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As Soil Scientists, we are gathering important and valuable knowledge about the chemical, physical and biological processes in soil, and with the increasing effects of climate change, this knowledge may play a pivotal role in the future of our planet. However, we must revisit crucial points in our past to understand how humanity’s evolution has shaped the current state of soil health. Furthermore, we must also consider that we are funded and supported by the society in which we live, and therefore social and political factors will inevitably play a part in the future of soil health. In this review, we address important historical aspects of crop development and soil microbiome combined with the provision of key ecosystem services to ensure soil sustainability. In addition, we provide a brief overview of key concepts related to soil health, including the criteria of the selection of indicators for soil health assessment, whilst focusing on the role of soil biology. Moreover, we provide an overview of research conducted across diverse biomes in Brazil, highlighting approaches to assess soil health in both agroecosystems and natural ecosystems. We also emphasize the significance of harnessing beneficial plant-microorganism interactions as an ecologically sustainable strategy for enhancing soil health. Finally, we conclude the review by discussing potential advancements in soil health assessment in Brazil, and their potential application in broader agricultural and forestry contexts.
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1 Introduction

In modern agriculture or forestry, we are revisiting the fundamental principles of these activities, but with an advanced approach, that integrates cutting-edge science and technology. Throughout the evolutionary progression of agricultural management, multiple phases and approaches have been implemented with the aim of optimizing the efficiency and productivity of crop and forest cultivation in order to feed our growing populations and to achieve and cover all human needs. Significant progress was made through the gradual replacement of manual farm labor with wooden and metal tools, and later machinery. Furthermore, the pioneering work of Norman Borlaug (known as the father of the Green Revolution) shed light on the crucial role of industrial fertilizers and pesticides, among other innovations, to increase plant productivity (1). The first responses to this new management technique were very positive, especially in Africa, India, and Latin America, among others, saving millions of people from hunger and death (2). However, after some time, several negative results of these practices were detected, as the disappearance of most biological soil quality due to the intoxication of soil by the use of agrochemicals, or even by chemical fertilizers. Among the unwanted consequences, we can also mention soil, air, and water pollution, causing loss of crop productivity and soil health (SH) (3). For instance, consider SH as a state in which the soil maintains all its original qualities, especially the soil microbiota and the soils initial physical, chemical and biological attributes and production potential (4). The definition of SH shall be explained in detail subsequently in this review, which will be mostly focused on the Brazilian context.

Nowadays, Brazil has developed high-tech agriculture, using hundreds of specialized machineries, including airplanes and drones, all working together over vast areas to cultivate huge amounts of crops. However, this progress has also led to a significant increase in income inequality, with wealth becoming increasingly concentrated. This situation exerts immense pressure on further expansion, endangering our native tropical forests due to continuous deforestation, burning processes, and illegal exportation of precious timber, allegedly driven by the demand for more land for plantations or cattle ranching (5).

There are additional threats to the environment in Brazil, such as the illegal prospecting of gold and precious stones, which results in the pollution of rivers with mercury, for example, used in the extraction process to separate the valuable metal from other materials. As a result, in the Amazon, the world’s largest tropical rainforest, indigenous people and legitimate landowners are being forcefully dislocated from their native lands by miners searching for precious metals and stones (6–8). However, the Amazon rainforest is not the only Brazilian biome at risk of destruction. Deforestation, burning, and loss of biodiversity are also occurring in the swampland of Pantanal, in the Pampa, and the Cerrado and Caatinga regions with semiarid climates (9, 10).

Understanding the real impact of these mentioned points is also essential if we seek eco-friendly strategies in agriculture and forestry that go beyond increasing productivity. It is widely known that the biological aspect of agroecosystems has been overlooked for a significant period, and efforts are currently underway to address this gap. Markedly, there is a large effort of the governance worldwide encouraging the sustainability, food protection and biofortification and organic cultivation based on the use of biological inputs as a new strategy, but in fact, we are just imitating the natural environment (11).

Throughout this review, we revisit the past to obtain a better understanding of what we are doing in the present with our most valuable natural resources, the soil, that could affect our future. In addition, here we cover subjects such as the use of mycorrhizal symbiosis, bacteria inoculation, soil health in agroecosystems and natural ecosystems across different Brazilian biomes, the role of forests in a context of climate change and other key points related to the ecosystem services.




2 Historical development of plantations and soil health in Brazil

Agriculture and forestry initially originated in Europe and Asia, and subsequently expanded to tropical regions (e.g., Brazil) where we have copied certain management practices from temperate regions (particularly Europe) or tropical regions in Asia. Typically, Brazilian tropical soils are less fertile and more prone to erosion due to factors such as excessive tilling, heavy rainfall causing runoff and reduced water infiltration, resulting in substantial loss of soil and nutrients that are carried into rivers and eventually into the ocean. Hence, the implementation of no-tillage management practices in Brazil has been a significant advancement, promoting improved crop productivity, soil structure, and biodiversity over time (12). This technique is called “planting on straw”, to express its collaboration with soil fertility through the increase of soil organic matter (SOM) in soil (Figure 1). However, the first field experiments in this direction taught us, that it would take a long time, of about five years, to attain a greater crop productivity. If we try to modify our methodology from one year to the other, we will lose most of the expected yield, and only after several years of revitalizing the soil to make it healthy again, we may obtain increased yields (14, 19, 20).




