fig. 7.4 Replacement of the topsoil (a), reconfiguration of the mining area (b), installation of the 
experiments (c and d) and general view of the mining area under recovery with the installed experi-
ments: tree species, including monocropped eucalyptus and a mixture of native species (e); coffee 
(f); and monocropped and intercropped Urochloa and Stylosanthes (g)

Oxisol) was removed and saved for later use in the rehabilitation. After mining and 
the topography reconfiguration to decrease hillslopes, the bottom spoil of the mine 
pit was deep ripped to 60 cm depth, then a layer (average 40 cm) of the saved topsoil 
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was placed over the mine spoil and a second deep ripping to 60 cm depth was done. 
Additionally, conservation practices, such as vegetated terraces, were implemented 
and suitable chemical fertilisation and conditioning applied to the surface soil layer. 
All experiments were conducted with the soil physical conditions as described above.

In one experiment, pasture (with a mixture of Urochloa brizantha, Stylosanthes 
capitata and Stylosanthes macrocephala) was compared to coffee (Coffea arabica 
var. Catuai red IAC 144) with grasses as cover plants between the rows of cof-
fee trees.

In another experiment different tree species were compared: (i) short rotation of 
clonal eucalyptus (AEC144; a hybrid between Eucalyptus urophylla and E. gran-
dis) (ii) a mixed plantation including 16 native tree species (pioneer+non-pioneer) 
from the region; and (iii) a plantation of the nitrogen-fixing tree, Anadenanthera 
peregrina.

In a third experiment, chemical fertiliser practices normally adopted by the min-
ing company were compared to the supply of readily available poultry litter in 
the region.

A post-mined area was maintained without vegetation cover and an adjacent area 
covered by a fragment of native Atlantic forest vegetation defined as semi- deciduous 
seasonal montane forest were selected as the reference for the recovery process of 
these experiments.

The landscape reshaping and soil ripping together with chemical/organic fertili-
sation alleviated the soil physical and chemical limitations after the bauxite mining 
and led to successful rehabilitation for important land uses in the region. Several 
studies explored the plant growth in these experiments and the effects on soil attri-
butes, with specific studies about pasture (Borges 2013; Oliveira et al. 2016, 2017), 
coffee (Cavalcante et al. 2019), forest species (Valente et al. 2019) and integrative 
studies detailed by Borges et  al. (2019) and Teixeira et  al. (2019). Overall, the 
results indicate that the use of organic fertiliser, either separately or combined with 
the chemical fertiliser, improved the biomass of Urochloa and Stylosanthes grasses 
(Borges 2013), eucalyptus and the native pioneer+non-pioneer species mixture after 
56 months (Valente et al. 2019). Benefits for soil carbon and nitrogen stocks, soil 
aggregation and carbon management index (CMI) (Blair et al. 1995), an indicator of 
recovery of impacted areas, were also observed in these experiments with higher 
values in pasture, followed by tree species and then coffee (Oliveira et al. 2016; 
Cavalcante et al. 2019). These results highlight the effective role of rapid-growing 
plants, particularly grasses, in speeding up the post-mining rehabilitation of the dis-
turbed soil and its ecosystem, particularly when adequate amounts of nutrients are 
applied via mineral and organic fertilisers at the very beginning of the rehabilita-
tion phase.

The lack of surface cover (ground cover) and soil development (aggregation) in 
combination with intense rainfall events leads to severe water erosion on post-mined 
areas. Grasses and trees with rapid initial growth are suitable as pioneer vegetation 
to reduce erosion and water run-off (Table 7.1). The relative reduction in soil and 
water loss varied between 39 and 78% for pasture and from 68 to 80% for coffee 
compared with post-mined areas without vegetation (Borges 2013). Nevertheless, 
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Table 7.1 Mean values of accumulated run-off water and soil loss in an area under rehabilitation 
after bauxite mining, for agricultural use as pasture (December 2010 to March 2012) or coffee with 
Urochloa as a ground cover between the rows (March 2010 to August 2012), using chemical and 
organic fertiliser (poultry litter)

Land 
use

Type of 
fertiliser

Ground 
cover 
plant

Total run-off (% of 
the total 
accumulated 
precipitation)

Relative 
reduction of 
run-off with 
Urochloa

Total 
soil loss 
(t ha−1)

Relative 
reduction of 
soil loss with 
Urochloa

Pasturea Organic Urochloa 0.5 77 16.0 78
No plants 2.4 74.5

Chemical Urochloa 1.8 39 42.0 52
No plants 3.0 87.2

Coffeeb Organic Urochloa 0.3 80 2.3 81
No plants 1.6 12.3

Chemical Urochloa 1.4 71 9.4 68
No plants 4.7 29.4

aAccumulated precipitation was 2787 mm between December 2010 and March 2012; bAccumu-
lated precipitation was 2391 mm between March 2011 and August 2012

the smaller losses of soil and water under these conditions may also reflect the effect 
of physical practices introduced for recovering the mined area. For instance, the 
deep ripping conducted after topsoil application reduced soil strength and improved 
water infiltration and rooting conditions.

The improvements in soil chemical, physical and biological quality arising from 
the practices adopted and reported above are probably restricted to the depth of deep 
ripping that reached around 1 meter depth. These experiments did not evaluate the 
effect of different subsoil deep ripping or other topsoil physical practices, but the 
results suggest that deeper subsoil ripping may have improved the eucalyptus devel-
opment (total height, diameter at breast height and tree biomass). Even though 
genetically uniform clonal material was planted, Valente et al. (2019) found that the 
eucalyptus tree size was variable (large, medium and small). A possible explanation 
for such variation could be variable penetration resistance at depth, due to a hetero-
geneous (horizontally and vertically) subsoiling throughout the mining area or that 
seedlings were not being planted exactly above the ripline of the subsoiler. Therefore, 
it is possible that some eucalyptus plants encountered resistance to their full root 
growth and development, which is reflected in the trunk volume.

7.6  Recovery After Iron Ore Mining and Tailing Dam 
Collapse in Brazil

In certain cases, the soil conditions in mining areas are severely limited by physical, 
chemical and biological conditions such that the rehabilitation to the preferred post- 
mining land use is not economic. Therefore, a return to a native ecosystem seems 
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preferable. The Brazilian Quadrilátero Ferrífero is one of the biggest iron reserves 
in the world, and it is associated with the Campo Rupestre vegetation, an endemic 
plant community characterised mainly by shrubs on rocky outcrops. This vegetation 
is adapted to the natural soil limitations in the region, such as poor nutrient avail-
ability, shallow soils and low plant-available water retention. The main strategies 
adopted for recovery of the mined areas are the use of topsoils from other areas and 
the dispersion of seeds from the Campo Rupestre vegetation. For instance, an exper-
iment evaluating the application of different topsoil thickness and re-introduction of 
plants from nearby ecosystems identified that a layer of 40  cm, compared with 
20 cm, increased the vegetation cover, especially when there was no fertiliser appli-
cation (Rezende 2013). The challenge of this practice is the availability of seeds of 
Campo Rupestre vegetation, and studies are currently identifying suitable species 
that can be used in the restoration processes for this region (Garcia et al. 2009).

Failure of tailing storage facilities is risky, as highlighted by the collapse of tail-
ing dams of the Fundão (2015) and Brumadinho (2019) mines that apart from loss 
of human life covered agricultural areas and forests with mined waste. The collapse 
of the Fundão dam added more than 34 million cubic meters of iron ore tailings to 
the rivers and nearby agricultural areas. This disaster created several socio- 
ecological problems, affecting the water quality of rivers and covering agricultural 
soils along the river with the deposition of a thick layer of tailings. The iron mine 
waste covered important areas used by family farms that cultivate vegetables and 
dairy cows with up to 3 meters of sediment over soil. The material was rich in SiO2, 
Al2O3 and Fe2O3, and physical structure was composed of particle sizes between 
0.075 and 2.38 mm (62%) and smaller than 0.075 mm (38%) (Couto et al. 2021), 
with high soil and particle density and low porosity (Silva et al. 2016). To overcome 
the constraints imposed by the tailing material, several experiments were set up to 
rehabilitate these areas and also to recover the riparian forests that were destroyed. 
The rehabilitation of some areas was done using topsoil material from the moun-
tains nearby, allowing the farmers to grow grasses again and some vegetables, as 
well as fruit trees. The recovery of riparian forest was done using phytoremediation 
with native species and physico-chemical remediation by incorporating organic 
matter (OM) into the sediment (Scotti et al. 2020).

7.7  Final Remarks

The reconstruction of the root zone is essential to overcome the subsoil and surface 
soil constraints of mined land and tailings and to create a profile that is physically 
and hydro-geochemically stable. Recovery of mined or tailing areas has their spe-
cific challenges, firstly concerning the appropriated physical conditions for root 
development and secondly the need for hydro-geochemically stable conditions for 
the establishment of plant and soil biological communities since unstable geochem-
istry and toxic chemical conditions may be present. Huang et al. (2012) indicate that 
the reconstruction of a stable and sustainable root zone is essential to support plant 
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communities and for phytostabilisation in the long term. These authors propose a 
conceptual model for the reconstruction of root zones in mine tailings, which also 
could be applied in mined sites. Two main stages should be considered: first, the 
hydro-geochemical stabilisation through remediation measures to mitigate physico- 
chemical constraints (high bulk density/root penetration resistance and/or low pH 
and nutrient availability) and, second, rehabilitation of soil biological capacity and 
ecological linkages between the reconstructed root zones and plant communities. 
Specifically, for the remediation strategies aiming to have long-term impacts on the 
root zone, studies should investigate the geochemistry of the tailing materials and its 
physical and chemical interaction with remediation practices and materials. In addi-
tion, the local climatic conditions, especially annual precipitation and its variability, 
should be also taken into consideration when planning remediation activities in tail-
ings or mined areas. Depending on whether the location has a humid or semi-arid 
climate, the hydrological response will be different for the same mined or tailing 
remediation strategy.

Although some experiments are describing the recovery of mined or tailing areas 
around the world, more long-term studies focusing on the reconstruction (Huang 
et al. 2012) are needed to overcome the soil limitations after mining activities, espe-
cially in Brazil after the two tailing dam collapses. For this, it is essential to estab-
lish cooperation among mining companies, local farmers and scientists to plan 
experiments that help to design and validate recovery practices. These experiments 
should cover the best vegetation practices, such as plant species, but also different 
subsoil conditions and methods of physical amelioration. With well-researched 
practices, future recovery and rehabilitation processes may occur faster and mitigate 
the socio-ecological effects of mining activities.
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Chapter 8
Sand and Gravel Subsoils

Craig A. Scanlan, Karen W. Holmes, and Richard Willian Bell

Abstract Approximately 5 and 29% of soils used for crop production globally 
have a sand or gravelly subsoil. The proportion of cropping soils with sand subsoil 
is greatest in Africa and Australia and Oceania. The countries with the greatest area 
of soil with gravel subsoil used for cropping are India and China. Sand and gravel 
subsoils have a limited capacity to supply soil and water to crops. Sand subsoils by 
definition have low clay content and, as a result, low water and nutrient storage 
capacity. The capacity of gravel subsoils to store water and nutrients decreases as 
gravel content increases. Although crop roots can access water and nutrients from 
these subsoils, the depth of these resources and physical constraints to root growth 
limit the efficiency of their use. Sand and gravel subsoils can constrain root growth 
although the mechanisms differ. Root growth is constrained in sand subsoils by 
constraints that can develop under crop production: compaction and aluminium tox-
icity. The impact of gravel subsoils on crop growth depends upon the penetrability 
of the gravel layer by crop roots. For impenetrable gravel layers, the properties of 
the topsoil will have the greatest influence on crop growth. For penetrable layers, 
root depth or length decreases as gravel content increases. There is potential to 
adapt agronomic management to maximise production on soils with sand or gravel 
subsoils. Split applications of nutrients can minimise leaching risk. There is evi-
dence that the constraints that develop on sand subsoils due to crop production can 
be ameliorated profitably.
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Keywords Crop growth · Gravel subsoil · Sand subsoil · Subsoil water · Subsoil 
nutrients

8.1  Introduction

Soils used for crop production that have sand texture or gravel in the subsoil have 
one common feature; they have a limited capacity to supply resources to the crop. 
Subsoil with a sand texture (sand and loamy sand) have less than 15% clay (IUSS 
Working Group WRB 2015) and, as a result, low water holding capacity, high per-
meability when saturated or near saturation and low cation exchange capacity. 
Gravelly subsoil, which we define as greater than 15% of material by volume with 
a diameter greater than 2 mm, based on the criteria used for topsoil in the Australian 
Soil Classification (Isbell 2002), can vary significantly in soil matrix texture, from 
sand to clay, and in the properties of the gravel particles. However, in general the 
capacity of the matrix-gravel mixture to store and supply water and nutrients is 
lower than non-gravel soils and decreases as gravel content increases.

The capacity of subsoils to supply resources to the crop is an important factor for 
determining grain yield, particularly in dryland cropping. The supply of nitrogen 
(N), phosphorus (P) and potassium (K) from the subsoil ranges from 8 to 75, 3 to 85 
and < 3 to 70% of total uptake, respectively (Kautz et al. 2013). Also, the supply of 
soil water to the crop from the subsoil can be important for grain yield in water- 
limited environments (Kirkegaard et al. 2007). However, the influence of the limited 
storage capacity of sand and gravelly subsoils on the subsoil supply of soil water 
and nutrients has not been explored.

In this chapter we review the global distribution of sand and gravelly subsoils in 
use for crop production and their effect on root growth and function, plant-soil 
water relations and nutrient acquisition from subsoils. We also review options avail-
able for ameliorating constraints on these soils and the economic gains from these.

8.2  Definitions

This chapter focuses on soils used for crop production which have a sand or gravelly 
subsoil (below the cultivation layer, typically >10 cm depth). Here, we define soils 
with a sand-textured subsoil as those with a sand or loamy sand texture (> 65% sand 
and < 15% clay) between 15 and 100 cm depth, which includes Arenosols, many 
Podzols and other soils with an arenic qualifier (IUSS Working Group WRB 2015; 
Jahn et al. 2006). We define soils with gravelly subsoil as those with more than 15% 
of soil volume as gravel (> 2 mm) between 15 and 100 cm depth in the profile, 
which includes, but is not limited to, Plinthosols and Durisols, or soils with a calcic, 
duric, ferric, pisoplinthic or plinthic horizon.
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8.3  Geological Origin

The geological origin of sand particles is diverse and influences the physical proper-
ties of the sand matrix. ‘Sand’ refers to particle size (approximately 0.05–2 mm), 
but composition and grain shape vary according to local rock types and processes of 
landscape formation. Sand-sized particles can be formed by biogenic processes, or 
the physical and chemical weathering of igneous, metamorphic or sedimentary rock 
(Yang et al. 2016). Most sand particles are quartz, derived from quartz crystals in 
granitic rocks by weathering, or grains released from the weathering of sandstones. 
The size and shape of the quartz sand grain that is released are influenced by the 
shape of the original crystal and forces acting on this (Smalley 1966). Post release, 
the shape of the sand particles is determined by a combination of exposure time, 
mineralogy and the transportation, depositional and weathering conditions encoun-
tered. Typically, roundness increases with age because there is a greater likelihood 
of exposure to chemical effects and abrasion during transport (Santamarina and Cho 
2004). For example, quartz grains that have not been transported far are angular or 
sub-angular, but those that have been eroded and deposited are well-rounded to sub- 
rounded (Pye and Tsoar 2014). Sands derived from calcareous or mafic parent mate-
rial (e.g. sand associated with limestone, coral-dominated coastlines and mafic 
bedrock) are generally not quartz dominated; these sands are less likely to be as well 
sorted or as geochemically stable over long time periods as quartz sand and account 
for a small proportion of sand subsoils under crop production.

The pedogenesis of soils with sand subsoil varies, and this can affect their suit-
ability for crop production due to chemical and physical differences of the grains 
and arrangement in the soil profile. The sand subsoils used for crop production in 
south-west Western Australia were most likely formed in situ by prolonged weath-
ering with localised redistribution (Newsome 2000). Any clay remaining in these 
profiles is low activity, and high levels of free iron and aluminium are common, 
which affect suitability for crop production. Deep sands or arenosols are widespread 
in most regions of Brazil particularly in the Cerrado (savannah) region, the north-
east (caatingas), the Parana Basin and some parts of the Amazon basin, where the 
predominant soils are sandy Podzols (campinas e campinaras) (IUSS Working 
Group WRB 2015). Most of these sands are derived from sandstone and are com-
monly formed on deeply weathered regoliths (Amado et al. 1999; da Silva et al. 
2013; Costa et al. 2013). By contrast, large areas of mobile sand dunes occur in 
northeast Brazil, but the majority of these dunes are in the Lençóis Maranhenses 
National Park and not used for agriculture. Termite activity can be significant for 
modifying the topsoil properties of sands; in sands of southern Bahia state, formed 
on sandstone, termite activity contributed to the enrichment of topsoils with clay, 
organic matter and nutrients (Sarcinelli et al. 2013). The role of termites in bioturba-
tion in sands and other soil profile types is discussed by Schaefer and Oliveira 
(2022) in this volume.
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The geological origin of gravelly subsoils is also diverse. For example, the rela-
tively young soils of central Slovenia have developed on acidic igneous, metamor-
phic and sedimentary rocks and have a gravelly, or stony, B horizon (Vrščaj et al. 
2017). Rendzinas (Leptosol, calcaric), also young soils, such as those found in 
Croatia (Bašić 2016), are formed from calcareous parent rock. The hillside skeletal 
soils of the Ratchaburi province, Thailand, are residuum of metamorphic rocks 
(Khetdan et al. 2017). In contrast, the gravelly subsoils of the wheat-growing region 
of Western Australia are formed in highly weathered landscapes, by the deposition 
of sand over ironstone gravels which are remnants of lateritic profiles (Mulcahy 1960).

8.4  Geographical Distribution

We estimated the geographical distribution of sand and gravelly subsoils by over-
laying maps of global cropland distribution with models of sand and gravelly sub-
soil extent. The cropland map, a raster dataset at approximately 1-km pixel resolution 
(30 arcseconds), was used to estimate area of cropland per country and continent 
and was intersected with maps of soil information to derive subsoil areas under 
cropping. The cropland dataset is one of a series of basic land cover type maps pro-
duced by the Food and Agriculture Organization (FAO 2014) by way of classifica-
tion of remote sensing imagery covering the six inhabited continents. Each pixel’s 
value represents the percentage of a particular land cover, in this case cropland. 
Global gridded soil information was used to map sand and gravelly subsoils (https://
soilgrids.org). These SoilGrids were generated using a compilation of soil data from 
around the world, which was harmonised to the same measurement depths, labora-
tory methods and soil description categories (e.g. texture class definitions) (Hengl 
et al. 2017). The SoilGrids are predicted soil property surfaces for fixed depth layers 
(e.g. percent sand in 0–5  cm). Sand and gravel percentage grids for the 15–30, 
30–60 and 60–100 cm depth increments were combined using depth-weighted aver-
aging to produce a single raster of subsoil texture percentage for the 15–100 cm, 
representing the subsoil. Because the raw soil measurements were harmonised in a 
database prior to spatial modelling, the SoilGrids do not depend on interpretation of 
soil classification systems to infer subsoil texture. The accuracy of area estimates of 
cropland, sand and gravelly subsoils is influenced by the 1-km pixel size of the 
maps, potential bias in soil profile distribution and density and possible under- 
representation in areas with low investment in soil research or clear authority for 
soil information management. The results for Australia were carefully evaluated 
against multiple national soil mapping products. Local sand and gravelly subsoil 
patterns did not always match those in more detailed mapping, but the continental 
estimates were very similar, suggesting the maps at the global scale provide a rea-
sonable estimate of cropland and subsoil extent.

The area of land with sand or gravelly subsoils used for crop production in each 
continent is shown in Figs. 8.1 and 8.2 and is summarised in Table 8.1. Approximately 
4.7 M km2 or 29% of soils used for crop production globally have gravelly subsoil. 
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Fig. 8.1 Cropland x sand subsoils. The square kilometres of cropland raster were multiplied by 
the binary (1/0) sand subsoil map, so those pixels with sand subsoil are assigned square kilometres 
of sand cropland, and all others are set to zero. Percentages written on map refer to the percent of 
cropland on each continent that has sand subsoils

The countries with the greatest percentage of soils used for crop production with 
gravelly subsoil are India (1.1 M km2), China (0.53 M km2), Nigeria (0.22 M km2), 
Australia (0.21 M km2), Spain (0.19 M km2) and Mexico (0.53 M km2). A much 
smaller area of land used for crop production globally has sand subsoil. 
Approximately 0.9 M km2 or 5% of soils used for crop production globally have 
sand subsoil, and the countries with the highest percentage of this soil type are 
Zimbabwe (0.68 M km2), Poland (0.56 M km2), Australia (0.14 M km2), Nigeria 
(0.083 M km2), Niger (0.072 M km2) and Sudan (0.072 M km2). While a much 
smaller proportion of sand subsoils are cropped globally, they are important in 
Africa and Australia + Oceania, accounting for 19% and 20% of soils used for crop 
production in those continents, respectively.

8.5  Effect of Sand and Gravel Subsoils on Root Density 
and Function

The shape of the sand grains in sand subsoil may be important for root growth. Root 
growth of wheat seedlings was more restricted in a rough (angular) compared to a 
smooth (rounded) sand; root length was less and root diameter was greater in the 
rough sand (Lipiec et al. 2016). The differences in root growth were attributed to a 
greater resistance to mechanical displacement of sand particles by the growing root 
tip in the rough sand, due to interlocking of the angular sand particles. Other studies 
indicate that soil strength increases as the surface roughness of sand particles 
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Fig. 8.2 Cropland x gravelly subsoils. The square kilometres of cropland raster were multiplied 
by the binary (1/0) gravelly subsoil map, so those pixels with gravelly subsoil are assigned square 
kilometres of gravelly cropland. Percentages written on map refer to the percent of cropland on 
each continent that has gravelly subsoils

increases; the angular grains with rough surfaces interlock and greater mechanical 
force is required to displace them (Panayiotopoulos 1989). Thus sand grains derived 
from in situ weathering of granite that releases angular grains are likely to result in 
subsoils with greater penetration resistance for roots than subsoils weathered from 
sediments such as sandstone.

The shape of sand particles in sand subsoil may also have implications for the 
level of compaction caused by agricultural machinery. Round sand particles are 
more susceptible to compression than rough particles, while a well-graded sand will 
compress more easily than a sand with a narrow particle size distribution 
(Panayiotopoulos 1989). For example, the maximum bulk density of sandy subsoils 
from some cropping soils in Western Australia was highest for the soils with the 
broader particle size distribution (Henderson et al. 1988). Also, Cruse et al. (1980) 
showed that for the same vibration energy, a soil with smooth particle surfaces had 
a higher packing density than a soil with rough particle surfaces. They suggested 
that soils with smooth particle surfaces would develop compaction layers more rap-
idly and require tillage to ameliorate compaction more frequently than soils with 
rough particle surfaces.

In comparison to subsoils with loam or clay texture, sand subsoils are more sus-
ceptible to compaction by machinery, which can lead to restricted root growth. 
Spoor et al. (2003) developed a risk matrix for subsoil compaction based on texture 
and packing density, and the susceptibility of coarse and medium (< 18% clay) tex-
tured subsoils was very high where packing density was less than <1.4 g cm−3 and 
moderate where packing density was >1.75 g cm−3. These subsoils are extremely 
vulnerable to subsoil compaction when packing density was <1.4 g cm−3 and where 
the subsoil is rated as wet or moist. The compaction of sandy subsoils has 
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implications for root growth; root growth is negatively related to soil strength, and 
soil strength increases as soil bulk density increases and matric potential increases 
(Unger and Kaspar 1994). An increase in subsoil bulk density by about 0.13 g cm−3 
in the 10–30 and 30–45  cm layers, due to a compaction treatment using heavy 
machinery, caused a 30% yield loss in corn (Voorhees et al. 1986, 1989). However, 
the implications of subsoil compaction and the likelihood of crop response to alle-
viation of compaction will vary with rainfall and soil strength; a yield benefit from 
deep tillage is most likely when there is a restriction to root growth in the subsoil 
and the crop experiences water stress (Schneider et al. 2017).

The susceptibility of sandy subsoils to compaction has implications for nutrient 
acquisition from these subsoils. A review by Lipiec and Stpniewski (1995) revealed 
that compaction reduced the availability of the less mobile nutrients P and K more 
than the mobile N, which was attributed to the negative effect of compaction on root 
elongation. However, the restriction of root growth and access to nutrients in the 
subsoil may be compensated by increased uptake in other layers; Shierlaw and 
Alston (1984) showed that the proportion of P taken up from the surface layer 
(0–10 cm) increased from approximately 30–100% as the bulk density of a subsoil 
layer (10–17 or 10–20  cm depending on bulk density) increased from 1.2 to 
1.75 g cm−3. The ability of the crop to compensate for restricted root growth, and 
therefore nutrient uptake, from subsoils will be dependent on the level of soil nutri-
ents in the topsoil layer and their availability.

The acidity of sand subsoils or their susceptibility to acidification is also an 
important factor for root function. Sand subsoils will develop an acidity constraint 
more rapidly than other soil textures under the same environmental and manage-
ment conditions because they have a lower pH buffering capacity (pHBC). pHBC is 
a measure of the rate of change in soil pH after an addition of alkalinity or acidity 
and is related to soil organic carbon (SOC) concentration in combination with, 
depending upon the soil type, clay content and mineralogy, exchangeable alumin-
ium (Al), effective cation exchange capacity and pH (Weaver et  al. 2004). For 
example, the pHBC of subsoils (10–20 cm) of cropping soils in Western Australia 
was positively related to organic carbon and exchangeable Al (Moore et al. 1998). 
pHBC typically shows a positive linear relationship with SOC and in sandy soils is 
usually highest in the surface and lower at depth (Dolling and Porter 1994). The 
development of subsoil acidity is significant for crop production because of the 
relationship between soil pH and soluble Al; as pH falls below 4.8 (CaCl2), the 
activity of Al3+ in soil solution increases to levels that are toxic to roots, causing a 
reduction in root elongation rate and the development of root hairs (George 
et al. 2012).

The development of Al phytotoxicity in sand subsoils is significant because it 
reduces access of the crop to water and nutrients. Carr et al. (1991) compared the 
grain yield of wheat to soil extractable Al (0.005 M CaCl2) in depth increments from 
0 to 5  cm down to 75–100  cm and found that soil-extractable Al at 15–25  cm 
accounted for 95% of the variation in grain yield and attributed this to decreased 
root growth in this layer and a reduction in the availability of water from the subsoil. 
However, the amount of yield lost due to subsurface Al phytotoxicity is also 
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influenced by seasonal rainfall and the location of the toxic Al in the soil profile. An 
empirical relationship between soil extractable Al and root growth was used in a 
simulation study to investigate the interaction between subsoil extractable Al con-
centration and seasonal rainfall on grain yield of wheat. This study showed that 
grain yield losses were greater at the high (392 mm average growing season rainfall 
(GSRF)) compared to the low (265 mm GSRF) rainfall site and that yields were 
lower where soil extractable Al increased linearly with depth compared to soils 
where soil extractable Al peaked at about 25 cm depth, even though the Al profiles 
at 0 to 25 cm were similar (Tang et al. 2003). In addition to constraining soil water 
availability, subsoil Al toxicity can reduce the availability of subsoil P leading to the 
need for an increase in P fertiliser level to maximise profit (Scanlan et al. 2017).

Root growth in gravelly subsoil is likely to decrease as its gravel content 
increases. Vine et al. (1981) found that rooting depth decreased as soil gravel con-
tent increased and that rooting depth was negatively related to penetrometer resis-
tance, suggesting that the mechanism by which gravel content affected root growth 
was mechanical impedance. Babalola and Lal (1977) also observed that root depth 
decreased as soil gravel content increased and observed that roots grown in gravelly 
subsoil had a greater root diameter than those grown in a gravel-free topsoil, as well 
as symptoms of mechanical impedance. In addition to gravel content, the physical 
properties of the soil matrix are also an important factor for the influence of gravelly 
soil on root growth. In a sand and loamy sand, there was a slight increase in root 
depth as gravel content increased from 0 to 20–30% and a decrease in root depth as 
gravel content increased to 80%, i.e. there was a stimulatory effect at low gravel 
content. By contrast, on a clay soil, root depth decreased almost linearly as gravel 
content increased from 0 to 80% (Babalola and Lal 1977). The impact of gravel 
content on root growth is important for grain yield; the decrease in grain yield as 
soil gravel content increased was attributed to a reduced soil water and nutrient sup-
ply (Ercoli et al. 2006; Grewal et al. 1984).

8.6  Effect of Sand and Gravel Subsoils on Plant-Soil 
Water Relations

Subsoil water supply can make an important contribution to crop yield in water- 
limited environments. Kirkegaard et al. (2007) found that an additional 10 mm of 
soil water extracted from the subsoil (1.35–1.85  m) of a Kandosol (Profondic 
Lixisol (WRB classification), McKenzie et al. 2004) by wheat led to a grain yield 
increase of 0.6  t ha−1 compared to the control treatment. The yield increase was 
attributed to an increased assimilation rate post-anthesis leading to an increase in 
grain size. There are no studies that report how water uptake from the subsoil varies 
in response to the texture of the subsoil; however, the evidence available suggests 
there are a number of constraints that would limit crop access to subsoil water in 
sand and gravelly subsoils.
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The most significant constraint to crop water uptake from sand and gravelly sub-
soils appears to be the limited capacity of these soils to store water. The cumulative 
plant-available water capacity (PAWC), defined as the difference between field 
capacity and wilting point, with depth for four representative soils from south-west 
Western Australia with sand and gravelly subsoils is shown in Fig. 8.3. This figure 
illustrates the importance of rooting depth for access to subsoil water; PAWC for the 
soil with a sand subsoil at Irwin for 0–135 cm depth was 59 mm; however, if root 
depth was constrained to 35 cm by soil compaction or Al toxicity, total PAWC was 
decreased by 40 mm. The amount of water that can be stored by these soils is small 
compared to other soils used for crop production, for example, Kandosols which 
stored 82–254 mm PAWC and Vertosols and Dermosols which stored 70–245 mm 
PAWC (Oliver and Robertson 2009).

Fig. 8.3 Cumulative plant-available soil water with increasing depth for four soils in Western 
Australia. Soil profile data from the APSoil database (www.apsim.info). Text in parentheses in the 
legend is location, Australian Soil Classification (Isbell 2002) and World Reference Base for Soil 
Resources classification (IUSS Working Group WRB 2015)

C. A. Scanlan et al.
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The impact of limited PAWC in sand and gravelly subsoils on grain yield is likely 
to depend on the distribution and amount of rainfall during the growing season. An 
analysis of the relationship between grain yield of wheat and PAWC from a range of 
soil types and seasons in south-west Western Australia showed that when PAWC 
was less than 65 mm, grain yield showed a positive relationship with PAWC, rang-
ing from 17 to 58 kg−1 ha−1 mm−1 PAWC. However, when PAWC was greater than 
65 mm, the relationship between grain yield and PAWC depended upon rainfall. 
Grain yield showed a positive relationship with PAWC in seasons where growing 
season rainfall exceeded 220 mm and plant-available water was high at anthesis. No 
relationship or a negative relationship between grain yield and PAWC was observed 
when soil water storage at anthesis was less than half PAWC, i.e. there was inade-
quate soil water stored to meet crop demand (Lawes et  al. 2009). In this study, 
PAWC was varied by using soil profiles with different Australian Soil Classifications 
(e.g. Tenosols, Kandosols and Chromosols) and levels of PAWC and while it did not 
explicitly address the influence of subsoil water capacity, it does provide an insight 
into how the PAWC of subsoils and rainfall are likely to interact. For gravelly sub-
soils that have a fine matrix texture and a high PAWC, these soils are only likely to 
provide a grain yield benefit when there is adequate water storage to meet crop 
demand and little or no rainfall late in the growing season. For sandy or gravelly 
soils with a similar PAWC profile as the examples in Fig. 8.3, ameliorating con-
straints to root growth such as subsoil compaction or Al toxicity to allow roots to 
access soil water at 60–100 cm is likely to have a positive effect on grain yield. 
However, the actual plant-available water to the crop is unlikely to increase linearly 
as depicted in Fig.  8.2 due to inefficiency in subsoil water extraction by crops 
(Kirkegaard et al. 2007).

The efficiency of water extraction from subsoils is lower than soil from near or 
at the surface. Kirkegaard et al. (2007) attributed the incomplete water use from 
subsoil by wheat to the short residence time of roots in that layer, low root density 
and clumpy root distribution. Also, a soil layer which restricts root growth can 
reduce water extraction from the soil below because root growth and branching 
have been restricted (Tardieu 1988). In addition, hydraulic cut-off occurs at higher 
matric potential in sands than in finer textured soils; it occurs between −0.3 and 
− 0.8 MPa for soils with less than 15% clay and between −0.8 and − 1.25 MPa for 
soils with 15–25% clay (Czyż and Dexter 2013), which could further reduce the 
efficacy of extraction of water from sandy subsoils as they dry.

The influence of the properties of gravelly subsoils on water supply to crops is 
likely to depend on the penetrability of the gravelly horizon by roots. For gravelly 
subsoils that are impenetrable by roots, the impact of these subsoils on grain yield 
may be driven by the properties of the topsoil associated with the gravelly subsoil. 
For example, in a field where the depth of a sandy topsoil to a cemented gravel sub-
soil varied between 30 and 90 cm, PAWC was positively correlated to the depth to 
the gravel layer (Wong et  al. 2009). For gravelly subsoils that are penetrable by 
roots, gravel content and particle size distribution will be important factors for sub-
soil water supply.
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Attempts to establish a relationship between the hydraulic properties of soils and 
the gravel content and size have been inconclusive. For example, simulation model-
ling showed that saturated hydraulic conductivity (Ks) decreased linearly as rock 
fragment volume increased (Hlaváčiková et al. 2016), whereas laboratory measure-
ments showed an increase in Ks as gravel content increased from 0 to 20% (Beckers 
et  al. 2016). In situ measurements of Ks were not significantly affected by rock 
content of soil (Khetdan et al. 2017). However, the impact of gravel-induced changes 
to Ks of the subsoil on root growth is questionable; it will only affect crop growth 
where infiltration rate exceeds drainage rate. The influence of gravel content on 
unsaturated hydraulic conductivity is likely to be more important. Unsaturated 
hydraulic conductivity with 20% gravel at 540 cm tension was about half that of the 
gravel-free soil (Beckers et  al. 2016). The combination of restricted root growth 
described above, lower unsaturated hydraulic conductivity and lower extraction 
efficiency of water from subsoil by crop plants will constrain water uptake from 
gravelly subsoils, and the impact of this on grain yield will be greatest in water- 
limited cropping regions. However, there has been no definitive study of the rela-
tionship between soil gravel content and crop water use.

In addition to affecting hydraulic conductivity, gravel particles can also modify 
the water retention of gravelly soils. The water content of an ironstone gravel soil at 
−1.5 MPa ranged from 0.17 to 0.24 m3 m−3, showing an increasing trend with depth. 
The water retained by the gravel changed PAWC (Brouwer and Anderson 2000), but 
this is often overlooked in PAWC estimates for gravelly subsoils.

The hydrological behaviour of soil profiles with gravelly or stony subsoils is 
poorly understood (Zhang et al. 2016). While we can draw on knowledge of how 
gravel changes soil hydraulic properties at the soil core scale, its influence at the soil 
profile scale in the field, the scale most relevant to soil water-plant-climate interac-
tions, has not received the same attention.

8.7  Effect of Sand and Gravel Subsoils 
on Nutrient Acquisition

Nutrient uptake by crops from subsoils is influenced by the concentration of nutri-
ents in the topsoil and subsoil, the vertical distribution of roots and the moisture 
conditions in the topsoil and subsoil. Nye and Foster (1961) attributed the greater 
uptake of P from the subsoil (13–25 cm depth) by perennial grasses compared to 
annual species to a greater concentration of P in the subsoil where the perennial 
ryegrass was grown. In a similar study, the proportion of total uptake of P by peren-
nial ryegrass from the subsoil (18–43 cm depth) varied over a growing season and 
was greatest when the soil surface was dry (Newbould et al. 1971). The temporal 
component of root distribution with depth is also important; a simulation study 
showed that the availability of subsoil K relative to the topsoil (0–10 cm) declined 
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exponentially as soil depth increased, which was attributed to the decrease in root 
residence time as soil depth increased (Scanlan et al. 2015).

A study on crop growth response to increasing subsoil nutrient levels on a range 
of soil types provides some insight into how subsoil texture, and the fertility associ-
ated with it, influences nutrient uptake (Graham and Ascher 1993). On a deep cal-
careous sand with low soil nutrient levels, enrichment of the subsoil (10–100 cm) 
with 707  kg  N  ha−1 and 782  kg P ha−1 increased the grain yield of barley by 
180–270% in the first, third, fifth and seventh year of the experiment. There was no 
yield benefit to the application of the same nutrient treatment on a more fertile 
sandy earth. These results suggest that subsoil nutrient supply is more likely to have 
an effect on crop growth when nutrient supply from the whole root zone is not 
adequate. This response is highly relevant to sand and gravel subsoils where the 
capacity to store nutrients is constrained, suggesting that the constrained ability of 
these subsoils to store nutrients will only impact on crop growth when nutrient sup-
plies from the topsoil and fertiliser do not meet crop demand.

The specific effects of sand and gravel subsoils on nutrient acquisition have not 
been reported previously; however, they are most likely to reflect an interaction 
between climatic conditions and the constraints associated with these subsoils. Sand 
subsoils are likely to make a contribution to nutrient uptake when the surface is dry 
and there are no restrictions to root growth, e.g. compaction and Al phytotoxicity. 
For gravelly soils, the decrease in root depth as soil gravel content increases will 
decrease the availability of subsoil nutrients. Gravelly subsoils may only make a 
significant contribution to nutrient uptake where the gravel content is below a 
threshold (20–30%) that restricts root growth.

There are potential benefits to nutrient acquisition for crops grown on sand and 
gravel subsoils. Long-term surplus application of P to agricultural soils in Denmark 
led to an accumulation of subsoil (25–50 cm depth) P, and the increase was greatest 
in soils with <15% clay and < 40% fine sand, mostly Podzols and Arenosols, while 
there was little or no increase in subsoil P in the finer textured Luvisols and 
Cambisols (Rubæk et al. 2013). Phosphorus is most likely to leach in a sandy sub-
soil because of the low capacity to adsorb P and high infiltration rates (Lewis et al. 
1981). Based on the discussion above, this accumulation of subsoil P may be advan-
tageous for crop growth in environments where the topsoil is frequently dry because 
the subsoil will provide a plant-available supply; however, the potential benefit to 
crops from accumulated subsoil P will depend upon the presence of constraints to 
root growth.

The soil properties that lead to an accumulation of subsoil P can also lead to 
increased N losses by leaching of nitrate beyond the root zone. Nitrate leaching 
occurs to a greater extent in sandy soils than in other soils due to a greater infiltra-
tion rate and depth (Lehmann and Schroth 2003). A simulation study of nitrate 
leaching on deep sand showed that the amount on N leached below the root zone 
(150 cm) ranged from 0 to 115 kg ha−1. Leaching losses were greatest for simula-
tions that were initialised with high levels of soil moisture and soil nitrate concen-
tration and lowest for low initial values for soil water and soil nitrate (Asseng 
et al. 1998).
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8.8  Agronomic Management of Sand and Gravelly Subsoils

The review above has highlighted subsoil constraints on soils with sand or gravel 
subsoils; however, profitable amelioration of these has been reported. Deep ripping 
to 500 mm led to an increase in net present value (NPV) of about $100 ha−1 (AUD) 
after 3 years where soil strength below 20 cm depth ranged from 2 to 3.5 MPa (Hall 
et al. 2010). Parker et al. (2017) showed that the return on investment for deep rip-
ping to 550 mm on compacted deep sands ranged from 2 to 7 $ for each $ (AUD) 
invested after 2 years. There is some evidence that an acidic layer in sand subsoil 
can be ameliorated economically by incorporation of lime with inversion tillage; the 
net margin after one growing season for an untreated control was not significantly 
different to the treatments where 3 t ha−1 lime had been incorporated with a rotary 
spader where no fertiliser was applied. In this case, the yield benefit from the inver-
sion tillage, and additional income, was sufficient to cover the cost of the lime and 
tillage operation (Scanlan et al. 2014). In a long-term experiment, incorporation of 
2  t  ha−1 lime with a mouldboard plough into an acidic, sandy subsoil led to an 
increase in NPV of $395 after 7  years of annual crop production (Davies et  al. 
2015). By contrast with the effectiveness of deep incorporation of lime for allevia-
tion of subsoil acidity in sands, surface (0–10 cm) incorporation was ineffective in 
raising subsoil pH on sands in dryland agriculture in a Mediterranean climate of 
south-west Western Australia (Whitten et al. 2000). Under the monsoonal climate of 
southeast Cambodia, Hin (2018) measured pH increase in subsoils below the depth 
of lime incorporation on deep sands.

The incorporation of biochar in sand subsoils has potential to ameliorate two 
constraints associated with these subsoils: low water holding capacity and nutrient 
leaching. The addition of biochar to 75  cm in subsoil (equivalent to 100 and 
200 t ha−1) increased the water content of a coarse sandy subsoil after drainage; it 
was 8.0, 11.0 and 13.9% (v/v) for the 0, 1 and 2% biochar treatments, respectively 
(Bruun et al. 2014). A 4-year field experiment on a fluvial sand showed that a topsoil 
treated with biochar at 15 and 30 t ha−1 led to greater nitrate retention in the surface 
layer than the untreated control (Haider et al. 2017). These results suggest that bio-
char incorporated into sand subsoil could also reduce the loss of plant-available N 
due to leaching; however, the potential to reduce nitrate leaching is likely to depend 
on the implement used for incorporation, i.e. its spatial distribution in the subsoil. 
For example, amendments broadcast on the soil surface before incorporation with a 
mouldboard plough are likely to be distributed in seams between approximately 10 
and 30 cm depth in the same direction as ploughing, at intervals similar to the dis-
tance between the plough faces (Scanlan and Davies 2019).

The economic benefit of ameliorating gravelly subsoils is not clear. Rock break-
ers and grinders have been used to improve the rocky soils of Puglia, Italy, for 
vineyards (Ferrara et al. 2012); however, the long-term profitability of this practice 
can be limited by increased erosion risk and a gradual decline in soil fertility (Shelef 
et al. 2016). The high level of investment in rock breaking and grinding may be 
prohibitive for soils used for grain production. Delving implements, with tines 
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20 cm in width approximately 1 m apart, have been used to cultivate to 60 cm and 
deeper in texture contrast soils to improve the wettability of the sandy surface layer 
(Betti et al. 2015). This technology could be used to create vertical seams of gravel- 
free soil in the gravelly subsoil, since the gravel-free topsoil falls into the trench 
behind the delving tine as it travels forward; however, the agronomic and economic 
viability of this practice needs to be assessed.

There is scope to vary cropping inputs within a field where the depth to the grav-
elly subsoil varies based upon yield potential. Proximal sensing may be used to 
delineate zones of sand or gravelly subsoils in a field so that different agronomic 
management can be applied in each zone. For example, Wong et al. (2009) showed 
that gamma K counts were closely related to the depth of sand topsoil overlaying 
cemented lateritic gravel and a moderate correlation (r2 = 0.5) between PAWC and 
gamma K intensity. For this type of soil profile, the gamma radiometric survey 
could be used to delineate deep sand suitable for deep ripping (e.g. 500 mm) or for 
developing variable rate application maps for economically optimal nitrogen rates 
based on local calibrations between PAWC, yield potential and yield response to N 
fertiliser application.

The use of crop sequence to create and utilise biopores may provide short-term 
amelioration of gravelly subsoils. Hulugalle and Lal (1986) studied the interaction 
between tillage system and crop sequence on the growth of maize. They found that 
roots of maize were only present in the gravelly B horizon in the reduced tillage 
treatment and the pigeon pea-maize crop sequence. Grain yield of maize was higher 
in the pigeon pea-maize rotation than for continuous maize. The use of primer 
plants to create biopores (e.g. Yunusa and Newton 2003) in gravelly subsoils to 
improve the access of succeeding crop roots to soil water and nutrients may be con-
strained by the negative influence of gravel on root growth. To our knowledge, the 
sensitivity of different crop species to gravel content has not been established and is 
a critical knowledge gap for utilising crop sequences to improve root growth in 
gravelly subsoils.

Crop sequence may also be an approach to maximise nutrient use efficiency in 
soils with sand subsoil. The deep-rooted blue lupin (Lupinus cosentinii) led to an 
increase in topsoil extractable K concentration compared to continuous subclover 
(Trifolium subterraneum) and a wheat (Triticum aestivum)-subclover rotation over 
4 years. The increase in topsoil K concentration was attributed to the recycling of 
subsoil K by the lupin roots (Edwards 1993). Similarly, the deep-rooted (2.4 m) for-
age radish was more effective at extracting nitrate than ryegrass (0.7 m) and winter 
rye (1.1 m) from the subsoil of a sandy loam (Kristensen and Thorup-Kristensen 
2004). However, the use of deep-rooted crop species to cycle nutrients from depth 
to the soil surface is likely to be heavily influenced by the profitability of this 
sequence compared to other sequences. For example, the economically optimal area 
of the deep-rooted lucerne in a mixed farming enterprise in south-west Western 
Australia is sensitive to grain and wool prices; as grain price increased, the optimal 
area decreased (Bathgate and Pannell 2002). Although the study of Bathgate and 
Pannell (2002) did not include the potential benefits of nutrient cycling from depth, 
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it does provide an illustration of how the mix of land use is influenced by commod-
ity prices.

Agronomic management can be used to mitigate the risk of nutrient leaching on 
soils with sand subsoil. Splitting fertiliser applications can be a successful strategy 
to manage this risk; applying fertiliser in three applications at 0 (20%), 30 (40%) 
and 50 (40%) days after emergence (DAE) produced higher grain yield and N 
uptake compared to the same amount (28 kg N ha−1, 12 kg P ha−1, 23 kg K ha−1) 
applied at planting and 30 DAE (86 kg N ha−1) for maize grown on an Oxic Paleustult 
(loamy sand at 0–15 cm and sandy loam at 15–30 cm) (Sitthaphanit et al. 2009). 
Similarly, splitting N applications between seeding and 40 days after sowing led to 
less N loss and higher grain yield than a single application for wheat grown on a 
deep sand (Asseng et al. 1998). Increasing plant density with the aim of increasing 
root length density in the subsoil also appears to be a prospective strategy. Dai et al. 
(2014) found that as the plant density of winter wheat increased from 135 to 405 
plants m−2, root length density in the subsoil (400–1200 mm) increased and was 
identified as the mechanism leading to an increase in shoot N uptake and grain yield.

8.9  Conclusion

The global area of soils with sand or gravel subsoils that are used for crop produc-
tion is significant. Approximately 29% and 5% of global cropland have gravelly or 
sand subsoil, respectively, based on conservative estimates using current global land 
cover and soil information.

The mechanism by which root growth is constrained differs in sand and gravel 
subsoils. In sand subsoils, root growth is constrained by limitations that can develop 
rapidly on these soils, particularly soil compaction and Al toxicity. In gravelly sub-
soils, the presence of gravel particles has a negative effect on root growth, although 
this relationship is affected by the properties of the soil matrix.

There are physical constraints to crop access to soil water in soils with sand and 
gravel subsoils. Although the PAWC of a soil with sand subsoil can be increased by 
increasing root depth, the deep soil water may not be used effectively by the crop 
because of short residence time of roots in that layer, low root density, clumpy root 
distribution and higher hydraulic cut-off within the range of plant-available water 
content.

Research conducted in Mediterranean cropping environments has shown an eco-
nomic benefit from ameliorating subsoil acidity and compaction in profiles with 
subsoil sand. The economics of ameliorating constraints associated with gravelly 
subsoils in cropping systems has not been reported and is a significant knowledge 
gap given the larger global extent of these soils used for crop production.
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Chapter 9
Soilborne Pathogens

Andréa Bittencourt Moura, David Backhouse,  
Ismail Teodoro de Souza Júnior, and Cesar Bauer Gomes

Abstract The biological subsoil constraints include those caused by a heteroge-
neous group of microorganisms known as soilborne pathogens. They cause diseases 
on most important species of plants, and almost all crop plants are susceptible to one 
or more species of soilborne pathogens. These pathogens cause a wide range of 
symptoms, and the damage caused to the plant can include death of germinating 
seeds and seedlings, rotting of roots, blocking of xylem, soft rot, deformation and 
necrotic lesions on stem bases. Symptoms are usually seen as poor plant stand, 
stunting or slow growth and discolouration and wilting of the shoot that mimics 
nutrient deficiencies or drought stress. The losses caused by these biological con-
straints are huge, so their mitigation is essential. However, it is necessary to know 
the specific cause of the biological constraint of a given area to take the most appro-
priate control measure. This chapter deals with soil pathogens of different groups: 
bacteria, fungi, Oomycetes and nematodes. It describes the characteristics of the 
soilborne pathogens, Fusarium, Macrophomina, Phytophthora, Pythium, 
Rhizoctonia, Sclerotium, Meloidogyne, Heterodera, Pratylenchus, Ralstonia, 
Rhizobium (previously known as Agrobacterium), Pectobacterium and Dickeya 
(previously known as Erwinia), their geographical distribution and host range, 
favourable conditions, typical symptoms and plant damage. Control measures, 
including the use of chemical compounds and products based on biological agents, 
are reviewed. Subsoil management procedures including liming, chemical fertilisa-
tion, green fertilisation, crop rotation, tillage, solarisation, biofumigation and green 
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manure are also discussed. Control examples associated with different soilborne 
pathogenic species are included. However, overall there has been limited study of 
subsoil biological constraints for agricultural and horticultural species.

Keywords Biofumigation · Crop rotation · Damping-off · Fertilisation · Gall · 
Root rot · Soilborne disease · Solarisation · Wilt

9.1  Introduction

Soil pathogens are microorganisms that survive and act in the soil for at least part of 
their life cycle. Many of them persist in the soil primarily as resistant structures 
(sclerotia, chlamydospores, oospores, etc.). All of them cause economic impacts, 
directly reducing productivity and indirectly increasing planting costs, affecting the 
environment and so on. Sometimes the losses reach 100% and may even cause the 
abandonment of the arable area, since there are soilborne pathogens that practically 
infect almost all species of economic crops.

They cause diseases on most important species of plants, and almost all crops 
plants are susceptible to one or more species of soilborne pathogens. These patho-
gens cause a wide range of symptoms, and the damage caused to the plant can 
include death of germinating seeds and seedlings, rotting of roots, blocking of 
xylem, soft rot, deformation and necrotic lesions on stem bases. Symptoms are 
expressed as poor plant stand, stunting or slow growth and discolouration and wilt-
ing of the shoot that resemble nutrient deficiencies or drought stress.

As a consequence of their soilborne life, they are heavily influenced by the abi-
otic and biotic components of the soil, as well as by soil management procedures 
such as liming, chemical fertilisation, green manure, crop rotation, tillage, solarisa-
tion and biofumigation, besides the use of chemical compounds and products based 
on biological agents.

This chapter deals with soilborne pathogens of different groups: bacteria, fungi, 
Oomycetes and nematodes. It describes the characteristics of each group, their geo-
graphical distribution and host range, favourable conditions, typical symptoms and 
damage. Control measures, especially subsoil management examples, associated 
with different pathogenic species, are also discussed.

9.2  Fungi and Fungus-Like Pathogens

Soilborne fungi and fungus-like organisms (Oomycetes) cause diseases on most 
species of plants. Soilborne fungal pathogens are typically adapted for long periods 
of survival in the absence of host plants, have relatively wide host ranges and can 
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grow for at least short distances through soil to plant surfaces. Damage caused to the 
plant can include seedling damping-off, rotting of roots and necrotic lesions on the 
basal stem. Canopy symptoms are discolouration and wilting, usually associated 
with poor plant stand, stunting or slow growth. This section describes several of the 
most important genera of fungi and Oomycetes that cause soilborne diseases.

9.2.1  Fusarium

Fusarium is a large genus of fungi that are mostly found in soil or associated with 
plants as pathogens. It is very diverse, and species within it cause a wide range of 
diseases on most types of host plants.

Soilborne species of Fusarium are associated with three main types of symptom: 
root rots, stalk rots and vascular wilts. Root rots are typically caused by members of 
the F. solani species complex, which cause aggressive decay of the root system, 
often with the involvement of toxins. For example, F. virguliforme causes sudden 
death syndrome in soybean (Brar et al. 2011). Stalk rots are commonly seen in cere-
als. The fungi that cause them, such as F. verticillioides in maize, can often grow 
without symptoms within the host tissues but become aggressive pathogens when 
the plant is stressed (Murillo-Williams and Munkvold 2008). Vascular wilts are 
caused by strains of the F. oxysporum species complex. Growth of the fungus within 
the xylem vessels, together with plant reactions, leads to disruption of sap flow. 
Early symptoms are wilting of lower leaves and necrosis of leaf margins that can 
progress to death of the plant.

Almost all crop plants are susceptible to one or more species of Fusarium. 
Fusarium wilts are major diseases of crops like banana, cotton, tomato and cucur-
bits among many others. Many legumes, including peas, beans and soybeans, cere-
als and many fruit and vegetable crops suffer from Fusarium root rots. The host 
range of Fusarium species varies greatly. F. culmorum can infect small grain cereals 
and many pasture grasses, maize and many legumes. Strains of F. oxysporum can 
generally only infect one or a very small number of closely related host species and 
may be restricted to particular genotypes within those species.

Many species of Fusarium produce resistant survival spores known as chla-
mydospores that are able to remain viable in soil or plant residue for several years. 
The vertical distribution of chlamydospores reflects the pattern of root length den-
sity of the host (Dryden and Van Alfen 1984) and can extend into the subsoil if there 
is subsoil root penetration. Infestation with Fusarium may be considered a biotic 
subsoil constraint, especially where management practices like biofumigation are 
only effective in the surface soil.

Fusarium diseases are often regarded as being typical of drier soils. As a genus, 
Fusarium species can grow at lower water potentials than many other pathogens. 
They are thus tolerant of a wide range of moisture conditions, but infection is still 
favoured by wetter soils (Swan et al. 2000). There has not been enough work done 
to make generalisations about interactions with other subsoil constraints, except for 
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compaction. Disease severity is typically worse in association with compaction (Tu 
1994; Vick et al. 2003) and may be alleviated by subsoiling or deep tillage (Vick 
et al. 2003). The mechanisms for the effect of compaction on Fusarium diseases 
have not been established.

9.2.2  Macrophomina

There is one important soilborne pathogen in the ascomycete genus Macrophomina, 
M. phaseolina. This fungus has a very wide host range and has been recorded from 
many hundreds of plant species. It is particularly important on legumes, including 
soybean, green bean, peanut and chickpea, and on other warm-season crops such as 
cotton, sorghum, maize, sunflower and many vegetables. It was estimated to cause 
2 million tonnes of yield loss in soybean in the top 10 producing countries in 1998, 
equivalent to 1.5% of total production (Wrather et  al. 2001). However, losses in 
individual fields can be much higher.

Belowground infection causes root rot. Infected roots become discoloured brown 
or grey, and fine roots may decay completely. Tap roots may become brittle, and 
necrosis can extend from the roots into the stem base. Root damage causes reduced 
growth and wilting, which is most evident after flowering in most hosts, and may 
ultimately cause death of the whole plant. Seedling infection can appear as elon-
gated lesions on the hypocotyls, which coalesce into large necrotic lesions. A char-
acteristic feature of the lesions is the production of large numbers of pycnidia 
(asexual fruiting bodies) and microsclerotia (survival structures), which give a 
black, sooty appearance to diseased tissue and lead to the common name of charcoal 
rot. Microsclerotia in soil and plant residues are the main method of survival in the 
absence of a host. These germinate in response to root exudates to produce hyphae 
which infect roots and stem bases.

The microsclerotia are generally concentrated in the upper 30 cm of soil in a 
range of soil types and crops (Bruton and Reuveni 1985), so M. phaseolina can be 
considered as an inhabitant of the subsoil. However, subsoil conditions which affect 
plant stress could be important factors in disease expression.

M. phaseolina is favoured by hot dry soils. The optimum temperature for infec-
tion in controlled environments is around 30 °C (Meyer et al. 1974), which is much 
higher than for most other soilborne pathogens. Moisture is required for infection, 
but disease is more severe when soils are dry, because water stress makes host plants 
susceptible to aggressive colonisation by the fungus (Diourte et al. 1995). Subsoil 
constraints which increase the risk of water stress would be expected to increase 
severity of charcoal rot.

Salinity increases the susceptibility of common bean, one of the most important 
economic hosts, to infection by M. phaseolina (You et al. 2011). Experiments on the 
interaction between salinity and charcoal rot in this and other plants have used 
saline irrigation water. The effect on charcoal rot of subsoil salinity, as with other 
subsoil constraints, has not been tested adequately.
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9.2.3  Phytophthora

Phytophthora is a genus of Oomycetes (not true fungi) with over 100 described spe-
cies, all of which are plant pathogens and most of which are soilborne. Phytophthora 
species are among the most destructive of plant pathogens and can cause devastat-
ing losses. Up to 72% yield loss has been reported in individual crops of soybean 
when infection by P. sojae results in early death (Ryley et al. 1989). Infection by 
Phytophthora usually involves swimming spores (zoospores) and is favoured by 
wet soils. Waterlogging can also increase host susceptibility (Duncan and 
Kennedy 1989).

The classic symptom of many soilborne Phytophthora diseases is rotting of the 
fine roots, which generally occurs under wet soil conditions and may lead to a large 
reduction in root mass without obvious effects on growth. As soils dry, the plant is 
unable to take up enough water from the soil and shows signs of water stress. In 
trees like avocado and Eucalyptus, this can result in dieback of the crown. Plants can 
be killed either by the direct effects of water stress or by rotting of the stem base, 
and death may occur very rapidly after wilting symptoms first appear. If soils remain 
wet, above-ground symptoms may not be seen, and extensive infection may occur 
without detection.

Because of the role of water in epidemiology of Phytophthora diseases, there is 
strong evidence for an effect of subsoil constraints that impede drainage. Compaction 
has been shown to increase the incidence of disease, caused by P. sojae in soybean 
(Moots et al. 1988) and P. cinnamomi in chestnut seedlings (Rhoades et al. 2003), 
and could be expected to be important for other Phytophthora diseases. Subsoil 
compaction can increase soil water content and risk of waterlogging by impeding 
drainage. It may also increase disease severity by restricting the volume of soil from 
which infected root systems can access water as the soil dries out.

Phytophthora species are generally sensitive to antagonism by other soil micro-
organisms and so are favoured by conditions that reduce microbial activity, such as 
low organic carbon concentrations (Nesbitt et al. 1979). This effect will be most 
important in surface soils.

9.2.4  Pythium

Pythium is a genus of Oomycetes, closely related to Phytophthora. However, there 
are some significant differences. Most species tend to be weaker pathogens than 
Phytophthora and typically cause disease of juvenile tissues. Pythium species rarely 
cause spectacular epidemics and losses are difficult to quantify. However, they 
cause damping-off (death of seedlings) either before or immediately after emer-
gence; and impairment of root function in almost all cropping systems, being the 
main restrictions to productivity. All crop, pasture and orchard plants are suscepti-
ble to infection by one or more Pythium species, and most species have very broad 
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host ranges. They are particularly important in situations where host vigour is 
reduced by other factors such as low temperatures.

Most plant species become immune to Pythium infection of stem tissues within 
a few days after emergence. Early root infections appear as small brown lesions on 
the root surfaces. Heavily infected roots have a greatly reduced number of lateral 
roots, with brown lesions at root tips and points where lateral roots emerge. Above- 
ground symptoms are stunting and yellowing associated with the reduction in effec-
tive size of the root system.

As with Phytophthora, infection by Pythium species is generally favoured by wet 
soil conditions, which is required for zoospore production and their high optimum 
water potentials for growth (Stanghellini and Burr 1973). Species differ in their 
temperature requirements, with P. aphanidermatum causing most disease at 
24–36 °C and P. debaryanum and P. ultimum at 16–20 °C (Thomson et al. 1971).

Waterlogging is also an important predisposing factor for Pythium root rots (Li 
et al. 2015). However, there has been no recent work done on the interaction between 
subsoil factors that influence soil wetness and Pythium root rots.

9.2.5  Rhizoctonia

Rhizoctonia in the broad sense is the term for a number of loosely related soil- 
inhabiting basidiomycete fungi with characteristic branching patterns in their myce-
lium. The most important pathogens are placed in the species R. solani. This is a 
complex of forms referred to as anastomosis groups (AG) some of which may rep-
resent distinct biological species.

Crop loss due to R. solani can take two main forms. One is a general reduction in 
plant stand density and early growth due to damping off and the involvement of the 
fungus in the root disease complex of seedlings. Secondly, R. solani infection causes 
severe stunting and death of older plants, typically in patches. Over 80% of plants 
of sugar beet can be lost in some rotations (Rush and Winter 1990). Bare patch in 
wheat due to R. solani AG-8 can cause death or severe stunting of plants in patches 
totalling up to 15% of the area of each field (Schillinger and Paulitz 2006).

Infection of germinating seeds can lead to death (damping off) before or imme-
diately after emergence. Root infections lead to brown lesions, which girdle the 
root. When the plant is pulled from the ground, the roots break at the lesions leaving 
characteristic ‘spear points’ with the stele projecting from the rotting cortex. Root 
rots prune the root system, reducing water and nutrient uptake so that infected plants 
may be chlorotic and stunted. Infection of the crown of the plant may lead to death. 
Sclerotia are produced by most AG and may be seen on infected tissue, for example, 
on potato tubers infected with AG-3.

R. solani is thought to be favoured by warm, slightly dry conditions, but there is 
considerable variation among AG in their optimum temperatures for infection 
(Carling and Leiner 1990). Optimum temperatures are lower at higher water poten-
tials because of antagonism by other soil organisms (Gill et al. 2001a). Infection by 

A. B. Moura et al.



205

some AG depends on intact hyphal networks in the soil, and disease is often more 
severe in untilled soils (Gill et al. 2001b).

Root rot of wheat caused by R. solani AG8 is made more severe by compaction 
in sandy soils (Gill et al. 2004). In this case, compaction reduces the rate at which 
roots can grow into the subsoil and avoid inoculum of the fungus, which is concen-
trated near the surface. Roget et al. (1996) described a modified sowing point for 
wheat which disturbed the soil 0.5–5  cm below sowing depth. Use of this point 
reduced the severity of Rhizoctonia root rot in wheat, and this practice is widely 
adopted in Australia. The work of Gill et al. (2004) suggests that disturbance below 
seeding depth may affect disease by reducing subsoil constraints on the rate of 
root growth.

9.2.6  Sclerotium

Athelia rolfsii can cause major losses in individual crops, for example, up to 50% 
loss of yield in peanuts (Bowen et al. 1992; Fery and Dukes 2002). Unlike many 
other soilborne diseases, A. rolfsii can be controlled by fungicides (Bowen et al. 
1992), but this adds to crop production cost.

A. rolfsii causes aggressive necrotic lesions, usually at the stem base or other 
parts of the plant in contact with soil or plant residues. There may be a web-like 
white mycelial growth over the lesions, and sclerotia similar in size and appearance 
to mustard seeds appear within a few days.

A. rolfsii is cosmopolitan in tropical, subtropical and warm temperate parts of the 
world where there is a warm season with moderate to high rainfall. Almost any 
warm season crop can be infected. The disease is commonly found in legumes, 
vegetables, turf, rice, maize and sugar cane.

The disease is favoured by warm to hot and wet conditions. Optimal temperature 
for growth is 27–30 ° C. Germination of sclerotia is stimulated by alcohols released 
by decaying vegetation, so the disease may be more severe in weedy crops or after 
green manure.

Although a sexual stage is known, basidiospores are considered unimportant in 
epidemiology. There are no asexual spores. Survival is as sclerotia, which can per-
sist in significant numbers for several years in soil. Root exudates stimulate germi-
nation to produce hyphae. These grow towards the stem base, and mycelium may 
form on the plant surface before penetration. Sclerotia are formed abundantly on 
diseased tissue.

9.3  Bacterial Pathogens

Soilborne phytobacteria constitute an important group of pathogens of cultivated 
plants, causing losses in fruit, vegetables, ornamental plants, field crop and forest 
species of global economic importance, and are capable of making an entire 
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cultivated area unviable. This group of pathogens is diverse, comprising several 
genera grouped by the principal symptoms they cause: deformation (hyperplasia), 
soft rot and wilt.

Abiotic factors such as temperature, pH, moisture and soil type, in addition to 
biotic factors such as presence and activity of predators, antagonists and/or com-
petitor organisms, may influence the survival of bacteria in the soil (Van Veen 
et al. 1997).

9.3.1  Wilt

Ralstonia solanacearum bacterial wilt is probably the most destructive bacteriosis 
in the world. Due to its wide geographic distribution, broad host range and patho-
genic behaviour, R. solanacearum is apparently genetically diverse and for over a 
century different classification systems were proposed. Strains were initially dif-
ferentiated into five races according to host range, while in biovars this was based 
on the capacity for using or oxidising carbon sources. Later, the strains were grouped 
into phylotypes and sequevars. Safni et al. (2014)) reclassified the phylotypes of 
R. solanacearum into species, with phylotypes I and III being reclassified as R. pseu-
dosolanacearum; IV, the most diversified phylotype, was subdivided into R. syzygii 
subsp. syzygii, R. syzygii subsp. indonesiensis and R. syzygii subsp. celebensis; phy-
lotype II remained as R. solanacearum. The species belonging to the former phylo-
types I, II and III mainly occur in countries of Asia, America and Africa, respectively. 
Phylotype IV, on the other hand, is composed mainly of strains from Indonesia with 
some isolates from Australia, Japan and the Philippines. However, for the purposes 
of this chapter, all new species in the complex were grouped as R. solanacearum.

Infection by these bacteria causes wilt, where the loss of leaf turgor starts in 
young leaves and spreads to the whole plant. The bacterium invades the plant 
through roots and systemically colonises shoot tissue, obstructing the xylem ves-
sels, which are filled by the bacteria and by gums and tyloses formed as a host 
response to infection. The wilt progresses irreversibly until it causes plant death 
(Champosiseau et al. 2009).

At very high temperature and humidity, losses can reach 100%, especially in suc-
cessive plantings, due to the ability of the bacteria to survive in the soil for long 
periods. Losses vary from 0% to 91% in the tomato, 33% to 90% in the potato, 10% 
to 30% in tobacco, 80% to 100% in the banana and up to 20% in the peanut. It is 
difficult to quantify the direct economic impact of R. solanacearum, but in the 
potato losses per year worldwide are estimated at around USD 1 billion 
(Elphinstone 2005).

Bacterial wilt is distributed in regions of tropical, subtropical and temperate cli-
mate. Species of Ralstonia have a wide range of hosts and infect at least 50 different 
plant families representing more than 200 species, especially Solanaceae.

Under European Union (EPPO) and North American (NAPPO 2017) legislation, 
R. solanacearum is listed as one of the major quarantine organisms requiring 
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processes of eradication and control. Furthermore, it has been included in the list of 
potential bioterrorism agents in the United States due to the economic impact of 
bacterial wilt and its potential for dissemination in the form of a latent infection 
(EPPO 2017; Champosiseau et al. 2009). The genetic variability of R. solanacearum 
generates problems for disease management due to the difficulties in obtaining 
resistant cultivars and in the diagnosis of strains in the field.

9.3.2  Deformations

Among the bacteria that cause deformation in plants, the most important belong to 
the genus Rhizobium. Previously, Rhizobium was classified as Agrobacterium; how-
ever, it was reclassified based on comparative analysis of the 16S rRNA gene (Young 
et al. 2001). R. rhizogenes causes symptoms known as root hair in woody species; 
R. vitis and R. rubi cause, respectively, grapevine and sugar cane galls; but the dis-
ease with the greatest geographic distribution, frequency and importance is crown 
gall, caused by R. radiobacter (A. tumefaciens).

Tumours caused by R. radiobacter are often seen on crown and main roots. In 
herbaceous plants, they are soft, clear and noncorticate, while in woody plants, they 
are hard, dark and corticate. Tumours arise from host cells transformation: the bac-
terium penetrates through the wounds and transfers the Ti (tumour-inducing) plas-
mid (Kado 2010) that integrates into the plant cell genome. The transformed cells 
then start to encode enzymes involved in plant hormone biosynthesis such as cyto-
kinins and auxins, leading to hormonal imbalance and hyperplasia, characterising 
the gall (Pitzschke and Hirt 2010).

Yield decrease of diseased plants is probably caused by several factors: reduced 
water and nutrient flux due to vascular tissue damage and/or their compression by 
the gall development (Aloni et al. 1998). Plants with several galls become weak-
ened, stunted and unproductive, while the young plants die.

Crown gall affects dicotyledonous plants and some monocotyledons. 
Experimental inoculation has shown that at least 93 plant families are susceptible 
(De Cleene and Ley 1976). In the field, the disease often occurs in woody plants and 
in some herbaceous species. In addition, high variability is found within the species 
R. radiobacter, which forms up to nine different groups (Mougel et al. 2002).

9.3.3  Soft Rot

The phytopathogenic pectolytic bacteria include species of the genus Pectobacterium 
and Dickeya (previously a member of the genus Erwinia). These bacteria typically 
induce soft rot, but other symptoms include wilt, blackleg, hollow stem and seedling 
damping-off.

9 Soilborne Pathogens



208

P. carotovorum subsp. carotovorum has a wide range of hosts including onion, 
carrot, potato, lettuce, tomato, cucumber and ornamental plants (Rashid et al. 2012). 
P. atrosepticum is restricted to the potato, especially in temperate regions (Ma 
et al. 2007).

The genus Dickeya, previously known as Pectobacterium chrysanthemi, cur-
rently comprises six species: D. dadantii, D. zeae, D. dianthicola, D. chrysanthemi, 
D. paradisiaca and D. solani (Toth et al. 2011), which are characterised as causal 
agents of dry stem rot, wilt and blackleg in the potato and in various plant species in 
tropical and subtropical climates (Charkowsky 2006). The variability within this 
genus is quite high, where the strains are divided into six species and seven biovars 
(Palacio-Bielsa et al. 2006).

The losses caused by these pathogens can be high and vary with crop, disease 
severity, subspecies, environmental and crop management. Potato losses vary from 
10% to 100% in storage, while in the field, losses are around 10–40% (Pereira and 
Daniels 2003).

The initial soft rot symptom is small wet lesions, which increase fast and cause 
extensive rotting. The leaves may wilt and become yellow in advanced disease 
stages. Soft rot at the base of the stem is known as blackleg, a consequence of stem 
colonisation, with dark pigment production. In the case of hollow stem, the stem 
becomes literally empty and has a tubular appearance, since the bacterium displays 
greater pectolytic activity in the non-woody central region.

Pectolytic bacteria survive epiphytically in host leaves, as saprophytes in the soil, 
in infected debris, in propagative material and in the rhizosphere of cultivated plants 
and weeds (Goto 1992). Their survival in the soil depends on pH, temperature and 
moisture. The bacteria can survive in the soil from 1 week to 6 months, even in the 
absence of plant debris; however, this period may be greater with plant tissue pres-
ence (Czajkowski et al. 2011).

9.4  Plant-Parasitic Nematodes

Phyto-nematodes are soilborne pathogens responsible for causing serious damage, 
either directly by root system parasitism, by predisposing the attacked plant to other 
pathogens or as viral vectors. Sedentary nematodes, such Meloidogyne and 
Heterodera, and migratory endoparasites, such as Pratylenchus, are included among 
the world ‘top ten’ list (Jones et al. 2013).

9.4.1  Root-Knot Nematodes

There are around a hundred described Meloidogyne species, but M. incognita, 
M. javanica and M. arenaria (tropical climate), as well as M. hapla (temperate cli-
mate), are the most frequent (Hunt and Handoo 2009). Other species such as M. 
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chitwoodi, M. fallax, M. minor, M. paranaensis, M. graminicola and M. enterolobii 
are considered emergent and are under quarantine in some countries (Onkendi et al. 
2014; Negretti et al. 2017).

The genus Meloidogyne is considered the most important cosmopolitan group 
because of its wide polyphagia, its genetic diversity and its aggressiveness in vari-
ous host plants, including vegetables, fruit trees and annual crops, causing USD157 
billion global annual losses (Onkendi et al. 2014).

The main symptom is root galls; however, depending on the infestation level and 
the plant species resistance, the plants may become weakened. Other symptoms are 
usually in spots: yellowing, defoliation and wilt at the hottest hours and, in severe 
cases, death.

The temperature directly interferes with the life cycle length of root-knot nema-
todes, and its effect is species dependent: optimal temperatures for M. hapla range 
from 18 to 25 °C, and for M. javanica, between 28 and 30 °C. Above 40 °C or below 
5 °C, most species show little activity (Ferraz and Brown 2016). Another important 
factor is soil texture, since sandy soils favour nematode movement and multiplica-
tion (Barker and Weeks 1991). Other factors also affect the life cycle, such as soil 
humidity and aeration, light and host species.

The roots are infested by second-stage juveniles (J2) that move between cells. 
They establish permanent feeding sites and become sedentary on the periphery of 
the central vascular cylinder. The nematode causes hypertrophy, forming a cluster 
of giant cells for its nutrition and development that function as a drain, resulting in 
thickening of the roots, known as galls (Palomares-Rius et  al. 2017). Females 
become obese and produce eggs in a gelatinous matrix external to the roots. The 
males, vermiforms, lose their parasitic ability, may fertilise the females or not and 
leave the root (Ferraz and Brown 2016).

Root-knot nematodes occur at high levels of genetic diversity worldwide, at both 
population level and species. Their diversity in part can be explained by its different 
reproduction modes: sexual and/or different modes of parthenogenesis, depending 
on the presence or absence of males (Castagnone-Sereno et al. 2013).

9.4.2  Cyst Nematodes

Cyst nematodes, the second largest plant parasitic nematodes group, associated with 
losses in cereals, vegetables and oilseeds, are mainly represented by the genera 
Heterodera and Globodera (Jones et al. 2013). Heterodera is the type of genus that 
contains the largest number of species and has an extensive range of host plant spe-
cies, such as the soybean (H. glycines), beetroot (H. goettigiana and H. schachtii), 
rice (H. oryzicola), Brassicaceae (H. cruciferae), cereals (H. avenae and H. fil-
lipjevi) as well as vegetables and forages (H. trifolii) (Evans and Rowe 1998).

Typical soybean symptoms can be seen in leaf spots, poorly developed plants, 
yellowing foliage, deteriorated roots, flower abortion and few or no pods. At highly 
infested sites, dead plants may be found.
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The greatest losses are associated with soybean. In the United States, losses are 
estimated at more than USD 1.2 billion a year (Koenning and Wrather 2010). 
However, losses vary according to such factors as soil fertility, cultivar susceptibil-
ity and nematode population and management (Dias et al. 2009). The development 
of cyst nematode populations in the soybean crop is favoured in sandy soils with 
high pH and base saturation and associated with temperatures between 22 and 29 °C 
(Schmitt and Riggs 1989; Garcia and Silva 1996; Avendaño et al. 2004).

9.4.3  Root Lesion Nematodes

Pratylenchus species have a wide range of hosts, including many perennial and 
annual species from different botanical groups. More than 70 species of Pratylenchus 
are described. The most important is P. penetrans, distributed mainly in temperate 
areas, parasitising fruit and potato plants; P. brachyurus, P. zeae, P. coffeae, P. vul-
nus and P. scribineri are common in tropical and subtropical regions, attacking 
annual crops such as maize, sorghum, wheat, sugar cane, soybean, several vegeta-
bles as well as perennials and forage plants (Castillo and Vovlas 2007). Population 
density of Pratylenchus spp. on different plant species is negatively correlated with 
the exchangeable base cation contents and percentage of clay and organic matter of 
the soil (Kandji et al. 2001; Sundararaju and Jeyabaskaran 2003; Franchini et al. 
2007) but positively correlated with pH (Franchini et  al. 2011, 2018). Likewise, 
there is also correlation between the variables associated with precipitation and crop 
intensity (Kandel et al. 2013) and soil temperature (Zirakparvar et al. 1980) on the 
root lesion nematode population densities.

Crop yield losses from infection reach 85% in wheat and 30% in the banana. In 
the northwestern United States, root lesion nematodes cause an economic loss of 
USD 51 million annually (Yu et al. 2012). In Australia, economic losses occur on 
5.53 million ha of wheat (Fosu-Nyarko and Jones 2016).

All motile forms are able to enter and leave the infected roots. Root lesion nema-
todes typically probe a number of cells before selecting one cell from which to feed. 
Root invasion is intracellular and is achieved by a combination of mechanical prob-
ing and enzymatic secretion that enable root lesion nematodes to migrate within the 
roots. The type of symptoms seen in the roots gives rise to the common name for the 
infection (Fosu-Nyarko and Jones 2016).

Typical necrotic lesions, initially yellow, evolve to dark brown or black. Severely 
infected plants have a smaller number of roots, which reduces their ability to absorb 
water and nutrients, resulting in yellowing leaves and lower growth, as well as 
reducing productivity and the quality of tubers (Jones et al. 2013).

All life cycle stages of Pratylenchus are infective and can cause penetration of 
the roots, rhizomes and tubers. In species such as P. penetrans, P. vulnus and P. cof-
feae, males are abundant, and reproduction is therefore sexual. In parthenogenetic 
species such as P. brachyurus, P. scribneri and P. zeae, females are common and 
males are rare. The root lesion nematode life cycle varies with the species, host 
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plant and soil temperature. Tropical species like P. brachyurus have an optimum 
temperature in the range of 29–30 °C and complete their cycle in 3–4 weeks, while 
for temperate species, such as P. loosi, the temperature is between 18 and 20 °C, 
with a cycle of 5–7 weeks (Ferraz and Brown 2016).

9.5  Control Measures

Chemical compounds to reduce the soilborne pathogen population were used exten-
sively and intensively until the end of the twentieth century. The biocide, methyl 
bromide, has 100% efficiency; however, it affects the ozone layer, and after the 
signing of the Montreal Protocol (1987), its production and use were progressively 
reduced. Since then, the existing alternatives are either not as efficient or too spe-
cific. For example, use of the eradicant Gallex® is recommended in the curative 
control of crown gall. Acylalanines (metalaxyl, furalaxyl, etc.) have been widely 
used for Phytophthora and Pythium, but resistance can develop (Qi et  al. 2012). 
Moreover these chemicals are degraded rapidly in soil, especially with repeated use 
(Droby and Coffey 1991). Fungicides like azoxystrobin may be useful against 
Sclerotium (Koehler and Shew 2017) and Rhizoctonia (Kirk et al. 2008). There are 
also nematicides used for soil drench or fumigation (Onkendi et al. 2014) and for 
seed treatment (against H. glycines) (Vitti et al. 2014).

Following a worldwide trend towards green technologies and production of 
healthier and residue-free food, many biological products for the control of soil-
borne pathogens are now available on the global market. In Brazil, the number of 
biological products has been growing since the first registration in 2000, but the 
diversity of soilborne pathogens targeted is still narrow. The biological products 
show low toxicity, are ecofriendly and are less harmful to human health. These new 
products are composed of a single microorganism or by different combinations of 
Pasteuria nishizawae, Pochonia chlamydosporia, Trichoderma harzianum, 
Purpureocillium lilacinum and species of the Bacillus genus.

Biological control of soilborne pathogens is currently one of the most successful 
strategies. Since the beginning of the 1980s, products containing the antagonist 
R. radiobacter (A. radiobacter) have been used to control crown gall in different 
host plants in several countries. Initially the biocontrol isolate was K84 (Agrogall 
30®, Dygall® and Galltrol-A®), which, after displaying resistance to agrocin 
(compound responsible for the pathogenic R. radiobacter control), was partially 
replaced by K1026 (Nogall™), an isolate obtained through genetic manipulation.

The use of resistant cultivars would be the best alternative to reliance on chemi-
cal treatment especially when the organisms are in the subsoil; however, there are 
few such cultivars available. Single gene/high-level resistance has been identified 
for some soilborne Phytophthora diseases, for example, against P. sojae (Dorrance 
and Schmitthenner 2000) where it is widely used in soybean cultivars. Resistant 
cultivars with high-level/monogenic resistance are also available to some races of 
some formae speciales of Fusarium oxysporum, e.g. F. oxysporum f. sp. lycopersici 
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(Catanzariti et al. 2015), and a few H. glycines and Meloidogyne races (Dias et al. 
2009; Castagnone-Sereno et al. 2013). Partial or polygenic resistance is used for 
many diseases, for example, F. oxysporum f. sp. vasinfectum on cotton (Sanogo and 
Zhang 2016), Macrophomina on many crops (Coser et al. 2017) and Pectobacterium 
on potatoes (Chung et al. 2013).

The growing need to produce more food and to minimise the environmental 
impact of agriculture has led to increased research, as well as the registration and 
marketing of products containing biological control agents. The global market 
offers products to control most of the pathogens addressed in this chapter (Bettiol 
et  al. 2009); however, they are generally recommended as seed treatments for a 
restricted host range, produced on a small scale and only marketed in one or a few 
countries.

Soil management procedures can also play an essential role in control of soil-
borne pathogens and, in some cases, are the only effective measure available. 
Practices include irrigation/drainage, loosening compacted soil, organic waste 
incorporation and solarisation, as well fertilisation and correcting soil pH.

Nitrogen occurs as a constituent of resistance-related compounds such as phyto-
alexins and phenols. However, plants fertilised with high doses of N present a larger 
amount of young and succulent tissues, prolonged vegetative stage and delayed 
maturation phase, which favours the attack of pathogens. Additionally, high concen-
trations of nitrogen can reduce the production of phenolic compounds (fungistatic 
compounds) and leaf lignification, reducing resistance to obligate pathogens; how-
ever, they have no action on the facultative pathogens (Marschner 1995). On the 
other hand, nitrogen deficiency favours the slow growth of plants, a condition that 
increases their susceptibility to pathogens (Zambolim and Ventura 1996).

Nitrogen excess generally makes the plant tissues more tender, favouring the 
development of most pathogens, especially soft rot (Czajkowski et al. 2011) and 
Fusarium diseases in cereals (Davis et al. 2009). However, in some cases the effect 
may be positive, such as the reduction in bacterial wilt and an increase in potato 
production (Lemaga et al. 2005). Increasing doses of potassium generally make the 
plants more tolerant to different pathogens and reduce the number of females of 
H. glycines (Barbosa et al. 2010) probably due to the interference of this nutrient in 
the establishment of the root nematode feeding site (Hussey and Davis 2004). 
Likewise, Franchini et  al. (2011) demonstrated a negative correlation between 
P. brachyurus population density in the soil and potassium and sulphur levels in 
soybean leaf tissue levels. According to the same authors, the soil correction with 
gypsum incorporation can reduce the losses in soils infested by this nematode.

The organic matter content in soils can also influence the severity of diseases that 
are lower in organic matter-rich soils, because the high levels of organic matter are 
usually related to a high soil microbial population, increasing the suppressive effect 
against pathogens. Therefore, the addition of organic matter to the soil generally 
results in lower losses caused by soilborne pathogens and in the long run can lead to 
a progressive reduction in pathogen and disease incidence, turning conductive soil 
into suppressive soil (Cook and Baker 1983).
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There are variations in the occurrence of diseases due to soil pH, especially those 
located near the roots (rhizosphere). However, usually correcting soil pH and 
increasing availability of calcium, which increases rigidity to the middle lamella of 
the host plant cells, reduces damage caused by pectolytic bacteria such as P. caroto-
vorum (Czajkowski et al. 2011), as well as the wilt severity and the R. solanacearum 
population in tomato (Yamazaki et  al. 2000). It also reduces Pythium germ tube 
length and sporangial germination (Ko and Kao 1989). For the soybean-H. glycines 
pathosystem, despite the antagonism between pH and nematode population levels, 
the incorporation of limestone has been associated with decreases in soil pathogens. 
According to Sfredo et al. (1994), the addition of lime to the soil contributes to the 
increase of pH and the increase of the availability of some micro- and macronutri-
ents to the plants, especially calcium, favouring the increase of the resistance of the 
roots to the penetration by the nematode (Rocha et al. 2006).

On the other hand, pH changes caused by nitrogen fertilisation can also affect 
diseases caused by soilborne pathogens. In general, the damage caused by patho-
gens of the genera Fusarium and Rhizoctonia can be attenuated by the increase of 
rhizospheric pH, due to the higher absorption of nitrate (Huber and Watson 1974). 
Similarly, damages caused by Pythium diseases are correlated with ammonium 
absorption due to increased acidification of the rhizosphere. The maintenance of pH 
and soil correction are important in reducing the incidence of diseases caused by 
Fusarium. An example is the case of banana cv. Mysore, considered resistant to 
Fusarium wilt, but, when cultivated in soils with very low pH and unbalanced K: 
Mg and Ca: Mg ratios, becomes susceptible to the disease (Ventura and Hinz 2002).

Soil moisture has a great impact on the development of soilborne pathogens and 
can directly affect them, as well as their host and the interaction between them. 
Flowing water or rainwater plays a relevant role in the distribution and dispersal of 
pathogens among plants. Excess water increases the juiciness of plant tissues and 
decreases the plant’s ability to defend itself due to reduced oxygen availability to the 
roots, increasing susceptibility to most pathogens. Additionally, under these circum-
stances, increased root exudation is likely to occur, which attracts pathogens that 
travel in chemotaxic response (Oomycetes, flagellate bacteria and nematodes), 
causing spore germination and egg hatching and, finally, penetration in the host 
plant, resulting in infection and disease development.

Most soil pathogens, such as Phytophthora, Pythium, Rhizoctonia, Sclerotinia, 
Dickeya, Pectobacterium, Pseudomonas, Ralstonia and nematodes, cause more 
severe symptoms when the soils area close to field capacity. On the other hand, 
water scarcity, which normally occurs in dryland regions, generally negatively 
affects the pathogen’s life cycle and weakens plant defences. Few pathogens are 
favoured by low soil moisture, such as F. solani, F. roseum and M. phaseolina, 
developing well in dry environments, causing more severe diseases in plants under 
water stress. Additionally, dry soils favour the survival of the pathogen propagules 
and increase their tolerance to high temperatures, but inhibit their germination, 
growth and spread. For example, M. phaseolina sclerotia survive for almost 
5 months in dry soil; however, those maintained in soils at field capacity had their 
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viability reduced by 60%, so, maintaining soil moisture is a possible means for 
controlling this fungus.

At the same time, reports associate soil compaction with a higher incidence of 
many diseases. Waterlogging and compacted soils favour the development and pen-
etration of the pathogen in the host plant roots, which, in addition to less aeration, 
negatively affect most plants exposed to diseases. In soybean, the damping-off 
occurs if heavy rains that soak the soil coincide with high temperatures. The situa-
tion is aggravated by the presence of crop residues and compacted soil. Subsoil 
compaction hinders the drainage of water which, under high temperatures, favours 
the rapid development of soilborne fungi. Generally, damping-off occurs in patches, 
being commonly observed in the crop borders, in the most compacted areas and in 
the lower part of the contours above the terraces, where the water accumulates.

Thus, excess moisture and high compaction cause stress on the root system and 
allow rapid dispersion and penetration of pathogens. Therefore, proper water man-
agement through drainage and irrigation as well as soil loosening can be used to 
control the diseases and some soilborne pathogens, or at least to reduce the severity 
of symptoms as plants will not be under these stresses.

Perhaps the most effective measure, and the one with the broadest action, is 
solarisation. The technique consists of covering moist soils with transparent plastic 
film, which is exposed to solar radiation for a variable period to reduce the popula-
tions of different pathogens. With heating of the soil, the microbiota is selectively 
reduced, since the lethal temperature of most soilborne pathogens is below that 
reached by solarisation. In addition, many saprophytic species, as well as the bio-
control agents such as Bacillus, remain at a relatively high level, avoiding a biologi-
cal vacuum and consequently delaying reinfestation, so that the process has a lasting 
effect. Virtually all the pathogens covered in this text can be controlled through 
solarisation. The time taken to kill a high percentage of the population of these 
pathogens varies as a function of the solarisation time, the insolation and the season, 
as well as the pathogen species and the type of its structures present in the soil (De 
Vay et al. 1991). So, to ensure high process efficiency, usually at least 30–60 days 
of solarisation is required.

The efficiency and/or duration of the effect of solarisation can be intensified by 
the prior incorporation of organic substrate (also known as biofumigation or bioso-
larisation), or by the later treatment of soils with biological control agents, notably 
those containing Trichoderma and Streptomyces (Levy et al. 2015; Minuto et  al. 
2006), or even by using a minimum dose of pesticides and planting resistant/tolerant 
cultivars.

Biofumigation through the incorporation of Brassica species is the most com-
monly used. The decomposition of plant tissue rich in glucosinolates by the soil 
microbiota releases isothiocyanates, toxic compounds with a bactericidal, fungi-
cidal and nematicidal action (Oliveira and Dhingra 2008). Other plant species are 
used to control various soilborne pathogens such as the castor bean (Ricinus com-
munis) (Santos and Gomes 2011), pigeon pea (Cajanus cajan), sunn hemp 
(Crotalaria juncea) (Cardoso et  al. 2006) and weeds such as Geranium 
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carolinianum (Ooshiro et al. 2004). Animal manure can also be efficient (Baptista 
et al. 2006; Melero-Vara et al. 2011).

Using organic fertiliser and intercropping with antagonistic and bait plants are 
recommended for the control of pathogens (Ratnadass et al. 2012). Simple incorpo-
ration, without covering the soil with plastic film, is also used for control, although 
the efficiency varies with the pathogen and the plant species incorporated (Zasada 
et al. 2009; Ratnadass et al. 2012).

Finally, if control has not been achieved after one or more of the above measures, 
there still remains the possibility of crop rotation (Ratnadass et al. 2012). In most 
cases, for the rotational cultivation success, it is necessary to have knowledge of the 
pathogen species and race as well as its range of hosts. That said, it is possible to 
select the species to be used and establish a crop succession scheme and the mini-
mum time before return to planting the pathogen’s host species. However, the fact 
that most soilborne pathogens are polyphagous minimises the species diversity 
available to be planted in rotation. Additionally, pathogens that form resistant struc-
tures that remain viable for several years are not controlled by crop rotation. On the 
other hand, this practice is generally recommended for nematode control (Ferraz 
and Brown 2016). Rotation also can be a good option for Fusarium wilts because of 
the narrow host range of most formae speciales (Fang et al. 2012) but can be limited 
in effectiveness if chlamydospores can survive for a long time in soil, or the fungus 
can colonise the roots of symptomless hosts. Rotation is used successfully for 
Fusarium crown and root rots of cereals (Evans et al. 2010). Rotation with non- 
hosts such as cereals is possible also to control Sclerotium (Wokocha 1988).

Examples for different pathogen species and host plants, grouped by control 
measure, are shown in Table 9.1.

9.6  Perspectives

Much effort has been invested in the development of biological products, containing 
microorganisms as active ingredients, and extracts of plant and animals. This mar-
ket has been growing annually, with soilborne pathogens as the main target. 
Therefore, we can anticipate an increase in the number of these products and the 
range of pathogens and hosts affected and, in particular, formulations with greater 
efficiency and shelf life.

On the other hand, considerable future impact should be provided by genetic 
engineering. The explosion of the omics era has allowed the identification of effec-
tors and genes responsible for the parasitism of different pathogens, as well as those 
related to the plants’ defence mechanisms. Therefore, the development of resistant 
cultivars that over-express defence genes of plants or that silence those of suscepti-
bility will bring new hopes for the control of soilborne pathogens.

In addition, the rapid expansion in microbiome studies is generating global infor-
mation about the soil microbiota. New findings on the composition and functioning 
of complex soil microbial communities during interaction with the plant revealed 
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Table 9.1 Control measures recommended for soilborne disease control

Control 
measure Pathogen Host Effect Reference

Liming Pectobacterium 
carotovorum

Potato Reduce severity Czajkowski et al. 
(2011)

Ralstonia 
solanacearum

Tomato Reduce severity
Reduce incidence

Yamazaki et al. 
(2000)

Heterodera glycines Soybean Decrease 
populations – 
increasing 
limestone 
incorporation

Rocha et al. (2006)

Coarse sand, 
fine sand and 
pH

R. solanacearum Pepper Negative correlation Felix et al. (2012)

Solarisation R. solanacearum Tomato Reduce incidence Vinh et al. (2005)
Green manure Fusarium oxysporum Strawberry Reduce severity Fang et al. (2012)
Crop rotation Fusarium species Reduce incidence Evans et al. (2010)

Rhizoctonia solani Reduce incidence Rush and Winter 
(1990)

Meloidogyne spp. Decrease nematode 
populations

Carneiro et al. 
(2000)

H. glycines Vegetables Decrease nematode 
populations

Dias et al. (2009)

Pratylenchus 
brachyurus

Soybean Decrease nematode 
populations

Vedoveto et al. 
(2013)

R. solanacearum Potato Reduced incidence Katafiire et al. 
(2005)

Tillage R. solani Barley Reduce severity Roget et al. (1996)
Fusarium virguliforme Soybean Reduce severity Vick et al. (2003)

Fertilisation H. glycines Soybean Decrease 
populations – 
increasing 
potassium levels

Barbosa et al. 
(2010)

P. brachyurus Soybean Decrease 
populations – 
increasing 
potassium and 
Sulphur levels; 
gypsum 
incorporation

Franchini et al. 
(2011)

P. carotovorum Pepper Reduce severity – 
increasing calcium 
phosphite and 
potassium 
phosphite

Silva et al. (2014)

(continued)
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Table 9.1 (continued)

Control 
measure Pathogen Host Effect Reference

Biofumigation Meloidogyne arenaria Decrease nematode 
populations – 
biofumigation with 
radish and arugula

Aydinli and Mennan 
(2018)

Green manure 
+ biological 
control

Pratylenchus neglectus  
Meloidogyne chitwoodi

Potato Decrease 
populations – oil 
radish and/or 
rapeseed green and/
or Bacillus 
megaterium

Al-Rehiayani et al. 
(1999)

Biocide (R. 
radiobacter)

Agrobacterium 
tumefaciens

Reduce 
incidence – 
eradicant

http://agbiochem.
com/wp- content/
uploads/2014/08/
Revised- Galltrol- 
Gallex- Pamphlet- 
Oct- 2012.pdf

that soil microorganisms are determinants of plant physiology and metabolism, 
nutrient acquisition, tolerance against abiotic stresses and protection against soil-
borne pathogens. Therefore, this knowledge can lead to the possibility of managing 
the soil microbiota. Changes in soil fertility, in the plant species grown, in the roots’ 
exudates, in the quality and quantity of organic matter, etc. can modify the soil 
microbiota in order to increase beneficial microorganisms and/or decrease the 
pathogenic ones, making soil healthier and more productive. However, this review 
has identified major knowledge gaps with regard to the prevalence, impact and man-
agement of subsoil pathogens.
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Chapter 10
Root Systems of Agricultural Crops 
and Their Response to Physical 
and Chemical Subsoil Constraints

Mirian Cristina Gomes Costa and Ítalo Antônio Cotta Coutinho

Abstract Physical and chemical soil constraints in the subsoil limit crop yield by 
affecting root development and the uptake of both water and nutrients. Hence, 
improved knowledge of the characteristics of the root systems of the main cultivated 
species and the potential for the root system to overcome subsoil constraints is vital 
for crop production. Here, we review the root systems of widely cultivated species 
and their response to physical and chemical constraints, particularly in subsoils. For 
most agricultural and horticultural species studied, roots are concentrated in the top 
20 cm depth, but 20–30% of the root system commonly grows below this depth. 
Physical restrictions caused by soil compaction reduce root biomass, density and 
length, besides limiting root exploitation depth. Some species such as rapeseed and 
black mustard may alleviate soil compaction, making the subsoil more suitable for 
roots of other crops. Plant root systems are negatively affected by constraints that 
are often present in the subsoil such as excess of aluminium, heavy metals and salts. 
However, deficiencies of N, P, K as well as micronutrients also impair plant root 
growth. Mechanized tillage systems, more tolerant genotypes, association with soil 
microorganisms, exudation of organic acids by roots and adequate nutrient supply 
are among the strategies that allow a better root development and function, enabling 
improved crop growth with subsoil constraints.

Keywords Chemical constraints · Nutrient deficiency · Physical constraints · Root 
system · Salinity
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10.1  Introduction

Food production for the world population (increasing to 8.2–8.7 billion people by 
the year of 2100) is a growing concern (Abel et al. 2016). The land sector will also 
have to produce bioenergy, fibres and other products. The cropland soils often have 
constraints for plant development that are chemical (acidity, nutrient deficiency and 
salinity), physical (compaction, consolidation, poor drainage, limiting layer and 
stoniness) or biological (pathogens) in nature. Moreover, issues related to the 
improper use of agricultural lands that cause soil degradation, such as erosion, are 
also significant.

During the period from 1961 to 2009, the production of approximately 50 agri-
cultural commodities expanded geographically around the world. The main cereal 
crops being produced are wheat (Triticum aestivum L.), rice (Oryza sativa L.), 
maize (Zea mays L.) and barley (Hordeum vulgare L.) as well as sugarcane 
(Saccharum officinarum L.), potatoes (Solanum tuberosum L.), vegetables and 
fruits. In the same period, the oil crops such as soybean (Glycine max (L.) Merr.), 
sunflower (Helianthus annuus L.), palm oil (Elaeis guineensis Jacq.), rapeseed 
(Brassica napus L.) and mustard (Brassica nigra (L.) Koch) increased the most in 
production and also started being cropped in a larger number of countries (Khoury 
et al. 2014).

In the past, improvement of crops and agricultural techniques has mainly focused 
on increasing shoot biomass and seed yield, particularly on high productivity soils. 
However, research also should focus on the development of strategies which may be 
applied in the field to increase crop production in soils with subsoil constraints. In 
this endeavour, the root system, which is critical for the uptake of nutrients and 
water, anchorage in the substrate as well as interaction with symbiotic organisms, 
cannot be overlooked anymore (Cheng et al. 2016).

In this chapter, we have synthesized key information regarding the main charac-
teristics of the root system of the most widely cultivated species in the world as well 
as on modification in the root systems when developing under physical and chemi-
cal soil constraints. While we have tried to generalize the findings in the literature, 
it should be noted that the root systems often respond differently to the same stimu-
lus among different species as well as different genotypes of the same species.

10.2  Overview of the Root System of the Main 
Cultivated Species

Plant root systems differ among crop species and among genotypes of the same spe-
cies (Uga et al. 2009; Henry et al. 2011; Thorup-Kristensen et al. 2020). Although 
wheat, rice and maize crops have an adventitious root system (fibrous root system) 
(Fig. 10.1), common to monocotyledons, they have significant differences in their 
root systems such as depth and diameter (Table 10.1). Similarly, while soybean, 
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Fig. 10.1 Root architecture and anatomy in monocotyledonous species. (a) Root architecture of 
maize (Zea mays L.) from sprouts to seedlings showing the adventitious root system. Root archi-
tecture concerns the spatial configuration of the root system in which angles of roots (especially 
from lateral roots) are measured as well as root length. Please, note that only a few root apices are 
indicated. (b) Root apex of maize as observed in longitudinal section under light microscopy.  
(c, d) Root apex of banana (Musa paradisiaca L.) as observed in cross sections. Notice that mono-
cotyledonous species have vascular bundles radially arranged which is known as polyarch where 
xylem alternates with phloem. (d) Detail of the square area delimited in ‘c’. (Ae aerenchyma, En 
endodermis, Gm ground meristem, Lr lateral root, Mx metaxylem, Pc procambium, Ph phloem, Pi 
pith, Pr protodermis, Px protoxylem, Qc quiescent centre, Ra root apex)

sunflower, rapeseed and mustard, along with other dicotyledons, have a tap root 
system (Fig. 10.2), each one has its own distinctive characteristics (Table 10.1). For 
temperate agricultural crops, the ratio of root mass distribution to root length distri-
bution for monocotyledons decreases linearly at 0.1% per centimetre of depth, 
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Table 10.1 Range of soil depth for the occurrence of most of the roots and root diameter classes 
of the main cultivated crops

Crop
Soil depth 
(cm)

Root 
diameter 
(mm) References

Wheat 0–40/60
0–60

0.2–0.6 Morita and Abe 1996; Muñoz-Romero et al. 2010

Rice 0–20
0–30/45

0.4–0.5 Sharma et al. 1994; Yang et al. 2004; Henry et al. 
2011

Maize 0–20 0.6–0.8 Cai et al. 2014
Oil palm 0–20 1.5–4.1 Jourdan and Rey 1997; Teixeira et al. 2001
Soybean 0–68 0.6–0.7 Gao et al. 2010; Sartori et al. 2016
Sunflower 0–40

0–80
0–180

0.1–2.0 Ribeiro and Walter 2008; Manzur et al. 2014; Lisanti 
et al. 2013; Paul et al. 2021

Rapeseed 0–10
10–20

0.2–0.3
2.0–5.0

Liu et al. 2011a, b; Yuan et al. 2016

Mustard
Black 
mustard

0–10 0.2–0.3
0.38–0.41

Liu et al. 2011a, b; Larson and Funk 2016

Coffee 0–40
0–50
0–20
0–10

0.07–0.8
1.0≤Ø≥3.0

Inforzato and Reis 1963; Gehrke 1962; Motta et al. 
2006; Partelli et al. 2014; Ronchi et al. 2015

Eucalyptus 0–20
0–25
0–10

1.0–10.0
0.1–2.0
<2.0–5.0

Eamus et al. 2002; Bouillet et al. 2002; Moroni et al. 
2003; de Mello et al. 2007; Dias et al. 2017

Sugarcane 0–30
0–54
0–60
0–20
0–470
0–40

0.2–0.4 Inforzato 1957; Smith et al. 2005; Costa 2005; de 
Azevedo et al. 2011; Otto et al. 2011; Castro et al. 
2012; Laclau and Laclau 2009

Banana 0–45
0–30

0.2–4.3
0.7–6.6

Waser et al. 1996; Lecompte et al. 2005; Miotti et al. 
2013

while for dicotyledons the rate decreases exponentially with soil depth resulting in 
thicker roots in topsoil for dicotyledons (Fan et al. 2016).

In order to evaluate the root system of different species and genotypes, it is impor-
tant to consider the morphology, anatomy, topology, distribution and architecture of 
roots. Root morphology refers to features of epidermal root hairs, root diameter, 
undulations of the root axis, root cap, cortical senescence and so on (Lynch 1995). 
Topology refers to the pattern of root ramifications (root branching) not subjected to 
deformations which may be measured on excavated roots (Lynch 1995). Distribution 
refers to the root density gradient with depth in the soil. It is usually related to root 
dry matter or root length as a function of factors such as depth or position among 
surrounding plants (Lynch 1995). Architecture refers to the spatial configuration of 
the root system, which is relevant to the root exploration for essential resources that 
are unevenly available in the soil, but necessary to their development (Lynch 1995).
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Fig. 10.2 Root architecture and anatomy in dicotyledonous species as observed in common bean 
(Phaseolus vulgaris L.). (a) Root architecture of common bean from sprouts to seedlings showing 
the tap root system. Note that only a few root apices are indicated. (b) Note that lateral roots form 
almost a right angle with the tap root. (c, d) Root apex as observed in cross sections. Note the 
absence of a pith in the central area of the root and the presence of a vascular cylinder composed 
of primary xylem and phloem. (d) Detail of the vascular cylinder showing bundles of primary 
xylem alternating with phloem. (Co cortex, En endodermis, Ep epidermis, Fi fibres, Lr lateral root, 
Mx metaxylem, Pc pericycle, Ph phloem, Px protoxylem, Ra root apex, Rh root hair)
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A review on root distribution of different temperate crops showed that 50% of 
total roots accumulated from 8 to 20 cm depth (Fan et al. 2016). However, plant 
roots also reach the subsoil as they grow deeper. Alfalfa, for instance, reached a 
maximum rooting depth of 177 cm, while fescue (Festuca arundinacea Shreb.) 
reached only 78 cm depth.

For wheat, roots extend in soil to a depth of 40–60 cm, and their diameter varies 
from 0.2 to 0.6 mm (Muñoz-Romero et  al. 2010). Both length and diameter are 
influenced by water availability, soil preparation (i.e. conventional tillage or no till-
age) and crop development. However, Hamblin and Hamblin (1985) reported that 
113 cm was the maximum rooting depth for wheat, but there was evidence of geno-
typic variation in depth, which implies there is genetic control to this trait. In the 
data compiled by Kirkegaard and Lilley (2007), maximum rooting for wheat varied 
between 80 and 180 cm and was influenced by soil wetting depth in such a way that 
root penetration was limited in the soil layers with less than ~45% of the plant avail-
able water content.

Roots of different rice cultivars show morphological variations regarding the 
diameter (0.647 to 1.157 mm) and number of metaxylem vessels (3.8 to 6.4) (Uga 
et al. 2009). Yang et al. (2004) reported that rice root diameter varies from 0.38 to 
0.52 mm under different water regimes and nutrient availability. With respect to 
depth of root exploration in rice, Sharma et al. (1994) mentioned that 90% of roots 
are at the first 20 cm of soil depth, but they may reach 100 cm of soil depth for 
upland rice and 40 cm for lowland rice (Morita and Abe 1996). Conversely, Henry 
et al. (2011) reported that the greater values of root length density occur at a depth 
up to 30–45 cm. According to Morita and Abe (1996), seminal and nodal rice roots 
have different sizes. Rice root responses to water stress will depend on both its ori-
gin and size, and larger roots are more sensitive to drought than smaller ones (Morita 
and Abe 1996). When the development of larger roots is affected by drought, there 
is a compensation through a higher development of branch roots, that is, small, thin 
lateral roots (Morita and Abe 1996). However, thicker roots may also develop more 
under water stress if plants have some adaptation to drought or even if it is a non- 
tolerant genotype (Morita and Abe 1996). Regarding lowland rice genotypes, which 
are more sensitive to drought, even the smaller roots may be suppressed due to 
water stress (Morita and Abe 1996).

From a study of the distribution of the maize root system, Mengel and Barber 
(1974) reported that the maximum root density (4.1 cm cm−3) occurred at a depth of 
0–15 cm and, more recently, Wang et al. (2015) verified that maize roots are concen-
trated at a depth of 0–20 cm in the soil. The largest diameters for maize roots are 
observed in the 0–10 cm layer of soil, varying from 0.6 to 0.8 mm, while at greater 
depths the diameter reduces to ~0.4 mm (Cai et al. 2014).

The root system of oil palm forms a contrast to the annual cereal crops men-
tioned before because of the greater size of the tree and its perennial growth, which 
makes its root system more difficult to study. More than 65% of the oil palm roots 
are concentrated at a depth of 0–20 cm in the soil (Teixeira et al. 2001). Jourdan and 
Rey (1997) reported eight different morphological types of roots during the devel-
opment of the oil palm: primary vertical and horizontal roots, secondary horizontal 
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roots, upward growing secondary vertical roots and downward growing secondary 
vertical roots, superficial and deep tertiary roots and quaternary roots. The different 
types of roots were distinguished according to their development pattern and state 
of differentiation. As for the other monocotyledons, the radicle that emerges during 
the seedling stage is superseded by several adventitious roots which vary in diame-
ter and number of xylem vessels according to the plant age.

For soybean crops, there have been many studies on roots. In the 1970s, morpho-
logical differences were observed in the root system of different genotypes of soy-
bean. For example, the genotype Harosoy 63 root system was more extensive and 
had a higher surface area in comparison to genotype Aoda (Raper and Barber 1970) 
and roots reached a depth of 160–190 cm (Inforzato 1969; Mayaki et  al. 1976). 
Conversely, Gao et al. (2010) demonstrated that soybean roots are able to reach only 
68 cm deep in the soil in a maize/soybean intercropping system. The mean root 
length for soybean was 1,124–1,301  cm per three plants in 2 consecutive years, 
while the mean diameter for roots was 0.6–0.7 mm (Sartori et al. 2016).

Sunflower plants have a tap root system, and the greatest numbers of lateral roots 
are found at 0–15  cm depth. However, lateral roots may develop up to 40  cm 
(Ribeiro 2008) or even 180 cm depth (Lisanti et al. 2013) under field conditions. 
Seiler (1994) observed variations on the root length of tap roots and lateral roots, on 
the total length of roots and number of lateral roots among the genotypes. Sunflower 
plants produce supporting roots, which are important to avoid plant lodging in the 
field. The distribution of such supporting roots varies according to the genotype of 
the crop. However, almost half of the biomass of the supporting roots is concen-
trated at the first 5 cm depth (Manzur et al. 2014). Although thicker roots with more 
than 2 mm diameter are found, the root diameter of supporting roots, including the 
lateral ones, is ~1 mm (Manzur et al. 2014). 

Rapeseed roots may develop up to a depth of 1 m, provided there are no subsoil 
constraints (Kjellström and Kirchmann 1992). However, Liu et al. (2011a) observed 
that the greatest density of the root length is found at the 0–20 cm depth. In a study 
to understand the dynamics of root architecture in rapeseed, it was shown that plants 
have roots in different diameter ranges, varying from <2 to 15  mm in diameter 
(Yuan et al. 2016). On the other hand, Liu et al. (2011a) report a mean diameter of 
roots in rapeseed at 0.3 mm.

Although the root system of the common mustard (Brassica juncea (L.) Czern) 
may reach up to 1 m depth in the soil, approximately 20% of root length and 30% 
of root surface area are concentrated at the first 10 cm (Liu et al. 2011a). Root length 
density of mustard is lower than in rapeseed (Liu et  al. 2011b). Regarding root 
diameter, mustard plants show mean diameter between 0.3 and 0.4 mm in the super-
ficial layer of the soil, while at deeper layers the root diameter falls to 0.3 mm (Liu 
et  al. 2011a). Information available in the literature on the root system of black 
mustard (Brassica nigra) is scarce.

As for coffee trees (Coffea canephora Pierre ex A. Froehner), in irrigated plants 
about 35% of roots are at 0–10 cm soil depth, while in the soil without irrigation, the 
percentage was higher, 40% (Partelli et  al. 2014; Covre et  al. 2015). The mean 
diameter of coffee roots varies between 0.07 and 0.80 mm (Covre et al. 2015), being 
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higher in plants propagated from seeds and at 50–60 cm soil depth (Partelli et al. 
2014). For Coffea arabica, Ronchi et al. (2015) also found higher root length in the 
first 10 cm of soil depth, and superficial concentration of roots was more evident 
under close spacing between plants (0.4 m). According to the authors, despite the 
higher abundance of roots at 0–10 cm of soil depth than at 10–40 cm, roots at deeper 
layers were still growing in a newly coffee plantation. Regarding the mean root 
diameter for Coffea arabica, Ronchi et al. (2015) reported it was 0.3 mm, while 
Motta et al. (2006) found thicker roots of more than 3 mm diameter.

For hybrid eucalyptus clones (Eucalyptus spp.), higher root density is found at 
0–25 cm soil depth, increasing with plant age, being the highest at 2 years (Bouillet 
et al. 2002). The fine roots (with less than 1 mm diameter) contributed more to the 
total root length of eucalyptus trees, being concentrated mainly at 0–10  cm soil 
depth (de Mello et al. 2007; Dias et al. 2017). The total length of fine roots is vari-
able with the time of the year as well as with the tree age and following stem harvest 
(de Mello et al. 2007).

Sugarcane roots are concentrated at 0 to 60 cm soil depth (Inforzato 1957; Smith 
et al. 2005; Costa et al. 2007; Otto et al. 2011). According to Inforzato (1957), 60% 
of sugarcane roots are at 0–30 cm depth, with 85% of sugarcane root biomass at 
0–60 cm (Smith et al. 2005), but a small amount of root biomass may still be found 
at 2 m depth. However, Laclau and Laclau (2009) found maximum sugarcane root 
depth at 425 and 470 cm in irrigated and non-irrigated crops, respectively. There are 
indications that the soil depth explored by sugarcane roots varies with soil texture, 
reaching 54 cm depth in sandy soil and 46 cm in clayey soils (Costa et al. 2007). 
However, besides texture, soil compaction is another factor to influence sugarcane 
rooting depth, with reduction in root growth if soil penetration resistance increases 
from 0.75 to 2.0 MPa (Otto et al. 2011).

In banana plants, root distal diameter is different according to root types. Values 
for banana root diameter were 2.2 to 4.3 mm for primary roots (main roots arising 
directly from the stem), 0.3 to 1.5 mm for secondary roots (arising from nodal roots 
or main roots) and 0.2 to 0.9 mm for tertiary roots (arising from secondary roots) 
(Lecompte et al. 2005). For plants cropped in deep soils, there is greater range of 
root diameter classes, due to the formation of thicker roots (2.2 to 6.6 mm) as well 
as thinner roots (0.68 to 0.79 mm) (Miotti et al. 2013). Soil compaction results in 
48% decrease in main root elongation, as well as in visual symptoms typical of a 
mechanical barrier (Lecompte et al. 2005). In shallow as well as in deep soil, root 
growth was found up to 60 cm soil depth, but with 70% of roots concentrated at 
0–30 cm soil depth. In shallow soil, the decrease in root length and surface area was 
pronounced at 30–40 cm depth, while in deep soil this reduction was pronounced at 
40–50 cm depth (Miotti et al. 2013).

Although there is greater abundance of roots in soil surface layers, the root sys-
tems of most crops also reach the subsoil. Since it is challenging investigating 
deeper soil layers, the maximum root depth reported for different crops may be 
limited by the method used to measure root depth (Pierret et  al. 2016; Thorup- 
Kristensen et al. 2020).

M. C. G. Costa and Í. A. C. Coutinho



233

Subsoil exploitation by crop root systems is desirable because plants may uptake 
water from deeper soil layers as well as nutrients such as nitrogen (N-NO3

-) that are 
leached downwards. Considering that actual agricultural systems do not use subsoil 
efficiently, the Deep Frontier project was launched to study the potential use of 
crops with deeper root systems to improve both plant resilience against environ-
mental constraints and food production (Thorup-Kristensen et al. 2020). Projects of 
this nature are necessary to increase the knowledge on root growth in deeper layers 
of different soils at field conditions worldwide.

According to Thorup-Kristensen et al. (2020), there are strategies to increase soil 
depth exploitation by crop root systems. These strategies involve plant breeding and 
management measures such as crop rotation, agroforestry and intercropping sys-
tems. However, improving the knowledge on subsoil constraints (i.e. soil compac-
tion, lower organic matter and nutrient availability, high acidity, salinity, 
waterlogging, toxic elements, etc.) affecting root growth and functions is necessary 
to technically support these strategies.

10.3  Response of the Root System of Major Agricultural 
Crops to Soil Physical Constraints

For wheat, the soil physical properties affect the root system (Itoh et al. 2009). In 
soil with a low bulk density (0.81–0.94 Mg m−3), there was higher root density and 
better vertical distribution of roots to 36 cm deep than in soil with higher bulk den-
sity (1.31–1.44 Mg cm−3) that had lower root density and vertical distribution lim-
ited to 25 cm deep. In the first year of the wheat crop, Itoh et al. (2009) found a 
positive relation between crop yield and development of root system. However, 
such a relation did not repeat in the second year. The authors concluded that, for the 
wheat crop, a superficial root system may result in a good yield of the crop as long 
as a suitable water supply is available. Under water stress conditions, reliance on the 
superficial root system would hamper the development of the crop.

Before discussing the root system of rice plants in relation to soil physical con-
straints, we need to take into account different ecosystems where rice is grown: 
irrigated, rainfed lowland, upland and flood-prone ecosystems (Halwart and Gupta 
2004). For rice growth in uplands, physical soil constraints impair the root system 
of the crop (Grohmann and Queiroz Neto 1966). In Oxisols and Ultisols, bulk densi-
ties of 1.42 Mg m−3 and 1.38 Mg m−3, respectively, restricted the root development 
of upland rice.

Outside of the upland ecosystems, rice is mostly grown in well-watered or satu-
rated soils. Irrigated or wetland ecosystems account for more than half of the world’s 
rice lands (Halwart and Gupta 2004). Soil flooding is harmful to most plant parts, 
but not for rice crops and other wetland species as long as plants are not submerged 
(Bailey-Serres and Colmer 2014). Suralta and Yamauchi (2008) have evaluated the 
adaptation of rice roots to aerobic and flood-prone environments. They found that 
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the aerobic genotypes were as tolerant to flooding as the genotypes suitable for 
flood-prone areas as both sets of genotypes were able to adjust the level of aeren-
chyma development to effectively aid oxygen diffusion to the root tips.

For rice production under irrigated or flood-prone conditions, global climatic 
changes and the growing concern with water availability have stimulated the devel-
opment of alternatives towards water-saving technologies. Such alternatives may 
favour the plant root system. One of the alternatives to save water when rice is 
grown in flooded areas is by the ground cover production system. In such a system, 
the soil is covered with a transparent plastic film after initial flooding, keeping the 
soil moisture close to saturation during the entire growing period, but with less irri-
gation during the development of the crop (Tao et al. 2015). When comparing the 
traditional flood-prone rice production system (TPRPS), the ground cover produc-
tion system (GCRPS) increased root dry matter, length density and root surface area 
(Li et al. 2017; Zhang et al. 2017). Root features (dry matter, length density and 
surface area) were also positively correlated to crop yield and with the water use 
efficiency (i.e. grain yield divided by total water supply). Under the GCRPS before 
mid-tillering, adventitious roots growing were 31% longer and lateral roots 101% 
longer than those under TPRPS, and that was associated with the higher soil tem-
peratures (Li et al. 2017). As a result, greater total root length and higher specific 
root length were observed. Root lengthening and branching may be affected by low 
temperatures as auxin transport, a hormone involved in both processes, is lowered 
under such circumstances (Li et al. 2017).

For maize crops, soil compaction damages the root system. According to 
Grzesiak et al. (2013), increase in the soil bulk density reduced root length and dry 
matter in maize plants, increasing the shoot/root ratio. Root penetration decreased 
as soil penetration resistance increases from 0.52 to 1.58 MPa (Grzesiak et al. 2013). 
Treatments to alleviate the effect of soil compaction on the development of maize 
crop include deep tillage to break the compacted layers, the use of genotypes more 
resistant to compaction and inoculation with mycorrhiza. Soil chiselling has been 
used as a strategy for alleviating compaction of a clayey soil which resulted in an 
increase of root density of maize plants (Nunes et  al. 2015). In compacted soil, 
maize cv. Ankora that is sensitive to compaction had 14% reduction in seminal root 
length, while the most resistant cultivar (cv. Tina) had a reduction of only 8% 
(Grzesiak et al. 2013). As to the use of microorganisms in compacted soils, Miransari 
et al. (2007) demonstrated that the introduction of arbuscular mycorrhiza from dif-
ferent sources in sterilized and unsterilized soils significantly increased root dry 
weights for maize grown in compacted soils. The fungal hypha increased root sur-
face area resulting in exploring higher volume of soil, increasing water and nutri-
ent uptake.

Compaction of soil layers also reduces soil exploration by the root system of 
soybean crops (Cardoso et  al. 2006; de Valadão et  al. 2015). Roots growing in 
clayey Oxisols with penetration resistance of 1.48 and 1.84 MPa (soil water content 
= 0.28 m3 m−3 and soil bulk density = 1.32 and 1.35 Mg m−3) increased root diam-
eter by 110 and 49%, respectively, in soil layers at a depth of 0.05–0.10 and 
0.10–0.20 m (de Valadão et al. 2015). Greater root diameters of species growing in 
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compacted soils does not seem to be a rule for all crops as for maize crops a reduc-
tion in root diameter was observed in plants growing in compacted soils (de Valadão 
et al. 2015). When comparing soybean root development in compacted and uncom-
pacted clayey Oxisol, Cardoso et al. (2006) observed that the cv. Embrapa 4 had a 
higher root volume in compacted soil than the cv. BR16.

Sunflower roots are affected by soil compaction (Goodman and Ennos 1999), 
and the greater the soil penetration resistance (in a range of 1.60 and 1.85 MPa) the 
lower the crop yield (Bayhan et al. 2002). During seedling emergence, the increase 
in soil resistance to penetration delays emergence and decreases the percentage of 
seedling emergence (Bayhan et al. 2002). Soil compaction also reduced plant height, 
and while not reducing stem and flower head diameters, it resulted in the reduction 
of the crop yield of sunflower.

Goodman and Ennos (1999) reported that soil strength had a small effect on the 
shoot growth of sunflower. However, in sunflower subjected to increasing penetra-
tion resistance from 0.12 to 0.32 MPa, root system responded with a greater angle 
of spread than those grown in soil with low strength. Additionally, in compacted 
soils first-order lateral roots are thicker and tap roots tapered more rapidly. However, 
an important aspect of soil compaction for sunflower crops is the greater anchorage 
achieved in more compacted soils which is considered a positive feature due to the 
avoidance of lodging (Goodman and Ennos 1999). Puddling of clay soil through 
intensive tillage in the wet season damages soil structure and leads to soil compac-
tion during the dry season. Rice straw mulch proved effective in increasing soil 
water content and reducing soil compaction in a salt-affected clay-textured soil, 
allowing a higher sunflower root biomass development at the 0–20 cm soil depth 
(Paul et al. 2021).

Mechanized field operations in areas cropped with oil palm increase soil bulk 
density and reduce the least limiting water range in the surface layer of the traffic 
zone (Sato et al. 2017). However, the effect of temporal variation of the soil water 
content can be detected in subsurface layers (20–40 and 40–60 cm), indicating 
effects on oil palm yield (Sato et al. 2017). To overcome the lack of available water, 
root system traits of some oil palm genotypes can help plants to uptake water and 
nutrients in a more efficient way (Nodichao et al. 2011). However, soil compaction 
can depress oil palm biomass and oil production (Chen and Weil 2010; Peltonen- 
Sainio et al. 2011). Oil palm genotypes that are tolerant to drought develop greater 
living fine root biomass (0.14 kg m−2) and total fine root length (410 kg m−2) in 
comparison with susceptible genotypes (0.09 kg m−2 and 238 kg m−2, respectively) 
(Nodichao et al. 2011).

Rapeseed is the most important Brassica oilseed crop, and climate change and 
expansion into new production areas are exposing the crop to drought stress 
(Fletcher et  al. 2015). However, little research has focused on the rapeseed root 
system with emphasis on root traits that help plants to survive under low soil water 
availability. Investigating genetic influence on response to drought in rapeseed 
revealed that root pulling force was most highly correlated with total root dry mass, 
taproot diameter, taproot length and branching zone length with no correlation 
between root pulling force and number of coarse secondary roots (Fletcher et al. 

10 Root Systems of Agricultural Crops and Their Response to Physical and Chemical…



236

2015). On the other hand, it is important to consider that rapeseed crops have been 
used as a cover crop for improvement of the physical conditions of soil (Chen and 
Weil 2010, 2011), being representative of species with root system traits that allow 
growth under soil physical constraints. However, rapeseed shoot dry matter 
decreased by 63% as the soil penetration resistance increased, while root dry matter 
decreased by 50% (Chen and Weil 2010).

Under low-water and high-water availability in soil, the mustard root system is 
less affected than rapeseed. Mustard root length in subsoil (30–40  cm depth) 
decreased only 5 mm cm−3 under low water, while rapeseed root length decreased 
15 mm cm−3. The same tendency was observed to root surface area that was reduced 
by 2 mm2 cm−3 for mustard and 15 mm2 cm−3 for rapeseed at 30–40 cm depth under 
low-water availability. The number of tip roots also was less affected in mustard 
(reduced by 1,100 103 cm−3) than rapeseed (3,600 103 cm−3) in the subsoil under 
water stress (Liu et al. 2011b).

Further information on the effect of physical constraints on root depth and func-
tion are reported by (Oliveira and Fernandes 2022; Scanlan et  al. 2022; So and 
Oliveira 2022; Vance and Milroy 2022).

10.4  Response of the Root System of Major Agricultural 
Crops to Soil Chemical Constraints

There is strong competition for edaphic resources below ground as the supply of 
nutrients is variable in both space and time (Brian and Helena 2001). Moreover, 
nutrient availability can frequently affect morphology, anatomy, topology, distribu-
tion and architecture of roots.

The chemical factors in the soil that may limit plant growth include deficiency or 
unavailability of essential elements and toxicity due to elements such as aluminium 
(Al), manganese (Mn) or other metallic cations. Salinity and the deficiency of sili-
con (Si), which is considered an essential element for some plant species and ben-
eficial to others, may also affect plant growth (Foy 1992). Further information on 
chemical constraints that affect root growth and function are found in Butterly et al. 
(2022), Ma et al. (2022), Rengasamy et al. (2022), Scanlan et al. (2022) and Souza 
and Abrahão (2022).

10.4.1  Soil pH

Plant root responses to variations in soil pH are closely related to excess soluble Al 
and heavy metals and low phosphorus availability. The following information deals 
with responses in the rhizosphere for the interaction among pH, Al and phosphorus. 
The specific effects of Al, heavy metals/micronutrients and macronutrients are 
reviewed below.
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Exudation of malate by soybean roots is influenced by the coordinated action of 
pH, phosphorus and Al availability (Liang et al. 2013). At solution pH 5.8, the geno-
types of soybean that are more efficient in the phosphorus uptake displayed more 
malate exudation by roots. However, acidification (pH 4.3) of the nutrient solution 
together with supply of phosphorus resulted in a significant reduction in root malate 
exudation (Liang et al. 2013). On the other hand, adding Al to the nutrient solution 
with supply of phosphorus and low pH increased malate exudation (Liang et  al. 
2013). According to the authors, such results suggest that root malate exudation in 
soybean represents more than a simple response to the excess of soluble Al in acid 
soils. The exudation of malate in acid nutrient solutions deficient in phosphorus 
supply may also be involved in the mobilization of inorganic phosphorus complexes 
in the soil. Phosphorus supply in the nutrient solution also contributes to increase 
the tolerance of sunflower crops to high amounts of soluble Al in the soil (da Jesus 
and Azevedo Neto 2013).

In acid soils, attention has also been given to phosphorus deficiency. Phosphorus 
fertilizer placement close to the soil surface stimulates the development of roots in 
that layer. However, if soil water content declines in that layer, plants need to uptake 
phosphorus from the subsoil layer (Foy 1992). In this case, subsoil limitations such 
as acidity or compaction restrict root growth deeper in the soil which can lead to 
serious limitations in the absorption of water, phosphorus and other nutrients.

10.4.2  Aluminium Toxicity

Aluminium toxicity is discussed by Lynch and Wojciechowski (2015) as a subsoil 
constraint to root growth. Below a soil pHH2O of ~ 4.8, Al solubility increases and 
Al3+ causes direct injuries to root apices, reducing root growth, which in turn 
decreases plant potential to absorb water and nutrients. Batista et al. (2013) reported 
that maize plants grown in solutions with Al had inhibited growth, few lateral roots 
and less development of the root system, which was associated with reduction in 
root dry mass, in number of lateral roots and in root length (Batista et al. 2013). In 
contrast with soils without soluble Al, maize roots grown in Al-rich soils present 
necrotic epidermis, larger aerenchyma volume and no “U” thickening of the endo-
dermis cells and the pith parenchyma is poorly developed. Yet, the greatest changes 
were observed in the xylem cells as such cells were darker in colour, deformed 
(varying in diameter), without a developed secondary wall (characteristic of a still 
immature tissue) and smaller if compared to the plant without Al (Batista et  al. 
2013). Toxicity caused by Al reduces root growth in wheat (Khabaz-Saberi et al. 
2014). Aluminium toxicity decreased non-tolerant wheat genotypes to ~10% rela-
tive root length, while the tolerant genotypes achieved ~60% relative root length. 
The negative effects of Al on root length and dry mass caused losses of wheat grain 
yield as the lowest relative yield was observed in non-tolerant genotypes (Khabaz- 
Saberi et al. 2014).

10 Root Systems of Agricultural Crops and Their Response to Physical and Chemical…



238

Clune and Copeland (1999) demonstrated that rapeseed plants (Brassica napus 
var. napus L.) are vulnerable to the presence of soluble Al in the soil. Exposure of 
rapeseed seedlings to 60 μM or higher of Al strongly inhibited root growth, with 
cellular damage observed mainly in the peripheral root cap cells. Such a condition 
led to reduced secondary root development and new lateral roots forming towards 
the apex of the tap root.

An important mechanism for plants to resist Al toxicity is the root exudation of 
organic acids in the rhizosphere (Chen et al. 2006). Organic acids such as citrate and 
malate are excreted by soybean, maize and wheat roots in the rhizosphere as a pro-
tective response to the stress caused by the excess of Al. Such acids chelate the Al3+, 
reducing its toxicity to plant roots (Shen et  al. 2005; Liao et  al. 2006; Chen 
et al. 2006).

10.4.3  Heavy Metals, Toxic Elements and Micronutrients

In this review, we consider root responses associated with contamination and poten-
tial toxicity or ecotoxicity by arsenic (As), cadmium (Cd), chromium (Cr), cobalt 
(Co), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), molybdenum (Mo), nickel 
(Ni), selenium (Se) and zinc (Zn). Although anthropic contamination by heavy 
metal is more expressive in topsoil, exceeding threshold values for heavy metals 
have also been reported in subsoil (Li and Shuman 1996; Ungaro et  al. 2008). 
Unlike organic pollutants, heavy metals are not degraded naturally or by microbial 
communities and hence may persist in soils (Liu et al. 2015).

Heavy metal-induced oxidative stress results in the accumulation of reactive 
oxygen species (ROS) such as hydrogen peroxide (H2O2), superoxide (•O2

–) and 
hydroxyl radical (•OH) (Mithöfer et al. 2004; Yadav 2010).

Heavy metals are absorbed by first few millimetres behind the root tip (Mithöfer 
et al. 2004). Once in the cortex, the metals are transported in the apoplastic space 
and also accumulate in the cell walls (Schützendübel and Polle 2002). Decrease in 
root elongation, number of roots, biomass and vessel diameter as well as damage on 
root tips and alterations in the structure of hypodermis and endodermis are the main 
response of roots to heavy metals (Ashraf et al. 2010). Reduced root growth and dry 
mass were observed in wheat crops subjected to soils rich in manganese or iron 
(Khabaz-Saberi et al. 2014).

Studies with rapeseed and black mustard demonstrated the use of such crops in 
phytoremediation of soils contaminated with heavy metals (Ehsan et al. 2014). The 
root system and enzyme exudation in the rhizosphere are mechanisms that allow the 
development of phytoremediator species in soils contaminated by heavy metal 
(Tangahu et al. 2011). As many of the heavy metal(loid)s are actually micronutri-
ents to plants, toxicity or deficiency of such elements is discussed in the topics 
that follow.
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Iron
Although a heavy metal, iron (Fe) is also an essential micronutrient for plant growth. 
High reactive Fe levels in soils may reduce uptake of nutrients (N, P, K and Mg) 
(Fageria et al. 2002). However, its solubility is extremely low, especially in aerated 
alkaline soils due to the formation of Fe hydroxides, oxyhydroxides and oxides 
(Broadley et al. 2012a). Iron deficiency in plants is not caused only by low iron solu-
bility in soils but also due to presence of bicarbonate. For barley, sorghum and corn 
plants, bicarbonate presence promoted accumulation of organic acids in roots which 
decreased Fe uptake and translocation as well as root growth (Alhendawi et  al. 
1997). Flood or compaction decreases soil aeration and as a consequence, soluble 
reduced forms of Fe may be absorbed in large amounts, causing toxicity to plants 
(Fageria et al. 1990).

Due to reducing conditions, the chemical properties of flooded rice soils are 
entirely different from those of drained soils as anoxia may increase concentrations 
of Fe2+ which sometimes reaches toxic levels for rice plants (Fageria et al. 1990). 
Root length and dry weight of 40 rice cultivars decreased due to Fe excess (0.89 and 
1.78 mM – optimum level at 0.09 mM) (Fageria and Rabelo 1987). Plants usually 
show bronzing of leaves if dissolved Fe in the rooting medium is in the range 300 to 
500 mg kg−1 (Fageria et al. 1990; Suresh 2005). Under Fe toxicity, tolerant plants 
form a Fe plaque on the root, which acts as a barrier against Fe absorption by roots 
(Mahender et al. 2019).

Conversely, as iron is a micronutrient, the deficiency of Fe may damage plant 
development. Iron deficiency is associated with inhibition of root elongation, 
increase in the diameter of apical root zones and abundant root hair formation 
(Broadley et al. 2012b). Transfer cells (i.e. cells with wall ingrowths along the outer 
tangential walls as well as a higher cytoplasm-to-vacuole ratio) were reported in the 
hypodermis of Fe-deficient roots of soybean (Glycine max (L.) Merr., cv. Hawkeye) 
(Landsberg 1989), while in sugar beet (Beta vulgaris L. cv Kawemegamono), trans-
fer cells were reported in nearly all rhizodermal cells from the subapical root swell-
ing, including root hairs (Landsberg 1994).

The transfer cells most likely play a role in what is known as Strategy I for Fe 
acquisition. The transfer cells would enhance net excretion of protons and reducing 
capacity, increasing the ability of the roots to reduce ferric chelates, allowing mobi-
lization of ferric iron (Brown and Von Jolley 1988; Landsberg 1989; Fageria et al. 
2002). In Strategy II, found in grass species (Poaceae), plants cope with Fe defi-
ciency by releasing phytosiderophores into the rhizosphere to chelate and solubilize 
metals that are soil bound (Brown and Von Jolley 1988; Ashraf et al. 2010; Broadley 
et al. 2012a). However, both rice and maize are thought to use a combination of both 
strategies for Fe uptake (Ricachenevsky and Sperotto 2014; Li et  al. 2018). 
Notwithstanding the above findings about factors affecting Fe acquisition by roots 
in soils, their implications for uptake of subsoil Fe have not been reported. Subsoils 
are commonly more alkaline than topsoils, and restricted aeration of pores in sub-
soils may exacerbate the build-up of bicarbonate which impairs Fe uptake by root 
(Alhendawi et al. 1997).
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Zinc
Zinc is an essential element for plant growth (Alloway 2013). It is a catalytic com-
ponent of over 300 enzymes (Gupta et al. 2011) such as CuZn superoxide dismutase 
(Broadley et al. 2012a). Zinc deficiency is found in plants growing in calcareous or 
highly acid soils (Broadley et al. 2012a; Mertens and Smolders 2013). Severe Zn 
deficiency is characterized by root apex necrosis (Broadley et al. 2007). In rice, Zn 
deficiency affected the rate of crown root initiation by reducing the number of crown 
roots initiated (Nanda and Wissuwa 2016), and new adventitious root formation 
may decline by about 50–75% (Widodo et al. 2010). As Zn has limited mobility in 
the phloem, low Zn in the rhizosphere of root tips directly inhibits root elongation 
(Nable and Webb 1993). This is particularly relevant to subsoil root growth as the 
plant-available Zn levels are commonly lower in subsoil than topsoil (Bell and 
Dell 2008).

On the other hand, excess of Zn in wheat seedlings reduced root length (Li et al. 
2012). The effect is even greater with increasing Zn concentration: for example, 
increasing Zn from 0.5 to 3 mM ZnSO4 decreased root length from 63 to 11% of 
that in the control plants (Li et al. 2012). Moreover, the average level of lignification 
in xylem was greater in seedling roots under 3 mM Zn stress. Lignification causes 
cell wall rigidity which may have been responsible for inhibition of root elongation 
(Li et al. 2012). In rapeseed exposed to Zn at toxic levels, cross sections of the root 
tips showed decreased number of cortical and stellar cells (xylem and phloem were 
undersized) and a decreased diameter of root tip compared to the control with the 
epidermis being the most vulnerable tissue of the root tip as cells were deformed 
and shrunken (Mousavi Kouhi et al. 2016).

Cobalt
Cobalt (Co) is not an abundant element in soils with concentration ranging between 
15 and 25 mg kg−1 (Pilon-Smits et al. 2009), and in plants its normal concentrations 
are as low as 0.1–10 μg g−1 dry weight (Khan and Khan 2010). Cobalt is essential 
for the bacterial fixation of nitrogen in root nodules of legumes (Alloway 2013). 
Cobalt has been reported to strongly bind to roots, entering plants through passive 
transport (Pilon-Smits et al. 2009). As Co has low mobility in plants, no strong gra-
dient is found from stems to leaves (Palit et al. 1994). Cobalt toxicity to root growth 
of barley was affected by soil properties (Micó et  al. 2008). The EC50 (effective 
concentration of Co added that reduced root length by 50%) values ranged from 45 
to 863  mg kg−1. Toxicity threshold values for near neutral and basic soils were 
greater than those obtained for acid soils which indicates that barley root was more 
sensitive to Co toxicity in acid soils (Micó et al. 2008).

For chickpea plants (Cicer arietinum L.) treated with 200 and 400 mg Co kg−1, 
root growth was significantly affected (19.8 and 19.2 cm length, respectively) in 
comparison to control (21.3 cm), and root dry weights were similarly depressed 
(Khan and Khan 2010). Growth of lateral roots was also suppressed. Pod formation 
decreased by ~7% (Khan and Khan 2010).

Soybean also suffers from Co toxicity as all the three varieties of soybean tested 
(SL-688, PS-1347 and DS-9712) had shorter roots upon Co addition (Imtiyaz et al. 

M. C. G. Costa and Í. A. C. Coutinho



241

2014), but SL-688 was the most sensitive variety to increasing Co up to 150μM 
(Imtiyaz et al. 2014). The soybean roots were twisted at 10−4 to 10−3 M Co (Liu et al. 
1995). Root growth was seriously inhibited in Co concentrations above 10−3 M (Liu 
et al. 1995).

However, for some plant species, Co input can result in positive effects to root 
system as its deficiency depresses N2 fixation (Gad 2006). Cobalt is essential for the 
fixation of N2 by rhizobia and other N2-fixing microorganisms whether growing 
inside or outside root nodules (Fageria et al. 2002). When Co is not available, methi-
onine synthesis is depressed which presumably leads to lower protein synthesis, 
thus contributing to the smaller nodules or rhizobia (Broadley et al. 2012b).

The addition of cobalt (8 ppm), applied as cobalt sulphate, to the soil with pea 
plants (Pisum sativum L.) increased root length from 7.5 cm (control without Co) to 
10.2  cm (with Co) (Gad 2006). Both fresh and dry weight of roots were also 
increased (Gad 2006). Perhaps the most striking finding is that both macronutrient 
(N, P and K) and micronutrient contents (Fe, Mn and Zn) also increased within 
plants (Gad 2006). Therefore, addition of Co in the plant media could be magnified 
by the additional nutrient uptake by plants.

Addition of Co to low Co soils is important for nodulation in legumes (Ozanne 
et al. 1963; Palit et al. 1994) as it increases both nodule number and weight in pea 
(Gad 2006). The number of active nodules, red-pink coloured on the inside due to 
the presence of leghemoglobin, increased from 20 (out of 57 total nodules) to 40 
(out of 86) (Gad 2006) which ultimately has a significant favourable effect on pod 
yield (Gad 2006).

Molybdenum
Molybdenum is a micronutrient (Alloway 2013) present in small amounts in soils 
(ranging from 0.2 to 36  mg kg−1), and although variably mobile in xylem and 
phloem (Qin et al. 2017, the requirement of plants for Mo is lower than that for any 
of the other nutrients apart from nickel (Broadley et al. 2012a). Molybdenum is a 
metal component of enzymes, including the nitrogenase enzyme which is essential 
for N2-fixing bacteria of legume nodules (Brodrick and Giller 1991; Broadley et al. 
2012a). Legume crop species display poor nodulation under Mo deficiency (Gupta 
1997). Hairy vetch (Vicia villosa Roth) plants treated with 0.5 mg Mo kg−1 had 62% 
more nodules in roots than the controls as well as a 54% increase in nodule weight 
(Alam et al. 2015). The total biomass, including root biomass, of Mo-treated hairy 
vetch plants was higher than that of control plants. However, nodule characteristics 
(number and weight) decreased in plants treated with 1.0 mg kg−1 Mo, and that may 
be attributed to the fact that at higher quantities plant growth is inhibited (Alam 
et al. 2015). Bacteria may promote root hair formation (Burdman et al. 1997) which 
may consequently increase nutrient uptake. Adding Mo to soybean plants also 
increased both root nodule numbers and weight (Jabbar and Saud 2012). Main root 
length, root system volume and dry weight of the roots were all enhanced by adding 
Mo to the soil (Liu et al. 2005).

Molybdenum toxicity in plants under most agricultural conditions is rare (Kaiser 
et al. 2005). The greatest concern with high Mo levels in crops is related to grazing 
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or silage production as ruminant animals can suffer from molybdenosis, a disorder 
caused by excess Mo uptake that induces copper deficiencies (Kaiser et al. 2005).

Copper
Copper is tightly bound to compounds in soil organic matter, and its concentration 
in soils ranges from about 2 to 100 mg kg−1 with a mean of 30 mg kg−1 (Fageria 
et al. 2002). Excess of Cu altered the growth and morphology in crop species roots, 
inhibiting root growth as they were shorter and thicker than in the control seedlings 
(Przymusiński and Gwóźdź 1994). Tolerance indexes indicate that root growth was 
inhibited by 50% when exposed to 16.5 mg Cu L−1 (liquid solution) (Przymusiński 
and Gwóźdź 1994).

Copper (Cu) toxicity damages the plasma membrane and reduces the membrane 
potential, besides affecting cell elongation in roots by stimulating lignification 
which also explains the brown colour observed in roots treated with excess Cu 
(Arduini et  al. 1995). However, when plants are not properly supplied with Cu, 
lignin concentration decreases and lignification of xylem vessels is impaired 
(Broadley et al. 2012a). Although the antioxidative system is apparently effective in 
common bean (Phaseolus vulgaris L.), Cu toxicity leads to the increased production 
of reactive oxygen species (ROS) (Weckx and Clijsters 1996).

In onion (Allium cepa L.), Cu toxicity directly limits cell division, thus affecting 
root elongation which may ultimately cease (Liu et al. 1994). Morphology of the 
maize roots subjected to difference concentrations of Cu varied after 48 h treatment, 
and mitotic index decreased with increased Cu concentration (Jiang et al. 2001). At 
10−4 M, the roots appeared yellowish, while at 10−3 M they were yellow and twisted, 
and at 10-2 M roots were yellow-green and with a rotten appearance (Jiang 
et al. 2001).

Lead
In roots, the highest lead (Pb) concentrations can be found in root apices (Tung and 
Temple 1996). Other locations for Pb accumulation in corn roots were the hair zone, 
root primordia initials and the interface between the root and shoot where adventi-
tious roots arise. In root apices of radish (Raphanus sativus L.), staining of cells for 
Pb is mostly in the cell walls, being less dense in the root cap if compared to other 
parts of the tissue (Lane and Martin 1977). At root apices, cells are young and there-
fore have thin cell walls (except in root cap cells) (Pourrut et al. 2011). Such char-
acteristics along with the fact that lower pH in the apical area increases Pb solubility 
in the soil solution facilitates Pb uptake by roots (Pourrut et al. 2011).

Lead affects plant mineral uptake (Gopal and Rizvi 2008). The mineral imbal-
ance within the tissues is related to the capacity of Pb to block the entry of cations 
such as Ca, Cu, Fe, Mg, Mn and Zn as well as anions such as NO3

- (Sharma and 
Dubey 2005). Severe reductions in root growth, loss of apical dominance, an 
increase in root branching, the formation of swellings behind the root tips caused by 
the initiation of lateral roots and the bending of some root tips may also be caused 
by excess Pb (Kopittke et al. 2007). The inhibition and abnormalities of root growth 
in the presence of Pb might be related to disturbances in the water status of the cells 
which are known to directly affect both cell divisions (antimitotic effect) and 
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elongation as well all stiffening of cell walls due to Pb incrustation (Przymusiński 
and Gwóźdź 1994; Shahid et al. 2011).

Several factors limit the transport of Pb from roots to aerial plant parts such as 
immobilization by negatively charged pectins within the cell wall, precipitation of 
insoluble Pb salts in intercellular spaces, accumulation in plasma membranes as 
well as sequestration in the vacuoles of rhizodermal and cortical cells (Pourrut et al. 
2011). Accumulation of Pb in roots is also important in limiting the amounts of Pb 
that reaches the aerial parts of plants.

Arsenic
Arsenate is a chemical analogue of phosphate and competes for the same uptake 
carriers in the root plasmalemma of plants (Yadav 2010). In rice, increasing arsenate 
concentrations decreased root length, but cultivars varied in the extent of root inhi-
bition (Dasgupta et al. 2004).

In tomato plant treated at lower concentrations of As (15 and 25 mg kg−1), longer 
roots developed (~16 and ~14 cm, respectively), while at higher concentrations (50 
and 100  mg kg−1), shorter roots were observed (~12 and ~10 cm, respectively) 
(Miteva 2002). Although root weight was affected more in comparison to root 
length, the root growth of rice seedlings in terms of root length and root fresh weight 
were greatly inhibited at 50 mM As(III) as well as 500 mM As(V) (Shri et al. 2009). 
No root formation was observed at concentrations higher than 500 mM As(V). The 
roots turned black in the presence of 100 mM As(III) (Shri et al. 2009).

Inoculation of roots with arbuscular mycorrhizae fungus can exert protective 
effects on host plants by enhancing tolerance to As in crops such as lentil and sun-
flower (Garg and Singla 2011). The arbuscular mycorrhizae fungal symbiotic asso-
ciation enhances host plant phosphorus nutrition as external hyphae absorb 
phosphorus and transfer it to the host plant through fungal hyphae in root cortical 
cells (Smith et al. 2010).

Cadmium
The threshold value for Cd in agricultural soils in Finland is 1 mg kg−1 which is very 
similar to mean values of different national systems in Europe (Tóth et al. 2016). In 
rice, 100 μM Cd affected root architecture as adventitious root length was reduced, 
as was the formation of lateral root primordia in comparison with the control 
(Ronzan et al. 2018). Cadmium induced severe damage to the lateral root primordia, 
altering the planes of cell divisions, leading to altered root tips without a quiescent 
centre or with irregular definitions of the quiescent centre (Ronzan et  al. 2018). 
Precocious differentiation of the aerenchyma of lateral roots was also observed. In 
barley, root biomass responded most sensitively to elevated Cd as 50% inhibition 
was observed at 30 μM Cd and contents of Mn, Mg and Mo in roots decreased 
(Brune and Dietz 1995). Root growth inhibition was also detected in barley seed-
lings exposed to a very low (2 μM) concentration of Cd and increased nearly lin-
early in a Cd concentration-dependent manner up to 25 μM Cd (Tamás et al. 2014).

A visible root swelling with well-developed root hairs was detected near root tips 
in treatments with Cd from 3 to 25 μM (Tamás et  al. 2014). Such root swelling 
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decreased with increasing Cd concentration, and at 25 μM Cd it was the smallest 
and root hairs were absent. Phytochelatins are small heavy metal complexing pep-
tides in higher plants (Baycu 2002) considered to play a role in cellular Cd homeo-
stasis and detoxification (Baycu 2002; Wójcik and Tukiendorf 2004). In plants, 
complexes of phytochelatin + Cd are transported and sequestered to the vacuole 
(Cobbett and Goldsbrough 2002). Although phytochelatin preference is for Cd, they 
are capable of binding to other elements such as Zn, As and Cu (Inouhe 2005).

10.4.4  Macronutrients

Root architecture may be directly affected by the availability of nitrogen (N), phos-
phorus (P) and potassium (K), even when root biomass does not decrease as much 
as the biomass in aerial parts due to deficiencies of macronutrients (Drew 1975; 
Osmont et al. 2007). In the paragraphs below, the influence of N, P and K on the 
plant root system will be further explained.

Nitrogen
Depletion of nitrogen (N) in soils is a problem that plant species commonly encoun-
ter. In environments where N is heterogeneously distributed, lateral root growth is 
induced wherever N levels are highest (Osmont et al. 2007). The response of the 
root system to nutrient heterogeneity is controlled by the presence of genes and 
specific transporters in plants (Zhang and Brian 1998). ANR1 is a MADS box gene 
induced by NO3

- which leads to localized lateral root proliferation. Transgenic 
plants in which ANR1 was repressed were no longer able to respond to a nitrate-rich 
zone by lateral root proliferation (Zhang and Brian 1998).

Experiments with nitrate showed an increase in length and density of root hairs 
with the decrease of concentration below 1000 μM. At 2 μM, compared to 1000 μM 
NO3

-, root hair length of tomato increased by a factor of 2, of rapeseed by a factor 
of 5 and of spinach by a factor of 9 (Foehse and Jungk 1983). The concentration of 
nitrate was found to exert a direct and highly localized effect upon the growth of 
lateral roots in barley (Hordeum vulgare L.) (Drew et al. 1973). Zones receiving 
1000 μM nitrate showed an increase in the number and extension rate of both first- 
and second-order lateral roots, associated with a preferential accumulation of dry 
matter, compared with zones in 10 μM nitrate. The average number of laterals (both 
first and second order) per cm of parent root was two times greater in the presence 
of 1000 μM nitrate than of 10 μM. The average extension rates of first- and second- 
order laterals were more than five times longer in nitrate concentrations of 1000 
than in 10 μM (Drew et al. 1973). The lateral roots of Arabidopsis thaliana (L.) 
Heynh. grown in uniformly high nitrate soil had reduced lateral root elongation 
throughout the root system (Zhang and Brian 1998). However, plants grown on a 
low nitrate soil will preferentially show higher root density and proliferate lateral 
roots within N-enriched soil patches (Zhang and Brian 1998; Kristensen and 
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Thorup-Kristensen 2007). Increased root depth by 0.2–0.4  m and density were 
found to be correlated with inorganic N placed in deep soil layers for deep-rooted 
crops such as white cabbage (Brassica oleracea L. convar. capitata (L.) Alef. var. 
alba DC ‘Impala’), Chinese cabbage (Brassica campestris L. ssp. pekinensis 
‘Kasumi’) and summer squash (Cucurbita pepo Duch. ‘Ambassador’) (Kristensen 
and Thorup-Kristensen 2007).

Higher root density in the subsoil is important for plant development in cases 
where the amounts of nitrogen on the topsoil are depleted or unavailable during 
plant growth. The deep-rooted Lupinus pilosus Murr. presents a root architecture 
likely to maximize nitrate capture. The higher root density and distribution of fine 
roots in the topsoil along with a deep taproot allowed such species to access nitrate 
available from the topsoil during the first 20–50 days as well as the subsoil nitrate 
from 60 to 100 days (Dunbabin et al. 2003). Varieties with greater root length den-
sity in the subsoil may reduce N leaching as N is absorbed by deep roots and addi-
tionally enable plants to access water in deeper soil horizons which could reduce the 
risk of drought stress (Yu et al. 2015).

A root system ideotype has been proposed for acquisition of nitrogen and 
water, named “steep, cheap, and deep” (SCD), which is an integration of architec-
tural, anatomical and physiological phenotypes allowing a rapid exploitation of 
subsoil water and nitrate resources (Lynch 2013). According to Lynch (2013), for 
the maize root system, the SCD ideotype to improve nitrogen and water uptake is 
described as follows: (i) Primary roots: large diameter, few but long lateral roots 
and tolerance to cold soil temperatures; (ii) Seminal roots: many, with shallow 
growth angles, small diameter, many laterals and long root hairs. Alternatively, 
ideotype seminal roots should have intermediate number with steep growth angles, 
large diameter and few laterals coupled with abundant lateral branching of the 
initial crown roots; (iii) Crown roots: intermediate number with steep growth 
angles and few but long laterals; and (iv) Brace roots: one whorl of high occu-
pancy, having a growth angle that is slightly shallower than the growth of crown 
roots, with few but long laterals.

Phenotypic ideotype aspects were described for maize but can be applied to other 
monocotyledonous crops and also dicotyledonous species. However, many aspects 
remain hypothetical and need to be validated (Lynch 2013).

Phosphorus
Low phosphorus limits crop production in many parts of the world but is a particular 
constraint in soils of large areas in Central Asia, Africa, North America and South 
America (Kvakić et  al. 2018). In the Cerrado (Brazilian savannah), one of the 
world’s major agricultural crop production areas, agricultural expansion was pos-
sible only due to correction of soil acidity with liming and supply of phosphorus and 
potassium as well as other techniques (Ribeiro and Walter 2008; Coutinho 2016). 
Phosphorus deficiency in soils may intensify with time due to land degradation 
(Lynch 2011). Besides, high rates of phosphorus fertilization are not common in the 
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low-input farming systems adopted in poor nations. Therefore, efficiency in phos-
phorus absorption is an important feature of productive agriculture.

Plant strategies to uptake more phosphorus from the soil involve two basic 
themes: greater soil exploration by roots and mobilization of less available phos-
phorus pools within the rhizosphere (Lynch 2011). In maize grown in low phospho-
rus soils, plants had higher root/shoot ratio, increased root specific length, reduction 
in root diameter and severe reduction of root density which indicates a drastic 
reduction in above-ground growth in relation to roots (Mollier and Pellerin 1999; 
Fernandez and Rubio 2015). Maize plants subjected to phosphorus deficiency dis-
played roots with larger aerenchyma spaces in comparison to plants that were not 
phosphorus stressed (Fernandez and Rubio 2015). According to Mollier and Pellerin 
(1999), the changes observed in maize root are similar to those described for 
carbohydrate- deficient plants.

Phosphorus deficiency reduces root and above-ground biomass of soybean 
plants. Liao et al. (2006) demonstrated that phosphorus supply facilitates the devel-
opment of crops more tolerant to soluble Al. On the other hand, with low phospho-
rus availability, root growth in soybean genotypes is inhibited when Al is added 
(Liang et al. 2013). Similar results regarding phosphorus deficiency were also found 
for sunflower crops (Eaton 1949) and black mustard (Eaton 1952).

Plants growing in P-deficient soils face a dilemma as they must explore the soil 
for nutrient uptake as well as maximize phosphorus use so the formation of lateral 
roots, lateral root growth and root hairs is induced while taproot is inhibited (Péret 
et al. 2011, 2014). However, for maize, lateral root formation is reduced under low 
P more in comparison to reductions in axial elongation (Mollier and Pellerin 1999). 
Root proliferation towards P-rich soil patches has also been reported (Hodge 2004).

The presence of microorganisms in the rhizosphere aids the development of sun-
flower plants in soil deficient in phosphorus. Plants that bear arbuscular mycorrhiza 
in their roots grow more rapidly in soil deficient in phosphorus than plants that are 
weakly colonized by such fungus (Thompson 1987). Enterobacter sp. Fs-11 is a 
bacteria species found colonizing roots of several crops (Shahid et  al. 2012). 
Enterobacter sp. Fs-11 is an efficient phosphate-solubilizing bacteria, able to 
decrease pH of the medium and increase concentrations of soluble phosphorus, 
which contributes to improved plant growth (Shahid et al. 2012).

Phosphorus efficient rapeseed genotypes have the capacity to absorb more avail-
able phosphorus from the soil and translocate it into shoot than phosphorus- 
inefficient genotypes (Zhang et al. 2009). Exudation of malic and citric acids by 
rapeseed roots increases access to phosphorus bound to calcium (Zhang et al. 1997). 
Exudation of such acids is considered an adaptation of plants to phosphorus absorp-
tion in calcareous soils (Zhang et al. 1997).

As mentioned above (Sect. 10.4.1), malate exudation by roots is a mechanism 
that helps plants to deal with low phosphorus availability in acid soils. Carboxylate 
exudation in the rhizosphere is another strategy that allows plants to uptake less 
soluble P forms from soils (i.e. soluble P fertilizer is converted into less soluble 
forms over time) (Kabir et  al. 2015). Chickpea plants promote depletion of less 
soluble P in the rhizosphere mainly in the subsoil layer. According to Kabir et al. 
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(2015), depletion of sparingly soluble P from the chickpea rhizosphere in the sub-
soil was linked with the greater levels of carboxylates in the rhizosphere. These 
findings indicate that modifications of rhizosphere and the deep rooting pattern of 
chickpea help plants to access P in the subsoil once topsoil dries out.

Potassium
In rice, root growth of all genotypes studied reduced under low K (Jia et al. 2008). 
Potassium deficiency can also affect root morphology and reduce root diameter 
(Carmeis Filho et  al. 2017). However, moderate K deficiency increased the root 
length of the efficient genotypes, while at deficient and moderate K levels, all the 
efficient rice genotypes developed more fine roots (diameter <0.2 mm) than the 
inefficient ones (Jia et al. 2008). Rice plants under low level of K exhibited more 
favourable architecture for nutrient uptake as thin roots with small root diameter 
may enable roots to efficiently reach the nutrients in the soil (Carmeis Filho 
et al. 2017).

Reviewing the efficiency of K uptake and use, Rengel and Damon (2008) explain 
that genotypes efficient in K uptake may have a larger surface area of contact 
between roots and soil. However, increased root growth is not a rule for genotypic 
K efficiency as K-efficient potato genotype had half the root length of the 
K-inefficient cultivars (Trehan and Sharma 2002). Leaching of K in sandy soils may 
be a significant loss of K from the system; therefore, it may be beneficial to intro-
duce genotypes that grow roots and uptake more K from deep soil layers (Rengel 
and Damon 2008).

10.4.5  Sodicity

Salinity and soil sodicity are associated with the presence of several salts and, more 
specifically, sodium (Na). Salinity and soil sodicity are limitations that may occur 
naturally in soils of arid, semi-arid and dry sub-humid regions or may be caused by 
improper management practices especially in arid regions (Rengasamy et al. 2022). 
Worldwide, up to 20% of the irrigated arable land is already salt affected (Mühling 
and Läuchli 2001). In semi-arid and arid regions, especially those under irrigation, 
typical concentrations of Na in the soil solution range from 50 to 100 mM (Broadley 
et al. 2012b). Although Na is an essential element for halophytes (plants that are 
able to survive and develop in saline soils) (Bueno González 2019) and plants that 
use C4 or CAM photosynthetic pathways, Na excess in the soil is detrimental for the 
growth of most crop plants (Pilon-Smits et al. 2009).

Potassium may be substituted by Na in some plant species so it raises the possi-
bility of utilizing low-grade Na fertilizers which are less expensive than K fertilizers 
(Subbarao et al. 2003). Although K may be substituted by Na in some plant species, 
genotypic differences can be substantial for classifying whether a plant species may 
or not normally develop with Na replacing K (Broadley et al. 2012b).
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Root growth of most crop plants is inhibited by soil salinity (Byrt et al. 2018). In 
sunflower, maize and cotton root growth and vigour are decreased under salt stress 
(Guo et al. 2015). In Phaseolus vulgaris roots, increases in Ca2+ concentration for 
salt-stressed plants from 0.5 mM to 5.0 mM resulted in a greater lignification of the 
protoxylem and metaxylem vessels as well as stronger lignification of the phloem 
fibre cell walls (Cachorro et al. 1993). Such alterations in xylem and phloem fibres 
may be responsible for inhibiting root growth (Cachorro et al. 1993).

Elongation rate of maize primary roots is inhibited after 2 days in saline condi-
tions, and long-term inhibition of root growth by salinity induces hardening of cell 
walls in the growing root tips (Neumann et al. 1994).

For soybean, although lignin content was not affected by 50 and 100 mM of 
NaCl treatments, it increased by 72 and 90% after treatment with 150 and 200 mM 
of NaCl, respectively, in comparison with the control (Neves et al. 2010). Saline 
stress retarded primary xylem differentiation in soybean roots supplemented with 
120 mM NaCl. Interestingly, the appearance of both proto- and metaxylem in the 
stressed roots at day 8 was similar to that in the 3-day-old seedlings rather than to 
that in the control roots at day 8 (Hilal et al. 1998).

For cassava (Cassava esculenta Crantz) cultivars (SC124, F01, SC205, K50 and 
C4), it was shown that such species grew better in the presence of 10 mM NaCl. 
Volume and surface area of fresh fibrous rootlets of three cassava cultivars (SC124, 
F01 and C4) increased at 10 mM NaCl. However, the growth of fibrous rootlets of 
cultivars was inhibited with further increase in NaCl concentration, starting at 20 
mM depending on the cultivar, to a point that all five cassava cultivars could not 
grow at 100 mM NaCl (Cheng et al. 2018).

Changes in root architecture have been considered a response of plant species to 
overcome salinity problems (Osmont et al. 2007). These changes may occur through 
hydrotropism resulting from osmotic stress caused by excess salts on the surface 
layer, leading to root growth towards areas with greater water availability (Galvan- 
Ampudia et  al. 2013; Li et  al. 2015). However, the difference in root growth by 
altering root architecture may occur in response to sodium, which was termed as 
halotropism by Galvan-Ampudia et al. (2013).

As a plastic characteristic, root architecture may differ in response to environ-
mental conditions (Osmont et al. 2007). There is evidence that abscisic acid (ABA) 
influences changes in root architecture (Deak and Malamy 2005). However, the 
halotropism observed in the roots points to auxin as a necessary phytohormone for 
triggering the response (Galvan-Ampudia et al. 2013).

Even in plants considered relatively tolerant to salinity and sodicity such as cot-
ton (Gossypium hirsutum L.), the presence of Na reduces root diameter and affects 
root growth at the cellular level (reduction in stele cell area), leading to changes in 
root morphology (Dodd et al. 2010). The reduction in cotton crop root diameter by 
moderate salinity (25 to 100 mM NaCl) had already been noted by Kurth et  al. 
(1986). However, the same authors pointed out that the addition of 10 mM Ca2+ to 
the medium improved root length and root mass even in the presence of mod-
erate Na.
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Fig. 10.3 The main effects of the soil chemical constraints on the root system

An interesting strategy developed to decrease the toxic effects caused by high 
salinity on plant growth is the use of plant growth-promoting bacteria as such ben-
eficial microorganisms colonize the rhizosphere/endorhizosphere of plants and pro-
mote plant growth (Shrivastava and Kumar 2015). Wheat plants inoculated with 
bacterial isolate plants showed increase in root length and biomass under salinity 
stress (Tiwari et al. 2011).

Another interesting approach to the root system of plants growing in salt-affected 
soils concerns the phytoremediation potential of some plant species. The release of 
CO2 and H+ in the rhizosphere of nitrogen-fixing legumes, such as alfalfa, contrib-
utes to phytoremediation of calcareous sodic soils (Qadir et al. 2003). The release 
of CO2 and H+ in the rhizosphere favours the solubilization of Ca2+ in these soils. 
There is a replacement of Na+ adsorbed in the colloid by Ca2+, leaving Na+ free in 
the soil solution for leaching (Qadir et al. 2003).

Figure 10.3 below summarizes the main general effects regarding the soil chemi-
cal constraints on the root system.

10.5  Summary

More research in the last two decades addressed the root system of crops, the so- 
called “hidden half” of plants. However, research has been uneven with more atten-
tion paid to some cultivated species than to others. For example, there are few 
studies on species such as sunflower, rapeseed and mustard. In addition, considering 
the limitations displayed by soils, root studies usually emphasize aspects of soil 
physics, as well as Al excess and NPK deficiency. Detailed studies on other soil 
restrictions such as heavy metal contamination and salinity/sodicity are scarce. 
Moreover, many studies on roots are performed under controlled conditions (with or 
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without soil) that are not necessarily reflecting what happens under field conditions. 
When looking for studies performed with roots growing under subsoil constraints, 
even fewer studies are found.

Damage caused by soil compaction is related to limitations to deep root growth, 
reduction in root length and reduction in root biomass leading to increased shoot/
root ratio and increase in root diameter. Overcoming the physical limitation caused 
by waterlogging may lead to the development of aerenchyma in the roots, while 
overcoming the water deficit may lead to the development of thin roots in drought- 
tolerant plant species. Strategies for plants to overcome physical constraints in the 
soils include the use genotypes or crop species more tolerant of compaction, inocu-
lation of plants with arbuscular mycorrhizal fungi and management practices for 
breaking up the compacted layers.

The effects on plant root system caused by excess Al and heavy metals are gener-
ally decreased root biomass, decreased lateral root number and root length, epider-
mis necrosis, darkening and cell deformation. These effects are similar as those 
observed in soil with micronutrient deficiency to which increased root diameter and 
reduced lignin are added. As a result of macronutrient deficiency in the soil, lateral 
plant roots proliferate in nutrient-rich soil patches in response to N or P deficiency. 
Additionally, P deficiency leads to increases in root/shoot ratio, root length and root 
aerenchyma spaces, but decreases root diameter, density and biomass. Potassium 
deficiency reduces root length and diameter. Release of exudates into the rhizo-
sphere and association with arbuscular mycorrhizal fungi and organisms such as 
enterobacteria are among the strategies for overcoming problems caused by excess 
Al and heavy metals and soils with poor amounts of macro- and/or micronutrients, 
but more research is needed on their effects on subsoil roots.

Ideal phenotypes of the root system are sought to ensure the maximum acquisi-
tion of water and nutrients by plants. In the case of phosphorus, the higher phospho-
rus availability on the soil surface means that the ideal phenotype has a higher 
number of roots in the surface soil layer. By contrast, the ideal phenotype of the root 
system for greater nitrogen acquisition is also related to roots that reach the subsoil 
more efficiently.

Salinity and sodicity also affect the root architecture with more roots being pro-
duced in areas with lower salt concentrations. Such changes occur due to hydrotro-
pism whereby roots grow towards soil with greater water availability or due to 
halotropism where roots grow to escape from higher Na content in soil. However, 
these tropisms were investigated in only a few species and not always with plants in 
direct contact with the soil. Some plant species, such as N-fixing leguminous, make 
use of phytoremediation strategies by releasing CO2 and H+ in the rhizosphere 
which favours Ca solubilization in calcareous soils. Solubilized Ca promotes Na 
replacement from soil exchange complex, releasing the Na+ to be leached. Such 
strategy, along with others mentioned in this chapter, represents a potential for the 
root system of plants to minimize constraints found not only in topsoil but also in 
the subsoil.

Although there is evidence that root systems respond to soil constraints as a way 
to overcome soil stresses, studies on root system response are still limited to a few 
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species. There is still little information on the development of the root system of 
plant species in subsoils. Regarding the phenotypes considered ideal for enabling 
plant development under subsoil stresses, many of them still need to be confirmed 
under field conditions.
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Chapter 11
Roots and Beneficial Interactions with Soil 
Microbes

Bruno Coutinho Moreira, Paulo Prates Júnior, Bernard Dell, 
and Maria Catarina Megumi Kasuya

Abstract Beneficial soil-borne bacteria and fungi are central to the performance of 
most plants. Knowledge of beneficial microorganisms and the processes in topsoils 
that favour the association of beneficial organisms with plants allows us to better man-
age soils for higher productivity and environment sustainability. This review describes 
the main groups of symbiotic and free-living organisms and explores how they con-
tribute to plant and soil health in managed and natural ecosystems. Many field studies 
have investigated the biodiversity, ecology and function of beneficial organisms in 
relation to root distribution in topsoils and land management practices. There is scant 
information however on whether beneficial bacteria and fungi can persist and enhance 
root function in subsoils. Opportunities for enhancing beneficial plant-microbe inter-
actions in the subsoil deserve scrutiny particularly as crop productivity is becoming 
more dependent on subsoil moisture with declines in rainfall in many parts of the world.

Keywords Biological nitrogen fixation · Climate change · Crop nutrition · 
Mycorrhiza · Rhizosphere · Root function · Soil carbon · Soil water · Subsoil · Topsoil

11.1  Introduction

Healthy plants need well-developed, functional shoots and roots. Roots provide 
anchorage in soil as well as the provision of essential supplies of water and mineral 
nutrients for plant growth. Roots contribute directly to socio-environmental 
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services, such as soil structure, soil carbon storage and nutrient cycling. By the pro-
vision of carbon, roots also help to prime the diversity and biomass of soil microbes 
(bacteria and fungi), invertebrates and other soil-inhabiting organisms. Interactions 
between roots and microorganisms are fundamental to ecosystem function and plant 
physiology. These beneficial microorganisms can live in the rhizosphere, or in the 
phyllosphere or as endophytes within the plant body. They include mycorrhizal 
fungi, nitrogen-fixing bacteria, growth-promoting bacteria/fungi and disease- 
suppressive organisms. In the rhizosphere, microorganisms can solubilize and recy-
cle nutrients in the soil, altering the availability of nutrients to plants (Marschner 
and Dell 1994; Kirkby et al. 2014; Pii et al. 2015). Microorganisms can also contrib-
ute to soil formation, structure and aggregate formation (Rashid et al. 2016).

There is an enormous range in the depth to which roots develop in subsoils, from 
about 0.5–1.5 m in some annual crop species such as wheat and soybean (Fan et al. 
2016) to over 40 m in woody plants in water-limited environments (Dell et al. 1983; 
Schenk and Jackson 2002; Fan et  al. 2017). In general, the length of fine roots 
declines from the topsoil to deeper soil horizons. Similarly, much of the biodiversity 
in soils occurs in the topsoil. Hence, microbes and soil fauna dominate soil organic 
matter (SOM) decomposition in upper soil horizons (Jackson et al. 2017). Microbial 
biomass declines with soil depth along with SOM and essential macronutrients such 
as N and P. Therefore, most research on roots and beneficial microorganisms has 
explored interactions within the top soil or the mixed cultivated horizon in agricul-
tural soils (Roper et al. 2010). As a consequence, possible roles of microorganisms 
in root development and function in subsoils await discovery.

There is interest in breeding deeper-rooted annual crops particularly for regions 
experiencing reduced precipitation and more frequent drought events. The develop-
ment of deep-rooted crops will require knowledge of root traits and environmental 
limitations of associated beneficial microorganisms. Subsoil constraints that can 
limit growth of root-associated and other soil fungi and bacteria include reduced 
porosity, hypoxia, subsoil salinity, acidity, alkalinity, metal toxicity (e.g. Al, Mn) 
and nutrient deficiency especially in highly weathered soils (mainly Cu, Ca, K, Mn, 
N, P, S, Mo, Zn and sometimes B and Mg) (Butterly et al. 2022; Costa and Coutinho 
2022; Oliveira and Fernandes 2022; Ma et al. 2022; Rengasamy et al. 2022; Schaefer 
and Oliveira 2022).

Knowledge of beneficial microorganisms and the processes that occur in topsoils 
which favour the association of microorganisms with plants will allow us to better 
manage soils for higher productivity and environment sustainability. It also helps us 
to better explore opportunities for enhancing beneficial plant-microbe interactions 
in the subsoil in the future. This chapter describes the main beneficial interactions 
in the rhizosphere and considers opportunities for further research into subsoils in 
this field.
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11.2  Mycorrhizal Associations

There are two main groups of mycorrhizal fungi in crop and wild plants in the 
world: arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal fungi (EMF). 
AMF are among the most investigated group of plant growth-promotion microor-
ganisms with particular focus in sustainable agriculture. The mutualistic association 
between AMF and terrestrial plants is over 400 million years old, and about 80% of 
terrestrial plants have this kind of symbiosis, including the majority of agricultural, 
horticultural and forestry species (Pozo and Azcón-Aguilar 2007; Smith and Read 
2008). EMF are functionally important for the survival and growth of many trees 
and woody shrubs in such diverse ecosystems as tropical forests, Mediterranean- 
climate shrublands and cold temperate coniferous forests. Unlike the AMF, there is 
a huge diversity of EMF species, and many new taxa are yet to be described espe-
cially in the southern hemisphere. Not only is there high taxonomic diversity in 
EMF worldwide, but the ectomycorrhizal associations exhibit a diverse range of 
morphologies, size, colour, external appearance and the extent of hyphal penetra-
tion of the Hartig net, a network of fungal tissue, into the root. The phylogenetic 
analysis recently undertaken by Pena et al. (2017) suggests that the ectomycorrhizal 
symbiosis has arisen independently in around 80 fungal lineages.

Fungal hyphae external to all mycorrhizal roots facilitate exploration of litter and 
soil environments that would otherwise lie beyond the influence of the rhizosphere. 
The importance of these hyphae in nutrient acquisition for the host plants has been 
well documented (Marschner and Dell 1994; Plassard and Dell 2010; Garcia and 
Zimmermann 2014). The main physiological basis for this interaction is the bidirec-
tional transfer of substances between the mycorrhizas and the colonized plants 
(Smith et al. 2010). Mycorrhizal roots can exploit extensive soil volumes (Smith 
and Read 2008), which are estimated to be over 100 times larger than those of non- 
mycorrhized plants (Sieverding 1991). In addition, the smaller diameters of the 
hyphae allow AMF, in particular, to have access to micropores in the soil (Grant 
et al. 2005), and their well-developed networks extend well beyond any P depletion 
zones in the rhizosphere (Smith et al. 2011), sites which non-mycorrhizal plants are 
not able to explore (Karagiannidis et al. 2011). The fungi, through their external 
hyphae, absorb large amounts of nutrients and water from the soil, especially when 
these compounds are scarce in the environment, and transport them to the host 
plants (Garcia and Zimmermann 2014). In contrast, plants can provide about 4–20% 
of produced photo-assimilates to meet the metabolic needs of the fungi (Smith and 
Read 2008; Smith et  al. 2010). More recently, ectomycorrhizal fungal networks 
have been shown to provide substantial bidirectional carbon exchange between 
trees in tall forests of spruce, beech, larch and pine (Klein et al. 2016).
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11.2.1  Benefits of Mycorrhizal Associations

Mycorrhizal associations provide many benefits to plants, the soil and the ecosys-
tem. The symbiotic relationship between fungi and host plants can enhance nutrient 
storage and cycling, as well as improve soil structure, attributes that assist agricul-
tural crops to be more sustainable as well as help to reduce environmental impacts 
of modern farming practices. In addition to facilitating the uptake of water and 
essential nutrients by roots, AMF and EMF have been shown to exhibit a range of 
attributes. These include increasing plant survival in soils contaminated with or 
naturally rich in heavy metals (Shahabivand et  al. 2012; Rozpadek et  al. 2014); 
promoting crop growth in saline soils (Chandrasekaran et al. 2014); increasing pro-
ductivity as plant growth promotion agents (Azcón-Aguilar et al. 1997); biological 
control agents against phytopathogens (Pozo et al. 2002; Harrier and Watson 2004); 
and reducing the population of phytopathogenic nematodes in the mycorrhizosphere 
(Neeraj 2011).

The AMF in particular expedite the formation of soil aggregates through the 
extensive production of hyphae interacting with soil particles (Smith and Read 
2008) and by the production of a glycoprotein, glomalin, which cements soil parti-
cles (Rillig et al. 2002; Rillig 2004; Yang et al. 2017). Enhanced soil aggregation 
increases soil macroporosity, which in turn enhances gas exchange as well as the 
percolation of water into the subsoil. In addition, the presence of glomalin may aid 
in the decontamination of toxic compounds, such as heavy metals (González- 
Chávez et al. 2004) and polycyclic aromatic hydrocarbons (PAH), which have high 
mutagenic properties (Gao et al. 2017).

11.2.2  Role in Carbon Cycling

Up to 20% of annual net primary productivity is allocated belowground (Hobbie 
2006). Estimates of hyphal length range from 3 to 30–60  m per gram of soil 
(Jakobsen et al. 1992; Jones et al. 2009). Mycelia provide a conduit through which 
a majority of the carbon can enter the SOM pool (Godbold et al. 2006). Although 
the turnover of hyphae occurs at a faster rate than fine roots (Koide et al. 2011), the 
rate at which the EMF necromass decomposes is influenced by hyphal wall chemis-
try. The presence of recalcitrant melanin, for example, slows the decomposition of 
hyphae (Fernandez et al. 2016).

The role of mycorrhiza in global carbon accounting is gaining attention as 
ectomycorrhizal- associated plants store more carbon in soils than other plants. 
Averill (2016) argues that this is a result of competitive interaction between ectomy-
corrhizal plants and free-living microbial decomposers of soil N. Under N-limitation, 
the activity of the free-living decomposers is reduced, the cycling of soil carbon is 
slowed, and the storage of soil carbon increases. Using in-growth mesh bags under 
stands of eastern hemlock, Averill and Hawkes (2016) demonstrated that ectomy-
corrhizal roots and hyphae reduced soil carbon respiration rates by up to 67%.
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There are key differences between ectomycorrhizal and arbuscular mycorrhizal 
trees that influence carbon and nitrogen cycling. This led Sulman et al. (2017) to 
hypothesize that the ecosystem carbon balance is sensitive to the mycorrhizal strat-
egies that plants use to acquire nutrients. Leaf litter under ectomycorrhizal trees has 
a lower quality (Lin et al. 2017) and decomposes more slowly (Midgley et al. 2015) 
than under arbuscular mycorrhizal trees. Hence, there are greater forest floor carbon 
stocks in ectomycorrhizal forests (Lin et al. 2017). Climate alters the global pattern 
of carbon storage in mineral soils, with some arbuscular mycorrhizal forests having 
larger stores than ectomycorrhizal forests in tropical and subtropical zones but not 
in temperate zones (Lin et al. 2017). Overall, the type of mycorrhizal association, 
the populations of associated free-living decomposing organisms and the quality of 
the SOM (Taylor et al. 2016) all influence the extent of soil carbon and nitrogen 
cycling.

11.2.3  Mycorrhizal Associations and Nutrient Acquisition

The extent of emanating hyphae and rhizomorphs was used by Agerer (2001) to 
classify associations into soil exploration types: contact, short distance, medium 
distance and long distance. In Norway spruce stands, long distance exploration 
types were observed to be prevalent in mineral soil horizons (Scattolin et al. 2008) 
where access to some nutrients is more limited than in organic soil horizons. Hyphal 
morphology and extent appear to be functionally important as ectomycorrhizal 
without or with short emanating hyphae are reported to utilize soluble forms of N, 
such as ammonium and amino acids, whereas ectomycorrhiza with medium and 
long distance morphotypes that typically extend into organic layers have access to 
insoluble N compounds (Pena et al. 2017). Lilleskov et al. (2011) suggested that soil 
N availability is a factor influencing the distribution of fan and rhizomorph- 
forming EMF.

The ability of roots and mycorrhizal fungi to explore nutrient patches in soil is 
important for plant nutrition. In an urban garden site with 13 sympatric temperate 
tree species, Chen et  al. (2016) showed that ectomycorrhizal trees responded to 
nutrient “hot spots” by producing more ectomycorrhizal hyphae, whereas arbuscu-
lar mycorrhizal trees produced more roots. Thus ectomycorrhizal trees have higher 
mycorrhizal foraging precision than root foraging precision arbuscular mycorrhizal 
trees within organic patches (Cheng et al. 2016).

11.2.4  Mycorrhizal Activity in Subsoils

Regarding the location of mycorrhiza and their extensive emanating soil hyphae, 
most studies in the field have explored aspects of distribution and function within 
the topsoil, and less attention has been given to mineral soil horizons or subsoils. It 
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has been observed that ectomycorrhiza are often concentrated in topsoil that is rich 
in organic matter (Rosling et al. 2003) or that EMF diversity (Karlinski et al. 2013) 
and the amount of ectomycorrhizal extraradical hyphae (Wallander et  al. 2004) 
decrease with soil depth. In Holm oak woodland sampled to a depth of 20 cm, about 
75% of ectomycorrhizal root tips and 60% of EMF taxa were restricted to the top 
10 cm of the soil profile, with the contact exploration type being dominant in the 
organic-rich horizon (Shahin et al. 2013). In contrast, in Norway spruce, the number 
of ectomycorrhizal root tips increased with soil depth from the organic-rich layer 
into mineral soil sampled to a depth of 75 cm (Scattolin et al. 2008). An explanation 
for the contrasting results has not yet been provided. In eucalypt plantations in 
Brazil, ectomycorrhizas have been observed to depths of 3–4 m (Bordron et al. 2019).

Studies on the distribution of AMF in deeper layers of soil are scarce, and few 
studies report on the vertical distribution of AMF in subsoil (Cardoso et al. 2003). 
The main limiting factor for the diversity and abundance of AMF in soil is root 
distribution. The distribution of roots in soil is the main condition for increasing the 
community of AMF, since these fungi are obligatory biotrophic. The AMF depend 
on photoassimilates from plants to survive (Douds Jr. et al. 2006; Douds Jr. et al. 
2008), completing their life cycle only when associated with the roots of living 
plants as they are not able to survive without obtaining carbon from the plant 
(Azcón-Aguilar et al. 1997; Smith et al. 2010). Consequently, they cannot be multi-
plied separately in a defined culture medium (Douds Jr. et al. 2006), which hinders 
the large-scale propagation of these microorganisms.

The number of AMF spores decreases with increasing soil depth, but there are 
species that sporulate mainly in certain layers of soil (Oehl et al. 2005). This indi-
cates that the specific physico-chemical characteristics of certain soil layers, such as 
O2, pH, organic matter, calcium, phosphorus and nitrogen, are relevant factors in the 
vertical distribution of these microorganisms. Hence, agroforestry systems may 
favour the diversity and abundance of AMF by the distribution of roots in deeper 
layers of soil.

The distribution (vertical and horizontal), population size and diversity of ecto-
mycorrhizas partially reflect soil and fungal traits. There is emerging evidence that 
niche partitioning can explain some of the observed differences in spatial distribu-
tion of ectomycorrhizal with soil depth (Taylor et al. 2016; Mujic et al. 2016). It has 
been proposed that some plants can adapt to base cation deficiencies by increasing 
the proliferation of EMF and subsoil mineral weathering by enhanced exudation of 
low molecular weight organic acids (Van Schöll et al. 2008). It is worth noting that 
the mycelium external to but connected to the roots may occupy a greater soil depth 
range and exhibit less vertical niche differentiation than the corresponding mycor-
rhizas (Genney et al. 2006).

The extent to which mycorrhizal fungi contribute to soil weathering and the pro-
vision of essential nutrients to plants remains to be quantified in spite of investiga-
tions into so-called rock-eating mycorrhizas (Van Schöll et al. 2008). Future studies 
into the subsoil and parent rock interface would need to take into account the bacte-
rial communities as well as any symbiotic fungi that can persist in difficult environ-
ments. Wang et al. (2014) explored the first metre of soil profile under grassland and 

B. C. Moreira et al.



269

observed that the proportion of high efficiency mineral-dissolving bacteria increased 
with soil depth. From manipulating saprolite and limestone rock interfaces under 
beech trees, Nicolitch et  al. (2017) suggested that tree roots may select specific 
subsoil bacterial communities to improve tree nutrition.

The degree to which mycorrhizal fungi can ameliorate effects of global climate 
change on vegetation or the potential impacts of climate change on populations of 
EMF are little understood. Indeed, there is a need for long-term studies in order to 
assess any mycorrhizal and ecosystem responses to global climate change (Mohan 
et al. 2014). He et al. (2017) manipulated the season of precipitation (decreased in 
the dry season, increased in the wet season) in a subtropical forest and found that the 
diversity of the fungal but not the bacterial community declined in the top 10 cm of 
the soil profile. Globally, ectomycorrhizal plants increased their biomass in response 
to elevated CO2 regardless of the availability of nitrogen (Terrer et  al. 2016). 
Furthermore, particular combinations of host genotype and ECM community 
improved the survival and growth of Colorado pinyon exposed to drought (Gehring 
et al. 2017).

11.2.5  Application of Mycorrhiza in Agriculture and Forestry

Given the advantages that mycorrhizas confer to their host plants, the production of 
mycorrhizal seedlings of various agronomic and forest species has been the subject 
of many studies. For some forest plantation species such as pines, seedlings are 
routinely inoculated in nurseries in order to promote growth after out-planting. 
However, in spite of the many benefits in different agricultural crops and farming 
systems, inoculation in large areas is still restricted because of the difficulty in pro-
ducing bulk commercial inocula that are safe. As mentioned earlier, because they 
are obligate biotrophs, the AMF cannot be bulked up in the absence of a host 
(Berbara et al. 2006) unlike many ectomycorrhizal fungi. At present, spores or frag-
ments of AMF in a carrier can be applied during nursery propagation for some 
horticultural and forestry crops. However, the challenge remains as to the most suit-
able inoculum type and delivery system for broadscale seeding of annual species 
such as soybean and maize.

Considering the increased efficiency of nutrient use, both in the surface layers 
and deeper layers of the soil, mycorrhizal associations are important biological 
tools to increase the absorption of mineral nutrients and water. These fungi are able 
to take advantage of trapping P in deeper compartments in tropical latosols, since 
there are roots at depth, able to provide photoassimilates for the mycorrhizal fungi 
to grow and function. This should facilitate the recycling of mineral nutrients to the 
surface soil layers.

Crop rotation and green manuring are agricultural practices that may favour 
arbuscular mycorrhizal fungi (Prates Júnior et  al. 2019). The use of leguminous 
plants doubly colonized by AMF and rhizobia may result in higher availability of P 
and N to host plants, helping to alleviate nutrient shortages.
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11.3  Biological Nitrogen-Fixing Bacteria

Biological nitrogen fixation (BNF) has great economic and ecological importance, 
since it is able to reduce the high costs and carbon footprints of inorganic nitrogen 
fertilizers. Furthermore, overuse of nitrogen fertilizers can cause environmental 
damage from leaching, contaminating soil and water resources mainly as nitrate 
(NO3

−) (Graham and Vance 2003), and contribute to the greenhouse effect from 
nitrous oxide (N2O) emissions (Spinelli et al. 2013).

Only a small portion of prokaryotes (rhizobia, cyanobacteria, azotobacteria, acti-
nobacteria and archaea groups) has the ability to reduce atmospheric N2, unavail-
able to the vast majority of living organisms, into NH3 (ammonia), using the 
nitrogenase enzyme complex, followed by formation of organic nitrogenous com-
pounds such as amides. The BNF capacity is present in free-living as well as asso-
ciative microbes, among which we highlight the symbiosis between rhizobia and 
about 70% of legumes in the Fabaceae (Remigi et  al. 2016). In addition to the 
Fabaceae, the genus Parasponia, belonging to the Cannabaceae, also establishes 
symbiotic relationship with rhizobia, forming nodules (Behm et al. 2014).

Among legumes and rhizobia, the symbiotic relationship varies from highly spe-
cific to promiscuous. In addition, in some cases, certain legume species may have 
greater dependence on rhizobia species, such as Dimorphandra wilsonii Rizzini 
(Fabaceae, Caesalpinioideae), which has BNF as an adaptive strategy for its growth 
in dystrophic soils (Fonseca et al. 2010). Thus, the survival and growth of some spe-
cies of Fabaceae are related to the efficiency in BNF. These bacteria are mainly 
found in the superficial layers of the soil. Rupela et  al. (1987) observed that 
“Rhizobium populations declined with soil depth and were highest (about 104 rhizo-
bia g-1 soil) in the top 30 cm of the profile and lowest, but still present (10–103 rhi-
zobia g-1 soil), at 90–120 cm, a depth where no nodules are found”. They also 
observed that “populations fluctuated most in the top 5 cm, being reduced during 
periods of high soil temperature in summer and recovering after rains”.

The BNF capacity provides competitive advantages for plants growing on 
nitrogen- depleted soil. These species have a potential for stress relief and revegeta-
tion of degraded areas (Franco and Faria 1997; Ferreira et al. 2012; Fatnassi et al. 
2015), such as Mimosa rock species that associate with strains of Burkholderia 
(Araújo et al. 2017) and may contribute to higher biomass production and release of 
exudates, secretions and mucilages that stimulate the microbiota. Furthermore, the 
association of several legumes tolerant to high concentrations of salts in the soil 
with adapted rhizobia strains helps in the cultivation and supply of nitrogen in soils 
that would cause high salt stress for most plants (Bruning and Rozema 2013).

In terms of agronomics, Bradyrhizobium japonicum and B. elkanii were the most 
prominent taxa observed in studies begun in Brazil in the 1950s by Dr. Johanna 
Dobereiner, which led to the improvement of soybean (Glycine max Merr.) and the 
production of commercial rhizobia inoculants. This led to Brazil becoming an effi-
cient producer of soybean (Dobereiner 1997). Application of nitrogen fertilizer to 
well-nodulated legume crops negatively affects the number and dry weight of 
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nodules and impairs symbiotic performance, without improving crop yields 
(Kaschuk et al. 2016).

Considering the economic and nutritional importance of beans (Phaseolus vul-
garis L.), especially in developing countries of South America and Africa, together 
with the high costs of mineral N fertilizers, the supply of N by nitrogen-fixing bac-
teria (NFB) is highly desirable. However, beans are promiscuous in the establish-
ment of symbiosis with rhizobium species, but some of them inefficient in terms of 
N2 fixation (Dall’Agnol and Ribeiro 2014), leading to the need for complementary 
nitrogen fertilization. It is necessary to collect and evaluate the symbiotic efficiency 
of strains adapted to the local conditions of cultivation, improving the rhizobia-bean 
symbiosis performance.

The gains in BNF may be indirect. For example, in Brazil some coffee planta-
tions are managed with nodulated legumes, such as forage peanut (Arachis pintoi 
Krapov. & W.C.  Greg.), calopogonium (Calopogonium mucunoide Desv.), 
Stylosanthes guianensis (Aubl.) Sw. and Crotalaria juncea L., as sources of nitro-
gen and organic matter (Matos et  al. 2008; Araújo et  al. 2013). In this case, the 
practice of green manuring is an alternative for the supply of nitrogen and contrib-
utes to the protection and improvements of the physical, chemical and biological 
conditions of the soil.

Furthermore, nitrogen-fixing actinobacteria in the genus Frankia form associa-
tions with more than 20 genera of dicotyledons (Benson and Silvester 1993) in the 
orders Fagales, Curcurbitales and Rosales, like Casuarina and Alnus. In these asso-
ciations, root structures called actinorrhizas confer benefit to host plants that occupy 
soils that have a nitrogen shortage as a limiting factor for plant growth. In addition, 
an association between plants of the genus Azolla (Salvinaceae, Pteridophyta) and 
cyanobacteria of the genera Anabaena and Nostoc may occur, allowing Azolla to be 
used in animal feed, as a green manure and in the recovery of degraded areas.

Nitrogen-fixing bacteria also associate, without nodule formation, with other 
families of plants of economic importance, such as grasses (Poaceae), corn, sor-
ghum, sugar cane and rice. In these plants, the bacteria colonize roots and aerial 
parts and perform the biological fixation of nitrogen. Bacteria of the genus 
Azospirillum commonly grow in the rhizosphere of corn and sorghum, increasing 
crop production. The bacterium Gluconacetobacter diazotrophicus (=Acetobacter 
diazotrophicus) can increase sugarcane growth (Sevilla et al. 2001), and the fixed N 
can provide up to 60% of plant demand (Urquiaga et al. 1992, 2012). The bacterium 
can also act as an antagonist of phytopathogenic bacteria and fungi.

Although huge advances have been made in the application of BNF to farming 
systems, challenges remain for research. This is particularly the case in sub-Saharan 
Africa where continuous cereal-based cropping has led to declines in soil fertility 
(Kermah et al. 2018), where crop rotation with grain legumes can enhance soil fer-
tility and cereal yield (Franke et al. 2018) and where increasing production of grain 
legumes is an important strategy for food security in the region (Vanlauwe 
et al. 2014).

Free-living bacteria in soils or associated with the rhizosphere can enhance BNF 
in agriculture (Roper and Gupta 2016). The superficial layer of the soil contains 
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cyanobacteria and lichens that can be an important source of nitrogen (Belnap 
2002), but these microorganisms are photosynthetic and are limited to exposed sur-
faces. Furthermore, cyanobacteria can improve soil physico-chemical characteris-
tics due to the production of biomass, enhanced water holding capacity and 
capability to fix atmospheric N2 (Singh et al. 2016).

Nitrogenase, the enzyme responsible for BNF, requires a low oxygen potential 
for its activity similar to levels in deeper soil layers. Although the low oxygen 
potential favours nitrogen fixation, the process is costly energetically and depends 
on carbon sources to allow the growth of bacteria. The main sources of organic 
carbon in the deepest layers of the soil are from the root exudates; therefore, many 
of these microorganisms colonize the rhizospheric zone. Thus, it is interesting to 
stimulate root growth in deeper layers of the soil and to make use of crop rotation 
with species with deep root systems. Crop rotation also allows the accumulation of 
plant residues in the soil, favouring the stock of organic carbon particles that have a 
strong connection with the ecology and diversity of NFB (Wakelin et al. 2010).

In well-aerated soils, the formation of aggregates is important because it allows 
the formation of microsites with low oxygen. The maintenance of aggregates in soil 
depends on characteristics of the soil itself and the environment. However, manage-
ment has a direct influence on the formation of aggregates and in the composition, 
diversity, abundance and activity of the free-living NFB community (Wakelin 
et al. 2010).

11.4  Plant Growth-Promoting Fungi

Plant growth-promoting fungi (PGPF) inhabit the rhizosphere or are plant endo-
phytes, such as species of the genera Trichoderma (Shaw et al. 2016), Penicillium 
(Waqas et al. 2015), Aspergillus (Islam et al. 2014a), Phoma (Hossain et al. 2017) 
and some species of Fusarium (Islam et al. 2014b). PGPF can stimulate the sys-
temic defence-induced response, compete and act as phytopathogen biocontrollers, 
solubilize phosphates, increase photosynthetic efficiency and the use of nitrogen 
and can improve germination, seedling vigour, biomass production and root hair 
development (Hossain et  al. 2017). The dark septate (Ascomycota) fungi, like 
Phialophora sp. and Phialocephala sp., also deserve prominence and are recog-
nized for forming septate and melanized hyphae, together with microsclerodes that 
grow inside plant root cells, promoting greater accumulation of nutrients and greater 
tolerance to biotic or abiotic stress.

Trichoderma spp. are capable of solubilizing inorganic phosphates and enhanc-
ing plant growth (Promwee et al. 2014) and are influenced by management practices 
such as fertilization, liming, ploughing and harrowing. The distribution of 
Trichoderma spp. in soil layers may be related to extension of the root system that 
provides exudates and energy for these fungi (Okoth et al. 2009). These fungi are 
highly interactive in roots and are antagonistic against soil-borne pathogens because 
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they are excellent competitors, acting as mycoparasites, and can secrete antimicro-
bial substances.

Penicillium spp. are fungi that can colonize the rhizosphere of plants and play an 
important role in the cycling of organic matter and solubilization of inorganic phos-
phate. They are able to promote the growth of plants and improve survival under 
high soil salinity (Radhakrishnan et al. 2014). Compared to other genera of PGPF, 
Penicillium occurs in deeper layers of the soil and has lower density in the rhizo-
sphere. Thus, Penicillium may be well adapted to subsoil conditions, where roots 
are less abundant, maintaining the ability to solubilize inorganic phosphate and 
degrade xenobiotic compounds.

Dark septate fungi can promote plant growth and facilitate stress tolerance under 
drought conditions (Li et al. 2018), indicating their potential for alleviating subsoil 
constraints because they can influence plant physiology and nutrient cycling 
(Vergara et al. 2018). These fungi can favour the occurrence of plant species in areas 
contaminated by heavy metals (Likar and Regvar 2013). They are abundant in soil 
samples and roots, however, as they are usually considered to be facultative biotro-
phic and are less dependent on the rhizosphere than AMF.

Among the PGPF, a representative that has gained prominence in many research 
groups around the world is the fungus Piriformospora indica (Basidiomycota, 
Sebacinaceae, Sebacinales). This fungus was isolated in the Thar Desert, India, and 
is considered a root endophyte that promotes plant growth (Verma et al. 1998). It 
has many characteristics similar to those found in AMF (Oelmüller et  al. 2009; 
Selosse et  al. 2009; Varma et  al. 2012). Similar to AMF, P. indica can promote 
growth in a wide range of plants, but has the great advantage over AMF of being 
able to be cultivated in axenic cultures (Varma et al. 1999).

Inoculation of P. indica has demonstrated positive effects on plant development, 
including an increase in plant biomass production due to increased uptake of phos-
phate and nitrogen from soils with nutritional deficit (Yadav et al. 2010; Kumar and 
Rao 2012). The fungus assists plant survival in conditions of hydric and saline stress 
and high and low temperatures and increases the resistance of plants to toxins and 
heavy metals (Waller et al. 2005; Oelmüller et al. 2009; Varma et al. 2012).

Furthermore, the fungus has potential to be used as a biological control agent 
(Kumar et  al. 2011). Examples are the control of Fusarium subglutinans f. sp. 
ananas on pineapple (Moreira et al. 2016), F. culmorum and Blumeria graminis on 
barley (Waller et al. 2005), F. culmorum and F. graminearum on wheat (Rabiey and 
Shaw 2016) and Rhizoctonia solani on rice plants (Nassimi and Taheri 2017).

Thus, the PGPF play a role in increasing crop production, alleviating nutrient 
depletion and suppressing plant pathogens. Many of these fungi have the ability to 
entangle particles within the hyphal network due to the production of polysaccha-
rides that are released into the soil. This results in improvements in soil structure 
that promote water retention, build-up of organic matter and favourable environ-
ments for root penetration in the subsoil.
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11.5  Plant Growth-Promoting Rhizobacteria

Plant growth-promoting rhizobacteria (PGPR) belong to various groups of bacteria 
that stimulate plant growth by producing phytohormones and providing nutrients 
such as P and N, as well as bestowing protection against agricultural diseases and 
pests, when they trigger induced systemic resistance or produce antibiotics. The 
rhizosphere, a layer of soil surrounding the root, is colonized by these bacteria, 
since it is rich in carbon sources and nutrients when compared to the soil volume 
distant from the root system, due to the release of exudates by the roots of plants.

In the rhizosphere, plants favour the growth of microorganisms, such as 
Pseudomonas, Bacillus, Rhizobium and Azospirillum, capable of producing phyto-
hormones such as indoleacetic acid (IAA) and abscisic acid (ABA), as well as the 
synthesis of enzymes that control the production of phytohormones (Glick and 
Bashan 1997; Zahir et al. 2004; Angus et al. 2013; Hai-Bi et al. 2017).

Much of the inorganic phosphate in soil is strongly adsorbed to the reactive sur-
faces of soil minerals and SOM and is not readily available for uptake by roots 
(Malik et  al. 2012). Several PGPR are able to solubilize inorganic phosphate 
adsorbed to soil particles and contribute to the degradation of organic matter, releas-
ing phosphate by mineralization. Among the mechanisms that PGPR use for phos-
phate solubilization is the production of organic acids, common in bacteria of the 
genera Burkholderia, Bacillus and Erwinia (Bhattacharyya and Jha 2012). Several 
of these phosphate solubilizing bacteria have the ability to reduce pH, as well as 
increase the production of oxalic, lactic, citric, succinic, acetic and formic acids 
(Wei et al. 2018), which help in the release of P bound to oxides in the soil. The 
mineralization of P by the degradation of organic matter occurs by the release of 
alkaline and acidic phosphatases. Thus, PGPR help to mobilize phosphorus sources 
present in the soil and improve plant nutrition.

There are indirect mechanisms that allow PGPR to favour plant growth, espe-
cially when they act as antagonists or competitors of phytopathogenic microorgan-
isms, producing antibiotics, bacteriocins, hydrocyanic acid (HCN) and lytic 
enzymes. These bacteria can induce systemic resistance and reduce the incidence of 
diseases caused by pathogens and parasites, and as well, they can inhibit the growth 
of phytopathogens by the production of siderophores capable of capturing Fe3+ mol-
ecules, rendering them unavailable to pathogens (Miethke and Marahiel 2007). By 
colonizing the plant root system, PGPR synthesize eliciting molecules, such as eth-
ylene, salicylic acid and jasmonic acid, which induce plant genes to express phyto-
pathogenic resistance components and, therefore, favour plant defence responses 
(Zahir et al. 2004). In addition, these PGPR may contribute to an increase in the 
activity of hydrolytic enzymes such as chitinases, peroxidases and glucanases 
(Maksimov et al. 2011) and reduce the population density of phytopathogens.

Some strains of PGPR can improve soil and plant health due to their contribution 
to disease-suppressive soils and also because their activity can minimize the use of 
non-renewable resources. Rhizobacteria, such as Streptomyces spp. (Actinobacteria), 
present in the rhizosphere of plants may act to inhibit or control pathogens, either 

B. C. Moreira et al.



275

by inducing systemic resistance or by metabolic changes such as the production of 
antimicrobials and siderophores (Dias et  al. 2017). Actinobacteria are associated 
with disease-suppressive soil and are abundant in bulk soil, allowing these microor-
ganisms to be less dependent on root growth and released exudates.

In terms of sustainability and use of marginal areas for agriculture, PGPR may 
be an important strategy in that they promote plant growth and increase salinity 
tolerance (Numan et al. 2018). Excess salt concentration in soil decreases agricul-
tural productivity, but wheat plants inoculated with Serratia sp. had improved salt 
tolerance and increased shoot biomass (Singh and Jha 2016). This genus is consid-
ered a facultative anaerobic allowing distribution in anaerobic microsites within soil.

Inoculation with Azospirillum favours root growth and increases the surface of 
absorption due to the greater volume of explored soil. It occurs by inducing changes 
in the root system and increasing the amount of rootlets (Okon and Vanderleyden 
1997). This pattern is mainly caused by phytohormones such as auxins, gibberellins 
and cytokinins (Patel and Saraf 2017).

The benefits for plants can also be indirect, through physical-chemical changes 
in the soil, resulting from their activity that favours aggregate formation. The release 
of different types of polysaccharide by these microorganisms favours the aggrega-
tion of particles and contributes to water and nutrient uptake by plant roots.

The success for greater understanding and use of bacteria that interact with roots 
of host plants is not only in the isolation, selection and testing under in vitro and 
field conditions but also in innovation and the ability to produce inoculants on a 
commercial scale at low cost, coupled with cultural changes to increase the use of 
biofertilizers and products for biological control. Greater presence of these micro-
organisms can increase beneficial effects in soil quality and plant growth, plant 
nutrition and disease suppression.

11.6  Plant Soil Feedback (PSF) and Plant Microbiome

Soil is a dynamic matrix that represents a large reservoir of biodiversity and enables 
interactions between plants and microorganisms. In natural conditions, plants have 
direct relationships with a great abundance and diversity of microorganisms, and 
there is evidence that together they form a metaorganism or holobiont, the sum of 
the host organism and its symbiotic microbiota (Vandenkoorhuyse et al. 2015).

In this perspective, when studying the characteristics of plants, it is necessary to 
consider the associated microbiota, considering the long co-evolutionary process 
that resulted in co-adaptation and increased fitness of both partners. Thus, the model 
plant-soil feedback helps to explain positive interferences, when the soil, under the 
influence of a certain plant, favours the growth of seedlings of the same species, or 
negative when the soil does not favour the growth of seedlings of the same species. 
Negative feedback occurs when plants have reduced growth capacity in soils that 
have previously been occupied by plants of the same species, either by nutrient 
depletion or increased incidence of pathogens (van der Putten et al. 2013). Positive 
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feedback occurs when plants are able to grow in soils previously occupied by mem-
bers of their species due to changes that may involve allelopathy, mutualism and 
litter deposition (van der Putten et al. 2013).

The plant soil feedback (PSF) has holistic aspects and drives plant function as 
ecosystem engineers (van Breemen and Finzi 1998), for the ability to modulate the 
availability of resources to other species and to change biotic and abiotic character-
istics of the soil, creating new habitats. The soil acts as a “seed bank” of the rhizo-
spheric microbiota and its physico-chemical properties determine the composition 
of the microbial community (Vandenkoorhuyse et al. 2015). The plants are able to 
alter soil properties and modulate the survival and growth of juvenile or nearby 
plants, and there may be differences between functional groups: grasses, shrubs, 
legumes, etc. Thus, soil can be considered as part of the extended phenotype of a 
plant, triggering evolutionary implications (van Breemen and Finzi 1998) at the 
level of interactions between organisms and on the landscape ecology scale.

It is recognized that some plants of the Fabaceae family, such as Plathymenia 
reticulata Benth. and Melanoxylon brauna Schott, grow better in soil obtained in 
the vicinity of an adult plant of the same species than in other types of substrate 
(authors’ information) (Fig.  11.1). Studies indicate that arbuscular mycorrhizal 
fungi may be involved in increased survival and growth of these plants. However, it 
is necessary to explore the importance of other groups such as PGPR, rhizobia and 
endophytes as the mechanisms of co-adaptation to soil previously colonized by co- 
specific species. This is because not only may plants select specific communities of 
rhizobacteria; fungi may also benefit specific groups of bacteria in the mycorrhizo-
sphere and expand their role in the PSF.

Fig. 11.1 Plathymenia reticulata Benth. after 180 days of greenhouse cultivation in soil from 
under an adult plant of the same species: (a) natural soil and (b) sterilized soil
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In addition, fertilization can cause a cascade effect and modify the microbial 
diversity and function. For example, plant dry matter is higher when grown with 
microbial inoculum previously collected in unfertilized soil rather than fertilized 
(Revillini et al. 2016), indicating that the lower availability of N may select a micro-
bial community adapted to the maximum increase of plant productivity.

The addition of mineral N in residue incorporated to soil mainly affects the fun-
gal community and reduces soil aggregation, evidence that the fungi play a promi-
nent role in the stabilization of aggregates which increases the sustainability of 
agroecosystems (Bossuyt et al. 2001). The greater or lesser availability of nutrients 
affects the composition and diversity of the microbial community as well as root 
exudation (Lagos et al. 2015). In addition, soil management practices, such as lim-
ing influences soil pH which has a large impact on the composition and diversity of 
the bacterial and fungi communities. Management also affects soil physical pro-
cesses, such as soil aggregate formation which mediates many biological processes 
such as microbial respiration and microbial biomass.

Roots are an important component that integrate the fields of agronomy, manage-
ment and soil microorganisms. The physico-chemical properties and the rhizo-
sphere microbiota modulate the root system architecture, enabling the plants to 
increase the volume of soil explored for better use of water and nutrients. The 
release of exudates is controlled by the plant that is able to acidify the rhizosphere 
and decrease the growth of bacteria or release antifungal compounds, such as chi-
tinases (Weisskopf et al. 2006).

It must be recognized that plants and microorganisms have gone through a long 
co-evolutionary process that allowed the specificity of interactions and differenti-
ated responses to nutrient availability, such as N and P, to evolve. Some plants may 
be weakly responsive to phosphate fertilization, such as Melanoxylon brauna 
Schott, due to interaction with bacteria with high capacity of phosphate solubiliza-
tion (Prates Júnior et al. 2021). Other plants, like Plathymenia reticulata Benth., are 
poorly responsive to nitrogen fertilization and may have considerable dependence 
on N-fixing bacteria (Prates Júnior et  al. 2021). Plants can allocate more photo-
assimilates to specific regions of the root system, recruit specific microorganisms 
such as AMF and rhizobia and ensure more access to limited resources with P and N.

Inoculation of microorganisms is an important strategy to manipulate the micro-
bial composition of the soil and interactions between plants and microorganisms, in 
order to increase the benefits to the plants in terms of productivity and suppression 
of diseases through plant-soil feedback mechanisms. However, it is fundamental to 
manage the diversity of microorganisms through agricultural practices, providing 
adequate soil conditions for the long-term persistence and function of beneficial 
microbiota. The PSF are important in terms of resource savings and greater sustain-
ability of agroecosystems, since it opens up possibilities for a better understanding 
of abiotic and biotic soil factors and, consequently, suppression of diseases and use 
of symbiotic microorganisms in the agricultural and forestry sectors.
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11.7  Final Considerations

In this chapter we have discussed beneficial microbes and root associations that are 
well-known to occur in topsoil. Surprisingly, the extent to which these microbes can 
persist and contribute to root development, plant growth and ecosystem functioning 
in subsoils is largely unknown. Changes in agricultural practices, such as the use of 
deep tillage to increase availability of subsoil nutrients and water (Kautz et al. 2013; 
Schneider et  al. 2017), and the breeding of deep-rooted crops (Lynch and 
Wojciechowski 2015) should promote more research on the microbial communities 
in subsoils.

It is likely that all subsoil communities will be less diverse than in topsoils (Eilers 
et al. 2012), but they will contain specialized microbes adapted to deeper environ-
ments (Fierer et al. 2003). Eilers et al. (2012) sampled nine soil profiles to a depth 
of 180 cm in a forested montane watershed in Colorado and, from pyrosequencing 
of the 16 sRNA gene for bacteria and archaea, concluded that the microbial com-
munity composition was similar at depth regardless of landscape position even 
though it was highly variable in the surface horizons. In a study using phospholipid 
fatty acid (PLFA) analysis to assess the viable microbial biomass and community 
structure with depth in a low-carbon tropical soil, Stone et  al. (2014) identified 
shifts in community structure with depth driven largely by a decline in fungal/bacte-
rial ratios, an increase in gram-positive and actinobacteria markers and a decrease 
in gram-negative biomarkers.

A profitable area for further study is the importance of macropores or biopores in 
subsoils as habitats for beneficial soil microbes and roots. These structures, created 
by previous generations of sinker/tap roots or the activity of soil-dwelling inverte-
brates (Schaeffer and Oliveira 2022), provide preferred pathways for roots to enter 
into subsoil where conditions in the bulk soil such as high bulk density and soluble 
aluminium concentrations may be unfavourable for root growth. These linkages 
between the topsoil and subsoil may extend from a few metres to many tens of 
metres depending on the soil profile. Larger macropores, also called root channels, 
can be up to 20 cm in diameter and are prevalent in forests where roots must access 
water at depth during periods of drought (Dell et al. 1983). Not all soil pores contain 
roots, with only 5% of subsoil pores in a wheatfield containing roots compared to 
20% in surface soil (White and Kirkegaard 2010). Furthermore, crop rotation can be 
used to enhance the formation of macropores, which opens up opportunities for 
altering the subsoil microbial communities through agronomic practices. For exam-
ple, when chicory was used in rotation with barley and winter oilseed rape, the 
number of biopores was increased (Perkons et al. 2014).

Biopores become nutrient enriched through the accumulation of organic matter. 
Also, the organic matter that earthworms incorporate into biopores creates habitats 
for microorganisms which can facilitate SOM turnover in the subsoil (Hoang et al. 
2017). A link between the accumulation of ammonium from activity of earthworms, 
acquisition by AMF and enhanced uptake by a fern has been suggested in south 
China (He et al. 2018). Also, subsoil biopores may have more labile P than in the 
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bulk soil (Bauke et  al. 2017). The extent to which microorganisms cohabit with 
roots in biopores at depths below 2 metres has not been explored.

The demand for technologies capable of increasing agricultural and forestry pro-
ductivities that maintain the sustainability of the production system in an environ-
mentally responsible way is growing. The use of microorganisms can contribute to 
the transition to more sustainable agricultural models with the possibility of reduced 
pesticide and synthetic fertilizer use, implying soil economic, social and environ-
mental benefits.

Understanding the role of beneficial microorganisms in relation to nutrient 
cycling, BNF, phosphate solubilization in soils and biological control of pests and 
diseases, as well as their role in recovering degraded areas, has transformed the 
management practices traditionally used. In this way, it has developed the market 
for new agricultural products and is also a source of employment in various sectors 
of the economy. Research is far from reaching the full potential of using these 
microorganisms to enhance their use and convince traditional farmers to reduce the 
use of non-renewable inputs; however, we remain optimistic that it will happen in 
the near future.
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Chapter 12
Nutrient Acquisition with Particular 
Reference to Subsoil Constraints

Qifu Ma, Richard Willian Bell, and Edson Marcio Mattiello

Abstract With the wide adoption of conservation agriculture (minimal soil distur-
bance, stubble retention, crop rotation), soil nutrient stratification is becoming more 
prevalent especially for poorly mobile phosphorus (P), potassium (K), copper (Cu), 
zinc (Zn), and manganese (Mn) that concentrate in the fertilized topsoil (0–10 cm). 
In water-limited environments, surface soil drying limits root access to the topsoil 
nutrients, but the nutrients in moist subsoil may play a substantial role in crop nutri-
tion and growth. Although the subsoil is generally lower in available nutrients and 
organic matter than the topsoil, there is strong evidence that subsoil can contribute 
significant amounts of nitrogen (N), P, and K taken up by crops. Placing fertilizers 
deeper in soil profiles increases plant nutrient efficiency in low rainfall regions, 
because deep fertilizing can induce deeper root growth and leave fertilizer-supplied 
nutrients in moist subsoil for longer periods during the growing season. However, 
the contribution of subsoil nutrition to crop growth is limited by subsoil constraints 
that restrict deeper rooting, including physical constraints, e.g. gravel layers and soil 
compaction, and chemical constraints, e.g. acidity, alkalinity, salinity, sodicity, 
nutrient deficiency, and element toxicity. On the other hand, crops and genotypes 
efficient in nutrient uptake under drought are likely to have an extensive, deep root 
system and thus a large surface area of contact between roots and soil. The uptake 
of soil water from moist subsoil and its release into dry topsoil by roots – hydraulic 
redistribution – may maintain the growth of fine roots and thus prolong nutrient 
uptake from drying surface soils. A good understanding of subsoil nutrient acquisi-
tion by crop species and their response to subsoil constraints is required for design-
ing crop rotations and nutrient management programmes that allow for effective use 
of subsoil water and nutrients, especially in rainfed agriculture.
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12.1  Introduction

To date, nutrient resources in the subsoil have been largely neglected in most agro-
nomic and plant nutrition studies. With the increasing cost of nutrient supply as 
fertilizers, there is a need to establish the availability of nutrients stored in the sub-
soil for crop growth. Studies have reported that even when the topsoils have poor P 
or K status, yield increase may not be achieved by applying fertilizers due to the 
inability of plants to access nutrients in dry topsoil layers (Schachtschabel 1985; 
Jungk et al. 1993). Subsoil N, P, K, sulphur (S), calcium (Ca), magnesium (Mg), and 
micronutrients can make a significant contribution to crop nutrient uptake 
(Marschner 1995; Kautz et al. 2013; Scanlan et al. 2015b). The relevance of subsoil 
nutrients for crops is particularly high when the topsoil is dry or depleted in nutri-
ents (Kuhlmann and Baumgärtel 1991; Kautz et al. 2013). Low availability of plant 
nutrients under drought can be improved by placing fertilizers deeper in soil pro-
files, where crops would have better access to soil moisture and deeper root growth 
for greater uptake and use of applied fertilizers (reviewed by Ma et al. 2009). Many 
studies have shown beneficial effects of deep fertilizer placement on crop growth 
and grain yield (Jarvis and Bolland 1991; Lotfollahi et  al. 1997; Crabtree 1999; 
Hocking et al. 2003; Singh et al. 2005; Ma et al. 2007; Kabir et al. 2015). However, 
the effectiveness of subsoil nutrients or deep placement of fertilizers varies among 
crop species, due to different root distribution patterns, and is impaired by limiting 
edaphic conditions, such as subsoil compaction, acidity, salinity, nutrient deficiency, 
and toxicity, that restrict rooting depth (Lynch and Wojciechowski 2015). This 
chapter will review the impact of subsoil constraints on root growth and nutrient 
acquisition by crops and pastures with particular emphasis on minimal tillage and 
low rainfall environments. The association of morphological and physiological 
traits of plant roots (type, distribution, hydraulic redistribution, drought tolerance) 
with nutrient efficiency under soil nutrient heterogeneity will also be discussed.

12.2  Root Types and Distribution

Roots are important to the plant for a wide variety of processes, including nutrient 
and water uptake, anchorage and mechanical support, storage functions, and as the 
major interface between the plant and various biotic and abiotic factors in the soil 
environment (Smith and Smet 2012). In most plants, the first structure to emerge 
from the germinating seed is the radicle – primary root (Clowes 1961). In dicotyle-
dons, e.g. canola and beans, the primary roots are often long-lived and form a prom-
inent taproot that may continue to grow during the plant’s lifecycle, with lateral 
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roots emerging from the pericycle layer of the parent roots (Malamy and Benfey 
1997a, b). The taproot can penetrate relatively deeply to acquire soil water, while 
shallow lateral roots would take up P and other nutrients that are less abundant in 
the lower soil profile (Zobel 2005). In monocotyledons, e.g. wheat and rice, the 
primary roots are often short-lived, and the emergence of multiple lateral and adven-
titious roots forms a fibrous root system (Aloni et al. 2006). Although cereals and 
other monocotyledons form primary and lateral roots in a manner roughly similar to 
dicotyledons, the overall root architecture is more complex in monocotyledons. In 
cereals, shoot-borne ‘crown’ roots that emerge from the below-ground stem nodes 
and ‘brace’ or ‘adventitious’ roots from the above-ground stem nodes constitute the 
majority of the monocotyledons root system (Smith and Smet 2012).

The size and distribution of root systems largely determine the ability of arable 
field crops to acquire soil water and nutrients. Overall, root volumes increase from 
the seedling stage to a maximum at anthesis in cereals, such as wheat (Rose et al. 
2007; Gan et al. 2011; Ma et al. 2013), and at late flowering in broadleaf annual 
dicotyledons, such as chickpea, pea, lentil, and canola (Rose et al. 2007; Liu et al. 
2010; Gan et al. 2011), and then decline to maturity. For a given crop, this pattern in 
root growth is similar under low- and high-water conditions and generally depends 
upon crop phenology (Gan et  al. 2011). Due to the difference in temporal root 
growth among species, positional availability during the growing season would dif-
ferentially affect nutrient acquisition and efficiency, e.g. post-anthesis nutrient sup-
ply is more important to canola than to wheat (Rose et al. 2007). Differences in the 
spatial distribution of roots can also affect nutrient acquisition. Root volumes 
decrease with the increase in soil depths. On average, about 44% of roots are located 
in the top 20 cm, 70% in the top 40 cm, and 90% in the top 60 cm. Below 60 cm, 
there can be significant differences between the abilities of species to extend their 
root systems. For example, 5% of the roots of pulses may be found below this depth, 
compared with 12% for wheat, 13% for mustard, and 18% for canola (Gan et al. 
2011). Deeper rooting is particularly beneficial for the plant to obtain water and 
nutrients from greater soil depths during periods of drought (McKenzie et al. 2009; 
Gaiser et al. 2012; Lynch and Wojciechowski 2015). However, deep rooting and 
nutrient acquisition are often impaired by a range of physical and chemical con-
straints in the subsoil (see below). The knowledge of root growth and its interactions 
with subsoil constraints is useful for developing more productive, sustainable, and 
resilient cropping systems.

12.3  Root Growth in Heterogeneous Soil

Most soils are inherently heterogeneous, and consequently nutrient availability is 
variable over relatively small distances in space and over time (Jackson and Caldwell 
1993; Farley and Fitter 1999; Lark et al. 2004). Except for soil N derived from the 
fixation of atmospheric N2, plant nutrients in the soil arise mainly from mineral 
weathering of parental materials, with smaller amounts from atmospheric 

12 Nutrient Acquisition with Particular Reference to Subsoil Constraints



292

deposition. The interaction of nutrients derived from weathering and atmospheric 
deposition with soil processes, such as nutrient leaching and biological cycling, 
results in the formation of vertical and horizontal nutrient gradients within the soil 
profile (Giehl and von Wirén 2014). For example, P availability increases in the 
topsoil because organic matter cycling is more concentrated in this soil stratum 
(Lynch and Brown 2001). In contrast, the concentrations of S may increase in 
deeper soil profiles due to SO4 leaching (Jobbágy and Jackson 2001).

Roots entering the subsoil meet an environment remarkably different from the 
topsoil, e.g. the subsoil has higher bulk density and lower carbon and plant nutrient 
concentrations than the topsoil. On farmland, mineralization happens relatively 
quickly in the topsoil, particularly following cultivation, and nutrients are typically 
placed on or near the surface during fertilizer applications. In the subsoil, however, 
nutrient release from chemical weathering or accumulation due to leaching have a 
greater effect on nutrient availability (Kautz et al. 2013). Soil type can also have a 
large impact on how nutrients are distributed throughout the soil profile. For exam-
ple, in some texture-contrast soils, K and S contents are much lower in the top sandy 
horizons than in the underlying clay and gravel layers (Robson et al. 1992), or the 
A2 horizon can be low in nutrients relative to both the topsoil above and the clay 
subsoil below (e.g. P, Hall et al. 2010). Under many climatic conditions, nutrient 
availability in the topsoil also declines during the growing season because low soil 
water content becomes a limiting factor for nutrient delivery to the root surface and/
or leaching during the early part of the season depletes the topsoil of plant available 
nutrients. Under these conditions, nutrient uptake from the subsoil can become par-
ticularly important for plant growth. For example, in alfalfa the root mass in the 
subsoil, which represents ~3% of the total root mass, has been observed to take up 
>60% of the total plant nutrients. Similarly, in spring wheat 40–50% of P and K 
uptake in the later stages of growth can be derived from the subsoil (Marschner 1995).

In addition to the intrinsic soil nutrient heterogeneity, management practices 
such as zero tillage and the shallow banding of fertilizers at seeding have increased 
nutrient stratification in the surface soil layer (Ma et al. 2009) and may impair soil 
nutrient availability and root uptake in rainfed agriculture (Robson and Taylor 
1987). For example, surface application of P and K fertilizers and limited incorpora-
tion of crop residues into the soil are largely responsible for vertical stratification of 
P and K nutrients in the topsoil (Mackay et al. 1987; Morrison and Chichester 1994; 
Howard et al. 1999; Duiker and Beegle 2006). Placing fertilizers in bands with crop 
rows in the same position year after year or having them offset from the previous- 
year rows in wide-row spacing or for disease/weed management may also cause 
horizontal heterogeneity in topsoil nutrient distributions.

Plant roots are able to adapt to localized nutrient availability in two ways: (i) by 
increasing the rate of nutrient uptake in the enriched zone, a physiological response 
that is rapid and reversible, (ii) through root proliferation (more lateral roots) in the 
zone of nutrient availability, a morphological response that is slow and irreversible. 
These adaptive responses by root systems are the major mechanisms by which 
plants cope with soil nutrient heterogeneity (Robinson 1994, 1996; Dunbabin et al. 
2001a, b; Giehl and von Wirén 2014). The ability of plants to alter their root uptake 
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and morphology in response to nutrient heterogeneity is both species and nutrient 
specific. For example, there tends to be greater plasticity in graminaceous (e.g. 
wheat, maize) than leguminous species (e.g. faba bean, chickpea) (Li et al. 2014). 
Root proliferation in concentrated bands of nutrients occurs for N and P, but not for 
K (Drew 1975). Some studies have observed that higher plant uptake of nutrients in 
nutrient-rich patches can lead to greater overall nutrient uptake and plant biomass 
than under homogeneous conditions with the same overall nutrient supply (Jackson 
and Caldwell 1996; Wijesinghe et al. 2001). Roots grown with banded nutrient sup-
plies have also been observed to penetrate into deeper soil layers and exhibit greater 
drought resistance (Singh et  al. 2005). Although this is not a uniform response 
(Hutchings and John 2004), fertilizer placement can alter root distribution more 
than the total root length in wheat (Alston 1976) and chickpea (Li et al. 2014), and 
soil nutrient stratification directly suppresses root growth in the deficient patches 
(Ma et al. 2007).

12.4  Root Growth Under Drought

Drought can be defined as a period of low precipitation (rain and snow) over an 
extended period. In agriculture, drought also occurs when there is insufficient soil 
moisture to meet crop demand in the growing season, e.g. during hot periods of low 
precipitation. Root elongation in drying soils is limited by a combination of water 
stress and mechanical impedance (Hinsinger et  al. 2009; Bengough et  al. 2011). 
Severe water stress, i.e. when water potential is significantly lower in the soil than 
in the plant, will result in tissue dehydration, loss of cell turgor, and restriction of 
root growth (Rich and Watt 2013). Soil strength also increases during drying, mak-
ing it harder for plant roots to penetrate the soil (see below). However, the often 
heterogeneous nature of water distribution within the soil profile and the plastic 
nature of root systems mean that while drought is generally detrimental to overall 
plant health and crop yields, many species can withstand extended periods with 
limited water input (Rich and Watt 2013).

In dry soils, despite increased mechanical impedance, root growth is often less 
depressed than shoot growth, leading to an increase in root/shoot dry weight ratio. 
For example, the root/shoot ratio in maize seedlings increased from 1.45 without 
drought to 5.79 under drought conditions (Sharp et al. 1988). In rice, the drought- 
induced increase in root/shoot ratio is closely associated with high contents of sol-
uble sugars in the roots via an increase in leaf sucrose-phosphate synthase and root 
invertase activity and more sucrose transport from leaves to roots (Xu et al. 2015). 
A faster osmotic adjustment of the roots compared to the shoot may also be involved 
(Schildwacht 1988). Drought-tolerant plants also tend to develop a deeper root sys-
tem, allowing roots to extend into still moist subsoils and maintain adequate water 
supply to the shoots (Gregory 2006; Ingram and Malamy 2010). Some species also 
develop strategies to increase the ability of roots to extract soil nutrients, for exam-
ple, chickpea increases the exudation of carboxylates to increase access to the 
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subsoil P when the topsoil dries out during plant growth (Kabir et al. 2015). Soil 
drying will also stimulate the development of root hairs, which increases total root 
surface area and water and nutrient uptake (Marschner 1995; Wang and Yamauchi 
2006). Increasing root system access to water deep in the soil profile may be a 
promising way to enhance water and nutrient capture and drought tolerance in 
water-limited environments (Dodd et al. 2011; Jin et al. 2013; White et al. 2013).

12.5  Root Growth with Subsoil Constraints

While plants may have strategies to increase root growth into the subsoils under 
water-limited conditions, this growth can be limited by a range of both physical and 
chemical constraints that are commonly present in subsoil environments.

12.5.1  Physical Constraints

A range of physical constraints may occur in subsoils, but the most common ones 
are compacted and hardsetting layers. Soil compaction typically occurs as a result 
of the long-term application of compressive forces, especially from heavy machin-
ery (Batey 2009; Oliveira and Fernandes 2022), and is one of the major physical 
factors hindering root penetration into the deep soil horizons (Materechera et al. 
1992; Valentine et al. 2012). Hardsetting layers (Fig. 12.1), where soil would turn to 
a hard, structureless mass during drying, can also significantly restrict root growth 
and development (Daniells 2012). In a wet and compacted soil, the elongation of 
roots may be limited by mechanical soil impedance and hypoxia, whereas in a dry 
and compacted soil, root growth is impaired by soil strength and water deficit 
(Lynch and Wojciechowski 2015). In many species, root elongation is suppressed 
when penetrometer resistance of the soil is >2 MPa, air-filled volume is <10%, and 
the matric potential is lower than −1.5 MPa (Bengough et al. 2011). In compacted 
soils, roots are normally shorter, thicker, and more irregularly shaped than the thin-
ner, fibrous roots that develop under noncompacted conditions (Masle 2002). This 
is because radial thickening can make roots more resistant to buckling (Materechera 
et  al. 1992; Clark et  al. 2008; Whalley et  al. 2008; Bengough et  al. 2011) and 
increase root penetration in soil with high strength. There can be considerable varia-
tion between the ability of different species/genotypes to penetrate into compacted 
soils, and this genetic diversity may help identify root traits able to overcome the 
constraints of soil compaction. For example, wheat (e.g. Botwright Acuña and Wade 
2012) and lupins (e.g. Chen et al. 2014) differ in their response to soil mechanical 
impedance. Although screening for faster root growth alone is unlikely to identify 
wheat genotypes suited to soils with physical constraints, genotypic variation in 
root depth is related to differences in root traits that confer an ability to penetrate 
high-strength soils (Botwright Acuña et al. 2012).
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Fig. 12.1 Eucalyptus root 
growth on a hardsetting 
soil in Espírito Santo, 
Brazil. No or few roots 
grow deeper than 30 cm 
deep. (Courtesy of Nairam 
F. Barros)

In addition to altering their physiology to facilitate growth through compacted 
soils, roots may also alter their growth to take advantage of lines of least resistance, 
such as soil biopores and cracks (White and Kirkegaard 2010). Biopores are mainly 
created by root penetration (McCallum et al. 2004; Bodner et al. 2014) and earth-
worm movement (Lamandé et al. 2003; van Schaik et al. 2014) and can play a cru-
cial role in allowing root growth into deep soil horizons (Kautz et al. 2013; Han 
et al. 2017) and increasing nutrient adsorption (Perkons et al. 2014). In arable fields, 
biopore formation is strongly affected by the root penetration capacity of the species 
grown (Materechera et al. 1992). For example, species characterized by large root 
diameters (e.g. lucerne) are capable of the greatest penetration into compacted sub-
soils (McCallum et al. 2004). The number of earthworm burrows in the subsoil can 
be ninefold higher than in the topsoil (Ehlers 1975), and the drilosphere, defined as 
a 2  mm wide zone around the earthworm burrows, represents a microsite often 
enriched in soil organic matter and nutrients, with a generally higher accessibility 
for roots (Brown et al. 2000; Kautz et al. 2013). However, the effects of biopores on 
nutrient extraction depend on biopore size and plant root characteristics, and further 
research is needed to develop direct methods to quantify biopore-root-shoot pro-
cesses and root phenotyping for detecting genetic variation in response to biopore 
systems (Han et al. 2017).
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Many arable soils contain significant amounts of gravel (>2 mm), ranging from 
<10% to >50% by volume, which can act as a constraint to root growth. The distri-
bution of gravelly soils varies highly from region to region (Scanlan et al. 2022). For 
example, gravelly soils are common in the Mediterranean areas of Western Europe 
(Poesen and Lavee 1994), and three out the 18 Mha of agricultural lands in the 
southwest of Western Australia are lateritic gravelly soils (Bowden 2014). The pres-
ence of gravels increases soil bulk density and reduces soil water availability and 
may restrict root growth if gravels are in a closed packing arrangement. Total root 
length and root penetration decrease with increasing gravel content, and the growth 
of roots may be reduced by 40–75% in gravelly soils (Lal and Shukla 2004). High 
gravel contents also affect the interpretation of soil quality indicators as most of the 
indicators are measured after the gravels are removed by sieving (Bowden 2014). 
Therefore, for gravelly subsoils the gravel content should be quantified to give true 
indications of subsoil condition and to improve soil management.

12.5.2  Chemical Constraints

 Nutrient Deficiencies

Subsoils are generally lower in available nutrients and organic matter than topsoils 
and in some instances may contribute little to crop nutrition (Table 12.1). Nutrients 
in subsoils are also less uniformly distributed than in the topsoil, and thus the dis-
tances between nutrient sources and roots are greater (Kautz et al. 2013). Nutrient 
deficiencies in the subsoil may be a major limitation to the yields of dryland crops, 
where continued root growth and function are essential to enable the crops to extract 
water and nutrients from the subsoil once the topsoil is dried or available nutrients 
are used up (Rengasamy 2000). Low nutrient levels in soils can induce changes in 
root morphology and reduce or prevent root growth (Giehl et al. 2014). For exam-
ple, root length, branching, and root hairs in cereals and legumes are more affected 
by N than is the root dry weight (Baligar et al. 1998; Fageria et al. 2011; Gruber 
et  al. 2013). The formation of cluster roots (i.e. very dense and short rootlets 

Table 12.1 Soil properties of a typical Oxisol under coffee plantation in Espírito Santo, Brazil

Soil depth 
(cm)

pH 
(H2O)

P K S B Zn Ca Mg Al SB CEC V OM

------------- (mg dm−3) ------------ ---------------- (cmolc dm−3) ------------- (%) (g kg−1)

0–10 5.58 13.5 105 3.1 0.85 2.07 2.63 0.92 0.00 3.82 7.42 51.5 27.1
10–20 4.89 10.4 31 0.1 0.77 1.16 1.18 0.30 0.10 1.56 4.76 32.8 14.9
20–40 4.48 3.5 19 2.8 0.50 0.27 1.13 0.28 0.39 1.46 4.36 33.5 10.9
40–60 4.27 1.0 4 6.6 0.45 0.35 0.94 0.19 0.69 1.14 4.54 25.1 10.9
60–100 4.27 0.8 4 13.8 0.45 0.27 0.86 0.17 0.69 1.04 3.64 28.6 8.1
100–150 4.13 2.2 2 34.2 0.45 0.39 0.53 0.19 0.69 0.73 3.33 21.9 5.4

Note: SB: sum of bases, CEC: cation exchange capacity at pH  7.0, V: base saturation, OM: 
organic matter
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typically arranged in a bottle brush-like manner with abundant root hairs) in a 
diverse range of plant species is the dramatic example of a close coupling of mor-
phological and physiological adaptations to P deficiency (Lambers et  al. 2006). 
Cluster roots not only significantly increase root surface area but also release large 
amounts of carboxylates that help mobilize P from sparingly soluble pools (Shane 
et al. 2004; Veneklaas et al. 2003). Soil K deficiency stops root growth completely 
within 10–12 days of planting in wheat (Tennant 1976), and low K supply causes 
greater reduction in root growth relative to shoot growth in wheat, i.e. a decreased 
root-to- shoot ratio (Ma et al. 2013). Low Mg depresses photosynthesis and hence 
Mg deficiency may restrict subsoil root growth (Cakmak et al. 1994). Low concen-
trations of plant available B, Zn, Cu, and Mn also limit root growth in subsoils (Bell 
and Dell 2008). Since these micronutrients are largely immobile in the phloem, the 
uptake from topsoil may be unable to meet the demand for root growth when subsoil 
levels are low (Loneragan et al. 1987; Loneragan 1988; Nable and Webb 1993). To 
date, few studies have examined the subsoil levels of micronutrients or the signifi-
cance of subsoil micronutrient uptake (Bell and Dell 2008), and this aspect of crop 
nutrition is not only under reported but also largely ignored.

 Soil Acidity

Acid soils occupy 30% of the world’s ice-free land area (Baligar et al. 1998) in both 
the tropical and temperate belts, and as much as 50% of the world’s potential arable 
crops are negatively affected by soil acidity (Matsumoto and Sinaguru 2008). In 
acid soils (pHw < 5.5), the solubility of aluminium (Al3+) and manganese (Mn2+) 
increases and can reach toxic concentrations once pH falls below 5.3 for Mn2+ and 
4.8 for Al3+ (Marschner 1995). Soil acidity and Al3+ toxicity often increase with soil 
depth (Table 12.1). High Al3+ concentrations can damage root apices and restrict the 
elongation of the main axis and lateral roots (Taylor 1988; Klotz and Horst 1988). 
This inhibits root penetration, particularly into the subsoil, leading to a shallow root 
system and reduced utilization of subsoil water and nutrients (Marschner 1991). As 
a result, crop Al3+ toxicity is often most noticeable in the seasons with a terminal 
drought, since plant roots have limited access to stored water in the subsoil for grain 
filling (Tang et al. 2003). For Al3+ tolerance, inducible carboxylate exudation is an 
important mechanism of Al3+ exclusion in several important crops, and its physio-
logical and genetic perspectives are already deployed in crop breeding programmes 
in the tropics (Lynch and Wojciechowski 2015). In contrast to Al3+, Mn2+ absorbed 
by the roots is readily transported to the shoots, and therefore symptoms of Mn2+ 
toxicity are first seen on the shoots (Marschner 1995). Genotypic variation in Mn2+ 
tolerance may be related to antioxidant mechanisms and subcellular compartmenta-
tion of excess Mn (Gonzalez et al. 1998; Gonzalez and Lynch 1999).

Low P availability is also an inherent challenge to root growth in acid subsoils. 
In zero tillage systems, available P is concentrated in the topsoil because of low P 
mobility and the lack of soil mixing, which leads to root biomass accumulation and 
greater microbiological activity in the topsoil (Lynch and Brown 2001). Plant 
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adaptations to low P soils consist of mechanisms to increase P foraging, especially 
from the P-enriched topsoil; mechanisms to increase P availability in rhizosphere; 
and strategies to reduce internal P requirements (Vance et al. 2003; Lynch 2011; 
Richardson et al. 2011). In acid subsoils, low Ca availability may also restrict root 
growth because Ca is poorly mobile in the phloem, and demand for Ca in root apices 
must be satisfied directly from the soil adjacent to the growing roots (Marschner 
1995). Tissue Ca requirement can vary among genotypes (Spehar and Galwey 
1997), and certain genotypes with reduced Ca requirement would be better able to 
tolerate acidic subsoil conditions (Lynch and Wojciechowski 2015).

 Alkalinity/Sodicity

Soils are alkaline if the pHw is >7.5 in a 1:5 soil:water suspension, with a further 
distinction between calcareous alkaline soils (pHw 7.5–8.5) and alkaline sodic soils 
(pHw > 8.5) (Rengasamy and Olsson 1991). Soil alkalinity is common in semi-arid 
and arid climates where evaporation exceeds rainfall, causing the accumulation of 
carbonates and bicarbonates (Marschner 1995). Alkaline sodic soils occur when a 
high proportion of Na is present relative to other cations (Ca, Mg, and K). Sodicity 
can lead to dispersion or disintegration of clay aggregates into individual particles 
when soils become wet, creating significant soil structural problems, and is associ-
ated with Na and B toxicity (Marschner 1995). Sodicity often occurs in the subsoil 
(Cochrane et al. 1994), e.g. McArthur (2004) found that 57% of the soils from 152 
reference sites were sodic but only 21% had sodic topsoils throughout the agricul-
tural area in Western Australia.

Soil alkalinity adversely affects plant growth mainly due to its effect on soil 
nutrient availability, Fe in particular, but also P, Zn, and Mn availabilities (Naidu 
and Rengasamy 1993; Marschner 1995). The high bicarbonate concentrations in 
alkaline soils can also directly inhibit root growth by decreasing cell elongation and 
thereby shoot growth (Tang et al. 1993). Some species are better adapted to alkaline 
soils than others and are capable of obtaining Fe, P, Zn, and Mn despite low avail-
ability under alkalinity, and their root extension growth is less affected by high 
bicarbonate concentrations (Tang et al. 1993). Although agriculture is an acidifying 
process, the timescale over which alkaline soils are neutralized by agricultural pro-
cesses could be hundreds of years. The sodicity of the surface soils can be reduced 
by applying gypsum, but the economic amelioration of sodic layers in the subsoil is 
currently difficult (Dang et al. 2010).

 Salinity

Saline soils are abundant in semi-arid and arid regions and occur as a result of 
evaporation and transpiration of saline underground water or due to salt input from 
rainfall or irrigation in particular (Marschner 1995). Soil salinity directly affects 
plant growth by causing osmotic stress and nutrient disorders when Na and Cl 
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uptake depresses uptake of macronutrients and micronutrients. Root elongation can 
be immediately depressed at high NaCl and low Ca concentrations (Cramer et al. 
1988). This reduced root growth under salinity restricts water and nutrient extrac-
tion from the subsoils and causes poor crop yield, particularly for dryland cropping 
regions (Rengasamy et  al. 2003). Substantial differences in salt tolerance exist 
among and within crop species and is generally related to a plant’s ability to exclude 
toxic ions from tissue cytoplasm, produce compatible solutes, and balance the com-
peting osmotic needs for water acquisition and ion exclusion (Munns and Tester 
2008). Growing tolerant genotypes on saline soils is a practical and relatively sim-
ple approach to salinity management and reflects the shift to a strategy of ‘tailoring 
the plants to fit the soil’ from the older strategy of ‘tailoring the soil to fit the plant’. 
However, this strategy is more problematic on saline-sodic or saline-alkaline soils 
due to the occurrence of multiple additional constraints (B toxicity, K, P, Zn, Mn, Fe 
deficiencies) (Naidu and Rengasamy 1993).

12.6  Subsoil Nutrient Acquisition

Although more than two-thirds of soil nutrients can be found in subsoils (Kautz 
et al. 2013), the information regarding nutrient acquisition from the subsoil is scant 
due to a lack of adequate and simple methods for subsoil investigation. Estimation 
of subsoil nutrient acquisition requires destructive soil samplings, which is labori-
ous and time-consuming. Moreover, to fully assess subsoil nutrient cycling and how 
nutrients move from the subsoil to the plant and then back again, long-term studies 
are required. However, research has mostly used short-term experiments, and con-
sequently our current knowledge regarding subsoil processes is limited. Based on 
the existing literature, nutrient acquisition from arable subsoils may be conceptual-
ized into three major process components: (i) mobilization from the subsoil, (ii) 
translocation to the shoot and long-term accumulation in the Ap horizon, and (iii) 
re-allocation to the subsoil (Fig. 12.2., Kautz et al. 2013). Due to the complexity of 
these processes at various temporal and spatial scales, the quantitative estimation of 
nutrient acquisition from the subsoil may require the linking of field experiments 
with mathematical modelling approaches (see the Sect. 12.7). The discussion below 
outlines what is currently known regarding subsoil nutrient acquisition and high-
lights areas where future research is required.

12.6.1  Nutrient Mobilization in Subsoils

Nutrient mobilization is the first major process that occurs during nutrient acquisi-
tion from the subsoil and can be affected by a number of factors. Biopores are of 
particular interest as they contribute to air movement into the soil, increase water 
infiltration, reduce water runoff and soil erosion, serve as preferential pathways for 

12 Nutrient Acquisition with Particular Reference to Subsoil Constraints



300

Fig. 12.2 A conceptual model of subsoil nutrient acquisition. (Courtesy of Kautz et al. 2013).

root elongation, and facilitate the acquisition of water and nutrients from the subsoil 
(McGrath et al. 2010; Kautz 2015). Under certain soil conditions, e.g. hardsetting 
clay B-horizons, a large proportion (80%) of all subsoil roots are preferentially 
located in the soil within 1 mm of biopores (Pierret et al. 1999). The relevance of 
biopores in enabling crops to access subsoil resources was demonstrated by using a 
nylon mesh sheet buried horizontally to allow root growth into deeper soil layers 
only through previously inserted holes, which mimicked biopores in a compacted 
soil. The resultant increase in leaf area index and plant height of five barley geno-
types was related to the number of holes in the restricting mesh during a dry summer 
season (McKenzie et al. 2009).

Rhizodeposition is also likely to be an important factor in nutrient mobilization 
in subsoils, particularly because of lower substrate availability and consequently 
lower microbial activity in subsoil environments (Kautz et al. 2013). Mycorrhizal 
abundance is also known to decrease with increasing soil depth (Oehl et al. 2005; 
Yang et al. 2010), although it is not clear whether mycorrhizal fungi have a signifi-
cant impact in nutrient mobilization from subsoils (Moreira et al. 2022). A steep 
gradient of microbial biomass also exists from the topsoil to subsoil with less avail-
ability of carbon and other nutrient sources in deeper soil layers (e.g. Ekschmitt 
et  al. 2008), and there is a need to improve our understanding about the role of 
microbes in subsoil nutrition.

In the subsoil, N can be mobilized from organic compounds, but little is known 
about the kinetics of N release from the organic pools (Kautz et al. 2013). Subsoil 
nitrate is potentially an effective N reserve for wheat late in the season when there 
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is no water available in the topsoil. The ability of plant roots to recover N from the 
subsoil is high, and N uptake from subsoil after anthesis can increase grain protein 
concentration of wheat (Lotfollahi et al. 1997). By comparison, the amount of spe-
cifically bound NH4 deposited in the interlayers of 2:1 clay minerals could be as 
much as 150–850 mg kg−1 in agricultural soils, and its share of the total N content 
increases with increasing soil depth (Scherer 1993). Mobilization of specifically 
bound NH4 is closely related to plant N uptake and affected by soil water content 
(Mengel and Scherer 1981). Under wet conditions, clay minerals may expand, 
which facilitates the release of NH4 ions from the interlayers. If the topsoil dries out 
during the summer, plant N demand may be at least partially (35–40%) supplied 
from the subsoil NH4 (Mengel and Scherer 1981).

The overall proportion of P in the subsoil ranges from 25% to 70% of the total P 
in the profile (e.g. Godlinski et al. 2004; Barej et al. 2014), but little is known about 
P acquisition from the subsoil. Weathering from primary minerals is probably a 
principal chemical process responsible for the release of inorganic P in the subsoil 
of immature soils, whereas P adsorbed by the clay fraction will be the major form 
of P in many mature soils. Increases in carboxylate concentrations in the subsoil 
rhizosphere of chickpea roots appeared to increase the plant availability of subsoil 
P when drying of the topsoil occurred (Kabir et al. 2015). Depletion of rhizosphere 
P fractions in the subsoil was associated with increased rhizosphere carboxylate 
concentrations and increased plant P uptake. Kabir (2012) estimated that 36% of 
total chickpea P uptake and 30% of the P acquired by grain were from the subsoil 
when the topsoil dried 3 weeks before flowering. Access to soil organic P by the 
plant and arbuscular mycorrhiza was reviewed by Vance et al. (2003) and Bucher 
(2007), but many questions remain open, especially for subsoils. Although biopore 
formation promotes root penetration into deep soil layers and enhances the use of 
subsoil P by plants, biopores may contribute to less than 2.5% of the total P stock in 
the subsoil, too little to sustain nutrition of the current crop (Barej et  al. 2014). 
However, it is likely that new roots use these pores for extending into the subsoil 
while using some of the P in the biopore linings and then growing through the bio-
pores into the surrounding subsoil to access further P (Kautz et al. 2013).

Most of the soil K is incorporated in K-bearing primary minerals, e.g. micas and 
feldspars, and not directly available for plant uptake. In most agricultural soils, 
phyllosilicates are reported to be more relevant for K release than feldspars (Öborn 
et al. 2005; Andrist-Rangel et al. 2006). In contrast, organic matter is hardly involved 
in K release by mineralization as K is present as a free ion in plant tissue and is 
generally released from plant residues early in the decomposition process, unlike P 
and N which are chemically bound (Römheld and Kirkby 2010). In the rhizosphere, 
a significant release of interlayer-K can be caused by root activities, e.g. excretion 
of proton and organic acids (Hinsinger et al. 1993; Wang et al. 2000) and cation 
exchange (Moritsuka et al. 2004). In soils with a fine texture, i.e. a high percentage 
of clay minerals, up to 35–70 kg K ha−1 year−1 can be released from the solid phase, 
whereas in soils with coarse texture, lower release rates are expected (Simonsson 
et al. 2007). By comparison, exchangeable K is electrostatically bound as an outer- 
sphere complex to the surfaces of clay minerals and humic substances (Barre et al. 
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2008) and makes up only 1–2% of the total soil K in rapid equilibrium with soil 
solution K (Römheld and Kirkby 2010). According to Kuhlmann and Barraclough 
(1987), winter wheat could acquire 50% of its K from the subsoil. Although soil 
exchangeable K is used widely as a measure to determine soil K availability and to 
predict K fertilization needs of crops, its suitability and reliability is unsatisfactory 
in soils that contain 2:1 layer silicates and have the ability to retain K as is the case 
of some flooded soils used for rice production (Dobermann et al. 1996).

12.6.2  Nutrient Translocation From Subsoils

Considerable amounts of N, P, and K that have been absorbed by the roots from the 
subsoil are translocated to shoots and topsoil roots. If these nutrients are not removed 
during harvest, they are deposited in the topsoil as residues, where following miner-
alization they are available for nutrient uptake by next crops or returned to the sub-
soil by leaching or the activity of soil biota (Kautz et al. 2013). This plant ‘uplift’ 
can be a dominant process affecting the vertical distribution of most of the plant 
nutrients and occurs in all terrestrial systems (Jobbágy and Jackson 2001, 2004). 
Several studies have reported the potential for subsoil nutrients to be redistributed 
by agricultural crops to the topsoil (Kuhlmann et al. 1989; Kuhlmann 1990; Richards 
et al. 1995; Witter and Johansson 2001; Haberle et al. 2006; Barej et al. 2014). For 
example, the results from 22 sites (deep loess grey podsolic soils) showed that the 
subsoil contributed about 1/3 of total N uptake in winter wheat and the plants took 
up 152 kg N ha−1 from a high-N subsoil, when unfertilized, but only 31–39 kg N ha−1 
from a low-N subsoil, when fertilized with 170 kg N ha−1 (Kuhlmann et al. 1989). 
In P nutrition, the subsoil delivered >30% of total P uptake of wheat (e.g. Kuhlmann 
and Baumgärtel 1991) and chickpea (Kabir 2012). On a calcareous loess soil, sig-
nificant P was taken up by crops from 50 to 100 cm soil depth (Garz et al. 2000). 
With 34 experiments on loess-parabrown soils in Northern Germany, Kuhlmann 
(1990) found the contribution of subsoil K increased from 8% at first node stage to 
35% at ear emergence of spring wheat. The significance of subsoil K was also 
related to root architecture, e.g. deep rooting forage crops Cichorium intybus and 
Medicago sativa acquired 56 and 67%, respectively, of K from the subsoil on clayey 
loam soil, whereas Lolium perenne with a low rooting density in the subsoil acquired 
just 42% of K from the subsoil under the same field conditions (Witter and 
Johansson 2001).

12.6.3  Nutrient Re-allocation to Subsoils

There are several processes by which nutrients can be re-allocated into subsoils. In 
cropping fields, anecic earthworms will feed on organic substances, e.g. plant resi-
dues at the soil surface, and then deposit the undecomposed residues as well as 
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faeces and mucus deeper in the soil profile (Kautz et al. 2013). Nutrients dissolved 
in water can also be washed into the subsoil, particularly under saturated conditions 
when water is able to move preferentially via biopores or soil cracks. The walls of 
earthworm burrows are laterally less permeable to aqueous solutions than the bulk 
soil, which substantially enhances vertical water fluxes (Bastardie et al. 2005; Watt 
et al. 2006). Preferential flow via the macropores can lead to a particularly benefi-
cial supply of water and nutrients to the roots growing through the bulk subsoil 
(Kautz et al. 2013).

12.7  Modelling Subsoil Nutrient Acquisition

The challenges in measuring subsoil nutrients and the complexities of the processes 
involved in nutrient acquisition from the subsoil have led to the use of simulation 
models for quantification of subsoil nutrient acquisition and nutrient balance by dif-
ferent crops and cropping systems. Process-based models (PBM) are widely used 
because they apply an integrated approach to assess soil and plant processes and 
their responses to climatic conditions and farming management (reviewed by Kautz 
et al. 2013). PBMs simulate physiological processes and describe metabolism and 
crop growth in terms of mass variables per unit area of land (Vos et  al. 2010). 
Substantial progress has been made in modelling growth and development pro-
cesses of crops with regard to soil and climate factors by using CropSyst (Stöckle 
et al. 2003), DSSAT (Jones et al. 2003), APSIM (Keating et al. 2003; Scanlan et al. 
2015a, b), and STICS (Brisson et al. 2003). However, PBMs exhibit major short-
comings with respect to nutrient uptake from the subsoil: (i) most of these models 
only consider water stress and N, although a few PBMs have tested the dynamics 
and uptake of subsoil P (Chen et al. 2008) and K (Scanlan et al. 2015a, b); (ii) the 
physical and chemical differences among soil horizons are neglected; (iii) processes 
such as biopore formation or nutrient re-allocation and accumulation in the drilo-
sphere are often ignored (Kautz et al. 2013).

Functional-structural plant models (FSPM) (Godin and Sinoquet 2005) were 
developed to account explicitly for plant structural features in the prediction of crop 
growth and provide a link between structural features of root and soil architectures 
with nutrient and water uptake from heterogeneous subsoils (Kautz et al. 2013). The 
FSPMs need detailed physical parameters and a spatially explicit description of soil 
and root structures and typically consider the impact of 3D variable soil properties 
for root growth, solute, and water uptake. Using this type of model, Dunbabin et al. 
(2004) demonstrated that the plasticity of root development to varying soil condi-
tions, e.g. spatially variable N, is crucial to predict the functionality of a root sys-
tem. Thus, FSPMs offer the opportunity to link root plasticity, dynamic soil 
conditions, root uptake processes, and flow and transport processes in a heteroge-
neous soil. The application of such models to a range of environmental conditions, 
subsoil structures, and nutrient distribution patterns in the soil profile would greatly 
improve the understanding of conditions under which nutrient uptake from the 
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subsoil is significant for crop growth and perhaps how to enhance the utility of 
models for crops (Kautz et al. 2013).

12.8  Crop Response to Deep Fertilization

In rainfed agriculture, fertilizer placement can play a large role in nutrient uptake 
efficiency, especially when drought restricts nutrient availability at the late stages of 
plant growth. Compared with conventional fertilizer placement (broadcasting or 
banding fertilizers with the seed), deep placement or deep banding generally refers 
to placing fertilizers from 30 mm below the seed with tines at seeding (Jarvis and 
Bolland 1990) to 150–200 mm below the soil surface in a coulter-knife operation 
prior to seeding (Borges and Mallarino 2001). Other practices include using a para 
plough or straight-shanked deep ripper tines to apply fluid fertilizers through the 
profile to 400 mm or the same amount of nutrients from 200 to 400 mm in the pro-
file (Doudle 2002; Doudle and Wilhelm 2002a, b).

Shallow and localized nutrient supply may reduce nutrient uptake, crop growth, 
and yield in water-limited environments, where the topsoil dries out quickly at high 
temperature and high evaporation rates (Fig. 12.3.). In the dried topsoil, plant nutri-
ents become less available at the root surface, because nutrient transport by mass 
flow [nitrogen (N) and sulphur (S)] or diffusion (P and K) is restricted by water defi-
cit (Marschner 1995; Seiffert et al. 1995). Placing fertilizers in the subsoil would 
not only induce deeper root growth but also leave the nutrients in moist soil for 
longer periods of the growing season and thereby enhance nutrient uptake and utili-
zation, especially for plant species that still acquire soil nutrients at late growth 

Fig. 12.3 Schematic comparison of crop responses between shallow and deep placements of fer-
tilizers in water-limited environments. (Courtesy of Ma et al. 2009)
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stage (reviewed by Ma et al. 2009). Deep fertilizer placement can also avoid the 
toxic effects of fertilizer applied with, or close to, the seed (Zhang and Rengel 
1999, 2002).

Numerous studies have reported yield responses to deep fertilizer placement in 
wheat (Alston 1976; Nable and Webb 1993; Sander and Eghball 1999; Singh et al. 
2005; Wilhelm 2005), lupins (Jarvis and Bolland 1990, 1991; Crabtree et al. 1998; 
Brennan 1999; Crabtree 1999; Scott et  al. 2003), canola (Grewal et  al. 1997; 
Hocking et al. 2003; Wilhelm 2005), maize (Mallarino and Murrell 1998; Mallarino 
et al. 1999), cotton (Tupper and Ebelhar 1994; Singh et al. 2005), lucerne (Simpson 
and Lipsett 1973; Teutsch et al. 2000; Singh et al. 2005), and rice (Wu et al. 2017). 
However, other studies have found little or no benefit of deep-placed nutrients 
(Hudak et al. 1989; Reeves and Mullins 1995; Bolland and Jarvis 1996; McCutcheon 
and Rzewnicki 2001; Vyn and Janovicek 2001) or the results that varied between 
seasons or locations (Eck and Fanning 1961; McConnell et al. 1986; Mullins et al. 
1997). This inconsistency could be due to the interaction of fertilizer placement 
with soil and climatic conditions and crop species (see details below).

12.8.1  Soil Types

Soil profiles with sandy topsoil, e.g. sand-over-clay profile (Frischke and Doudle 
2003) or deep sand profile (Jarvis and Bolland 1991; Brennan 1999; Crabtree 1999), 
have consistently shown positive growth and yield responses in rainfed crops to 
deep nutrient placement in southern Australia, because sandy topsoils are particu-
larly prone to drying in the Mediterranean climate zone. Yield increases in response 
to deep-placed nutrients are also reported on other soils, including loamy sands and 
sandy loams (Jarvis and Bolland 1991), grey/brown Vertosol, and red Kandosol 
(Singh et al. 2005). However, where deep placement of fertilizers occurs into sub-
soils with constrained conditions, e.g. a sodic horizon, deep placement may not be 
effective as poor root growth becomes the major yield-limiting factor, e.g. in the 
Edillilie/Wanilla district of South Australia (Davenport et al. 2003). Similarly, crop 
responses to deep banding P and K fertilizers on a range of soil types in North 
America did not appear to be related to soil type per se, rather the topsoil fertility 
and nutrient distribution down the profile (Mallarino et  al. 1999; Borges and 
Mallarino 2001).

Where soil type has a significant impact on plant response to deep-placed nutri-
ents, this generally occurs due to the impact of soil chemical and physical properties 
(e.g. pH, cation exchange capacity, clay content, P sorption). Sandy soils have low 
cation exchange capacity and poor water holding capacity. Drainage and evapora-
tion from the highly porous substrates mean that soil moisture levels decrease with 
increasing proximity to the surface layer, particularly in dry seasons. As a result, 
shallow fertilizer placement in sandy soils (drilling fertilizers with the seed or top-
dressing) would be ineffective in low rainfall areas or seasons with below-average 
rainfall. By comparison, drilling fertilizers with the seed in heavier soils is likely to 
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be more efficient than banding deeper in the profiles, due to high cation exchange 
and water holding capacities. Indeed, Lynch and Brown (2001) report that for well- 
watered soils, increasing root density close to the soil surface boosts P uptake by 
concentrating roots in the layer with highest available P. In heavy soils, top-dressed 
P is poorly effective, while deep banding may cause P deficiency during early 
growth before seedling roots reach the deep-placed P. In the case of subsoils with 
chemical toxicities such as boron or salt, increasing root proliferation into the sub-
soils by placing fertilizers deep may even cause crop damage.

12.8.2  Plant Species

The patterns of nutrient uptake among crops differ over the growing season, which 
may affect their responses to deep fertilizer in a low rainfall environment. A field 
study with canola in southern New South Wales, for example, showed that placing 
nutrients 30  mm below the seed produced higher seed yield than the with-seed 
placement on yellow podsolic and red gradational soils (Hocking et  al. 2003). 
Improved canola yield in the Mediterranean-type climate of South Australia was 
achieved by deep placement (400 mm) of fluid fertilizers containing P, N, Zn, Cu, 
and Mn (Wilhelm 2005). Maximum P and K accumulation occurred during late 
flowering in canola (Rose et al. 2007) but peaked just prior to anthesis in wheat 
(Rose et al. 2007; Ma et al. 2013), suggesting a greater importance of deep-placed 
fertilizer to meet the post-flowering demand for nutrients in canola than wheat 
under water-limited conditions.

Lupins, which are sensitive to low winter temperatures, grow slowly and take up 
only 10–20% of the total P uptake by anthesis. Consequently, they rely less on nutri-
ent redistribution from vegetative organs to the grain than do cereal crops (e.g. 
wheat, sorghum, maize) in the Mediterranean climates of southern Australia. 
Therefore, lupins are more dependent than cereals on taking up soil P late in the 
growing season for grain filling. Lupins are also deep-rooted, with a smaller propor-
tion of the total root length in topsoil than is the case for most other crops grown in 
south-western Australia. All of these factors might account for a better response by 
lupin than by wheat to deep-placed P fertilizer (Jarvis and Bolland 1990). Large 
variability also exists in root morphology across the lupin germplasm (Clements 
et al. 1993), and responses of root growth and nitrate uptake to heterogeneous nitrate 
supply differ between Lupinus angustifolius (dominant tap root and primary lateral 
system) and L. pilosus (minor tap root and well-developed lateral system) (Dunbabin 
et al. 2001a, b).

The most consistent yield increases due to deeper placement of P fertilizer have 
been reported in fodder crops as they grow year-round (in warmer climates) and are 
frequently defoliated and hence rely on continual P supply for biomass production. 
In situations where soil profiles are stratified and the topsoil dries, pasture legumes, 
such as lucerne and barrel medic, have responded to deep-placed P in both temper-
ate and tropical climates with higher dry matter yields (Scott 1973; Simpson and 
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Lipsett 1973; Singh et al. 2005). Pasture legumes contain over 70% of total root 
length in the top 200 mm of the soil compared with wheat and lupins that contain 
less than 50% of total root length in this zone (Hamblin and Hamblin 1985). As a 
consequence, under drought conditions, pasture legumes would be more susceptible 
to shortage of nutrient supply when fertilizers are placed in the topsoil.

12.8.3  Tillage Practice

Previous fertilizer applications would be another factor determining the likelihood 
of crop response to newly applied, deep-placed fertilizers. Repeated and regular 
addition of P-K fertilizers progressively increases the residual levels in the soil pro-
file. Therefore, an economic response to deep-placed P-K fertilizers is only likely if 
locally calibrated soil tests suggest a response (i.e. low soil test value) to conven-
tionally placed P (Bolland and Jarvis 1996; Mallarino et  al. 1999; Borges and 
Mallarino 2000; Buah et al. 2000a, b; Scott et al. 2003) or K (Bordoli and Mallarino 
1998; Buah et al. 2000a, b; Vyn and Janovicek 2001). Bolland and Jarvis (1996) 
reported that on sandy soils susceptible to P-leaching, lupin grain yield from deep- 
placed P would exceed that of top-dressed P when soil-tested P for the 100–200 mm 
horizon was deficient (<10–15 mg P kg−1 soil). Soil profiles that contain high levels 
of P in the topsoil are less likely to respond to deep-placed P regardless of late sea-
son topsoil drying, because plants can accumulate sufficient P for maximum growth 
and yield prior to flowering.

Singh et al. (2005) also found that a wheat crop grown on stored moisture in 
northern Australia increased yields in response to deep P application but was unre-
sponsive to conventional P application: yields continued to increase at a higher rate 
of P application to the subsoil. Generally, critical soil test values account for nutri-
ents only in the top 100–150 mm of soil profile, because of its relevance to conven-
tional fertilizer practice. The subsoil commonly contains larger amounts of clay 
than the topsoils and requires higher inputs of P fertilizer to overcome the associ-
ated higher P sorption capacity of subsoil. Therefore, new soil testing calibrations 
for subsoils are required before deep fertilization becomes a common practice.

Cultivation of the nutrient-stratified soils can redistribute nutrients in the profiles 
and aid nutrient uptake by crops (Takker and Walker 1993; Bolland and Brennan 
2006). As a result, response to deep-placed P fertilizer is unlikely if the soil has been 
recently cultivated (Schultz 1975).

Some studies, however, have reported responses to deep-placed K on the soils 
that had optimum or high soil K tests (Mallarino et al. 1999; Borges and Mallarino 
2000). Responses to deep-placed K also depend upon the tillage systems (e.g. zero 
tillage, zone tillage, or mulch tillage) and the subsequent magnitude of soil mixing 
(Vyn et al. 1999, 2002). On soils where a compacted traffic pan hinders crop root 
growth into the subsoil, amelioration by deep mechanical loosening can lead to 
enhanced root growth and nutrient uptake (Himmelbauer et  al. 2010). Deep soil 
preparation may be particularly useful for perennial crops, e.g. coffee plantation in 
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Fig. 12.4 Deep soil 
preparation at 1.5 m depth, 
0.8 m width plus mineral 
and organic fertilization, 
including biochar on a 
hardsetting soil for a coffee 
plantation in Espírito 
Santo, Brazil

the presence of severe subsoil chemical and physical constraints (Fig.  12.4.). 
However, deep mechanical loosening can cause a potential destruction of continu-
ous biopores in the subsoil and thus may be recommended for severely compacted 
subsoils only (Kautz et al. 2013).

Application of gypsum on the soil surface followed by its leaching into acidic 
subsoils can lead to an increase in root growth and higher absorption of water and 
nutrients by plants (Carvalho and van Raij 1997; Caires et al. 2003, 2011). In Brazil, 
the surface application of gypsum in coffee plantations has been a common practice 
to improve root growth (Fig. 12.5) and nutrient availability in the subsoil. Gypsum 
increased available Ca, K, and Mg concentrations and decreased the extractable Al3+ 
concentration in the deeper layers (Table 12.2). On soybean farms, it is root growth 
in the subsoil that largely determines yield due to increased water and nutrient 
uptake, while surface soil analyses have often poorly explained the yield responses.
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Fig. 12.5 Gypsum application on the soil surface (left) and root growth (right) of coffee plants in 
Minas Gerais-Brazil. (Source: AP Agrícola)

Table 12.2 Soil chemical characteristics after 11 years of gypsum application at the rates of nil or 
9.4 t ha−1 on a typical Oxisol in a coffee plantation in Minas Gerais state, Brazil (Tanure 2016)

Soil depth
(cm)

pH (H2O)

Sa Pb Kb Ca2 + c Mg2 + c Al3 + c CEC OMd Clay

------- (mg dm−3) ------- --------- (cmolc dm−3) -------- ----- (g kg−1) ------
Nil gypsum

0–5 4.68 14.6 1.37 86.7 0.11 0.12 3.01 11.9 66.6 800
5–10 4.67 13.2 0.70 59.7 0.30 0.08 2.74 10.1 50.6 810
10–20 4.85 13.8 0.47 44.3 0.07 0.07 2.81 8.99 44.5 790
20–40 5.13 13.4 0.20 26.7 0.05 0.04 1.42 6.33 27.7 750
40–60 5.12 13.5 0.07 15.7 0.05 0.03 1.19 5.19 21.6 790
60–100 5.25 15.2 0.10 17.7 0.06 0.04 1.06 4.06 19.4 780
100–200 5.52 16.9 0.00 8.0 0.05 0.01 1.09 3.35 3.9 650

9.4 t gypsum ha−1

0–5 5.05 41.8 9.13 214 2.32 0.55 0.29 10.38 42.2 820
5–10 5.12 35.4 3.57 355 5.79 0.43 0.59 8.81 38.3 830
10–20 5.22 32.3 1.33 276 1.83 0.35 0.55 8.52 35.8 820
20–40 5.27 35.5 0.40 218 1.47 0.25 0.10 6.41 25.8 810
40–60 5.46 36.2 0.10 141 1.78 0.23 0.00 5.44 20.7 800
60–100 5.70 25.8 0.03 48 2.18 0.20 0.00 5.86 16.8 800
100–200 5.08 16.6 0.03 11 1.54 0.37 0.00 3.90 12.9 830

Note: aCa(H2PO4)2.H2O in HOAc 2 mol L−1

bMehlich-1
cKCl extraction 1 mol L−1

dOM: organic matter by Walkley-Black method; CEC: cation exchange capacity

12.8.4  Hydraulic Redistribution

Hydraulic redistribution is a process whereby roots absorb soil water from a zone 
with high-water potential (generally the subsoil) and release some at night into soil 

12 Nutrient Acquisition with Particular Reference to Subsoil Constraints



310

with low water potential (generally the topsoil) (Caldwell et al. 1998). One of the 
benefits of hydraulic redistribution is that it may maintain functioning fine roots in 
the dry topsoil and prolong the uptake of nutrients until soil conditions become 
either more favourable for the resumption of topsoil root activity or too unfavour-
able for survival (Huang 1999). Hydraulic redistribution has been reported in wheat, 
maize, lucerne, oats, soybean, rye, cotton, and canola (Blum and Johnson 1992; 
Wan et al. 2000; Valizadeh et al. 2003; Zegada-Lizarazu and Iijima 2004; Rose et al. 
2008) and tree species such as eucalyptus (Brooksbank et al. 2011). Wheat plants 
reportedly lifted more water in response to increased localized supply of P fertilizer 
(compared with nil fertilizer), which improved P uptake (Valizadeh et  al. 2003). 
Using a split-pot design, Prieto et al. (2012) demonstrated that hydraulic redistribu-
tion favoured the selective placement of roots in nutrient-rich patches, as well as 
nutrient capture under drought, a process that may secure nutrient supply and main-
tain plant performance during drought periods. Significant genetic variations of 
hydraulic redistribution exist among drought-susceptible and drought-tolerant 
maize hybrids, with a strong relationship observed between hydraulic redistribution 
and drought tolerance characteristics (Caldwell et al. 1998). Although canola roots 
also hydraulically lift water during the period from vegetative growth to late flower-
ing, the continuation of nutrient uptake by roots from dry soil appears to be cultivar- 
and nutrient-specific, and not necessarily associated with hydraulic redistribution 
(Rose et al. 2008). More studies are needed to verify the linkage of active hydraulic 
redistribution with root growth and more efficient nutrient foraging processes in 
heterogeneous soils.

12.9  Conclusion

Considerable nutrient stocks are present in the subsoil and can contribute to crop 
growth and yield production. However, plant access to subsoil nutrients is limited 
by compaction, low organic C, and low microbial activity, along with restricted root 
growth by chemical constraints, e.g. acidity, alkalinity, salinity, sodicity, and both 
nutrient deficiency and toxicity. In addition, our knowledge regarding nutrient 
acquisition from arable subsoils is still scant, especially in terms of relevant long- 
term processes. The evaluation of subsoil impacts on crop nutrition mostly comes 
from short-term or microcosm experiments with disturbed soil. The contribution of 
subsoil nutrients may vary from <10 to >70% of total plant uptake for certain soil 
nutrients, particularly when a dryer topsoil induces deeper root growth and there-
fore more utilization of water and nutrients from the subsoil. Placing fertilizer in the 
subsoil has been shown to increase nutrient availability and plant uptake in low 
rainfall environments, but the effectiveness of deep fertilizer placement is depen-
dent on soil types, crop species, and agronomic practices. With ongoing global cli-
mate warming and more frequent summer drought in agricultural regions, the 
exploitation of subsoil water and nutrients could be of increased future relevance. 
Long-term field studies, together with mathematical modelling, are required to 
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quantify the significance of acquisition of subsoil nutrients for crop nutrition, par-
ticularly in low-input and rainfed farming systems.
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Chapter 13
Water Acquisition by Roots 
From the Subsoil: Impact of Physical 
Constraints on the Dynamics of Water 
Capture

Wendy H. Vance and Stephen P. Milroy

Abstract Physical subsoil constraints, such as high soil strength, low porosity or 
unfavourable pore characteristics, impair crop water use, either through effects on 
water availability or the ability of the crop to access the water. By reducing the 
capacity of the soil to store water or by impeding infiltration or drainage, physical 
subsoil constraints can alter the availability of water to the crop. By delaying root 
exploration, reducing ultimate rooting depth or reducing the efficiency with which 
water is extracted from a soil zone, they can reduce the crop’s ability to access water 
present. The resultant impact on crop water use is modulated by factors including 
the amount and distribution of rainfall, the soil’s water holding capacity and the 
depth and severity of the constraint. While the processes by which subsoil con-
straints influence crop water uptake are generally well-understood, important 
aspects still need clarification or quantification. There are still many questions 
regarding processes of water transfer from the bulk soil to the roots’ vascular ele-
ments. New knowledge will need to be effectively linked with our understanding of 
water uptake at the scale of the crop or soil profile. There is also a need to improve 
knowledge of the influence of agronomic management on pore size distribution, 
continuity and stability in terms of their influence on root system development. 
Finally, simulation studies that evaluate the interaction of access to water with dif-
fering soil types and climatic zones will provide important extrapolation to allow 
the agronomic importance of subsoil constraints to be quantified in the context of 
inter-annual variation in rainfall distribution.
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13.1  Introduction

The availability of an appropriate supply of water is fundamental to crop productiv-
ity. On the one hand, subsoil constraints impact the amount and dynamics of water 
available to plants and, on the other hand, constrain the capacity of the plant to 
access the water that is there. In the context of optimum plant growth, physical sub-
soil constraints are those which impede water movement or root growth into or 
within subsoil layers, thus constraining access to both water and nutrients. The defi-
nition of the subsoil varies; usage differs between regions, soil types and disciplines. 
Here we adopt the functional definition of Oliveira and Bell (2022) given in Chap. 
1: the subsoil is the zone below the topsoil (up to 0.2 m depth) where cultivation, 
fertiliser placement and soil sampling do not normally occur.

Water moves along the soil-plant-atmosphere continuum due to differences in 
water potential. Firstly, transpiration is driven by the difference in water vapour 
pressure in the atmosphere compared to that inside the leaves; the water loss gener-
ates a lower water potential in the leaf. This then drives water movement through the 
plant from the roots (Lambers et al. 2008). Similarly, depletion of soil water due to 
uptake by the roots generates a gradient in soil water potential that drives the move-
ment of water from the bulk soil to the plant roots (Bengough 2003). Soil structure, 
porosity, pore size distribution and pore continuity can all affect both the storage of 
water in the soil and the movement of water from the bulk soil to the roots. Further, 
roots have to be able to adequately explore the soil volume and maintain effective 
contact with the soil matrix to enable water uptake by the root. Any changes in soil 
condition that alter these traits have a fundamental impact on the crop water use and 
hence crop performance (Tinker 1976; Hamblin 1986; Ritchie 1981; Bengough 
2003; Jin et al. 2013; Ahmed et al. 2018).

The impact of subsoil impediments and their alleviation on water uptake and 
hence yield of crops have been extensively studied. For example, Schneider et al. 
(2017) conducted a meta-analysis of 1530 yield comparisons across 67 experimen-
tal sites, where some form of deep cultivation had been applied. The strongest driv-
ers of yield benefit were as follows: the presence of soil layers which restricted root 
growth, the surface soil texture and limited water availability. These factors inter-
acted so that the benefit of disrupting a root-restricting layer was generally greater 
under conditions with limited water availability. This analysis emphasizes the 
importance of restricted access to water as a process through which subsoil con-
straints limit yield.

The main components influencing water supply and demand by a crop are out-
lined in Fig. 13.1. These interact over time to determine the water balance of the 
crop and the significance of the water balance for final crop performance. In this 
chapter, we will use a field-based definition of the plant-available water-holding 
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Fig. 13.1 Components contributing to the water supply and demand of a crop. Components 
grouped in shaded boxes may be influenced by subsoil constraints

capacity (PAWC) of a soil (Dalgliesh and Foale 2005). The PAWC is that water held 
between the drained upper limit (DUL) and the crop lower limit (CLL). The DUL is 
the water content when wet soil has drained under gravity to a relatively stable state. 
The CLL is the water content beyond which the crop is unable to extract further 
water (Dalgliesh and Foale 2005). The DUL is a function of soil characteristics 
only, whereas the CLL is determined by the interaction of crop and soil traits 
(Hochman et al. 2001; Dalgiesh and Foale 2005). Subsoil constraints may alter a 
number of characteristics that impact on either DUL or CLL and hence 
PAWC. Extraction of water by the crop root system will be considered in terms of 
the conceptual framework presented by Meinke et al. (1993) based on the work of 
Passioura (1983) and Monteith (1986). The exploration of the soil profile is 
described by the rate of vertical root descent and the maximum rooting depth 
achieved (Fig. 13.2). Once roots enter a given soil layer, water extraction can be 
described by an exponential decline with time from the DUL to the CLL for that 
layer (Fig. 13.3). Each of these processes can be modified by subsoil constraints or 
their amendment. There are a diverse range of potential interventions which aim to 
improve water acquisition by plants and which can be particularly valuable in the 
case of subsoil constraints. These interventions aim to improve soil structure, 
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Fig. 13.2 Increase in rooting depth of an annual crop with time since planting. The increase in 
rooting depth often slows or stops around the time of flowering or the start of seed filling

Fig. 13.3 Extraction of water from a layer in a profile after that layer is accessed: (i) high rate of 
extraction and low lower limit, (ii) low rate of extraction and low lower limit and (iii) low rate of 
extraction and high (less dry) lower limit

increase root elongation into the subsoil, increase plant-available water or improve 
access to the water present. Management tools may either involve direct interven-
tions or agronomic management approaches to change the physical structure of the 
soil, or they may utilize better adapted plant genotypes to improve crop perfor-
mance under constrained conditions (Table 13.1). Important aspects of the impact 
of physical subsoil constraints on root system development and function have been 
discussed in Chap. 6 (Oliveira and Fernandes 2022) and Chap. 8 (Scanlan et  al. 
2022). For completeness, some of these ideas will be briefly mentioned first.
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Table 13.1 Interventions to improve water acquisition by plants in soil with physical subsoils 
constraints

Physical interventions: to change the physical structure or the soil
Intervention Mechanism Impact References

Subsoil 
cultivation

Removal of plough pan 
or hard layer impeding 
vertical root 
exploration. Improved 
infiltration

Earlier root exploration 
of deeper layers. 
Increased plant- 
available water-holding 
capacity. Increased 
available water

Hamza and Anderson 
(2003, 2008), Sadras et al. 
(2005), Mohanty et al. 
(2007), Barraclough and 
Weir (1988), Tardieu (1994)

Subsoil 
cultivation

Removal of impeding 
layer increases root 
length density in lower 
layers

Improved root 
proliferation at depth

Munkholm et al. (2008), 
Chen et al. (2014)

Compaction Imposed compaction, 
reduce excessive 
drainage

Increased availability of 
water

Singh et al. (2014)

Agronomic interventions: to improve root elongation into subsoil
Crop rotation:
biological 
subsoiling

Large rooted species 
penetrate hard layers

Increased root length 
density at depth

Guaman et al. (2016)

Crop rotation: 
primer plants

Species with vigorous 
root systems penetrate 
deeper into subsoil

Increased stability and 
continuity of biopores.
Improved root 
proliferation in subsoil

Yunusa and Newton (2003)

Amelioration Subsoil manuring: 
organic matter 
amendment to subsoil 
clay layer

Improved soil physical 
properties and increased 
root growth in layer

Gill et al. (2009), Sale et al. 
(2018)

Amelioration Deep placement of 
lime or gypsum

Improved soil aggregate 
structure or stability

Baldock et al. (1994), 
Vance et al. (1998)

Plant genotype differences: strategies for root growth and water uptake
Root growth Preferential root 

growth into pores and 
cracks

Root elongation deeper 
into profile

Volkmar (1996), Hatano 
et al. (1988), White and 
Kirkegaard (2010)

Root types Root types that 
penetrate pores and 
make contact with pore 
walls

Improved exploration of 
profile. Reduce 
resistance at soil-root 
interface

Athmann et al. (2013)

Anchorage Root hairs provide 
anchorage to allow 
penetration of soil 
matrix

Improved root 
exploration through 
pores and within soil 
matrix

Bengough et al. (2011), Jin 
et al. (2013)

Hydraulic 
redistribution

Redistribution of water 
in soil matrix via roots 
due to water potential 
gradients

Water within soil matrix 
is potentially more 
available

Prieto et al. (2012)

(continued)
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Table 13.1 (continued)

Physical interventions: to change the physical structure or the soil
Intervention Mechanism Impact References

Root-soil 
contact

Root hairs behind root 
tips increase surface 
area
Mucilage production 
increases water content 
of the rhizosheath

Increased rate of water 
absorption
May increase hydraulic 
conductivity at root-soil 
interface during drying

Carminati et al. (2010), 
Carminati et al. (2017a, b); 
Ahmed et al. (2018)

Penetration 
ability

Differences in root 
penetration through 
hard soils, re-entry to 
soil matrix from pores

Root elongation deeper 
into profile

Materechera et al. (1991), 
Clark et al. (2003), Hirth 
et al. (2005), Botright 
Acuña et al. (2007), 
Bengough et al. (2011)

Root system 
architecture

Optimises distribution 
between surface and 
subsurface

Increased root length 
and density in subsoil

Palta et al. (2011), Wasson 
et al. (2012), Lynch and 
Wojciechowski (2015)

13.2  Conditions for Optimum Root Growth and Function

For optimum crop performance, the key soil physical properties, temperature, water 
status, aeration and soil mechanical resistance (soil strength), must not limit root 
growth or function (Letey 1958; Boone 1988; McKenzie et al. 2011). These primary 
factors affect root growth directly (Letey 1958), but they are interrelated and inter-
act to a significant degree (Miller 1986; Zou et  al. 2000; Iijima and Kato 2007; 
Bengough et al. 2011). Soil texture, bulk density, structure and structural stability 
and porosity characteristics have an indirect effect on root growth via their influence 
on the primary factors (Letey 1958; MacEwan et al. 2010). In this section, we will 
briefly outline the empirically derived parameters that define suitable conditions for 
root growth.

13.2.1  Temperature

Like most plant functions, root growth responds strongly to temperature. Thus, soil 
temperature, which varies with time of year, with time of day, with depth in the soil 
and with management, is a fundamental governor of root system development 
(Boone 1988; McMichael and Burke 1996). Root growth can occur over a relatively 
broad range of soil temperatures. However, each species has an optimum range, 
with the rate of root extension and development being reduced progressively by 
temperatures either above or below this range (Kaspar and Bland 1992; McMichael 
and Burke 1996; Misra 1999; Gregory 2007). This has a direct impact on the ability 
of the plant to explore the soil profile and hence access soil resources.
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13.2.2  Aeration

In general terms, soil aeration needs are met when the soil porosity is adequate to 
admit a supply of oxygen that meets the needs of the root system for maintenance, 
growth and function. However, for a given soil in a given condition, soil aeration is 
the direct complement to water status. The more pore space that is occupied by 
water, the less can be occupied by air. The aeration requirement varies between spe-
cies and with the ability of the plant to supply oxygen to the active roots via internal 
means (e.g. by the development of aerenchyma). However, to ensure plant develop-
ment is not penalized, the soil should have an air-filled porosity of 10–15% with at 
least 10% of the gas in the pore space being oxygen (Dexter 1988; da Silva et al. 
1994; Bengough 2003; McKenzie et al. 2011). The critical air-filled porosity also 
depends on the gas diffusion rates in the particular soil with well-structured soils 
being better able to supply oxygen to the root compared to apedal soils (MacEwan 
et al. 2010 modified from Pierce et al. 1983). The air-filled porosity that limits root 
growth also varies with texture, ranging from 14–20% for sandy soils to 10–13% 
with increasing clay percentage (MacEwan et al. 2010). Finally, for aeration require-
ments to be met, there is also a need for continuity of transmission pores (i.e. pores 
>30 μm equivalent diameter) to allow gas exchange with the atmosphere.

13.2.3  Water Status

Soil water status impairs root growth and function in two principal ways: poor aera-
tion in wet soils and increased soil strength in dry soils. As indicated in the previous 
paragraph, high soil moisture status can result in poor soil aeration when too much 
of the pore space becomes filled with water, particularly in soils with low porosity 
or impaired pore continuity. On the other hand, as the soil dries, the greatest impact 
on root elongation is through the increased soil strength. This is discussed in the 
following paragraph. Further, as the root and soil dry, shrinkage may result in 
reduced contact between the root and soil contributing to increased hydraulic resis-
tance at the interface and inhibition of the function of the root in water uptake. 
However, the significance of this for hydraulic resistance is still unclear (Ahmed 
et al. 2018). Root hairs and mucilage may play an important role in maintaining 
connectivity (Carminati et al. 2017a, b). Finally, for a water supply that does not 
restrict root growth, the pore size distribution should be made up of greater than 
15% macropores (i.e. transmission pores >30 μm equivalent diameter) and greater 
than 20% mesopores (0.2–30 μm equivalent diameter) (Cockroft and Olsson 1997). 
The hydraulic conductivity of the bulk soil per se rarely restricts water supply to a 
level that would impair growth (Dexter 1988).
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13.2.4  Mechanical Resistance

Soil mechanical resistance is a critical characteristic governing the rate of root 
growth. A penetrometer resistance of 2 MPa is a useful representation of the soil 
strength above which root elongation will be impeded (da Silva et al. 1994; Clark 
et al. 2003). In reality, root growth elongation slows as resistance increases beyond 
a species-specific threshold until the resistance is great enough to stop further elon-
gation (McKenzie et al. 2011). The resistances at which elongation begins to slow 
and at which growth stops vary among species. While species differ in their ability 
to exert axial root growth pressure, differences are more clearly related to root diam-
eter (Boone 1988; Materechera et al. 1991; Misra 1997; Clark et al. 2003).

Soil mechanical resistance can vary with a number of characteristics, including 
texture and compaction (Kirkegaard et al. 1992; Iijima and Kato 2007). Importantly 
it also varies substantially with soil water content because soil strength increases 
exponentially as the soil dries (Stirzaker et al. 1996; Iijima and Kato 2007; Bengough 
et al. 2011). However, Bengough and co-workers (2011) highlight that even in wet 
soils, with matric potentials as high as −100 to −200 kPa, mechanical resistance can 
still be high enough to decrease root elongation rates by 50%.

When any of the above requirements are not met, there will be poor root system 
growth and development and therefore a reduced capacity of the crop to access soil 
resources. While soil physical properties may limit root growth either in the topsoil 
or the subsoil, these constraints have been identified as particularly problematic for 
root growth in subsoils (Adcock et al. 2007; MacEwan et al. 2010; McDonald et al. 
2013; Lynch and Wojciechowski 2015), especially when the topsoil contains insuf-
ficient water and nutrients (Wong and Asseng 2007).

13.3  Soil Water Availability

Inhospitable subsoils commonly combine a number of constraints that can reduce 
water infiltration and drainage rates as well as the soil’s water storage capacity due 
to lower total porosity, an altered pore size distribution and reduced pore continuity 
(Stirzaker et al. 1996; Bengough 2003; Gregory 2007; MacEwan et al. 2010; Lipiec 
et al. 2012; Gao et al. 2016; Pires et al. 2017). The net result is a change in the 
amount of water available for use by the crop and potentially a change in the timing 
of when it is available.

Compaction is frequently found to reduce water movement into the subsoil. 
Mossadeghi-Bjorklund et  al. (2016) showed a significant reduction in hydraulic 
conductivity in the 0.3–0.5 m depth layer as a result of an imposed compaction 
treatment. This was associated with a reduction in the density of macropores, and 
there was also evidence that the compaction may have disrupted macropore conti-
nuity. Conversely, Hamza and Anderson (2003, 2008) achieved dramatic increases 
in infiltration rates due to subsoil cultivation across a number of soils with 
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compacted subsoil, although the conductivity of the subsoil was not measured. The 
outcome was an increased soil water content in the top 500 mm of the soil. Mohanty 
et al. (2007) also found a significant benefit in terms of water storage in response to 
subsoil cultivation on a Vertisol, although the increase was small.

While the usual impact of compaction on water dynamics is negative due to the 
retarded water movement into the soil resulting in lower water availability, this is 
not always the case. Thus, Singh et al. (2014) reported that on a highly permeable 
soil, imposing a compaction treatment reduced excessive drainage. This improved 
water retention as well as reducing nitrate losses via leaching.

Water movement in texture contrast soils can present particular problems. The 
saturated hydraulic conductivity of the subsoils may be less than 1–2 mm day−1 
(Belford et al. 1992; Dracup et al. 1992; Eastham and Gregory 2000). The low rate 
of water movement through the subsoil results in water accumulating in the more 
permeable layers above, leading to temporary perched water tables with the poten-
tial to cause waterlogging (Dracup et  al. 1992; Zhang et  al. 2004). In the 
Mediterranean-type climate of Western Australia, this typically occurs during win-
ter when rainfall often exceeds the potential evapotranspiration rate. Because crop 
evapotranspiration (ET) is close to the potential at this time, the differences in soil 
water status have little direct influence on crop water use (Eastham and Gregory 
2000). However, the outcome is likely to vary, depending on the dynamics of water 
availability versus the pattern of crop demand with development, as well as any 
secondary effects due to the impact of waterlogging on the crop, such as root system 
damage or impaired nutrient uptake.

Not only can subsoil constraints alter water supply by influencing infiltration and 
drainage, they have also been shown to alter the plant-available water-holding 
capacity (PAWC) of certain layers and thus the PAWC of the whole soil profile. 
Lipiec and co-workers (2012) showed that compaction led to less water being held 
in the plant-available range within the subsoil. Water in micropores of less than 
0.5 μm radius is held at low potential (very negative) and so is unavailable to the 
plant. Compaction reduced the total porosity in subsurface aggregates and decreased 
the volume of pores with 1–3 μm radius but increased the volume of pores with a 
radius less than 0.3 μm. The overall result was a reduction in the volume of pores 
holding water in the available range (ca. −10 to −1500 kPa). Similarly, Babalola 
and Lal (1977a) found that the PAWC of a gravel layer was reduced with increased 
gravel percentage. They found lower total porosity and differences in pore size dis-
tribution, which may have contributed to the differences in PAWC.

The benefit of removing a compaction layer has also been demonstrated at the 
crop scale. Sadras et al. (2005) found that deep cultivation reduced the lower limit 
of extraction measured for some soil layers under a wheat crop but had little influ-
ence on the drained upper limit, thus increasing the PAWC. That is, the amount of 
water available to the crop was increased. As these experiments focused at the crop 
level, the mechanisms underlying the change were not explored. It is therefore 
unclear to what extent the effects were due to alterations in water holding character-
istics of the soil or to the effectiveness of root exploration within the layer.
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Thus, overall, there is evidence that subsoil constraints can influence the storage 
of water in the profile through changes in infiltration rate, drainage rate and 
PAWC. However, the significance of such changes for crop performance will depend 
on the rainfall pattern and the dynamics of crop water demand.

13.4  Rate at Which Roots Explore the Soil Profile

Regardless of whether plant roots are in the subsoils or surface, they need to over-
come the resistance forces of the soil to penetrate the soil matrix (Bengough et al. 
2011; Jin et al. 2013). Soil mechanical resistance is often greater in the subsoil than 
in the soil surface due to overburden pressure, the presence of fewer roots and less 
fauna to create biopores, the potential presence of gravel layers and the lack of dis-
turbance by tillage (Unger 1979; Jin et al. 2013; Gao et al. 2016).

The pressure required for a plant root to penetrate the soil is the sum of the radial 
pressure required to expand a cavity and the axial pressure to overcome the fric-
tional resistance at the soil-root surface along the root (Bengough et al. 2011; Jin 
et al. 2013). The root-soil friction is reduced by the sloughing off of border cells and 
the production of mucilage at the root tips (Iijima et al. 2004; Gregory 2007). To 
allow the tip to advance against mechanical impedance, root hairs behind the root 
tip play an important role in providing anchorage. This is also important for allow-
ing the root to bend and change directions or to grow across an existing crack in the 
soil and re-enter the soil matrix (Bengough et al. 2011; Jin et al. 2013).

There are a number of soil factors whose influence on root growth is via their 
contribution to soil mechanical resistance. Taylor and Ratliff (1969) generated vari-
ation in resistance through differences in soil water potential and bulk density. They 
were able to derive a single relationship between resistance and root elongation rate 
of peanut across both sources of variation, emphasizing that the importance of the 
component variables was their contribution to mechanical resistance. The response 
curve suggested that a penetrometer resistance of 2.0 MPa would reduce the root 
extension rate by 50%.

The maximum rate at which roots penetrate downward into the soil (Fig. 13.2) is 
to some degree characteristic of a species (Dardanelli et al. 1997). For wheat, field 
measurements indicate a rate of descent of around 1.2–1.3 mm °C−1 day−1 (mm per 
degree-day) across sands and structured clay, and for winter and spring, genotypes 
(Kirkegaard and Lilley 2007; Thorup-Kristensen et  al. 2009). For soybean and 
maize, a rate of 2.0 mm °C−1 day−1 has been derived (Ordonez et al. 2018). Physical 
subsoil constraints, such as compaction or high gravel percentage, impede the 
descent of the roots and hence delay the time at which crops can access water held 
at different depths in the soil profile.

At the crop level, while high mechanical resistance due to compacted or gravel 
layers may retard the descent of the roots into the soil, the passage of roots through 
soil biopores and cracks means that the impact is not as great as might be calculated 
based on uniformly strong soil (Stirzaker et al. 1996). White and Kirkegaard (2010) 
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found that in a well-structured, high-strength soil, 85–100% of wheat roots in sub-
surface layers were in pores and cracks, with multiple roots occupying single voids. 
However, only 5% of pores were occupied by roots, which may reflect a lack of pore 
continuity, precluding roots from using a proportion of pores for vertical explora-
tion. Under controlled conditions, Hatano and co-workers (1988) demonstrated the 
importance of macropores for root growth by showing a correlation between the 
spatial distribution of pores and the distribution of maize roots across a number of 
soil types. Importantly, the data showed that the proportion of roots penetrating 
macropores, rather than the soil matrix, was higher in the soils with higher bulk 
density and lower water content, that is, in stronger soils. Volkmar (1996) also dem-
onstrated the increased dependence of root penetration on macropores as soils 
became drier. Interestingly, Stirzaker et al. (1996) demonstrated that the frequency 
of roots in pores of strong soil was three to four times higher than might have been 
expected based on probability.

While there is good evidence for the greater importance of soil pores for root 
extension in strong soils, the impact that this has on access to soil resources is likely 
to differ among species. For example, Athmann et al. (2013) found that the mode of 
contact between a root and the pore wall appears to differ between species. Barley 
with its fibrous root system and oilseed rape with its taproot system exhibited differ-
ent strategies. In barley, seminal roots made contact with the pore wall, growing few 
laterals but having many long root hairs. In oilseed rape, on the other hand, roots 
grew vertically down the centre of the pores, the root hairs were shorter and contact 
with the pore wall was made by the lateral roots. There is little information available 
on how other root system characteristics influence the ability of a plant to utilize 
pores in strong soil. It could be suggested that variation among species (or among 
genotypes within a species) in terms of the number of primary axes, the degree of 
branching and the root width could influence the ability of roots to grow into avail-
able pores and hence access resources in zones of high soil strength.

Both soil compaction and gravel content impede the descent of the rooting front 
through the impact of high mechanical resistance on the elongation of individual 
roots (Babalola and Lal 1977a, b; Taylor and Brar 1991; Popova et al. 2016). Field 
experiments assessing the benefits of deep cultivation can provide useful compari-
sons, demonstrating the impact of mechanical resistance in retarding the explora-
tion of the profile. In an early study, Barraclough and Weir (1988) examined the 
response of winter wheat to subsoil cultivation to remove a layer of high mechanical 
resistance. The ‘plough pan’ lay beneath the zone of cultivation with a peak pene-
trometer resistance at approximately 0.35 m. Four months after sowing, roots had 
reached 1.2 m in the treatment that received subsoil cultivation but only 0.40 m 
where the plough pan had remained. After this, however, vertical root penetration in 
the untreated soil was rapid. Tardieu (1994) cited earlier work in which it was found 
that the vertical penetration of maize roots through a clay loam soil was seriously 
retarded by an imposed compaction treatment until the drying profile began to 
develop cracks which allowed extension of roots through the layer of high mechani-
cal resistance. In both examples, root exploration of deeper layers was delayed until 
the constraint of the layer with high mechanical resistance was overcome. However, 
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such responses can show marked inter-annual variation. Rengasamy and Reid 
(1993a, b) showed that subsoil cultivation at 0.3 m could dramatically improve the 
vertical penetration rate of faba bean roots on a compacted silt loam. However, in 
the first year, roots in the compacted treatment had reached ca. 0.35 m by flowering, 
whereas where subsoil cultivation was used, roots had reached ca. 0.55 m, but in the 
second year, there was no difference in rooting depth until the beginning of pod 
filling.

The delay in vertical root exploration is strongly associated with access to soil 
resources. Radford et al. (2001) presented a good example of the impact of compac-
tion on retardation of the depth of soil water extraction. Comparing three intention-
ally compacted treatments to the control, they demonstrated that the most severe 
compaction treatment delayed the time at which the crop accessed water at a depth 
of 1.0 m by as much as 50 days. In terms of the depth of profile that could be utilized 
by the crop at a given time, at 50 days after sowing (DAS), the crop on the com-
pacted treatments was extracting to between 0.4 and 0.6  m, while on the non- 
compacted treatments, extraction had reached around 0.9  m. The most severely 
compacted treatment did not access water from 0.9 m until 100 DAS, at which time 
the non-compacted control was extracting from a depth of around 1.3 m.

The delayed exploration of the soil due to subsoil constraints means that a smaller 
proportion of the water in the profile is available to the plant at any given time. Thus, 
there is a reduced capacity to continue optimal crop growth if the soil water is not 
replenished by irrigation or rainfall. The significance of this for yield will therefore 
depend to a very great degree on the pattern of water inputs relative to the temporal 
development of crop demand and the PAWC of the soil.

13.5  Maximum Depth of Soil Exploration

Under unconstrained conditions, the maximum depth of soil exploration by the crop 
is determined by the rate of vertical root growth and the duration of root growth 
(Fig. 13.2). In annual crops, root growth, and hence vertical exploration, typically 
ceases sometime around the time of flowering or the start of seed filling (Dardanelli 
et al. 1997). A summary of typical roots depths for annual and perennial crops is 
reported by Costa and Coutinho (2022). As well as impeding the rate of exploration 
of the soil profile, subsoil constraints can limit the maximum depth of soil to which 
roots explore and hence from which water can be extracted. There are two ways in 
which this occurs: the constraint in a layer may be of sufficient magnitude to render 
it impenetrable to roots, thus dictating the maximum rooting depth, or the descent 
of roots may be delayed by constraints to such a degree that the soil is not fully 
explored before ontogenetic factors effectively stop root growth.

Soil strata of particularly high mechanical resistance, whether due to compac-
tion, high gravel content, cemented gravels or in some cases high clay subsoils, can 
present an absolute limit to root exploration (e.g. Dracup et al. 1992; Wong et al. 
2009; Khan et al. 2016). In such cases, the maximum amount of water available to 
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a crop is limited to that stored above the impenetrable layer. The impact that this has 
on water use and crop performance depends on the interaction of the depth of the 
constraint, soil water holding capacity above the constraint, the pattern of rainfall 
and crop management (Wong and Asseng 2006, 2007). The depth at which an 
impenetrable layer lies can vary markedly even within a field (Wong et al. 2008), 
which has consequences for the amount of water available to the crop, and hence 
crop yield, as well as the risk of drainage and leaching of nutrients (Wong et al. 
2006). In rainfed systems, the spatial variability in yield induced by impenetrable 
barriers is usually most marked in wet years. In dry seasons, crop growth across the 
site is more likely to be limited uniformly by water deficit, but in wet seasons, the 
profile is more likely be filled and the water accessible to the crop at any given posi-
tion in the field becomes a reflection of the depth of the impenetrable layer (Wong 
and Asseng 2006). Simulation analysis of the interaction of seasonal rainfall and 
agronomic inputs allows management to be varied spatially to reflect crop yield 
potential, as well as drainage and leaching risks (Wong and Asseng 2006). It can 
also provide important information to support the decision of whether correction of 
the subsoil condition is warranted.

In other situations, the depth of soil water extraction may be limited not by an 
absolute barrier but due to the rate of root descent being reduced. If root descent has 
been retarded sufficiently, ontogenetic limitations on the duration of significant root 
growth may mean exploration ceases before the roots have exploited the depth 
which a non-constrained root system might achieve. In the study of Radford et al. 
(2001), described earlier, although the rate of descent of the extraction front was 
delayed by the treatment with an intermediate degree of compaction, it ultimately 
reached the same depth as that in the non-compacted treatment. In the most severely 
compacted treatment, the rate of descent early in development was retarded to such 
an extent that although the subsequent rate of exploration was not different from 
that in the moderate compaction treatments, the ultimate depth of extraction was 
some 0.3 m shallower than the non-constrained treatment.

13.6  Efficiency of Extraction From a Soil Layer

Once a soil layer has been accessed by the root system, the rate at which water is 
removed and the amount of water that can be removed (Fig. 13.3) are influenced by 
both plant traits and soil properties (Meinke et al. 1993; Dardanelli et al. 1997). 
Subsoil constraints can reduce the efficiency with which water is extracted by the 
crop from any given soil volume in terms of either the rate of extraction or the pro-
portion of the soil water ultimately accessed by the crop. In addition to soil-based 
mechanisms, such as changes to water potential, content and movement, there are 
three groups of plant-based mechanisms by which this can occur: changes in the 
amount and disposition of roots within a layer, effects at the root/soil interface and 
alterations to morphology, anatomy and chemistry of individual roots.
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Since soil mechanical resistance reduces root elongation rate, the amount of 
roots in a layer of high resistance is typically less than if that layer had had lower 
resistance. Root length density (RLD) of potato has been shown to differ dramati-
cally between plots of contrasting soil resistance (Parker et al. 1989). Thus, crops 
such as potato, broccoli and lettuce have been shown to be highly responsive to 
treatments to remove layers with high mechanical resistance such as plough pans 
(Montagu et al. 1998; Guaman et al. 2016). The results of Guaman et al. (2016) are 
of particular interest. Inter-row subsoil cultivation reduced the soil penetration resis-
tance between 0 and 0.6 m in a soil with a strong plough pan, resulting in a 70% 
increase in the RLD in these layers. However, ‘biological subsoiling’ (the use of 
rotation crops to correct the plough pan) did not reduce the observed penetration 
resistance, but the RLD was still improved by the same amount. Further, a combina-
tion of the two treatments resulted in a 120% increase in RLD relative to the control.

Importantly, the removal of a layer with high mechanical resistance often results 
in greater root density in layers deeper in the soil. Differences in resistances in soil 
layers, around 0.3 m, have been shown to alter the RLD of wheat throughout the 
profile (Munkholm et al. 2008; Chen et al. 2014). However, in the work of Vocanson 
et al. (2006), the extent of such benefits appeared to differ with weather and geno-
type. Interpreting the mechanisms underlying field experiments such as these is 
somewhat difficult due to possible feedforward effects: That is, removing compac-
tion improves root proliferation which provides access to a greater amount of soil 
resources, thus improving crop growth, which in turn leads to more root prolifera-
tion. There would be a particular value in combining field-based studies with more 
mechanistic exploration of the factors contributing to the responses.

Within a given layer, the impact of mechanical resistance on water extraction is 
greater than might be expected on the basis of the difference in average RLD. This 
relates again to the importance of macropores and soil structure for root growth. 
Root distribution within a soil layer is not uniform. Examining a range of structured 
soil types under controlled traffic, Logsdon and Allmaras (1991) found significant 
clumping of maize and soybean roots in all layers and under all tillage methods. In 
this example, the roots were not constrained to biopores or significant cracks. The 
non-uniform and non-random distribution of roots in soils means that more of the 
soil volume is a greater distance from the nearest root than would otherwise be the 
case (Tardieu 1988; Logsdon and Allmaras 1991). This means that on the basis of 
geometry alone, water is less readily extracted from the soil (De Willigen 1987). As 
a result, residual water remains in unexplored parts of the soil matrix (Pardo et al. 
2000; Amato and Ritchie 2002). Thus, the extraction of water from the soil is slower 
and not all water is extracted from the soil matrix (Passioura 1991). In high strength 
soil, the dependence of roots on soil pores is greater (Hatano et al. 1988; Volkmar 
1996) because of the greater difficulty of penetrating the bulk soil. At the same time, 
the number of pores is lower and distribution less uniform (Hatano et al. 1988; Kim 
et al. 2010; Berisso et al. 2012). As a result, the non-uniformity of root distribution 
can be expected to be higher and the rate and extent of water extraction to be lower.

White and Kirkegaard (2010), working with a well-structured, high-strength soil, 
found that virtually all roots below a depth of 0.6  m occupied pores or cracks. 
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However, in this case, distribution did not differ significantly from random. An esti-
mation of the potential rate of water extraction suggested that the density and distri-
bution of roots was not likely to limit water uptake. This was not consistent with the 
significant proportion of residual water left by an adjacent crop even though it was 
growing under water limitation (Kirkegaard et al. 2007). The authors suggested that 
the discrepancy may have been due to limitations to hydraulic conductivity at the 
soil-root interface. Mechanisms that govern the rate of water transfer from the soil 
to the root require significant further research. In reviewing hydraulic processes in 
plant water uptake and their significance for the yield of water-limited grain crops, 
Ahmed and co-workers (2018) emphasized the need to better understand the trans-
fer of water between the bulk soil and the root vascular tissue as well as the signifi-
cance of the underlying processes at the plant and crop level. In particular, they 
stressed our limited knowledge of the role of mucilage, root hairs, soil-root contact 
and aquaporins. Both root hairs and root exudates are significant in overcoming 
high hydraulic resistance at the soil-root interface. Mucilage appears to play an 
important role in maintaining contact between the soil and the root as soil water 
declines and roots shrink (Ahmed et al. 2014; Carminati et al. 2017a). Similarly, it 
has been demonstrated that the presence of root hairs results in a smaller drop in 
water potential across the soil-root interface as the soil dries (Carminati et  al. 
2017b). In high-strength soils, the importance of these mechanisms is likely to be 
accentuated, because contact between the root and the soil matrix may be either 
particularly high or low. In the study of White and Kirkegaard (2010), mentioned 
earlier, most roots in the subsoil of a well-structured, high-strength soil were in 
pores and contacted the soil primarily via root hairs. By contrast, roots in cracks 
were adpressed to the soil surface and had few root hairs. Indeed, the density of root 
hairs could be related to the proportion of the root surface that was in contact with 
the soil. If high soil strength limits root hair elongation (Haling et al. 2014), their 
function in overcoming limited contact between the root and the soil may be 
reduced. The results of Haling et al. (2014) are consistent with the limited penetra-
tion of the pore wall observed by White and Kirkegaard (2010). Thus, the need for 
research into mechanisms influencing the rate of water transfer across the soil-root 
interface is of particular significance to the question of the influence subsoil con-
straints on crop water supply.

13.7  Consequences for Seasonal Crop Water Use

The magnitude of the impact of a subsoil constraint on crop water use, and hence 
yield, is modulated by many factors, including the amount and distribution of rain-
fall, the PAWC of the soil and the depth and severity of the constraint. The world’s 
major food crops, rice, wheat, maize and potato, are each grown across a wide range 
of climatic zones. For example, in Australia alone, wheat is grown in subtropical 
climates on predominantly stored soil water, in temperate climates with equi- 
seasonal rainfall and in Mediterranean-type climates with winter dominant rainfall 
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(Fig.  13.4.). In addition to climatic type, inter-annual variation also needs to be 
considered.

The influence of the pattern of rainfall relative to the time course of crop demand 
in modulating the significance of a subsoil constraint is demonstrated in the results 
of Rengasamy and Reid (1993b). Subsoil cultivation to remove compaction 
increased total crop ET of faba bean in one case but not in the other two. In one case, 
adequate rainfall late in the season met crop demand for water, and so no stress 
appears to have been encountered. In another, it appears that soil water was fully 
depleted in both the compacted and deep cultivated soils. These three possible out-
comes were conceptualized as generalized cases by Ahmed et al. (2018).

The impact of a subsoil constraint on water supply and crop performance is also 
dependent on soil type. Sadras et  al. (2005) found contrasting responses to the 
removal of subsoil compaction in different positions in the landscape (lower versus 
higher positions) that differed in soil type. They used deep cultivation to remove a 
compaction layer in a landscape with sandy-loam soil on low-lying land and sandy 
ridges. The treatments had little effect on water use (ET) of a wheat crop on the 
sandy-loam soils but increased ET by 30–40% on the sandy soil with transpiration 
increasing by up to 90%. The responses in crop growth were consistent with mea-
sured transpiration.

The complexity of the interaction between factors that alter the impact of subsoil 
constraints has been explored using dynamic simulation models of crop growth and 
yield. Wong and Asseng (2007) used a model to estimate the yield benefit to wheat 
crops from correcting subsoil constraints in sandy soils in a Mediterranean-type 
environment. They found that in lower rainfall regions or dry seasons, the benefit of 
correcting a constraint was small, as root and crop growth were limited by the depth 
of soil wetting before the constraint was reached. In wetter years and regions, the 

Fig. 13.4 Increase and then decline in water demand by an annual crop (solid line) compared to 
generalized rainfall patterns for a Mediterranean-type climate (dashed line) and a subtropical cli-
mate (dot-dash line)
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benefit was greater, because the constraint stopped the roots from accessing the 
water that would otherwise have been available for growth. They also found a 
greater average response on coarse texture soil, because the wetting front reached 
greater depths for a given amount of rainfall and the roots needed to penetrate 
deeper to access the same amount of water. Such analyses are important to support 
the decision to make investment in correcting a subsoil constraint. Lilley and 
Kirkegaard (2007) used the same model to examine the benefit to wheat of access to 
water located deep in the rooting zone. Working in a somewhat wetter, less strongly 
Mediterranean environment with heavier soils, they drew similar conclusions to 
Wong and Asseng (2007). They also found that the yield benefit of access to water 
deep in the profile was significantly altered by the amount of water available at sow-
ing. This points to the possible impact of agronomic decisions such as crop sequence 
(via the extent to which the previous crop depleted the soil water reserve) and sum-
mer fallow management on the benefit arising from correcting a subsoil constraint 
and raises the general question of the interaction between subsoil constraints and 
any agronomic practices that alter water availability or demand.

For cereal crops grown on stored soil moisture and with limited in-season rain-
fall, it is important to ensure adequate water supply remains to allow good grain size 
as a component of yield (Cornish and Lymbery 1987; Richards and Passioura 1989; 
Passioura 2006). Pre-anthesis water use supports the development of potential yield 
in terms of canopy development, the number of ears per unit area and the number of 
kernels per ear. Post-anthesis water use supports the filling of the reproductive sink. 
Thus, while the impact of subsoil constraints on total crop ET will be of primary 
importance, it is conceivable that delaying the timing of water use by the crop may 
also influence yield, yield components and quality. However, there is limited field- 
based information on such effects by subsoil constraints.

In summary, the influence of subsoil constraints on crop water use is known to be 
influenced by the amount and distribution of rainfall, soil type and the depth of the 
constraint. Given the complexity of the interactions and the importance of the tim-
ing of water supply to yield development in many crops, there is a need to develop 
a broader picture of the likely impact of subsoil constraints under different condi-
tions. Simulation modelling will be a useful tool in this regard to allow likely ben-
efits to be evaluated for different soil types, in different rainfall environments and in 
the context of inter-annual variation in rainfall and temperature.

13.8  Future Research Needs

While there is a significant amount of understanding about the mechanisms by 
which subsoil constraints influence the uptake of water by crops, there are still 
important aspects that need clarification or quantification. Three key areas are out-
lined here.
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13.8.1  Soil-Root Interface

Ahmed et  al. (2018) outlined a suite of questions that still need to be resolved 
regarding the mechanisms of water transfer from the bulk soil to the roots’ vascular 
elements. In addition, our understanding of the movement of water across the soil- 
root interface is not well integrated with our understanding of water uptake at the 
scale of the crop and soil profile. Linking these different process levels, and, in 
particular, defining how the processes at the interface are influenced by subsoil con-
straints, may contribute important information to our understanding of how crops 
respond to declining water availability under adverse soil conditions. The extent to 
which processes at the soil-root interface differ among species and the consequences 
of this for crop performance have also received little attention.

13.8.2  Crop Management and Soil Pores

Given the apparent importance of soil pores for the development and function of 
crop root systems, there is a need to strengthen our knowledge of the influence of 
crop management practices on pore size distribution, pore continuity and pore sta-
bility. This should not only focus on the influence of different cultivation methods 
and traffic management but should also encompass the interaction with crop rota-
tion, cover management and soil chemical amendment, which may influence the 
rate of development and persistence of pores of different sizes.

13.8.3  Quantifying Importance

At the whole crop level, subsoil constraints modify the availability of water both 
spatially and temporally. At the same time, they also influence the capacity of the 
crop to access that water, again, both in space and time. There are few studies which 
attempt to explore both sets of processes under the same conditions and so identify 
their relative importance and the extent to which they interact. The impact of these 
processes on the total amount of water used by a crop and the pattern of usage over 
the crop cycle will determine the magnitude of the impact on crop performance. 
Simulation studies, such as those of Wong and Asseng (2007) or Lilley and 
Kirkegaard (2007) that have evaluated the influence of access to water in the context 
of differing cropping systems, management, soil types and climatic zones, provide 
an important extrapolation to allow the agronomic importance of these processes to 
be seen in the context of inter-annual variation in rainfall. There would be particular 
value in applying this approach specifically to subsoil constraints, if the appropriate 
processes could be robustly captured in simulation routines. This is not facile. A 
substantial amount of research would need to be conducted to adequately quantify 
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responses in the component process and allow for calibration and validation. 
Integration and analysis at this level is fundamental to allow the extensive knowl-
edge of the influence of soil constraints on soil and plant processes to be used to 
inform agronomic decision-making.
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Chapter 14
Deep Soil Carbon: Characteristics 
and Measurement with Particular Bearing 
on Kaolinitic Profiles

Podjanee Sangmanee, Bernard Dell, David Henry, and Richard Harper

Abstract Deep soils are located in most continents of the world. Soil carbon mea-
surements are invariably made from the surface horizons, whereas much larger car-
bon stores occur to depths of many meters, with plant roots providing the main 
source of carbon. This root biomass persists long after land is deforested for agricul-
tural and other pursuits or forests are killed by pests and fires and may represent a 
considerable carbon store at the global scale. The impacts on these carbon stores of 
reforestation or climate change are mostly unknown as the estimation of root bio-
mass and carbon dynamics is challenging in deep soils. This chapter explores deep 
soil carbon from the perspectives of its definition, source, and persistence; method-
ologies available to study deep soil carbon; and the effect of land-use change on this 
carbon store.

Keywords Carbon measurement · Deep carbon · Kaolinitic profiles · Organic 
matter composition · Regolith · Rooting depth

14.1  Definitions

Deep soil is the entire upper weathering layer of the earth’s crust, which can be tens 
of meters deep (Ramaan 1928; Richter and Markewitz 1995). This chapter defines 
deep soil according to the original work on deep soil carbon in south-western 
Australia, where soils commonly have profiles greater than 5 m in depth where there 
is little influence of above-ground input of carbon (Harper and Tibbett 2013). 
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However, soil layers that lie above this arbitrary 5 m can be considered as a transi-
tion zone that contributes to the understanding of deep soils. Therefore, this zone is 
included in the review for some perspectives in relation to deep soil.

Historically, soil organic carbon has been measured as a proxy for soil organic 
matter, which is complex, may change over time, and is difficult to measure directly. 
As a result, soil organic matter has been defined differently according to methodolo-
gies used in order to understand dynamics of organic matter, and these mostly focus 
on surface soil (Rossell et al. 1998). For example, organic matter can be defined by 
physical (size and density), biological (soil microbial activity, microbial respira-
tion), and chemical (humin, humic, and fulvic acids) fractionations. Nevertheless, 
soil organic matter is well understood by the general definition given by the Soil 
Science Society of America (1979) as “the organic fraction of soil, including plant, 
animal and microbial residues, fresh and at all stages of decomposition, and the 
relatively resistant soil humus”.

The definition of soil organic carbon used in this chapter embraces the carbon 
components at the molecular scale, exclusive of decaying tissues, in size greater 
than 500 μm (more generally defined in the size range between 100 and 2000 μm). 
Organic carbon differing in sizes is partitioned using chemical techniques. For 
example, low-molecular-weight compounds (LMWC) are apolar to moderately 
polar volatile compounds that can be readily extracted using an organic solvent. 
Compared to LMWC, macro-organic carbon (MOC) comprises higher-molecular- 
weight compound that are non-volatile and needs extensive fragmentation before 
analysis.

14.2  Possible Sources of Organic Carbon and Its Occurrence 
in Deep Soils

14.2.1  Plant Roots

Roots play a key role in organic carbon translocation from the top of the vegetation 
canopy to the deepest root tips, and they also transport water and mineral nutrients 
upwards in the xylem (Brantley et al. 2011). Carbohydrates synthesized by photo-
synthesis facilitate the growth of vegetation as well as organisms in the rhizosphere 
communities (Bundt et al. 2001; Leake et al. 2004). Storage of carbon in soil is 
mainly contributed by root biomass, by root exudates, and by microbial and inver-
tebrate communities in the root zone. The main pathways of carbon capture and 
release in soil have been reviewed by Kell (2011, 2012). Leaching may redistribute 
some carbon independently from root distribution.

The study of deep roots has gained more attention after the meta-analyses of 
Canadell et al. (1996) and Jackson et al. (1996). Examples include studies up to 9 m 
in central Cambodia (Ohnuki et al. 2008) and 10 m in south-eastern Brazil (Laclau 
et al. 2013) and 20 m in central Texas, USA (Bleby et al. 2010). Root architectures 
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have evolved to exploit deep soils as adaptations to survive environmental stress. 
For example, in deep granitic regolith in Western Australia, sinker roots follow mac-
ropores to depths of ≥40 m (Dell et al. 1984). These authors observed much greater 
concentrations of soil organic matter in the macropores than in the bulk soil. The 
ecosystem within the macropore sheath was investigated in a duplex (i.e. texture 
contrast such as sand over clay) soil between the surface and 80 cm depth in south- 
eastern Australia by Pankhurst et al. (2002). The soil in the macropore sheath zone 
had higher organic carbon and microbial population compared to the bulk soil. 
Moreover, throughout the studied depth, roots located within the macropore sheath 
were observed to support microbial communities that were quantitatively and func-
tionally diverse.

The attributes of deep roots vary with plant species, soil characteristics, and land 
use and have been given particular attention in the literature. Rhizoliths, the calci-
fied roots in loess deposition underlying limestones and sandstones, were investi-
gated down to 2.5 m in Hungary (Huguet et al. 2013), 3 m in Serbia (Gocke et al. 
2014), and 9 m in Germany (Gocke et al. 2011). The inorganic and organic forms 
were radiocarbon dated to >3000 years BP (Gocke et al. 2011). Furthermore, lipids 
and alkanes were identified in rhizoliths (Huguet et al. 2012, 2013; Gocke et al. 
2014). However, the amounts of rhizolith carbon stored in subsoils and deep soils 
have not been evaluated.

Besides rhizoliths, fresh live roots were observed in 2.5–18 m deep profiles in the 
Chinese loess plateau by Wang et al. (2015). The storage of organic carbon in deep 
soil (5–21 m) was estimated under forest (47 ± 0.43 kgm−2) and permanent cropland 
(38 ± 0.47 kgm−2), but forms of carbon have not been characterized.

14.2.2  Other Living Sources of Carbon

Microbial biomass, the living microbial component in the soil ecosystem, is another 
source of soil carbon. Soil microorganisms responsible for litter decomposition and 
organic matter formation in surface soil have been studied intensively over many 
decades (Prescott 2010). By contrast, the role and abundance of microorganisms in 
deep soil are less well investigated. The implication of deep soil microorganisms 
was revealed when fungal remnants in the form of glucan were discovered in paddy 
soil sampled at a depth of 40–43 m in Japan (Kotake et al. 2013).

Microorganisms in groundwater indicate another potential source of deep soil 
carbon. These microorganisms share 6–40% of the prokaryotic biomass on earth, 
but this biomass hidden within the terrestrial subsurface has only been marginally 
explored to date (Griebler and Lueders 2009). Investigation of groundwater at 
depths of 15–90 m showed that overall bacterial abundance remained high (105 cell 
ml−1), even though the level of organic nutrients varied and dissolved oxygen was 
very low (<0.40 μg  L−1) (Roudnew et  al. 2012). However, microbial functional 

14 Deep Soil Carbon: Characteristics and Measurement with Particular Bearing…



350

diversity is influenced by land use and season due to water quality, nutrient avail-
ability, and other factors (Korbel et  al. 2013). For instance, microbial activity of 
groundwater at 10–30 m differed among irrigated cropping, non-irrigated cropping, 
and grazing land uses (Korbel et al. 2013). In addition to microorganisms, stygo-
fauna or aquatic animals contribute carbon at depth, and their abundance and rich-
ness also vary with different agricultural landscapes (Korbel et al. 2013). Recently, 
amino acids of bacterial debris and lignin-derived phenols were identified in DOC 
of groundwater collected from 76 m depth in a fractured rock zone (Shen et al. 2015).

Other living organisms such as earthworms and termites are often overlooked 
when quantifying deep soil carbon. However, a study on mineral exploration 
observed that vertical bioturbation of termites (Tumulitermes tumuli) exceeded 4 m, 
transporting gold from the subsoil for nest construction in the Western Australia 
Goldfield (Stewart et  al. 2012). In addition, earthworms play a role in shallower 
subsoils at 2  m depth (Major et  al. 2010). The giant Gippsland earthworm 
(Megascolides australis), endemic to an area of approximately 440 km2 of South 
Gippsland (Victoria, Australia), is an example of soil megafauna with an average 
weight of 200 g and length of 3 m that occupies depths of 1.5 m in clay soils. Land- 
use activities have led to vertical migration of the earthworm, but maximum depths 
have not been recorded (Van Praagh and Yen 2010). The burrows created by these 
living organisms facilitate preferential flow of organic material from surface layers 
to subsoils or perhaps into deep soils in some situations.

14.3  Stability of Deep Soil Carbon

The study of deep root decomposition is limited due to the challenge of sampling 
without contamination. Even though the carbon in deep soil is hard to access, the 
stabilities of deep soil were postulated and conclusions drawn from short-time 
(≤1 year) incubation of subsoils.

For example, ancient buried carbon was lost when incubated with fresh plant- 
derived carbon (Fontaine et al. 2007). Similarly, Zhang et al. (2015) demonstrated 
that the addition of sucrose triggered the degradation of labile and recalcitrant native 
loess carbon. A rhizosphere-positive priming effect was observed in trees grown 
under greenhouse conditions by Dijkstra and Cheng (2007), resulting in a net loss 
of soil carbon due to chemical interactions of soil and tree roots. The priming effect 
is generally promoted by simple compounds, which are favourable substrates for 
increasing microbial activity. However, the mechanism of exudate-induced native 
carbon loss is more complex. Recently, Keiluweit et al. (2015) found that the pro-
duction of root exudates, such as oxalic acid, can cause the loss of mineral protected- 
carbon, because the exudate, acting as a ligand, liberated carbon through 
complexation and dissolution reactions of the protective mineral phase. As a result, 
the process promotes microbial access and subsequent loss of mineral-protected 
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carbon. By contrast, the addition of pyrogenic carbon materials in the form of black 
carbon, charcoal, or biochar influences the stability of native carbon and may lead 
to positive or negative priming effects (Hernandez-Soriano et al. 2015; Keith et al. 
2009; McClean et al. 2016; Rittl et al. 2015; Weng et al. 2015).

The insertion of pyrogenic carbon into deep soil could occur from the in situ 
burning of woody roots or leaching of burnt carbon by facilitated transport through 
macropores. Burnt roots have been observed down to 3 m in a bauxitic profile at 
Weipa, in northern Australia (Eggleton and Taylor 2008). As there is no research on 
pyrogenic carbon in deep soil, the interaction between deep soil carbon and black 
carbon in relation to their stability should be investigated in future research.

14.4  Age of Deep Soil Carbon

Soil organic matter is the product of an ongoing process, and contamination by 
recent carbon leads to an underestimation of carbon age when determined by radio-
carbon dating (Trumbore 2000). With less disturbance, the age of deep soil organic 
carbon tends to be a more realistic estimate than for carbon in shallow soil. 
Understanding the residence time of carbon in deep soil could help predict the lon-
gevity of carbon storage and shed light on the global carbon balance.

Research has tended to focus on the rapid cycling of fine roots while ignoring the 
longevity of large woody root systems in deep soil, even though large amounts of 
carbon are allocated belowground. For example, Amazon trees aged from 200 to 
1400 years old were radiocarbon dated (Jefferey et al. 1998), but the residence time 
of carbon in roots was not assessed. The recycling of old carbon by fresh live roots 
was observed in boreal forests by Helmisaari et al. (2015), where 3-month-old fine 
roots, which developed in ingrowth cores, showed an apparent 14C age between 1 
and 20 years.

The residence time of woody roots has rarely been studied. However, modelling 
approaches may be useful to predict the cycling of coarse biomass (Galbraith et al. 
2013). Interestingly, the woody biomass residence time of Australian tropical for-
ests was highest (104 years) among 177 tropical forests across the world, and the 
heavily weathered soil was considered to be the main factor of the long residence 
time (Galbraith et al. 2013). The range of estimated mean residence times is very 
large, ranging from tens to thousands of years, as predicted from three forest eco-
systems of eastern China (Zhang et al. 2010).

On the other hand, similar degradation rates of coarse woody roots and stumps 
were observed in a field experiment in an Irish midlands forest by Olajuyigbe et al. 
(2010). However, the decay rate determined from carbon respiration varies with 
microbial activity, and an over simplification of carbon flux from coarse woody 
debris was demonstrated by Forrester et al. (2015), due to an inferred flux of micro-
bial CO2 emission.
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14.5  Methodology to Study Deep Soil Carbon

Many methods have been proposed for carbon quantification and characterization. 
Quantification has often focused on simply determining total organic carbon (TOC) 
content with samples by wet or dry combustion methods used in many laboratories. 
However, methods based on remote sensing (Angelopoulou et al. 2019) and a range 
of spectroscopic measurements (Izaurralde et al. 2013) are also being applied for 
quantifying soil carbon. Method principles, advantages, and disadvantages are sum-
marized by Chatterjee et al. (2009) and Rossell et al. (1998).

Characterization of soil carbon is usually directed to determining the nature and 
identity of the organic compounds in the soil that form the pool of TOC. Although 
it is possible to apply some spectroscopic techniques directly to soil samples (e.g. 
mid-infrared spectroscopy and solid-state nuclear magnetic resonance), these will 
only provide information on the functional groups present, not the identity of spe-
cific compounds. Furthermore, these approaches can be hampered by small concen-
tration of organic material, the complex nature of the soil matrix, and interference 
from inorganic components. Consequently, characterization often relies initially on 
extraction of organic material from soil. This is usually followed by separation of 
individual compounds using a chromatographic technique and finally identification 
using a spectroscopic technique, such as mass spectrometry. This section focuses on 
the methods that the authors consider to have the most potential for determining 
deep soil carbon. The range of methods is briefly described below.

14.5.1  Carbon Quantification Methods

 Dry Combustion Method

The principal steps of the dry combustion method are as follows: (i) the soil carbon 
is converted to CO2 by oxidizing the sample at a high temperature, (ii) CO2 gas is 
separated from other gases by either a chromatographic system or selective traps, 
and (iii) the concentration of CO2 is detected by thermal conductivity, mass spec-
troscopy, or infrared spectroscopy (Chatterjee et al. 2009). The main advantages are 
the direct measurement of C in the sample and the very low quantification limit. 
Therefore, this method is acknowledged as a benchmark method of carbon determi-
nation (Chatterjee et  al. 2009; De Vos et  al. 2007; Mikhailova et  al. 2003). This 
method was used to detect concentrations as low as 0.01% TOC (Harper and 
Tibbett 2013).
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 Wet Digestion Method

Wet digestion methods, such as the Walkley-Black method and Heanes method, are 
conventional methods that require limited apparatus and are inexpensive compared 
to the dry combustion method. Principally, the oxidizable matter is oxidized by an 
excess K2Cr2O7 solution and the reaction accelerated by adding H2SO4. The amount 
of oxidizable carbon in the sample is directly related to the amount of dichromate 
consumed according to the following equation.

 
2 6 3 2 3 82 2 7 2 4 2 4 3 2 2H Cr O H SO C Cr SO CO H O� � � � � � �

 

This in turn can be determined by ferrous sulphate titration of the excess dichro-
mate. However, the method generally suffers from variation in recovery due to 
insufficient heat being generated during the reactions. Consequently, the tube diges-
tion method has been developed in a number of laboratories (Bartlett and Ross 
1988; Edson and Mills 1955; Schollenberger 1927; Tyurin 1931) in which external 
heat is applied and the digestion time is extended. Application of external heat 
(135 °C for 30 min) was found by Heanes (1984) to be optimum, and this modifica-
tion has been widely employed for analysis of Australian soils. Note that recalci-
trant forms of C, such as charcoal, may not be oxidized, and also some inorganic 
compounds may be oxidized. Thus, the method may over- or underestimate the true 
organic C content of soil.

 Near-Infrared Spectroscopy

Infrared spectroscopy is a non-invasive tool for identifying functional groups that 
interact with energy in the infrared region of the electromagnetic spectrum. The 
infrared spectrum is divided into near- (14000–4000 cm−1), mid- (4000–400 cm−1), 
and far- (400–10 cm−1) infrared regions, but those regions that can identify func-
tional groups are restricted to the mid- and near-infrared. Near-infrared region 
(14000–4000 cm−1) spectroscopy measures the absorption of the C-H, N-H, O-H, 
C=O, S-H, CH2, and C-C groups of organic compounds (Berardo et al. 2005; He 
and Hu 2013). The potential of the method depends on a developed model for the 
calibration process, which normally needs chemometric techniques to extract the 
useful information from NIR spectra (Viscarra Rossel et al. 2006). The estimation 
of soil carbon by NIR has been reviewed by Bellon-Maurel and McBratney (2011) 
and Reeves (2010). The method has limitations for C-C groups as vibrations with 
low dipole variations are poorly detected.
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14.5.2  Soil Organic Matter Characterization Methods

Functional and molecular scale characterization techniques are essential to under-
stand deep soil carbon. Several methods are currently being employed for character-
ization of organic matter associated with bulk soils and organic carbon fractions.

 Mid-Infrared Spectroscopy

Mid-infrared spectroscopy (MIR) is being employed for characterization and iden-
tification of samples, because peaks obtained from interactions between functional 
groups and energy are more distinct compared to the NIR region. Functional groups 
of soil constituents identified by MIR are listed in Table 14.1.

Table 14.1 Group frequencies of soil constituents

Components organics Band regions (cm−1)

O-H stretching of carboxylic acids, phenols, alcohols 3500–3200
N-H stretching of amines, amides 3400–3200
Aromatic C-H stretching 3150–3000
Aliphatic C-H stretching 2970–2820
C = O stretching of carboxylic acids, amides, ketones 1750–1630
Salts of carboxylic acids
Asymmetric COO− stretching 1650–1540
Symmetric COO− stretching 1450–1360
C-H bending of –CH2- and –CH3- 1465–1440
C-O stretching, O-H bending of -COOH 1250–1200
C-O stretching of polysaccharide 1170–950
Components inorganics
Clay minerals and oxides
O-H stretching of structural OH
O-H bending of structural OH
Si-O-Si stretching

3750–3300
950–820
1200–970

Sorbed water
O-H stretching
O-H bending

3600–3300
1650–1620

Carbonates – Asym CO3

– Sym CO3

1600–1300
900–670

Phosphates 1200–1100
Sulphates 680–600

Source: Johnston and Aochi (1996)
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 Chromatographic Technique Coupled with Mass Spectroscopy

Conventional gas chromatography/mass spectrometry (GC/MS) is being used to 
identify organic carbon by many researchers. Basically, volatile organic carbon 
compounds are separated over a gas chromatograph and a compound subsequently 
identified by a mass spectrometer. Therefore, fragmentation of non-volatile carbon 
into a volatile form is required before GC/MS analysis, and this can be undertaken 
by thermochemolysis or pyrolysis and is reviewed by Derenne and Quénéa (2015) 
and Shadkami and Helleur (2010).

14.6  Carbon Components as a Tool for Identifying Sources 
of Soil Organic Carbon

Gas chromatography/mass spectrometry (GC/MS) facilitates the molecular charac-
terization and identification of carbon compounds in soil. Compounds detected by 
GC/MS may vary depending on organic carbon precursors, mainly plant molecules 
and microbial products. Secondary variations of compounds are dependent on sam-
ple preparation techniques as well as procedures.

Here, we briefly review the organic matter sources identified from carbon com-
ponents of LMWC and MOC. Both forms of carbon are considered, because carbon 
observed in kaolinitic regoliths is generally heterogeneous. Table 14.2. provides a 
summary of compounds derived from soil organic carbon, their origin, and environ-
mental significance. It is apparent that the contribution of deep soil carbon can be 
interpreted from multi-compounds obtained from chromatographic identification.

14.7  Deep Soils and Deep Carbon

14.7.1  Deep Soils in the World

Deep soils formed from in situ intense weathering and aeolian processes are wide-
spread in the world (Alavi Nezhad Khalil Abad et al. 2014; Bowler 1976; Ayling 
and McGowan 2006: Chevrier et al. 2006; Gaudin et al. 2011; Jones 1985; Lancaster 
2009; Stuut et al. 2009; Modenesi-Gauttieri et al. 2011). Terrestrial sediments such 
as loess deposits cover vast areas in north-west China (Wang et al. 2013), the Great 
Plain of North America (Bettis et al. 2003), the European Loess Belt (Vasiljević 
et al. 2014), and parts of Oceania such New Zealand (Raeside 1964). Deep kaolin-
itic profiles are abundant in many parts of the world, and this regolith material is 
explored further below.

Kaolinite genesis can be categorized into two groups according to the type of 
rocks. Primary kaolins are derived from in situ primary rocks and hydrothermal 
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Table 14.2 Summary of compounds of soil organic matter, their possible origin, and environmental 
significance

Assignment/compound Origin/environmental significance References

Alkanes (C7-C14) Lipid, usually microbial, 
completely degraded material, 
algal derived from organic matter 
in natural water

Almendros et al. 
1996
Buurman et al. 
2005, 2007; 
Frazier et al. 2003

6- and 7-monomethylalkanes, C17 
n-alkane

Cyanobacteria Hoshino and 
George 2015

Alkanes and alkenes (C14-C26) Lipid, usually plant cutin, suberin, 
or waxes

Buurman et al. 
2005, 2007

Alkanes and alkenes (C25-C33 odd) Higher plant waxes, fungi Otto and Simpson 
2007

Odd or even dominance on the 
mid-chain and long alkanes and 
alkene

Relative of non-degraded material 
over microbial material

Buurman et al. 
2005, 2007

Alkanols (C22-C32 even) Higher plant waxes, suberin van Bergen et al. 
1998; Otto and 
Simpson 2007

Alkanol (C26 dominant) Constituent in many grasses van Bergen et al. 
1998

Alkanoic acids Derive directly from plant or 
products from oxidation of other 
compounds such as alkanes and 
alkanols or lipids

van Bergen et al. 
1998

Branched-chain alkanoic acids Molecular evidence for microbial 
activity

van Bergen et al. 
1998

Alkyl esters Wax esters van Bergen et al. 
1998

Phytols, phytanols, sterols Polar waxes Franco et al. 2000
Alkanones In situ microbial oxidation of other 

lipid components
van Bergen et al. 
1998

β-Sitosterol, stigmasterol, canpesterol Steroids of plants Otto and Simpson 
2007

Ergosterol Steroids of fungi Otto and Simpson 
2007

Cholesterol Steroids of animals, fungi, and 
plants

Otto and Simpson 
2007

Cyclopentenone, cyclohexenes Polysaccharide Hatcher et al. 
2001; Page et al. 
2002

Furan, ethanoic acid Polysaccharide Heckman et al. 
2014

Anhydrosugar Polysaccharide Page et al. 2002
Acetic acid Polysaccharide Hatcher et al. 2001

(continued)
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Table 14.2 (continued)

Assignment/compound Origin/environmental significance References

Levoglucosan, levomanosan Polysaccharide/relative 
undecomposed cellulose or 
microbial polysaccharide

Sollins et al. 1996 
Helfrich et al. 2006

Alkylbenzene Polysaccharide/ lignin Nierop et al. 2001
4-Ethenylphenol, 
4-ethenyl-2-methoxyphenol

Angiosperm lignin-cellulose, the 
precursors are p-coumaric acid and 
ferulic acid, respectively

van Bergen et al. 
1998

Di-, trimethoxy benzene, trimethoxy 
toluene

Carbohydrates, tannins Frazier et al. 2003

Methyl phenol, methoxy phenol Lignin Heckman et al. 
2014

Vanillic acid Lignin of grasses Sáiz-Jiménez and 
De Leeuw 1986

Styrene Lignin Ralph and Hatfield 
1991

Methoxy benzene, methoxy benzoic 
acid, methyl ester

Proteins Frazier et al. 2003

Pyridine, methyl pyridine, 
benzonitrile, acetylbenzonitrile, 
indole, methyl indole, and 
diketodipyrole

Nitrogenous compound
Different origins including vegetal 
and microbial protein

Heckman et al. 
2014; van Bergen 
et al. 1998
Schulten and 
Schnitzer 1997; 
van Bergen et al. 
1998

9-Octadecenamide Compound extracted from polar 
wax of non-wetting sand under 
eucalyptus trees

Franco et al. 2000

Glucose, mannose, sucrose Carbohydrates of all organisms Otto and Simpson 
2007

Trehalose Carbohydrate of fungi Otto and Simpson 
2007

Galactosamine, glucosamine, 
mannosamine

Amino sugars of bacteria and fungi Otto and Simpson 
2007

Phenols Lignin, tannin, protein, 
polysaccharide

Nierop et al. 1999; 
Hatcher et al. 2001

Benzophenone Found in humic acids in soils 
under pine forest

González-Vila 
et al. 1987

alteration of volcanic rocks, while secondary kaolins are associated with sedimen-
tary rocks (Ekosse 2010). Locations of deep kaolinitic profiles are summarized in 
Table  14.3. Several deep kaolinitic profiles in Africa, such as in Mozambique 
(Pekkala et al. 2008) and Sierra Leonne (Warnsloh 2011), are being mined.
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Table 14.3 Locations of deep kaolinitic profiles in tropical and subtropical regions

Location Country Parent rock/Genesis
Depth 
(m) Reference

Asia/Oceania
Darling range, 
Western Australia

Australia In situ weathering of granite 20–
150

Anand and Paine 
(2002)

Fusui, Guangxi 
Province, Youjiang 
Basin

China Intense chemical weathering 
of sedimentary rock

20 Yu et al. (2014)

Northern Guizhou 
Province

China Deposition of limestone 5–17 Gu et al. (2013)

Kerala, southern 
India

India Intense weathering of 
khondalites and subsequently 
transported and deposited 
input into lakes

30 Nakagawa et al. 
(2006)

Johor, southern 
peninsular

Malaysia Weathering of granite 24 Alavi Nezhad Khalil 
Abad et al. (2014)

North/South America
Georgia Piedmont 
Province

USA Weathering of granite 10 White et al. (2001)

Amazon basin Brazil Origin/genesis of kaolin is 
under debate between 
weathering originating from 
sediments or sediment

10–60 Bonotto et al. (2007); 
da Costa et al. (2009); 
Montes et al. (2002)

Acoculco Mexico Alteration of the dacitic lavas 
and pyroclastic deposits

200 López-Hernández 
et al. (2009)

Africa
Cunene complex, 
southern Angola

Angola Transformation of basic 
anorthosites and gabbros

40 Saviano et al. (2005)

Djebel Debbagh, 
North-Eastern 
Algeria

Algeria Burial genesis and 
deformation of limestone

60–
200

Renac and Assassi 
(2009)

Makoro kaolin 
deposit, South- 
Eastern Botswana

Botswana Alteration of feldspathic 
arenites

50 Ekosse (2000)

Balkouin, Central 
Burkina Faso

Burkina 
Faso

In situ lateritization process 
of granitic rocks

12 Giorgis et al. (2014)

Burundi Burundi Weathering of basalt 1–3 Schirrmeister and 
Störr (1994)

Mayouom, Western 
Cameroon

Cameroon Hydrothermal alteration of 
feldspar- and
Mica-rich rocks

10–13 Njoya et al. (2006)

Bana, north-West 
Cameroon

Cameroon Weathering of granite 20 Wouatong et al. 
(1996)

Nsimi, South 
Cameroon

Cameroon Deep weathering from 
physical erosion of granite

38 Braun et al. (2012)

(continued)
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Table 14.3 (continued)

Location Country Parent rock/Genesis
Depth 
(m) Reference

Mada region, 
south-East 
Cameroon

Cameroon The basement rock is 
constituted by serpentinites 
which are intrusive in mica 
schists and quartzites

21 Ndjigui et al. (2009)

Kombelcha Ethiopia In situ weathering of granite 10 Fentaw and Mengistu 
(1998)

Bombowha Ethiopia Hydrothermal and in situ 
weathering of pegmatites and 
granites

11 Fentaw and Mengistu 
(1998)

Mahlangatsha 
Mountains

Swaziland In situ weathering of granites, 
gneisses, and acid volcanic

18–73 Hunter and Urie 
(1966)

Sidi El Bader Tunisia Alteration of sandstone 100 Felhi et al. (2008)
Buwambo deposit, 
Kampala

Uganda Weathering of granite 12 Nyakairu et al. (2001)

14.7.2  Deep Soils in South-Western Australia

Soils in south-western Australian landscapes have been intensively surveyed and 
studied by Anand and Paine (2002). Briefly, this region is characterized by a deep 
weathering profile formed on the Archean granites and gneisses of the Yilgarn 
Craton (Gilkes et al. 1973). Landscapes having soils that extend up to 150 m deep 
were described by Anand and Paine (2002), but typically the soils are shallower 
than this (McArthur 1991).

The two deep weathered soil profiles generally found in south-western Australia 
are a lateritic profile and a deep sand profile. The lateritic profile is mostly distrib-
uted across the Darling Range, the south-western part of the Yilgarn Craton where 
the Jarrah (Eucalyptus marginata) forest ecosystem has evolved (Dell and Havel 
1989). A typical lateritic profile averages about 20 m in thickness (Anand and Paine 
2002) and consists of six horizons: ferruginous (top soil and duricrust), mottled 
zone, pallid zone, saprolite, and bedrock. The bedrock is mostly granite, but veins 
of mafic rocks such as dolerite often occur.

Kaolinite is the predominant clay mineral in south-western Australia, resulting 
from intense weathering of granite (Viscarra Rossel 2011). Singh and Gilkes (1992) 
characterized clays from this region and found that approximately 80% of all clay 
types was kaolinite. Kaolinite occurs in the mottled, pallid, and saprolite zones at 
depths ranging from 2 to 50 m below the soil surface (Gilkes et al. 1973; McArthur 
1991) and tends to increase with depth (Sadleir and Gilkes 1976). Kaolinite inter-
acts with other soil materials, leading to the coating of sand-size quartz and filling 
of channels with iron oxide, and stained kaolin occurs throughout the regolith (Kew 
and Gilkes 2007; Kew et al. 2010).

Chemical and physical attributes of kaolinite are affected by the weathering pro-
cess, resulting in isomorphic substitution of Fe3+ and Al3+. Consequently, kaolinite 
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contains 2.5% of Fe2O3 in its structure and has a poor X-ray crystallinity index of 
5.4 (Singh and Gilkes 1992). The kaolinite in south-western Australia is higher in 
surface area (35 m2 g−1) and cation exchange capacity (56.7 mmolc kg−1) compared 
to standard kaolinites that normally have a surface area of 10 m2 g−1 and cation 
exchange capacity of 4.8 mmolc kg−1 (Singh and Gilkes 1992).

14.7.3  Deep Roots and Land-Use Change 
in South-Western Australia

Most woody vegetation in these dry sclerophyll forests exhibit dimorphic root sys-
tems: a shallow lateral root system supplying water and nutrients in the wet season, 
with groundwater taken up by the deep tap roots or sinker roots during the dry sea-
son (Dell and Havel 1989; Dawson and Pate 1996). The different bedrocks influence 
the characteristics of sinker root penetration. In doleritic profiles, numerous large 
and fine roots penetrate up to 40 m into deep clay horizons without root channels, 
whereas in the denser granitic profiles, roots access vertical root channels (recharge 
channels or macropores) to access water in deep soil profiles (Dell et  al. 1984). 
These root channels may allow tree roots to grow deeper into the pallid zone of 
granitic profiles than in doleritic profiles (Johnston et al. 1983), but further study is 
needed before a definitive conclusion can be drawn.

Like in many parts of the world, extensive land-use changes have taken place 
over the last 100 years, with deforestation of deep-rooted native vegetation to grow 
annual pastures and crops, and in some areas, reforestation with Eucalyptus spp. in 
recent decades. Unlike the deep-rooted perennial native vegetation, the rooting 
depth of Gatton panic (Megathyrsus maximus) pasture was 5.3 m after 5 years of 
planting, and a root depth of 1.5 m was observed in annual crops such as barley 
(Hordeum vulgare) and lupin (Lupinus angustifolius) (Ward et al. 2015). By con-
trast, root systems of 7-year-replanted eucalypts exploited soil water to at least 
8–10 m depth on several agricultural soils (Harper et al. 2009). Thus, the change in 
land use has resulted in a substantial decrease in the proportion of the soil profile 
being accessed by roots over the past century. The impact that this has had on the 
dynamics of deep soil carbon in the region is unknown.

In recent decades, extensive areas of forest with lateritic soils rich in aluminium 
hydroxide minerals have been mined for bauxite (McArthur 1991). Where the verti-
cal root channels become occluded during mining, the taproots and sinker roots of 
the revegetation species may be unable to penetrate below the depth of machine 
ripping (Szota et al. 2007), due to the hostile regolith. It would be interesting to 
explore whether root channels also become occluded under agricultural practices 
where the soil is annually tilled.

In south-western Australia, the study of deep roots after land-use change has 
been overlooked. Deep roots are affected by anthropogenic activities, such as min-
ing, road cutting, and agricultural activity (Figs. 14.1, 14.2 and 14.3). Opportunistic 
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Fig. 14.1 Karragullen gravel mine (32° 5′ 51″S, 16° 7′ 14″E): (a) a face in mine floor approxi-
mately 4 m height, (b) a bunch of roots penetrating through the duricrust zone, (c) tree roots pres-
ent at the bottom of the pit. (Photographs by P. Sangmanee)

observations of deep roots reveal that dead deep roots differ in their extent of 
decomposition across the landscape. Furthermore, char materials produced by fire 
may contribute to the subsoil carbon pool (Fig. 14.3b). The persistence of woody 
roots at depth and their contribution to global soil organic carbon stock accounting 
have yet to be investigated for this region.
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Fig. 14.2 Roadcut at Mundaring (32° 53′ 40″S, 116° 13′ 36″E): (a) profile approximately 20 m 
height showing pallid zone; (b) dead root fragments could be observed ubiquitously at the surface 
of cutting; (c) fragile woody root; (d) presence of woody roots at surface of cutting, scale in centi-
metres; (e) root surrounded with stain when observed closely, coin for scale. (Photographs by 
P. Sangmanee)
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Fig. 14.3 Agricultural grassland, Kalamunda (31° 58′ 13′S, 116° 7′ 38′E): (a) grass root penetrate 
down to 0.3 m; (b) charred materials 1 cm diameter size were observed at 0.5 m depth; (c) woody 
root located at 1 m, 0.3 m-ruler for scale; (d) decaying root of native Jarrah (E. marginata) was 
found at 1.5 m depth. Scale in centimetres. (Photographs by P. Sangmanee)

14.7.4  Deep Carbon Storage and Composition 
in South-Western Australia

Globally, the monitoring of soil carbon storage is limited to 0.3 m despite many 
soils being much deeper than this. Thus, measurements of soil carbon content were 
made in the deep soils at five sites across south-western Australia (Harper and 
Tibbett 2013). Soil carbon occurred in amounts of two to five times more than 
would normally be reported in the surface horizons, to depths of up to 38 m depth. 
This was despite the land having been deforested for up to 80 years. This raises 
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questions about the dynamics of these deeper carbon stores under the influence of 
both land-use and climate change.

Techniques were consequently developed to quantitatively and qualitatively 
determine small concentrations of carbon in deep soils (Sangmanee 2016; 
Sangmanee et al. 2017). There were marked differences in the composition of car-
bon compounds with depth. Near the surface (0–1 m), these were macromolecular 
organic compounds derived from lignin, polysaccharides, proteins, and terpenes, 
whereas at depth (11–12  m, 18–19  m), there were low-molecular-weight com-
pounds, such as 13-docosenamide, 13-docosenoate, xanthone, and benzophenone. 
The deeper compounds were likely derived from the roots of the previous forest, 
whereas the surface soils are affected by current land use. The in situ decomposition 
of deep roots was revealed by the pyridine compound.

While these results are from deep soils in south-western Australia, they have 
broader, global implications as shown in regions such as the Amazon (Nepstad et al. 
1994), where deep soils also occur. In particular, the results demonstrate that carbon 
contained in deep soils should be considered in global carbon accounting and that 
determining the fate of this carbon should be prioritized particularly given ongoing 
land-use change and climate change. Additionally, developing land-use systems that 
enhance the storage of carbon in deep soils appears to be a promising approach to 
enhancing carbon mitigation (Kell 2011, 2012).

14.8  Summary Remarks

Deep soil is potentially a large reservoir of carbon in terrestrial systems. Although 
deep soils are abundant in many regions, their carbon content to depth has been little 
studied. The implications of land-use change and climate change on these carbon 
stores, and the consequences on carbon accounting systems, are unknown. It is pos-
sible, however, that land-use systems could be developed that store considerably 
more carbon at depth (e.g. Kell 2011, 2012), given how the stores are caused pre-
dominantly by plant root activity.

In general, soil carbon content declines with depth as the influence of above- 
ground vegetation weakens, and there is likely to be a wide range of carbon com-
pounds differing in size and concentration varying within the soil profile. In order to 
estimate carbon storage in deep soil, including understanding its origin and stability, 
some consideration of methods used for the study of carbon will be necessary. So 
far, approaches for studying deep soil quantitatively and qualitatively are poorly 
developed, and this is an area that needs development.
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Chapter 15
Live Subsoils: Tropical Regolith and Biota 
Interactions

Carlos Ernesto Gonçalves Reynaud Schaefer and Fábio Soares de Oliveira

Abstract The effects of biota on the regolith occur at scales that range from the 
smallest organisms (bacteria) to the largest living ones (big trees). In this chapter, 
we examined how biological agents, especially plant roots, ants, and termites, play 
a key role in regolith and subsoil formation. We highlighted the processes of pedo-
turbation, microaggregate genesis, chemical reactions in the rhizosphere, and soil 
morphological organization. The biological turnover of soils through the action of 
termites and ants is discussed, emphasizing its importance in the long-term evolu-
tion of tropical soils and subsoils.

Keywords Ants · Bioturbation · Latosols · Regolith · Rhizosphere · Termites

15.1  Introduction

Terrestrial soils and associated subsoils/regoliths are living entities, representing highly 
complex systems. Since the emergence of plant life on land, at circa 400 MA B.P., all 
basic geochemical processes responsible for regolith formation have been, continuously 
and progressively, completely refashioned by the long-term effects of biota, not only by 
direct effects (roots, galleries, biochannels) but also by mediating biochemical processes 
at the surface, capable of exerting a deep influence into the subsoil.

The chemical reactions based on simplistic equations driving weathering (e.g. 
carbonic acid and H+ from water hydrolysis) are usually presented in textbooks, 
with little regard to biotic weathering. The main reason for this negligence is the 
complexity of biochemical/organic chemistry processes leading to biological 
weathering, so that its understanding is beyond the scope of simplified 
regolith/weathering studies.
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However, biological weathering was recognized as a key factor since the early 
days of pedology. Since the seminal works of Charles Darwin (1844, 1881) that 
clearly showed how the humus-rich topsoils on limestones, or more technically 
mollic epipedon (Johnson 1993), was created by worm activity, both biochemically 
and biomechanically, much has been published on the biomantle concept, across all 
latitudes, and under the action of various agents. The basic principle advocated by 
Darwin, and later broadened, was the simple movement of particles against the 
gravity law, by soil ingestion at lower depths, followed by deposition on the surface 
as faecal castings, representing a slow process of upward translocation of fine soil 
material. In consequence, any larger particles unworked by the biological agent, 
such as gravels and artefacts that cannot be ingested or moved, will slowly sink, 
eventually producing a biomantle as deep as the lower zone of faunal bioturbation, 
and usually separated by a stone-layer at its lower boundary.

As pointed out by Johnson (2002), Darwin just missed the opportunity of coining 
and defining specific terms, like bioturbation, biomechanical processes, textural dif-
ferentiation, biomantle, mollic epipedon, stone line, and artefact line, which came 
much later. Different observations pointing to the same overall process came from 
biogeographers (von Ihering 1882), biologists-naturalists (Drummond 1888; Seton 
1904), anthropologists (Holmes 1893), entomologists (Gounelle 1896), geologists 
(Keilhack 1899; Shaler 1891), geomorphologists (Passarge 1904), pedologists 
(Hilgard 1906), and marine sedimentologists (Davison 1891). Reading of these 
classics are, even today, illuminating for a renewed perspective on the biomantle, 
especially in the tropics.

The truth is that soil functioning is substantially affected by soil organisms in 
many effective ways, and from many perspectives, including as the basis for, and 
maintenance of, sustainable agricultural fertility (Kibblewhite et al. 2008). The soil 
biota is conceived of as the ‘biological engine of the Earth’ (Ritz et al. 2004), driv-
ing and modulating many of the key process that occur in soils and subsoils.

The effects of biota on the regolith occur at scales from 10−9 to 102 m (Field and 
Little 2008), corresponding with the activities of the smallest organisms (bacteria) 
to the largest living ones (big trees). Hence, biological reorganization of the regolith 
operates at various scales, simultaneously.

In this chapter, we examine how biological agents play a key role in regolith/subsoil 
formation, emphasizing the combined influences of vegetation and soil faunal 
dwellers, especially ants and termites, in the long-term evolution of tropical soils 
and subsoils.

15.2  Importance of Soil Fauna and Vegetation 
in Regolith Formation

Since the early days of pedology (Dokuchaev 1883), soil fauna was considered to 
play a key role in soil genesis. Dokuchaev, the father of soil science, emphasized 
that the soil is a biogeocenosis, in which fauna occupies an integral part (Rode 1962). 
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This is mirrored in the subsequent works of Kubiena (1948) and Slager (1966). On 
the other hand, termite ecologists also recognized the importance of these organ-
isms to soil formation (Pendleton and Sharasuvanas 1942; Nye 1955).

The role of biota in the genesis of regoliths was reported through its influence on 
several attributes, with emphasis on the origin and evolution of soil structures 
(Martin 1945; Harris et al. 1966; Tisdale and Oades 1979; Fregonezi et al. 2001), 
especially the homogeneous microgranular type (Lee and Wood 1971; Garnier- 
Sillam et al. 1985; Eschenbrenner 1986; Kooyman and Onck 1987; Lavelle et al. 
1992; Black and Okwakol 1997; Dangerfield et  al. 1998; Jungerius et  al. 1999; 
Schaefer 2001; Reatto et al. 2009), nutrient availability and physicochemical prop-
erties (Lal 1988; Black and Okwakol 1997; Holt et al. 1998; Schaefer et al. 2004; 
Sarcinelli et al. 2009), changes in soil porosity and water circulation (Lavelle and 
Pashanasi 1989; Taylor and Brar 1991; Lee and Foster 1991; Miklós 1993; Mando 
and Stroosnijder 1999), organic matter accumulation, and formation of pedofea-
tures (Sleeman and Brewer 1972; Bullock et al. 1985; Simas et al. 2005). Zimmerman 
et al. (1982) calculated that approximately two third of the tropical land mass is 
inhabited by termites.

The most comprehensive study of termites in soil formation in Africa is that of 
Wielemaker (1984) in Kenya, who clearly demonstrated that such organisms are 
responsible for deep regoliths and Latosols, associated with B horizon structure 
formation. Similar results were presented by Schaefer (2001) for Brazil (Fig. 15.1), 
who identified the Plio-Pleistocene regoliths as related to long-term biological 
activity, despite the classical disregard of soil fauna in Brazilian and North America 
geomorphology (Ruhe 1959; Bigarella et al. 1965).

The rapid, direct transformation of subsoils into stable microgranular structured 
soils has been demonstrated by Schaefer (2021) in a termite nest study on a deeply 
weathered saprolite on gneiss near Viçosa City, Minas Gerais State, Brazil 
(Fig.  15.2). There, the growth of a Cornitermes colony was studied on exposed 
saprolite, after 6 years of evolution. Structural and chemical changes are summa-
rized in Fig. 15.2 and show the fast conversion of an alteromorphic saprolite into a 
stable well-structured soil (Latosol), after 6 years of pedobioturbation.

The role of biota in the genesis and evolution of regolith requires a multiscale 
approach. Field and Little (2008) emphasize that the influence of fauna and vegeta-
tion occurs from the microscopic scale, with emphasis on the role of microorgan-
isms in weathering and rhizosphere reactions, to the mesoscale, by biogeochemical 
transport promoted by plants, root growth, tree fall, and bioturbation, and in the 
macroscale, with the influence of vegetation phases and erosive processes, weather-
ing, and water circulation (hydrobiogeochemical cycles). In summary, living organ-
isms can act on weathering processes and regolith formation at different scales/
processes (Fig. 15.3).

Emphasizing the microscale in a very comprehensive review, Banfield et  al. 
(1999) demonstrated how microorganisms play a key role in weathering and min-
eral dissolution in the rhizosphere environment. For example, the cycling of N is 
basically controlled by microbes, since it is not available from silicate weathering, 
but is fixed from the atmosphere by symbiotic microbes with plants, or free-living 
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Fig. 15.1 The distribution of present-day Latosols in Brazil and the Late Cenozoic regoliths (in 
situ), illustrating that, except for the Upper Amazon Solimoes Formation, where Plinthosols are 
dominant, most areas of Latosols are underlain by this extensive Plio-Pleistocene cover related to 
long-term biological activity. (Schaefer 2001)

organisms. Also, mineralization and nitrification of N in the regolith are biologi-
cally mediated processes (Field and Little 2008). Soil fungi, especially mycorrhi-
zae, are key components of the regolith and critical to plant growth. Yuan et  al. 
(2004) showed that mycorrhizae were capable of acidifying K-interlayered vermic-
ulite, leading to further weathering.

Hence, organic matter (live and dead) and all myriad of microorganisms are criti-
cal components of regolith weathering (Huang 2000), through the alteration of sec-
ondary and primary minerals. All scales of the three-dimensional regolith should be 
considered here, from molecular to microenvironmental level. However, it is in the 
rhizosphere microenvironment that most active biomolecules are formed, in a nar-
row zone of intense biological activity surrounding roots. The micro-interface sur-
rounding roots is the zone where soil minerals, organic matter, and organisms are 
found, closely associated  – representing the most bioactive zone in the regolith 
(Jones et al. 2003) (Fig. 15.4).

One key aspect of the rhizosphere that has recently received attention is mycor-
rhizal symbiosis, as an evolved nutrient uptake pathway for many plant species 
(Brundrett 2002), especially for P and K uptake (Fomina et al. 2005) and to decrease 
trace metal toxicity (Raapana and Field 2006). Given that mycorrhizae-infected 
roots have an expanded surface area, they explore a large volume of regolith, with 
great influence on chemical weathering.

The challenging nature of rhizosphere studies is due to the fine scale of investiga-
tion, besides the variety of biochemical interactions occurring. Novel combined 
techniques, such as fatty acid methyl esters (FAME) or polymerase chain reaction 
denaturing gradient gel electrophoresis (PRC DGGE), have been able to identify 
changes in microbial community structure and functioning in the rhizosphere, with 
promising results (Kozdrój and van Elsas 2000; Widmer et al. 2001).
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Fig. 15.2 Pedological and physical (illustration above, and optical microscope photomicrograph – 
OMP) transformation of an exposed saprolite into stable-structured soil promoted by termites 
(Cornitermes sp.) on a 6-years exposed road cutting near Viçosa, Minas Gerais State, Brazil. (a): 
weathered part of the external wall showing the release of micropeds following weathering; (b): 
mound-wall aggregate of saprolite nature, containing abundant mica, enclosed within a kaolinitic 
groundmass, and C: large termitic aggregate at the termite wall. (Adapted from Schaefer (2001))
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Fig. 15.3 The role for living organisms in weathering and regolith formation at different scales/
processes

Fig. 15.4 Schematic of the rhizosphere as an important bioactive zone in the regolith. (Adapted 
from Field and Little 2008)

In a Latosol sequence at the Mares de Morros (Sea of Hills), Sarcinelli et al. 
(2009) observed significant chemical alterations on soils by termite mounds. Termite 
mounds showed higher pH and lower exchangeable Al than adjacent soils. A higher 
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concentration of C, P, and N in the mounds relative to adjacent soil was associated 
with organic matter incorporated by termites, as faecal pellets mixed with saliva, 
during nest building.

In this region, termites can bring up to 7.5  m3  ha−1  year−1 or 13.0  t of soil 
ha−1 year−1 from deeper layers to the surface during their mound-building activity, 
usually from the contact between B horizon and saprolites (Schaefer 2001). The 
mounds, once subjected to weathering processes, redistribute a relatively less 
weathered soil material on the surface. Sarcinelli et al. (2009) indicate that a consid-
erable effect of termites on tropical Latosol properties exists. This is associated with 
their role in nutrient cycling and renewal of mineral soil brought to the surface from 
digging up saprolites. Dating of latosol profiles at 150–200 cm depth indicates ages 
between 2500 and 6000 y. BP, which are very consistent with turnover rates calcu-
lated by termite activity (Gouveia and Pessenda 2000).

Micromorphological study of the distinctive Latosol (Oxisol) microstructure, 
usually compared to ‘coffee powder’, reinforces the notion that termite activity can 
have an essential role on it. Thus, they should be considered as a factor in Latosol 
genesis. Evidence gathered from various studies corroborate termites’ role as eco-
system engineers and, specifically, tropical soils engineers.

15.3  The Biological Turnover of Soils

The deeply weathered nature of tropical regoliths requires a long-term evolution 
under a consistent hydrological setting favourable for water infiltration to increasing 
depths and accounting for widespread hydrolysis of parent rocks, as well as adapta-
tion of angiosperms to nutrient and water uptake in deep, nutrient-depleted soil.

Bioturbation is the main process leading to vertical homogenization of soils (van 
Bremen and Buurman 1998) and the only one that counteracts the stratification 
associated with soil forming factors that leads to A, E, and Bt horizons. Excavations, 
burrowing, and drilling, both upwards or downwards, results in a complete homog-
enization of Latosols, with a typical microstructure, to a given depth. The depth of 
Bw closely matches the depth of biological invasion by ants and termites 
(Schaefer 2001).

15.3.1  The Termites: Evolution, Role, Long Term Effects

Termite are very demanding with reference to climate, although they can be found 
in the intertropical zone from rainforest to semi-desert vegetation types, regardless 
of soil drainage. Some requirements are key for termite occurrence: (i) food avail-
ability (ii) high temperatures (tropical or subtropical) (iii) soil moisture (iv) soil 
depth for resting (v) clay or organic matter for building nests and (vi) low distur-
bance/low risk of inundation (Abe et al. 2000).
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Soil-dwelling termites evolved since the Juro-Cretaceous age by developing 
unique adaptations to deal with high Al- and Fe-oxyhydroxides in soils, the insolu-
ble products of tropical weathering, that have a high affinity for phosphorus. One 
such adaptation is the highly alkaline pH of the mid-gut of humus-eating termites 
(Bignell and Anderson 1988; Bignell and Eggleton 2000; Bignell 2006; Kappler 
and Brune 1999), accounting for over half of the termite species (Brune and Kuhl 
1996). By digesting soil materials under high pH, they can dissolve P bound to Al 
and Fe oxides, which is otherwise totally unavailable under natural soil conditions. 
The increasing P availability had a by-product: the partial dissolution of kaolinite 
also ingested by termites, ending up in increased Si losses by leaching. In the long 
term, we suggest that soil-eating termites had a role not only on the organic matter 
stability of tropical soils, which is related to the recently found ability of termites to 
degrade lignin (Breznak and Brune 1994; Brune et al. 1995), but also on the mineral 
stability of tropical soils, by enhancing Si losses and decreasing kaolinite crystallin-
ity. This is why tropical Latosols are unique.

Studies on kaolinite crystallinity in tropical soils strongly corroborate this postu-
late. An abrupt and enigmatic change in kaolinite crystals, which is found across the 
few centimetres that separate the B horizons from the underlying saprolites (Varajão 
et al. 2001; Schaefer 2001; Schaefer et al. 2002, 2008), suggests that some biologi-
cal process in that zone affects kaolinite stability. The kaolinite of saprolite, where 
no soil ingestion has yet occurred, are much larger and more crystalline, compared 
with the overlying low-crystalline Bw kaolinites, usually separated by a stone line.

Brune and Kuhl (1996) suggest that termites developed high pH in their gut to 
enable the digestion of soil bacteria and make polyphenolic compounds that were 
soluble and unable to bind peptide nitrogen compounds, but P uptake would be even 
more important in nutritional terms. Sodium/potassium hydroxides are the best 
extracting media of phosphate from soil. Passing the alkaline mid-gut, kaolinite, 
and other silicates would be severely attacked, leaving a colloidal silica fraction 
mixed with partially dissolved kaolinite to be acidified in the following digesting 
tract, the acid hindgut. By doing so, soil ingested will be eventually less crystalline, 
poorer in P, and with more humified organic compounds, before it is excreted.

Termite can account for 2% of the world’s carbon dioxide emission and 4% of 
the atmospheric methane (Sanderson 1996), representing an herbivory that equals 
that of vertebrates (Wood and Sands 1978). A single termite individual eats 2 kg of 
soil year−1, while a colony can consume >38,000 kg (Apicotermes). Their density 
varies, but under the Atlantic Forest, 300–600 nests ha−1 are common, whereas 
under Cerrado (savanna), 900–1200 nests ha−1, densities that illustrate how large 
their influence is upon the soils.

Since termites first evolved from primitive cockroach-like Triassic species 
(Emerson 1955), the relation between Latosols, laterites, and termites is broadly 
supported by palaeontology, since Latosols and Laterites became widespread by the 
Juro-Cretaceous, when most present-day termites were already in existence, and 
rapidly spreading throughout the tropics.
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Tree roots remove silicon from the B horizon already transformed by termite 
ingestion and add it to the surface, keeping the kaolinite equilibrium, whereas 
gibbsite (bauxite) is formed in deeper subsoil, not reached by roots and termite gal-
leries (Oliveira et al. 2014).

Silicon released into soil solution would have different fates under contrasting 
climates: in the semiarid zones, like northern Australia, free Si may have produced 
amorphous widespread silcretes (Si-duricrust), by cementing Si into a hard matrix. 
Conversely, with increasing Si losses in the humid tropics, trees would concentrate 
Si by cycling at the surface so as to promote kaolinite neoformation in the B hori-
zon, leaving the Si-depleted saprolite richer in bauxite. This would explain why 
bauxites are overlain by kaolinitic soils, as described by Lucas et  al. (1993) in 
Amazonia, Mateus et  al. (2017) in Minas Gerais, and Oliveira et  al. (2013) in 
Central Brazil.

The formation of bauxite-rich Latosols is consistent with Schaefer (2001), who 
has linked termites to the formation of Latosols in Brazil. It would also explain the 
large deposits of bauxite (aluminium hydroxide) formed from different parent mate-
rials. Chronologically, the long-term evolution of the weathering can be illustrated 
below. In the incipient phase, there are increasing rates of regolith formation, medi-
ated by growing biomass, greater leaching, and termite activity. In the peak phase, 
leaching, biomass, and regolith formation reach a maximum and then begin to 
decrease, progressively. With time, in the last phase, when the termite role remains 
prominent, the regolith attains a steady state of lower evolution with stable and 
residual products of alteration and very low nutrient reserves, a constant rate of 
aerosol inputs and very low leaching of deep pre-weathered mantles (Fig. 15.5).

Fig. 15.5 Schematic diagram illustrating the process of weathering coupled with different eco-
logical dynamics, partially inspired in Kronberg and Nesbitt (1981). The time periods represented 
by the letters A, B, C, and D on the X axis represent the timescale of, respectively, 10–102, 103–104, 
105–106, and >106 years
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Fig. 15.6 Areas of occurrence of the main Atta ants in Brazil, showing the large spatial distribu-
tion of some species, such as Atta cephalotes, Atta laevigata, and Atta sexdens. Some species, like 
A. cephalotes, are exclusively found on rainforest (Amazonia and southern Bahia), whereas Atta 
opaciceps is closely associated with semi-arid areas of NE Brazil (Schaefer et al., 2021)

15.3.2  Ants and Subsoils: A Complementary Effect for Deep 
Latosol Formation and Regolith Deepening

Ants belong to different trophic levels, in which leafcutter and harvester ants are 
primary consumers of great importance in the neotropics and elsewhere (Folgarait 
1998) (Fig. 15.6) and can be classified as ecosystem engineers (Jones et al. 1994). 
Atta ants, for instance, have a strong role in soil structure formation and processes, 
which directly and indirectly affect the flows of energy and material in terrestrial 
ecosystems, creating prominent effects on the habitats of other species (Guerra et al. 
2007, Schaefer et al. 2021). Leafcutter ants can reduce 17% of the annual leaf pro-
duction of a tropical forest (Cherret 1989), and one Atta nest can consume 1–2 Mg 
of fresh leaf material per year (Coutinho 1982).

Ant mounds have a myriad of myrmecophile inhabitants, all specialized (living 
on refuse piles, brood, abandoned chambers). These mounds are commonly pre-
ferred sites for plant establishment and may also allow the development of a 
rhizosphere- related fauna. Not only are the well-known basidiomycete fungi culti-
vated by leafcutter ants (Weber 1972), but other microorganisms can be also associ-
ated with ant nests, notably mycorrhizae (Friese and Allen 1993), helping P uptake 
in nutrient-depleted soils. Also, other non-mycorrhizal microorganisms may also 
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favour plant productivity in richer anthill soils (McGinley et al. 1994). In general, 
soil and subsoil processes are strongly influenced by ant turnover, not only increas-
ing the concentrations of nutrients in a deeply weathered and unfertile soil (Petal 
et al. 1977) but also collecting subsoils with finer texture, usually clay, and deposit-
ing it on the soil surface.

Soil modification by ant nest building involves physical and chemical changes in 
key soil properties. Ants increase soil and subsoil drainage and aeration through 
underground galleries. At the surface, they promote organic matter stability by 
organic matter-clay interactions and incorporate nutrients in subsoils by food stor-
age (Brian 1978). Bioturbation effects occur both in topsoil and subsoil, and the 
amount of subsoil translocated upwards reaches gigantic values, unmatched to any 
social insect. A single colony of Atta sexdens covered an area of 100 m2, occupied a 
volume of 23 m3 in the subsoil, with a total of 40 tonnes of translocated soil (Autori 
1947). Soil brought from deep subsoils are also packed into pre-existing chambers, 
forming smooth-walled chambers and galleries (Eschenbrenner 1994), lined with 
fine particles smeared with macerated plant fragments or faecal material. Also, 
these cavities are infilled with a porous mixture of soil aggregates 
(750–2000 μm) (Fig. 15.7), sometimes mixed with cocoon sacks (Humphreys 1994).

Different ant species create contrasting mounds, with pedological impacts vary-
ing from limited, small-sized to large mounds with elliptical shapes, persisting for a 
long time, and made of reworked soil material, with little cementation, although 
exceptions occur (cemented, erosion-resistant Camponotus nests). The subsoil 
movement to the surface through ant activity can be very substantial, with the high-
est rate recorded of 10 t ha−1 y−1 (Paton et al. 1995), and even semi-desert ants can 
lead to soil turnover rates as high as 420 kg ha−1 y−1 in Australia (Briese 1982) and 

Fig. 15.7 Progressive infilling (a to d) of a chamber with microaggregates (100–300 micrometers) 
of Latosol within a gneiss saprolite from Viçosa, MG (Schaefer et al. 2021)
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2100 kg of soil ha−1 y−1 in Argentinian pastures (Folgarait 1998). Comparing global 
rates of faunal pedoturbation, ants scored second (5  kg  m−2 y−1) to earthworms 
(15 kg m−2 y−1), but ants have a wider geographical distribution than the latter (Paton 
et al. 1995). The marked impact of ants in the tropics are highlighted by leafcutters, 
where they are the most important agents of soil modification (Alvarado et al. 1981; 
Cherret 1989), and a single nest of Atta capiguara with 1.5 m width and 5 m height 
was found to contain 500 kg of organic matter in Brazil (Amante 1964).

Ants also have an effect on soil nutrient immobilization and humification 
(Anderson and Flanagan 1989; Lavelle et al. 1992): the refuse piles are habitats with 
increased mineralization rates, accentuated by the pre-decomposition of the refuse 
by fungal action (Lugo et al. 1973). According to Folgarait (1998), physical, chemi-
cal, and vegetational effects can be recognized from ant activity, as follows:

Physical changes are mainly related to soil organic matter burial, favouring the 
water-holding capacity, and fine particles transferred from subsoil to the surface 
(Petal 1978). Ant bioturbation comprises the formation of a network of channels, 
chambers, and new soil aggregates (Humphreys 1994), increasing soil porosity and 
aeration (Denning et al. 1977) and reducing bulk density (Baxter and Hole 1967; 
Rogers 1972). The transformation and inversion of soil layers lead to new A hori-
zons being developed on new materials from saprolite or deep B horizons (Alvarado 
et al. 1981). Lobry de Bruyn and Conacher (1990) have shown that ant bioturbation 
activity led to homogenization of the soil texture profile. The combination of ants 
and termites are key to Latosols development in Brazil (Schaefer 2001).

In terms of chemical changes, depending on ant species or soil type (McGinley 
et al. 1994), increasing organic matter, P, N, and pH is observed in ant mounds com-
pared with adjacent soils (Salem and Hole 1968; Czerwinski et al. 1971; Petal 1978; 
Mandel and Sorenson 1982; Lugo et al. 1973), with greater effects in poorer soils 
(Czerwinski et al. 1971; Petal 1992). Decomposition processes carried out by fungi 
and bacteria are very active in ant mounds in comparison to adjacent soils. The 
humification process is retarded due to the decreasing Actinomycetes in ant nests 
(Czerwinski et al. 1971; Jakubczyk et al. 1972). Nests of Atta colombica in Panama 
showed 38 times increase in the fluxes of 13 chemical elements in comparison to 
surrounding forest soils (Haines 1978). In infertile environments with stress- tolerant 
plants, low organic matter, and complex trophic webs, ants speed up the return of 
nutrients retained in plant and animal tissues (Petal et al. 1977).

With reference to vegetation changes, ant mounds have a different plant compo-
sition in comparison to adjacent areas (Horvitz and Schemske 1986). Ants can dis-
perse plant propagules (Wilson 1992) and facilitate ruderal, invasive plant species 
(Folgarait 1996), changing plant succession (Jonkman 1978). The enriched soil of 
anthills is key for vegetation development in deep Latosols in south America 
(Coutinho 1984; Sarmiento 1984; Medina and Silva 1990). All the above-mentioned 
aspects of ants’ role in tropical soils and subsoils are illustrated in Fig. 15.8.
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Fig. 15.8 A large nest of Atta sexdens rubropilosa at Coimbra (MG, Brazil), exposed on a fresh 
road cutting. The stone line at the bottom left marks the upper limit of pedoturbation. Colonies of 
Atta sp. have up 18 combs per hectare, resulting in 52 kg of plant harvesting daily, equivalent to 
three calves at the same area. Abandoned chambers are infilled with well-structure granular materi-
als. The refuse piles at the surface represent hotspots of nutrients for plant growth. (Santos et al. 
2019; Sousa-Souto et al. 2013)

15.4  Age of Soil and Biological Turnover

The age of the regolith is a subject of recent interest, since many economic ores are 
found on extremely old land surfaces on deep regolith. In Brazil, for example, 
Vasconcelos et  al. (1994) dated one of the deepest Fe-rich regoliths worldwide 
(>400 m), from Serra dos Carajás (Amazonia), reaching ages of >120 MA BP. This 
is consistent with the age of Gondwana break-up that led to the Atlantic Ocean 
opening and resulting humid tropical climates since then. Other deep saprolites in 
Minas Gerais gave similar ages, dating back to the Cretaceous.

Deep regoliths, saprolites and soils together, are widespread throughout Brazil. 
Their ages are quite different, since most overlying Latosols are younger than 
10,000 years, whereas the underlying saprolites have ages in the range of 10 MA up 
to 70 MA. In the Serra da Moeda (Iron Quadrangle) ironstone on itabirite, in Minas 
Gerais, saprolites reach more than 250 metres of depth, and more than 70 MA of 
age, dating back to the Late Cretaceous. The estimated erosion rate based on Be10 
dating is one the lowest worldwide, so that differential erosion and etchplanation are 
the two basic processes of landform and landscape sculpturing. According to Spier 
et  al. (2006), the ages of these weathered mantles range from early Cenozoic 
(Palaeocene 61 MA) to Miocene (14.2 MA). Younger saprolites can be found at the 
lowest surfaces, with ages up to 4.8 MA (Monteiro et al. 2014).
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The radiocarbon dating of charcoal in Latosols from São Paulo state (Gouveia 
and Pessenda 2000) confirms the main role of soil fauna in the upward movement 
of saprolite materials from the deeper layers to the surface. The dating and the dis-
tribution of charcoal in the studied soils suggests the occurrence of fires between 
3000 and 6000 y BP in São Paulo (Botucatu) and between 4000 and 9000 y BP in 
São Paulo (Jaguariúna), corresponding to dry periods (Fig. 15.9).

The carbon dating of soils can be carried out both in charcoal particles and in the 
humin fraction extracted from soils. According to Pessenda et al. (1998), the char-
coal ages are generally similar but sometimes older than the humin ages. The 
Latosol ages obtained in Minas Gerais (Salitre) and São Paulo (Jaguariúna) showed 
that below 150 cm, the charcoal is up to 27% older than the humin. The authors state 
that charcoal have probably been transported from different layers by soil fauna. 
Results show that some organic matter movement may occur, making carbon 
cycling in soils more complex, with implications for best choice of the most suitable 
material for 14C dating of soils. However, in the absence of charcoal, the humin frac-
tion is probably the best material for 14C dating, and these dates should be consid-
ered as minimum ages of the soil organic matter.

In a recent study of Latosols (red-yellow, red)  and Argisols, in all parts of a 
strongly pedobioturbated regolith, reaching down to 4–5 metres of biological activ-
ity, Freitas et  al. (2021) estimated pedobiological turnover in 100–200  cm of 

Fig. 15.9 Charcoal distribution with depth and 14C dating of Latosols  from São Paulo state 
(Gouveia and Pessenda 2000), showing that all these Latosols were formed during the Holocene 
(in the last 11,000 y)
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structured soils was less than 5000 years, closely matching the 14C ages of charcoal 
or humic acids of these soils.

15.4.1  Dynamic Landscape Denudation

The biomechanical processes that Charles Darwin unveiled, demonstrating how soil 
biota mechanically generate, blur, or destroy regolith strata and soil layers (Darwin 
1881), lost visibility in our models of landscape evolution for many reasons. For 
Johnson (2002), it was only a century after Darwin that a genetic language backed 
by a supporting theory appeared, showing the importance of such processes. It is 
notable that most influential earlier Earth science frameworks do not emphasize 
biomechanical processes (e.g. V.Dokuchaev-H. Jenny soil formation factors para-
digm; W.M. Davis’ geographical cycle; W. Penck-L. King-R. Ruhe backwasting- 
pedimentation concept), as well as other traditional approaches to geomorphology 
and pedology.

However, it became clear that any unified synthesis of pedogeomorphogenic pro-
cesses must incorporate the concepts of biomantle, bioturbation, and pedoturbation 
(Johnson 2002) at different temporal and spatial scales (Schaefer 2001; Freitas et al. 
2021). The dynamic denudation model provides such a synthesis, placing bioturba-
tion on parity levels with physical, chemical, and hydrological processes. This gen-
eral model has brought explanatory and predictive value in archaeology, 
geomorphology, and pedology (Johnson 1993, 2002).

Soon after Darwin’s seminal work on bioturbation, many observations from 
high-ranked scientists in many different fields (e.g. von Ihering 1882; Drummond 
1888; Branner 1900), including geomorphology (Passarge 1904) and pedology 
(Hilgard 1906), gave support for Darwin’s postulates.

Despite these advances, little of this knowledge helped to change our paradigms 
of landscape evolution, until very recently. Hence, the main questions posed are as 
follows: Why until recently have biological processes been overlooked, or omitted 
from our introductory texts and undergraduate and graduate training, and why were 
biomechanical processes not a part of our conceptual traditions in geomorphology 
and pedology?

In our view, the answers may basically lie in an imposed bias of key authorities, 
negligence of relevant literature, and, not least, as Johnson (2002) tells, the lack of 
genetic terms and conceptual structures to showcase the processes. The idiosyn-
cratic keepers of these disciplines have been reluctant, and even intolerant, to con-
sidering or adopting biological processes as key in landscape evolution.

In Brazil, that fact has been clearly demonstrated by the emphatic rejection by 
one of our eminent geomorphologists, Prof. Aziz Ab’Saber, when replying to the 
theory of bioturbation, ingeniously advocated by the notable French geomorpholo-
gists Andre Cailleux and Jean Tricart in the late 1950s (Cailleux and Tricart 1957). 
Immersed in the backwasting-pedimentation theory advocated by Penck (1953), 
King (1953), and Ruhe (1959), Ab’Saber could not incorporate any challenging 
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Fig. 15.10 Stone line formed by the redistribution of a well-structured Latosol biomantle with 
milky quartz pebbles and cobbles derived from the quartz veins cutting accross the green schist 
saprolite, at Minas Novas (MG State)

biophysicomechanical view, in spite of it being based on sound field evidence, that 
could undermine the conventional physicochemical views of Earth surface pro-
cesses and landscape evolution. A reading of his review and criticism (Ab’Saber 
1965) highlights plainly the denial of a possible interdisciplinary biomechanical 
approach to tropical geomorphology, strengthening the power of tradition theory of 
landscape evolution. This biased view has had a long tradition in Brazilian geomor-
phology, to this day.

The key aspect of this old controversy is the explanation for the origin of the 
stone line, buried beneath a friable, well-structured Latosol (Fig.  15.10). In this 
respect, Cailleux and Tricart (1957) postulated that termites and other soil animals 
have moved fine particles upwards, leaving the coarse fragments as a lag material. 
Due to combined bioturbation and gravity, artefacts, quartz gravels, pebbles, and 
large clasts – originally deposited on the surface during long phases of active ero-
sion under dry climates – gradually sink to the top of the stone line after the onset 
of the wetter climate. To support the observation, they noticed that all soil particles 
in the overlying soil above the stone line have grain sizes that match, exactly, the 
maximum size of termite-transported material. But they also considered that collu-
vial transport could be responsible for the redistribution of the pedoturbated soil.

In rejecting the field observation, Ab’Saber (1965) pointed out that ‘termites 
would not be capable of moving per ascendum, regularly, continuously, an entire 
layer’ of well-structured soil, so creating the stone lines. Nevertheless, following his 
arguments disputing the biomechanical theory, we noticed his recognition of the 
importance of settling down this controversy in his illuminating words:

O estudo das linhas de cascalhos inumados das vertentes do Brasil oriental não é um mero 
capricho de pesquisadores para um problema marginal. Longe disso, é uma investigação 
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Fig. 15.11 Schematic illustration of a tropical slope in the Atlantic Forest biome on gneiss terrain, 
interpreted by the dynamic denudation model

intercientífica que pode conduzir à explicação definitiva dos principais aspectos morfo-
genéticos das paisagens tropicais úmidas do Brasil, e caracterizar a cronologia de eventos 
paleoclimáticos finais.1

We agree. To address this need for integration, Johnson proposed a dynamic denu-
dation model, here adopted. The dynamic denudation framework integrates and 
emphasizes theories of geomorphology and pedology and hydrology to propose a 
universal definition of soil. In order to offer an example of a typical tropical slope 
for discussion, we present a dynamic denudation interpretation of one showcase 
(Fig. 15.11).

Chemical denudation and deep weathering following the alteration of biotite and 
feldspar are enhanced by the bedding and foliation coupled with preferential cap-
ture of percolating water by fault lines, diaclases, and faunal galleries. The per 
ascendum turnover of pedobioturbated soil by termites, ants, and other soil- dwelling 
animals creates a thick residual mantle of well-structured soil, overlying the pedo-
plasmation zone and a stone line, derived from intersecting quartz veins that are the 
source of gravels, resistant to weathering and erosion. Both colluvial (soil creep) 
and sheet erosional processes occur, and colluvial foot slopes are widespread. 
Overland flow accounts for sheet erosion and riling, whereas gullies depend on 
subsurface erosion by groundwater and soil collapse. Mass wasting sediments are 
retained in the valleys downslope and transported by streams. The streams cut and 

1 Researchers do not study the buried stonelines of the slopes of eastern Brazil as a whimsical 
concession to a marginal problem. On the contrary, it is an inter-scientific investigation that can 
lead to the definitive explanation of the main morphogenetic aspects of the humid tropical land-
scapes of Brazil and to characterize the chronology of final palaeoclimatic events.
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deepen their valleys in response to the depth of weathering and the stream’s capacity 
for transporting the resulting load of eroded particles. The whole slope is strongly 
subjected to a biogeomorphological control that drives the increasing stability of the 
tropical soil mantles, triggering further water intake by a huge network of minute 
biopores and large biochannels (see Schaefer et al. 2021).

15.5  Final Remarks

The role of biota in Brazilian tropical regoliths is remarkable and points to a long- 
term, million-year-old process of coupled evolution of plants, soil fauna, microor-
ganisms, weathering, and denudation. This combination led to the formation of a 
pre-weathered mantle of great depths, with ages that date back to Late Cretaceous 
(70 MA), or older.

The regolith may be envisaged as the balance between resistance to change due 
to physicochemical weathering of the substrates, the supply of nutrients to biomass, 
the protection against erosion and denudation, and tectonic and structural stability 
of the landscape.

In this sense, Brazilian subsoils are among the most deeply altered in the world 
and leached to the point of extremely low current solubilization rates. The upper 
part of the tropical regoliths is predominantly associated with a latosolization syn-
drome, whose age is basically Late Quaternary, that acted on pre-weathered materi-
als that date back to Late Cretaceous. This process counterbalances the effects of 
extreme leaching of subsoils, with a new microaggregated order of structural orga-
nization at the surface, that allowed the adaptation of plants and animals to thrive, 
despite the low supply of nutrients, by exploring a large volume of porous soil.

Once formed, Latosols favour the soil fauna dwellers to move particles from 
within the subsoils to the surface, promoting the surface enrichment with clay and 
minor amounts of nutrients. Based on closed nutrient cycles and possible materials 
additions from aerosols, the tropical landscape remains favourable for high primary 
biomass productions, despite the very low status of chemical fertility.
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Chapter 16
Subsoil Constraints for Crop Production: 
Recent Advances, New Technologies, 
and Priorities for Further Research

Richard Willian Bell and Teogenes Senna de Oliveira

Abstract The existence, prevalence, and severity of subsoil constraints for crop 
production globally are under recognized and under-reported. Subsoil constraints 
(acidity, acid sulphate horizons, alkalinity, compaction, deep sand layers, gravel 
layers, high-density horizons, pans, pathogens, salinity, sodicity, waterlogged hori-
zons) may be natural features of soil profiles or induced by land use and manage-
ment practices. The subsoil in this chapter is considered to be the layers of the root 
zone below the depth of sampling for soil analysis, which typically corresponds to 
soil below 10–25  cm depth, depending on the soil sampling conventions of the 
region. Tropical regions, in particular (in Africa, Asia, Northern Australia, and Latin 
America), contain large areas of deeply weathered profiles that commonly have 
hostile subsoils that constrain root growth. The main consequence of subsoil con-
straints is that water and nutrients contained in subsoils are not accessed or effi-
ciently utilized, and hence crops fail to reach their yield potential. Even when best 
management practices are applied to the topsoil, yield of crops is depressed by 
subsoil constraints. Crops may acquire up to 75% of N, 85% of P, and 70% of K 
uptake from the subsoil if root growth is not constrained. Technologies to sense, 
identify, map digitally, and ameliorate subsoil constraints represent a promising 
frontier for soil management, with the potential to substantially lift crop productiv-
ity in many parts of the world.
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16.1  Extent and Severity of Subsoil Constraints

The full extent of the subsoil constraints that limit crop production is not known. 
Indeed, a recent meta-analysis of 1146 journal papers published in prominent soil 
journals during the period 1989–2019 found that 73% did not even mention soil 
depth, and in the remainder, 27 cm was the average soil depth studied (Yost and 
Hartemink 2020). This approximates to the 20 cm plough layer conventionally con-
sidered to be the topsoil. In addition, there is no global mapping or quantification of 
subsoil constraints apart from the following: subsoil acidity (pH <4.5  in water), 
which it is estimated to cover 3300 Mha (Sumner and Noble 2003), and one billion 
hectares of subsoils that are salt-affected by the combination of irrigation and dry-
land salinity, sodicity, and alkalinity (Beltrán 2016). Also, globally, 29% of soils are 
estimated to contain >15% gravel in the subsoil (Scanlan et al. 2022), and soils with 
<15% clay in the subsoil are estimated to cover 5% of global arable soils or 0.9 M km2.

In some specific areas, such as the south-west of Western Australia, subsoil con-
straints due to boron toxicity, acidity, alkalinity, compaction susceptibility, impen-
etrable layers, and water storage have been mapped (Van Gool 2016). In Brazil, the 
extent of subsoil constraints, such as soil acidity, nutrient deficiency, and water 
retention, can only be estimated by inference from previous mapping studies, but 
the scale of maps is a limitation to the spatial resolution with which subsoil con-
straints can be mapped. There is an opportunity for future soil investigations to 
systematically collect more data on subsoil constraints, for example, by using rapid 
soil analysis techniques such as NIR and MIR spectroscopy and ion-selective elec-
trodes together with digital soil mapping protocols (Ringrose-Voase et al. 2019) to 
map subsoil properties. For example, digital techniques using predictive algorithms 
were used to predict contemporary soil organic carbon to 1 m depth in Southern 
Brazil (Bonfatti et al. 2016).

An example of the mapping of the extent, cause, and effect of root-restricting 
layers in agricultural soils is reported from Germany (Schneider and Don 2019a). 
The root restrictions considered were bedrock depth, rock fragments, cementation, 
compactness, sandy subsoil, anoxia, and acidity. Overall, 71% of soils had root- 
restricting subsoil layers (10–100 cm depth). Physical constraint (compaction) was 
the most common cause of root restriction, affecting 51% of crop land and 32% of 
grasslands, and most of physical restrictions (73%) was attributed to inherent geo-
logical or pedological features (soil strength, rock fragments, bedrock, acidity, 
anoxia). Land use practices (heavy machinery on cropped land) explained the 
remaining 27%. The German study is noteworthy in showing that it is possible to 
produce subsoil constraints maps at farm scale and to map induced subsoil con-
straints that arise from land management practices.

Subsoil constraints maps will be easiest to derive for naturally occurring soil 
chemical and physical constraints. However, much of the point source and derived 
spatial data on which soil mapping is based was collected decades ago and hence 
will not reflect current properties or induced subsoil constraints such as machinery- 
induced compaction or acidification that result from land management practices in 
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more recent times. A global estimate of the various subsoil constraints will help to 
ensure that proper resources are allocated to developing cost-effective management 
tools and practices to alleviate their effects on crop production and to facilitate 
transfer of technologies developed in one region to another.

16.2  Deeply Weathered Soils

Subsoil constraints (physical and chemical) are commonly associated with deeply 
weathered soils that developed on deep regolith. Schaefer et al. (2022) highlight the 
regions globally with deeply weathered regolith, most of them occurring in tropical 
South America, South and Southeast Asia, and Africa and known as regolith- 
dominated terrains (González-Álvarez et  al. 2016). Deep kaolinitic profiles are 
mostly in the range 10–60 m depth, while some have reached 200 m depth in tropi-
cal and subtropical regions of the Americas, Africa, and Oceania (Sangmanee et al. 
2022). Deeply weathered subsoils occur also as paleoweathering features in temper-
ate climates in southern Australia, central China, Russia, Europe, and Turkey 
(Schaefer et al. 2022).

Deeply weathered soil profiles have properties that reflect the imprint of past 
climates in addition to that of current climates, but both contribute to the genesis of 
natural subsoil constraints or to the expression of the induced constraints under crop 
management. Hence, the extensive research in southern Australia on hostile sub-
soils in the last two decades is a useful case study of subsoil constraints on agricul-
tural land (Van Gool et al. 2007) as is the study reported for Germany (Schneider 
and Don 2019a, b). Deeply weathered regoliths in temperate regions such as south-
ern Australia have been exposed to different climates to those in Brazil and a range 
of different subsoil constraints prevail, such as dense horizons, sodicity, salinity, 
alkalinity, and B toxicity (McDonald et al. 2012). The present chapter synthesizes 
much of the learning about the range of subsoil constraints and management prac-
tices to alleviate them based mostly on studies carried out in Brazil and Australia. 
Application of this learning could be particularly relevant for boosting the produc-
tivity of soils elsewhere in the world where deeply weathered subsoils also occur 
(Schaefer et al. 2022).

Broadly, the regoliths in the tropical zone can be divided into those involving 
complete desilification and those involving partial desilification (Schaefer et al. 
2022). The former is dominated by Al- and or Fe-oxyhydroxides, while the latter 
are dominated by kaolinite mineralogy. The tropical soil profiles that have under-
gone complete desilification can be further divided, depending on whether the 
weathering environment involves continuous humid conditions or alternate wet-
dry conditions. The former weathering environment leads to the deep well- 
structured Oxisol profiles, while the latter leads to formation of Fe segregations 
and/or ferricrete in the solum. Within the kaolinitic regolith types, under wet, 
poorly drained conditions, smectite minerals can be found, producing soils with 
quite distinct chemical and physical properties. The dominant soil mineralogy 
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dictates the aggregate stability and their susceptibility to soil compaction or ero-
sion. Deep, well-structured Oxisol profiles in Brazil with dominant oxidic com-
position (especially gibbsitic) are physically and mechanically more stable than 
kaolinitic Oxisols (Ferreira et al. 1999).

The profiles formed in the deeply weathered soils appear to be profoundly influ-
enced by biota (Schaefer and Oliveira 2022; Schaefer et al. 2022). Biota plays a key 
role in subsoil formation in deep profiles of Brazil through the combined influences 
of vegetation and soil fauna, particularly ants and termites (Schaefer and Oliveira 
2022). Biota is concurrently transforming and reorganizing the regolith across 
these scales.

Approximately two thirds of the tropical land mass are inhabited by termites, and 
deep regoliths can be strongly modified by them (Zimmerman et al. 1982). Termites 
were responsible for deep regoliths and the stable B horizon aggregate structure of 
Oxisol soils in Kenya (Wielemaker 1984). A similar conclusion was drawn by 
Schaefer (2001) for deep Oxisol soils with well-aggregated B horizons in Brazil. 
Termites and ants change soil profiles by several processes: bioturbation that 
homogenizes the solum, developing stable microgranular soil structure, altered 
nutrient availability, changes in soil porosity and soil hydrology, and organic matter 
accumulation (Schaefer and Oliveira 2022). Earthworms are highly mobile and also 
have a crucial role in soil development and functioning. Their activity creates bio-
pores in the subsoil while adding organic matter and changing the soil environment 
at depth. These benefits improve soil structure, water regulation, nutrient cycling, 
and climate regulation (Blouin et al. 2013) and can be expressed in deeply weath-
ered soils over the long term.

A different influence of biota on the properties of deeply weathered soils has 
been advanced by Verboom and Pate (2006a, b) from their studies in south-west 
Australia. Their phytotarium concept argues that roots of the dominant woody 
taxa, together with associated microorganisms, bioengineer soils through rhizo-
sphere activity that has shaped key pedogenic processes. Proteaceae taxa pro-
duce cluster roots to enhance the acquisition of limited amounts of insoluble P in 
weathered soil materials. Over time, the release of P from Fe-bound forms alters 
the soil mineralogy to produce Fe-rich segregations and Fe-coated root channels 
(Verboom and Pate 2006b). The soils under the Proteaceae vegetation typically 
are dominated by ferruginous gravels and/or ferricrete. By contrast, adjacent 
soils under Myrtaceae taxa have a distinctly different profile form: ferruginous 
segregations and ferricrete are absent, and instead the soil profiles have a distinct 
texture-contrast form with a clay-rich, sodic B horizon that often contains cal-
crete segregations. Verboom and Pate (2006b) suggest that the vegetation type 
has over time changed the pedogenic processes leading to different profile types 
under the same climate. From these examples, we conclude that more extensive 
investigation is needed on the role of biota in pedogenesis of the deeply weath-
ered soils, especially to understand their role in intensifying or alleviating sub-
soil constraints.
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16.3  Field and Farm-Scale Variability and Diagnosis

Subsoil constraints can be highly variable in expression at farm-field scale 
(Wong and Asseng 2007; Wong et al. 2008). Hence, to quantify their effects on 
crop yield and to apply treatments that are targeted to areas with specific subsoil 
constraints, field-scale mapping is needed. Advanced techniques such as proxi-
mal sensing through EM mapping and gamma radiometrics are potential field-
scale tools for rapid mapping of subsoil constraints. In deeply weathered 
landscapes of south-west Australia, field-scale variability between areas with 
subsoil ferruginous gravels and those with deep sands, which present quite dif-
ferent subsoil constraints, can be identified with these techniques (Wong 
et al. 2008).

At field scale, a simpler diagnosis of subsoil constraints can be achieved 
using an exposed soil pit (Fig. 16.1). This approach is a valuable learning con-
text, where farmers come together with a soil adviser to collectively examine 
the features that represent subsoil constraints of that field, how the site relates to 
other soils locally, and to discuss approaches that have been found to effectively 
ameliorate the various constraints. There are many examples of the 

Fig. 16.1 A group of farmers gathered with a soil adviser around of trench dug in south-west 
Australia to expose the subsoil and discuss the evidence of subsoil constraints and the effective 
means of amelioration. The main diagnostic tools used are the following: the presence of layers 
with high soil strength, evidence of restricted root growth, and unused subsoil water plus field 
assessment of subsoil pH using an indicator dye
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methodology used in Australia including in the cotton industry: https://www.
dpi.nsw.gov.au/agriculture/soils/guides/soilpak- series/soilpak. Yield mapping 
may also help to define the areas in a field with subsoil constraints but without 
necessarily identifying the underlying cause and mechanisms. Wong and Asseng 
(2006) illustrated how subsoil acidity and shallow depth to a cemented gravel 
layer could variably limit yield potential across a field and among a series of 
seasons.

The impacts of subsoil constraints are dependent on land use and whether 
the land is managed for dryland production in water-limited environments 
(Vance and Milroy 2022) or for irrigated crop production. In Germany, wheat 
yields were most constrained by subsoil constraints on sandy profiles and in 
low rainfall seasons, since the crop in those conditions is most constrained by 
the lack of root access to stored subsoil water (Schneider and Don 2019a). 
Water-limited yield potential has been a powerful diagnostic approach for iden-
tifying and quantifying the impact of subsoil constraints on yield in southern 
Australia (French and Schulz 1984). Yield potential of wheat in this environ-
ment was achieved when crops converted 1 mm of rainfall to 20 kg of grain 
ha−1 (e.g. Oliver et al. 2008).

Modelling is another option to predict the effects of subsoil constraints on 
crop yield over time due to climate variability (and climate change). Yield 
potential simulated by Yield Prophet®, an online version of the APSIM systems 
model (Hochman et al. 2009), is an example. Hochman et al. (2009) suggest that 
80% of water-limited yield potential is comparable to the attainable farmer 
yield. In their study in eastern Australia on rainfed wheat cropping, elite farmers 
were reaching water use efficiency of ~15 kg of grain mm−1 ha−1. By contrast, 
average crop yields achieved only 40–50% of water-limited yield potential. 
Hence, in these rainfed environments, most crops fail to use all the stored water 
in profile and due to a range of constraints, including those in the subsoil, fail to 
utilize a large portion of the water available from rainfall. Increased exploitation 
of subsoil stored water in the grain filling stage of wheat growth can substan-
tially boost yield, since the conversion efficiency of this late season water is 
50–60  kg of grain mm−1  ha−1 compared to the season-average conversion of 
15–20 kg mm−1 ha−1 (Kirkegaard et al. 2007).

The influence of subsoil acidity on wheat yield is illustrated by Fig. 16.2. 
Independent of the topsoil pH (0–10 cm), the wheat yield was depressed by 
subsoil (10–20 cm) pHCaCl2 below 4.7. At subsoil pHCaCl2 of 4.1, there was 
a consistent 0.7 t ha−1 yield penalty compared to pH 4.7 or above in the sub-
soil, regardless of topsoil pH. It is likely that subsoil acidity is limiting yields 
in many parts of the world even when best management practices are used for 
topsoil management. Alternatively, as shown in Germany, subsoil acidity may 
cause farmers to choose a less profitable land use such as perennial pastures 
due to the low crop productivity on soils with subsoil acidity (Schneider and 
Don 2019a).
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Fig. 16.2 Depression in wheat yield in southern New South Wales due to subsurface soil 
(10–20 cm) acidity (< pHCaCl2 4.7) independent of the topsoil pH (0–10 cm), which ranges from 
6.5 to 5 or less. (From Scott et al. 1999)

16.4  Multiple Subsoil Constraints

Much of the research on subsoil constraints examined a single constraint. However, 
commonly multiple subsoil constraints occur on a particular soil. For example, in 
south-west Australia, 43% of alkaline shallow duplex soils have more than three 
subsoil constraints in the same profile, from combinations of subsoil compaction, 
high alkalinity, salinity, high sodicity, micronutrient deficiencies, and high boron 
(Van Gool 2016). Focussing research on a single limiting factor may fail to produce 
significant crop production benefits. For example, considerable research was con-
ducted on developing improved barley and wheat cultivars for production on soils 
with high boron in the subsoil (Cartwright et al. 1984). However, the released wheat 
cultivars produced no increase in yield relative to standard cultivars (McDonald 
et al. 2010, 2012). This is attributed to the fact that the soils with high boron also 
generally have subsoil limitations due to high pH, salinity, high sodicity, micronu-
trient deficiencies, and perhaps high bulk density. Since the boron-tolerant cultivars 
had no better adaptation to the other constraints than the standard cultivars, their 
yield was similarly constrained.

Another example of multiple subsoil constraints is the Cerrado region of Brazil, 
which is dominated by deep Oxisols, with acidity and nutritional constraints in sub-
soils. Liming does not correct chemical limitations (low pH, high exchangeable 
Al3+, and high potential acidity) below the depth of incorporation. Gypsum can 
alleviate subsoil acidity effects on roots while increasing availability of Ca, Mg, and 
S to crops. However, K and N leaching can increase, while plant-available P is 
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limited to the surface soil layer. After alleviating chemical subsoil constraints in the 
Oxisols, subsoil compaction may continue to limit crop development.

The cases above emphasize that it will be necessary where multiple constraints 
co-occur on the same soil to alleviate more than one subsoil constraint rather than 
treating individual constraints in isolation. Hence, while chapters of the present 
book (Oliveira and Bell 2022) focus on specific subsoil constraints, they also refer 
to integrated approaches for managing subsoil constraints, including the genetic 
tolerance of crop cultivars to subsoil constraints. In the remainder of this chapter, 
we highlight key learning about managing subsoil constraints derived from preced-
ing chapters while emphasizing approaches that address multiple constraints.

16.5  Nutrients in Subsoil

The significance of the subsoil for nutrient supply to crops is generally not well 
understood even though two thirds of the soil profiles’ available nutrient stock is in 
the subsoil (Ma et al. 2022). Most soil sampling for nutrients is restricted to the 
upper 10–20 cm depth only so that the levels of available nutrients deeper in the 
profile are not recorded. However, 8–75% of the N, 3–85% of the P, and < 3–70% 
of K taken up by a crop is from the subsoil (Kautz et al. 2013). Indeed, several hun-
dred kg of nitrate-N ha−1 can be retained in the subsoil of tropical acid soil profiles 
(Wong et al. 1990).

The wide global spread of Conservation Agriculture involving minimal soil dis-
turbance and retention of crop residues accentuates nutrient concentration near the 
soil surface (Ma et al. 2022). In rainfed environments where topsoil drying occurs 
during the growing season, roots have decreased access to the nutrient-rich topsoil. 
The plant-available levels of subsoil nutrients and root access to the subsoil nutri-
ents assume much greater importance in these cases.

The stock of subsoil nutrients may be relatively large, but the significance of 
these reserves of nutrients depends on whether enough roots have access to the sub-
soil. Hence, one of the research gaps is to identify the factors that determine a crop’s 
dependence on subsoil nutrients and their likely responsiveness to deep placement 
of fertilizer. In general, nutrient acquisition from the subsoil varies with soil water 
regime, soil type, the existence of other subsoil constraints, and crop species (Ma 
et al. 2022).

Subsoils can play a significant role in long-term crop nutrition by storing nutri-
ents to be recycled to the topsoil (Kautz et  al. 2013). In sands and very porous 
Oxisols, there is potential for recovery of leached nutrients if deep-rooted species 
are included in the crop rotation. On deep sands in south-west Australia, deep- 
rooted lupin crop was able to increase plant-available K in the topsoil relative to 
shallow rooted sub-clover pasture (Edwards 1993).

Deep placement of fertilizer or organic materials could play a role in increasing 
crop production (Ma et  al. 2022). Depending on the machinery used, depths of 
placement range from 15 to 40 cm. Crop yield increases with subsoil placement of 
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N, P, K, Mn, and Zn have been shown in a range of crops species. However, deep 
fertilizer and organic matter placement is not yet a well-proven technology for 
improved crop nutrition: more investigation is needed to understand the effects of 
crop species, soil type, and climatic constraints on crop nutrition and yield response 
(Ma et al. 2022). Especially for deeply weathered soil profiles, it is important to 
develop soil management systems that enhance nutrient retention and root growth 
in subsoils. Increasing organic matter at depth will increase CEC, enhance nutrient 
release by mineralization, decrease nutrient leaching, and enhance subsoil water 
retention. The increase of organic matter in subsoils of weathered deep soil occurs 
by root growth in subsoil or by dissolved organic matter (DOM). Although DOM 
comprises only a small part of soil organic matter, it is considered the major carbon 
source in subsoils (Leinemann et al. 2016).

Micronutrient limitations in subsoil restrict root growth, and the limited soil vol-
ume explored increases the susceptibility to drought (Nable and Webb 1993). Deep 
placement of fertilizer may alleviate micronutrient deficiency (Cu, Zn, Fe, and Mn) 
in soils under both conventional and no-tillage areas, as reported for Mn in canola 
fields in Australia (Brennan and Bolland 2015) and soybeans in Brazil (Tanaka 
et al. 1992).

In summary, subsoil nutrients are an asset that could be unlocked, but awareness 
of their significance as a subsoil resource is still low compared with other subsoil 
constraints.

16.6  Subsoil Acidity and Acidification

Identification and correction of soil acidity can convert large areas into highly pro-
ductive land for crop production as in the Cerrado region of Brazil. However, under 
the no-tillage cropping systems, the surface application of lime is slow to ameliorate 
subsoil acidity, so gypsum application has been used to decrease subsoil Al3+ toxic-
ity due to its greater dissolution than lime and the faster migration of soluble Ca2+ 
and SO4

2− into the subsoil (Butterly et al. 2022). There is potential for this technol-
ogy or some adaptation of it, to be used more widely across regions with subsoil 
acidity. Surface application of lime without incorporation by soil tillage has only a 
slow effect on subsoil pH, when the topsoil pHCaCl2 is 5.5 or above, and no effect, if 
topsoil pHCaCl2 is <5.5 (Whitten et al. 2000). Gypsum application plus liming can be 
an alternative to reduce subsoil acidity (Anderson et al. 2020). However, even with 
gypsum application, stratification of nutrients, lime, and organic matter in the sur-
face soil layer will remain. This has led in recent years to on-farm renovation of 
fields with subsoil acidity by deep incorporation of lime to 30 cm or more (Gazey 
et al. 2014). By contrast, nutrient stratification does not occur in areas under con-
ventional tillage systems.

In the surface layer of topsoil, where organic matter accumulates, increase in pH 
can occur due to the uptake of nitrate and due to the alkaline organic residues of 
crops returned to the topsoil. By contrast, uptake of an excess of cations relative to 
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anions in the subsurface soil increases its acidity. The stratification of acidity within 
the profile can substantially limit root growth in cropping or pasture systems in the 
10–30 cm layer which exposes crops to drought, even when the deeper parts of the 
profile still store substantial amounts of water. The rate at which pH stratification 
occurs depends not only on the rate of acidification by the land use system but also 
on the pH buffering capacity of soils. On sands and sandy duplex soils, the rate of 
subsoil pH change is quite rapid due to low pH buffering capacity (Noble et al. 2000).

Small pH differences are not easy to detect by analytical methods even when 
there is a well-planned strategy for monitoring crop or pasture paddock pH. To sup-
port monitoring, there is a need for qualified laboratories with standard methods and 
effective quality control of their results. Tools are needed to estimate how much 
acidification happens at farm level and the impact of crop and soil management and 
of amelioration methods on rates of acidification.

While most emphasis has been on lime, dolomite, gypsum, and calcium oxide 
for alleviation of soil acidity, there is evidence that alkaline organic amendments 
can play a role in neutralizing subsoil acidity (Tang and Yu 1999). Nanoparticles of 
alkaline products may also increase the mobility of neutralizing materials into the 
subsoil, but definitive research is not yet done. Butterly et al. (2022) propose that the 
combined incorporation of lime and organic materials could be the most effective 
approach for subsoil acidity amelioration, since in addition to pH increase, improved 
soil physical properties and nutrient supply would stimulate subsoil-root prolifera-
tion. Some industrial organic residues, such as alkaline cellulose and paper residues, 
can be pelletized or granulated with lime, gypsum, and nutrients and deep applied 
by conventional soil preparation or even deep subsoiling.

Selection and breeding for acid-tolerant species and cultivars to mitigate the 
effects of subsoil acidity has received much attention worldwide (Ryan 2018). 
However, it has been argued that acidification continues while growing acid-tolerant 
cultivars or species and ultimately drives subsoil pH to even lower values that will 
become toxic even for tolerant cultivars or more difficult to correct. This is only 
partly true. Butterly et al. (2022) point out that tolerant cultivars can be part of the 
process of ameliorating subsoil acidity. Firstly, by penetrating subsoils, the roots of 
tolerant cultivars can increase uptake of nitrate from the subsoil that would other-
wise leach and add to the subsoil acidification. The uptake of nitrate can cause rhi-
zosphere alkalinization if anion uptake exceeds cation uptake. Indeed, due to anion 
exchange capacity, the subsoils of acid soils may already contain significant stores 
of nitrate (Wong and Wittwer 2009). Secondly, the roots of acid-tolerant cultivars 
increase soil organic matter in the old root channels or excrete organic acids into the 
subsoil rhizosphere, which can complex Al3+ and alleviate toxicity. Hence, the use 
of Al tolerant cultivars is more than a stopgap measure to maintain crop profitability 
on acid soils: those cultivars can play a constructive role in subsoil acidity ameliora-
tion. However, it is not known how significant this process is in either slowing or 
stopping subsoil acidification. A clear demonstration of the long-term value of this 
approach would shift the perception of the value of the plant breeding approach for 
acid soil tolerance. To select for effective acid-tolerant cultivars, it is necessary to 

R. W. Bell and T. S. de Oliveira



407

consider the tolerance not just for soil acidity but also for other subsoil constraints, 
such as soil compaction and nutrient deficiency in subsoil.

There are many approaches, mostly related to the nitrogen cycle in soils, that 
slow the rate of soil acidification such as the following: decreasing the application 
of ammonium-based N fertilizers, slowing the rate of nitrification, reducing the 
extent of NO3

− leaching by decreasing the periods under legume pasture or fallow, 
applying the 4Rs principles for N fertilizer management to maximize N-use effi-
ciency, selecting crops and their sequencing to maximize NO3

− uptake, and mini-
mizing the export of alkalinity as farm products. However, Butterley et al. (2022) 
point out that these approaches mostly tackle topsoil acidity rather than subsoil 
acidity. Indeed, they may have the opposite or no effect on subsoil acidity. 
Mechanisms for slowing the rates of subsoil acidity are limited to cropping patterns 
that have low cation uptake relative to anions and to biologically altering the cation/
anion balance to favour subsoil anion (especially NO3

−) uptake. Of these options, 
maximizing NO3

− uptake from the subsoils has most potential, but the challenge 
will be to retain NO3

− in the subsoil long enough for root absorption while avoiding 
the leaching of NO3

− from the subsoil. On acid soils, there may be sufficient anion 
exchange capacity in the subsoil to retain significant NO3

− (e.g. Wong et al. 1990; 
Wong and Wittwer 2009). If these approaches are insufficient, then either high (and 
often uneconomic) surface lime rates or direct incorporation of lime into the subsoil 
are the approaches available, but the impact of these treatments on mineralization of 
N and leaching of nitrate need to be checked. Given the practical and economic 
challenges with ameliorating acid subsoils, emphasis should be on slowing and/or 
avoiding subsoil acidification in farming systems.

16.7  Salinity, Alkalinity, and Sodicity

High soil salinity, alkalinity, and sodicity in the subsoil are limiting factors for plant 
yield that restrict the ability of the plant roots to absorb water and nutrients stored 
in subsoils, especially in rainfed agriculture (Rengasamy et al. 2022). Subsoil salin-
ity and chloride constraints may be less significant in well-watered or irrigated agri-
culture than for rainfed or dryland crop production (Dang et  al. 2008). During 
periods of topsoil dryness, the roots explore deeper layers, where they may encoun-
ter saline constraints or salinity combined with chloride, sodicity, alkalinity, and 
excess B (Sadras et al. 2003; Dang et al. 2008). An important symptom of subsoil 
constraints due to salinity and sodicity is that at harvest time, significant volumes of 
stored water remain in the subsoil due to the inability of roots to extract that water 
(Rengasamy et al. 2003; Dang et al. 2008). In the case of rainfed agriculture, nega-
tive impacts may be more intense in drought years when the soil water storage is 
lower and the evaporative demand is higher.

Historically, research on salinity has focussed on irrigation and on topsoil prop-
erties and management. The issue of irrigation salinity in topsoil and subsoil will 
increase in importance over time as high-quality water sources are increasingly 
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diverted into higher value uses or uses in cities (UNESCO 2017). By contrast, com-
promised water and water from waste streams may be more available to agriculture 
for irrigation. The value of this water for irrigation will depend on the development 
of strategies to avoid accumulation of salt or other contaminants and the avoidance 
of higher sodicity or alkalinity in the soil profile, including in the subsoil.

In dryland agriculture, salinity also arises from groundwater sources of salt, 
particularly where a change in land use or vegetation type alters water balance and 
increases the rate of groundwater recharge within a water catchment (Clarke et al. 
2002). This form of salinity is first expressed as rising saline groundwater into the 
subsoil and later by accumulation of salt at the soil surface. The impact of water-
logging in the root zone of saline soils is underestimated. The combination of 
waterlogging and salinity has more profound damaging effects on the growth of 
most agricultural plants than either stress individually (Barrett-Lennard and 
Shabala 2013).

Transient salinity is another distinctive form of dryland salinity that has only 
recently been recognized (Rengasamy et al. 2022). There are 5.8 M km2 glob-
ally of sodic soils with dispersive soil layers, which have the potential for tran-
sient salinity (Bui et al. 1998). Transient salinity lowers water use efficiency in 
dryland agriculture due to temporal decreases in the osmotic potential of the soil 
solution. Transient salinity can occur when there is a combination of low rain-
fall and dispersive clay layers below the roots zone (Rengasamy 2002). Together, 
these properties restrict salt leaching below the root zones in semi-arid regions. 
Due to degraded soil structure, dispersive subsoils restrict water flow and salt 
leaching, leading to salinization of root zone layers including the subsoil. 
However, the consequences for plant growth vary with seasonal rainfall, leach-
ing, water use by plants, and water evaporation from the soil surface. In addi-
tion, the decrease of the osmotic potential of soil water, which decreases the 
non-limiting plant-available water range, may also be associated with high con-
centrations of soluble boron, carbonates, and microelements, such as Al, Mn, 
and Fe, which can also be toxic to crops. Hence, transient salinity often involves 
multiple constraints so that a focus on alleviating any single constraint is 
unlikely to be effective.

Confusion has existed in the literature about the definition of sodic soils and 
in the recommended management practices for such soils, because dispersive-
ness on sodic soils varies with many soil factors such as mineralogy, organic 
matter, exchangeable cations, electrolyte concentration of soil solution, and pH 
(Rengasamy et al. 2022). Sodic soils have been defined by exchangeable Na per-
centage (ESP), or the Na absorption ratio (SAR). Threshold values vary from 6% 
to 15% ESP. However, the critical property is usually not sodicity per se but 
rather the dispersive tendency of the soils. A new concept of “net dispersive 
charge” has been proposed to account for the amount of clay dispersed from a 
dispersive soil based on the difference between dispersive charge and flocculat-
ing charge (Rengasamy et al. 2016).

When the flocculating charge in a saline soil is equal to or greater than the 
dispersive charge, the soil structural effects of sodicity will be minimal, and 
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the effects on crop growth are largely explained by osmotic effects and ion 
toxicity. When the flocculating charge is lower than the dispersive charge, soil 
physical properties will be degraded with damaging effects on crop growth. 
The concept of net dispersive charge of dispersive soils considers the concen-
trations of all cations unlike SAR, which ignores the dispersive effects of K, 
and the flocculating effect of both Mg and Ca. Based on the concept of net 
dispersive charge, there is a need to examine a broad range of dispersive soils 
to derive appropriate threshold values for dispersion and appropriate soil man-
agement practices for different classes of sodic soil. These investigations 
should include assessments of subsoils and their relationship to transient 
salinity.

While gypsum is commonly recommended as an ameliorant for sodic soils, 
there are still inadequate guidelines on when to expect responses to its applica-
tion especially for subsoil sodicity (Zoca and Penn 2017). Amelioration of sodic, 
dense subsoils by the deep incorporation of organic materials (30–40 cm) has 
shown promising results in southeast Australia (Gill et al. 2008; Sale et al. 2019) 
as a strategy to restore degraded soils (Celestina et al. 2019). The organic materi-
als, applied as pellets of lucerne shoots or poultry litter at 20 t ha−1, were in fact 
more effective than incorporation of gypsum or deep ripping (Gill et al. 2008). 
The 60% increase in wheat yield was attributed to 50 mm extra water extraction 
from below 40 cm depth due to increased root growth and to increased N uptake, 
which enabled leaves of wheat to remain green for longer. The incorporation of 
lucerne or poultry litter pellets at a depth of 30–40 cm almost doubled the mac-
roporosity from <10% to >18%, decreased the volumetric water content retained 
at −1500 kPa, and caused a 50-fold increase on saturated hydraulic conductivity 
in the subsoil layer (Gill et al. 2009). The yield responses persisted for at least 
4 years (Sale et al. 2019).

In alkaline soils, much of the research has been on bicarbonate toxicity 
(pH 8–9), carbonate toxicity (> pH 9), Fe deficiency (pH 8–9), and boron defi-
ciency and toxicity (Rengasamy et al. 2022). Another constraint when soil pH 
increases above 9 is attributed to toxicity due to the formation of soluble 
anionic aluminate species (Brautigan et al. 2012); however, the veracity of this 
conclusion is contested by Kopittke et al. (2016). In addition, with increasing 
pH, monovalent ions, particularly Na+, increase in soil solution while concen-
trations of divalent Ca2+ and Mg2 decrease, leading to greater clay dispersion 
and soil structural degradation. Soil structural degradation exacerbates tran-
sient waterlogging, and the anoxic conditions in the subsoil can trigger micro-
element toxicities (such as Mn, Fe, Al, and B) due to the combination of 
increasing concentrations in soil solutions and/or reduced exclusion by roots 
(Setter et al. 2009). When alkaline soils are salinized by chloride and sulphate 
salts of sodium, soil pH is considerably reduced and toxicity due to carbonates 
and elements (Mn, Al, and Fe) is diminished, and osmotic effects become 
dominant.
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16.8  Soil Physical Constraints

Physical subsoil constraints are linked with chemical properties and biological pro-
cesses (Oliveira and Fernandes 2022). Physical restrictions in the subsoil can be 
natural or induced. The most well-studied physical constraint is compaction caused 
by pressure from the weight of machines on the soil surface and the shear force of 
implements on soils. Mechanization of all phases of crop production is a reality in 
many countries and landscapes. To achieve greater economic efficiency, there is a 
trend towards heavier machines with higher soil surface pressure.

Controlled traffic farming is a rapidly evolving technology for minimizing sub-
soil compaction in mechanized crop production. There is a need to extend this tech-
nology to perennial crops where multiple wheel passes (for fertilization, chemical 
application, harvesting, etc.) between the tree lines (Fig. 16.3) compact the surface 
and subsurface soil and decrease rates of water infiltration and lateral root expan-
sion. This can happen not only on sandy soils but also on fine-textured soils. It may 
be exacerbated under irrigated agricultural systems (localized, sprinkler, or surface 
inundation), since the soil water content will often be higher in the tramlines, mak-
ing the soil more prone to compaction. In vegetables crops, the timing of operations 
is critical so as to achieve a high-value product, which often results in machinery 
operating in wet soils. Avoiding soil compaction and the degradation of soil struc-
ture in these systems remains a challenge.

The most common correction for subsoil compaction is deep subsoiling (~ 
60 cm) or deep ploughing at ~40 cm, but first, it is necessary to identify the depth of 
the compacted layer. However, periodic elimination of a compacted layer by any 
implement runs the risk of creating a new compacted layer at a greater depth, espe-
cially as machinery weight tends to increase over time. With the trend towards 
heavier machinery and more mechanized operations in each crop, it is essential to 
better predict subsoil compaction susceptibility and to incorporate this kind of 
information in soil use planning as demonstrated in the study of Schneider and Don 
(2019a, b).

Fig. 16.3 Compacted surface tramlines in perennial crop (Malpighia punicifolia L.) production 
under drip irrigation
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The risk of compacted subsoil layers occurs even in oxidic Ferralsols, which are 
characterized by very well-developed, stable microgranular structure. However, 
under intensive vegetable systems (at least two crops per year) and central pivot 
irrigation, compaction is occurring. Within the aggregates, there is increased poros-
ity but fewer large, elongated pores, and less connected pores (Pereira 2020).

16.9  Sand and Gravel-Rich Subsoils

A major limitation of soils with either gravel or sand subsoils is their limited capac-
ity to store and supply water and nutrients for root uptake. Even when roots can 
grow into these gravelly and sandy subsoils, the amount of stored water and nutri-
ents that can be accessed is limited. Root growth in these subsoils can be hampered 
further by subsoil acidity and compaction.

At <15% content, gravels are not considered to significantly influence edaphic 
soil properties: indeed, if the <2  mm fraction has sand or loamy sand texture, 
increases in gravel up to 20–30% can slightly increase root depth (Bablola and Lal 
1977). However, with progressive increases in gravel content, water storage declines. 
The implications for crops and pastures depend on whether the gravel layer is pen-
etrated by roots (Scanlan et al. 2022). However, even with penetrable gravel layers, 
root depth declines with increasing gravel content. Due to the low plant-available 
water content (PAWC) of soils with gravel subsoil, decreases in root depth can pro-
foundly hamper crop growth. For example, in sandy profiles with gravel subsoil in 
south-west Australia, the cumulative PAWC to 1 m depth was 55–105 mm, but if 
root depth was restricted to 30 cm depth, the PAWC was only 30–35 mm (Scanlan 
et al. 2022).

Like profiles with gravel subsoil, sand-textured subsoils severely limit PAWC 
(Scanlan et al. 2022). In the World Reference Base (FAO Soils Portal 1998), the 
deep sands or Arenosols can have up to 16% clay. However, across the range in sand 
content from 0 to 16%, there are major changes in water and nutrient availability 
and implications for soil management. Profiles with <2% clay in the subsoil will 
behave very differently to those with 10–16% clay in terms of water storage, nutri-
ent leaching, susceptibility to compaction, acidification, and crop yields.

Sands are susceptible to subsoil compaction particularly when repeatedly traf-
ficked by heavy machinery. Deep sands in south-west Australia can develop up to 
3 MPa penetration resistance within 20 cm depth that stops root elongation (Hall 
et al. 2020). Subsoil compaction also develops in deep sands in Northeast Thailand 
due the repeated wet puddling of soils for rice cultivation (Bruand et al. 2004). Deep 
ripping to 50 cm or more removes the compaction but is only effective for 2–3 years 
before a similar level of compaction redevelops, due to the continuation of traffick-
ing with heavy machinery or re-settling of sand particles. Controlled traffic farming, 
whereby the wheel tracks of all vehicles follow the same tramlines for all opera-
tions, can preserve the benefits of deep ripping for deep root penetration on deep 
sands. This confines the compaction of soil to the tramlines, which cover <15% of 
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the land area: the remaining land generally maintains a level of penetration resis-
tance that is not limiting to root penetration.

A possible solution to the water and nutrient limitations of subsoils in deep sands 
is to increase their content of high surface-reactivity materials such as clay. Clay 
addition and incorporation to 30–40  cm depth is a semi-permanent treatment to 
alleviate the low soil water and nutrient retention of the sandy subsoil (Hall et al. 
2010; Betti et al. 2015). In addition, biochar incorporation into sandy subsoils to 
75 cm depth at 100 and 200 t ha−1 increased water retention from 8.0 to 11.0 and 
13.9% (vol/vol), respectively (Bruun et al. 2014).

16.10  Biological Subsoil Constraints

Biological constraints in subsoil may arise from infections of roots by soil patho-
gens, especially by those that prefer anoxic or hypoxic environments. However, 
Moura et al. (2022) uncovered relatively few studies, which examined the activity 
and significance of soil-borne pathogens in subsoils. This remains a research gap. 
Indeed, in a recent meta-analysis of published soils papers, the depth in soil biology 
research was on average only 18 cm (Yost and Hartemink 2020).

In the absence of specific research, the impact of soil-borne diseases in the sub-
soil can be predicted from general principles. Firstly, soil-borne diseases infect 
roots and are propagated on remnant plant roots that are most abundant in the upper 
10–20 cm of soils (Costa and Coutinho 2022). Secondly, soil organic matter levels, 
which have a strong influence on soil microbial activity, are greatest in the topsoil 
and decline with depth. Hence, the capacity of non-disease organisms in the soil to 
compete with soil-borne diseases and suppress their activity may be lower in the 
subsoil than topsoil. In addition, the value of organic matter added to topsoil and 
incorporated in topsoil may have limited effect on activity of soil-borne diseases in 
subsoils. The shift towards no-tillage crop establishment increases the stratification 
of organic matter close to the soil surface. However, there is evidence that where 
no-tillage increases soil organic matter in the 0–30 cm layer, it also increases soil 
organic matter, albeit by modest amounts, in the 30–60 cm layer (Sun et al. 2020). 
The converse was also true: where soil organic matter in the 0–30 cm layer decreased, 
it also decreased in the 30–60 cm layer. Earlier concerns that increase in topsoil 
organic matter levels after adoption of no-tillage were negated by decline in the 
subsurface layers (Powlson et al. 2014) are not universally the case (Sun et al. 2020). 
Finally, those soil-borne diseases which are suppressed by tillage, such as rhizocto-
nia or nematodes, would remain unaffected in the subsoils below the direct effect of 
soil tillage disturbance on crop roots.

There has also been limited study on the subsoil activity of beneficial soil organ-
isms (Moreira et al. 2022). However, the subsoil and even deeper layers of regolith 
are not devoid of soil biological activity. De Araujo Pereira et al. (2018) reported 
arbuscular mycorrhizal fungal (AMF) spores and root colonization in pure and 
mixed stands of Eucalyptus grandis and Acacia mangium to 8.0  m depth in 
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south-eastern Brazil. In this study, the diversity of AMF species declined with depth. 
Similarly, the diversity of ectomycorrhizal fungi (EMF) and the abundance of exter-
nal hyphae were reported to decrease with soil depth (Shahin et al. 2013). In Norway 
spruce, the number of EM root tips was higher in the mineral soil horizons to a 
depth of 0.75 m than in the surface organic-rich layer (Scattolin et al. 2008). Wang 
et al. (2014) found that the proportion of high efficiency mineral-dissolving bacteria 
increased with soil depth in the upper 1 m of a soil profile in a grassland. Brewer 
et al. (2019) also found that some taxa of bacteria and archaea increased with depth 
in soils even through overall diversity declined. Yost and Hartemink (2020) cite 
several studies reported over 100 years ago in which the authors reported measur-
able and significant bacterial counts at depths up to 6 m.

The extent to which alleviation of subsoil constraints increases root activity and 
density in subsoils and the repercussions for beneficial microorganisms needs to be 
better understood, especially for rainfed agriculture. It would also be prudent to 
increase the focus on pathogenic root infections in the subsoil to ensure that the 
gains from alleviating chemical and physical constraints are not negated by increased 
subsoil-root disease.

Ants, termites, earthworms, and other soil fauna have the capacity for subsoil 
mixing, creation of biopores, adding organic matter, and changing the soil environ-
ment at depth (Schaefer and Oliveira 2022). However, their role in crop production 
soils is not well-understood, and technologies to harness their activity have not yet 
been developed.

16.11  Root Penetration Rates and Biopores

Subsoil constraints may not be significant for species that produce shallow roots. 
Conversely, investing in alleviation of subsoil constraints is only justifiable if 
root systems have the capacity to grow deeply into the subsoil. Many crop spe-
cies have 50% or more of the roots within 8–20 cm depth, but 95% of all roots 
occur within 64–138 cm depth (Fan et al. 2016). Globally, tree roots on average 
are 7 ± 1.2 m deep. By contrast, for herbaceous species, the average is 2.1 ± 0.2 m 
(Jackson et al. 1996). Hence, Thorup-Kristiansen et al. (2020) argue that select-
ing deep-rooted species represents the greatest potential for exploiting subsoil 
resources. While the maximum depth of roots is of interest, there is a need for 
more information demonstrating the extent of root function with depth together 
with convenient methods to select genetically superior materials from crop culti-
var/varieties/hybrids and advanced lines. The importance of subsoil constraints 
depends on the proportion of crop water uptake and nutrient uptake from subsoil 
and the relative efficiency of different crop cultivar/varieties/hybrids (Vance and 
Milroy 2022; Ma et al. 2022).

The duration of root occupancy at depth may be quite limited for annual 
crops (Thorup-Kristiansen et al. 2020). The rate of transfer of water across 
the soil-root interface is particularly important in the case of many annual 
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crops (Vance and Milroy 2022). For annual crops, root occupancy of deep 
subsoil layers may occur late in the growing season, which limits the length 
of time when roots can absorb subsoil water (Thorup-Kristansen et al. 2020). 
This trend is exacerbated by breeding shorter duration crops. Roots of early 
maturing crops have less time to grow deeper. For example, winter wheat, 
which grew for 6 months longer than spring wheat, had roots twice as deep 
(Thorup-Kristensen et al. 2009). By contrast, perennial crops continuously 
access the subsoil for water and nutrients, especially under rainfed systems. 
Under irrigation, the roots concentrate in the surface layer (Guohua 
et al. 2009).

The optimum depth for roots depends on where water and nutrients are 
stored in the profile and whether the availability of those resources changes 
with time. Practices to enhance higher water storage in subsoil could be benefi-
cial. Increased topsoil macroporosity, for example, reduces water evaporation 
by interrupting capillary flow of water and slowing heat transfer by air present 
in the superficial layer, reducing soil water evaporation. When these properties 
develop at the end of the wet season, this practice can favour higher water lev-
els in subsoil. By contrast in a no- tillage context, the stratification of nutrients 
and also organic matter facilitate root abundance near the soil surface. While 
plant-available P is immobile in most soils and stratified with highest concen-
trations close to the surface, N and water are more mobile. For P foraging, 
shallow roots concentrated in the topsoil are advantageous (Lynch and Brown 
2001). By contrast for N and water, Lynch (2013) proposed a root ideotype for 
maize based on roots traits that fit the criteria of being steep, cheap, and deep. 
While plants need to invest some resources in acquiring N and water early in 
their growth from shallow soil layers, the mobility of those resources means 
that over time it is advantageous for the roots to grow deeper. One of the root 
traits that was advantageous for the uptake of N, P, and K when levels were 
suboptimal in soils was the development of root cortical aerenchyma that 
decreases the respiratory cost of growing deep roots (Potsma and Lynch 2011; 
Schneider et al. 2017).

An obvious limitation to efforts to encourage deeper root growth and activity is 
the ability to accurately measure accurately root properties, especially those related 
to water uptake, nutrient acquisition, soil biology, and soil carbon (Thorup- 
Kristensen et al. 2020). Traditional methods for assessing roots by digging, recover-
ing, washing, and measuring are tedious and expensive, which limits the number of 
samples collected, the frequency of sampling, and the depth of sampling. Improved 
methods for assessing subsoil roots, which overcome the above limitations, are 
needed. Electrical resistivity tomography (ERT), which can provide non-invasive 
estimates of root depth of woody species (Mary et  al. 2018), may provide such 
capability for annual crops in future. Changes in electrical resistivity were related to 
uptake of subsoil water by apple trees (Cassiani et  al. 2016). Three-dimensional 
ERT was also able to quantify root biomass in herbaceous plant species (Amato 
et al. 2008).
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Biopores are a critical feature of subsoils for root penetration, especially when 
the subsoil has high bulk density. However, more study is needed to understand the 
role of biopores in subsoils, and effective methods are needed for quantifying their 
presence, abundance, and function. Even though their density may be low, a signifi-
cant proportion of roots occupy biopores in subsoils (Vance and Milroy 2022). 
According to Stirzaker et al. (1996), in soil with high strength, the frequency of 
roots in pores was three to four times higher than might have been expected based 
on random root distribution. Biopores in subsoils are created by successive genera-
tions of sinker/tap roots or the activity of soil-dwelling invertebrates.

While there is good evidence for the importance of soil biopores for root exten-
sion in soils with high strength, the impact on access to soil resources is likely to 
differ among species, depending on the mode of contact between a root and the pore 
wall (Vance and Milroy 2022). The seminal roots of barley make contact with the 
pore wall mainly through long root hairs. By contrast, the taproot of oilseed rape 
grows vertically down the pores and makes contact with the pore wall via the lateral 
roots. More research is needed to establish how a wider diversity of species and 
genotypes within a species utilize pores in high-strength soils. The key questions 
relate to determining what traits determine the ability of roots to grow into available 
pores and to access resources particularly in zones of high soil strength, or in other-
wise hostile subsoils.

Larger macropores, formed by root channels, are prevalent in forests, where 
roots must access water at depth during periods of drought (Dell et al. 1983). Not all 
soil pores contain roots, with only 5% of subsoil pores in a wheat field containing 
roots compared to 20% in surface soil (White and Kirkegaard 2010). Crop rotation 
can be used to enhance the formation of macropores. For example, when chicory 
was used in rotation with barley and winter oilseed rape, the number of biopores 
was increased (Perkons et al. 2014). More systematic study is needed on the influ-
ence of cultivation methods, traffic management, crop rotation, cover management, 
and soil chemical amendment on the rate of development and persistence of bio-
pores of different sizes.

Biopores are commonly nutrient enriched around their walls through the accu-
mulation of organic matter (Ma et al. 2022). Also, the organic matter that earth-
worms incorporate into biopores creates habitats for microorganisms, which can 
facilitate SOM turnover in the subsoil (Hoang et al. 2017). Subsoil biopores may 
have more labile P than in the bulk soil (Bauke et al. 2017). The extent to which 
microorganisms cohabit with roots in biopores at depths below 2 m has not been 
explored.

Establishing cover crops on amended soils is advocated in Brazil to improve the 
physical condition of the soil profile. The continuous biopores formed by roots or 
macrofauna increase macroporosity and maximize water infiltration, which is criti-
cal to achieve amelioration of subsoil layers. Gramineous crops (bamboo, sugar 
cane, forages, etc.) with very dense fibrous roots and also trees (e.g. eucalyptus 
roots) in rotation with annuals crops can promote subsoil biopores, root growth, 
organic matter accumulation, and access to subsoil water and transfer at the soil- 
root interface.
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16.12  Conclusions

Large areas of land globally suffer from subsoil constraints, but these are not well 
defined in terms of location, severity, and area affected. The area and location of 
subsoil constraints, both from natural causes and those induced by crop and farm 
management practices, can be predicted by digital soil mapping. Subsoil constraints 
are common on deeply weathered soils, including the deep regoliths that are com-
mon in tropical regions. Many individual subsoil constraints depress crop produc-
tion. However, multiple constraints are also common. In such cases, alleviation of 
any one of those constraints may fail to generate significant benefit because other 
constraints remain.

The main consequence of subsoil constraints is that water and nutrients stored in 
subsoils are not efficiently utilized, and hence, crops fail reach their yield potential. 
Even when best management practices are applied to the topsoil, yield of crops is 
depressed by subsoil constraints. Crops may acquire up to 75% of N, 85% of P 
uptake, and up to 70% of K uptake from the subsoil, if root growth is not con-
strained. Technologies to identify and ameliorate subsoil constraints represent a 
promising frontier for crop and soil management with the potential to achieve a 
substantial lift in crop productivity in many parts of the world. The present chapter 
and companion chapters in this book have identified knowledge gaps and opportuni-
ties for further research and technology development to alleviate the effects of sub-
soil constraints on crop production.

The significance of subsoil constraints and their alleviation need to be high-
lighted in training for university graduates, field technicians, and farmers. Moreover, 
methodologies, such as SubVESS (Ball et al., 2015), need to be taught so that soil 
managers have the skills to assess susceptibility to induced subsoil constraints and 
to identify natural constraints as well as being able to match appropriate mitigation 
and amelioration techniques to particular subsoil constraints. Capacity development 
should emphasize avoidance of the causes of subsoil degradation rather than relying 
only on interventions, such as subsoiling to alleviate it.
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