Figure 1 | Diagrammatic representation of the timeline events discussed in this review. Information combined of 1Mazoyer and Roudart (11), 2National Geographic (13), 3Briggs (2), 4Possamai et al. (14), 5EMBRAPA (15), 6Schulte et al. (16), 7Ricroch et al. (17), and 8MAPA (18).



Several soil health assessment tools have become available and used since the 1990s in North America, Europe, and China (21). The concept of soil health has evolved as part of a global movement to raise awareness about the crucial role of soil in environmental quality. This has been supported by numerous studies that emphasize the importance of various soil ecosystem services (22, 23). In Brazil, Dra. Elke JBN Cardoso team’s from the University of São Paulo has pioneered in soil health research, highlighting the significance of soil biology for soil health (4) and ecosystem services, particularly in agricultural and forest environments. The study of soil health in Brazil is currently gaining momentum, with the Soil Health & Management Research Group (SOHMA) led by Dr. Maurício Roberto Cherubin also from the University of São Paulo (USP). In addition, the Dra. Ieda Mendes team’s from the Brazilian Agricultural Research Corporation (EMBRAPA) has playing a pivotal role in advancing of this field.

Soil health depends on the different activities that occur in and on the soil and may be understood as being the sum of all characteristics, which allow a soil to have a certain potential to produce well in accordance with its fertility potential, providing food for humans and animals (22). Therefore, SH is an integrated system of management practices that improve environmental quality through efficient utilization resources, thereby enhancing the quality of life for farmers and society, both present and future generations. To achieve its potential, optimal functioning of biogeochemical activities and ecosystem services is essential. In contrast, conventional agriculture, characterized by increased soil degradation and reliance on industrial fertilizers and pesticides, stands in opposition to soil health goals (24–26).

A living and healthy soil shares several characteristics of living beings, for example, soil respiration, which is the result of the summed respiration of all organisms, which harbor in soil. On the other hand, soils are the normal substrate for crop production, and only healthy and fertile soils can produce high yields. Soil health has a tripartite basis, since it comprises the soil’s physical, chemical, and biological properties. Therefore, when evaluating soil health in agroecosystems or forests, it is crucial to assess attributes related to these three aspects. Typically, a minimum set of attributes includes total organic carbon, pH, plant-available nutrients (such as P, K), soil density, penetration resistance (27, 28), visual evaluation of soil structure (VESS) (29), basal respiration, and soil microbial biomass (30). Additionally, enzymatic activity (e.g., β-glucosidase, phosphatases, and arylsulfatase) (31), soil aggregation, and porosity (32) may also be included.




3 Criteria for soil health assessment indicators

Soil health should be understood as a comprehensive principle that cannot be directly measured in the field or laboratory but can be indirectly inferred through indicators related to soil health (21). The multifunctionality and diversity of soil require several indicators to be quantified, but due to cost, collinearity issues, and the complexity of relationships, a minimum set of data needs to be selected (22, 33, 34). Therefore, indicators should fulfil specific criteria, as summarized in Figure 2. These criteria include relevance, sensitivity, validity, feasibility, and informativeness.




Figure 2 | Criteria and examples of commonly used soil indicators for assessing soil health in agroecosystems.



The selection of indicators is aligned with the relationship between the indicators and the target object of study, such as soil threats and ecosystem services. These different sets of indicators are used with different weights in practice. Finally, the integration of indicator scores is performed, generating a final index. This requires the use of statistical and computational methods to relate them to the assessment objective. Acceptable target ranges for soil health indicators are generally specific to the soil and land use (23, 35, 36). Chemical indicators make up at least 40% of the indicators in 90% of soil health assessment schemes, highlighting the continued importance of chemical properties in quantifying soil health and the longstanding emphasis on plant production. Biological indicators still constitute less than 20% of the indicators, even as the total number of indicators used by a given scheme increases, despite their importance for soil health management (37).




4 The role of soil biology in soil health

The cultivated crops or forest trees, being living beings, also possess their own microbiome, similar to the ones that have been described for humans and animals. Those microbiomes live in close association with their living host plants, which become colonized inside and/or outside by their respective microbes, which surpass the number of plant cells. For plants, the most significant part that is colonized by microorganisms is the rhizosphere, and those microbiomes are the most important and necessary factor to define and modulate plant development. The major activity of the rhizosphere organisms consists of the degradation or mineralization of the soil organic material, whereby furnishing the chemical nutrients needed by the plant and modulating the nutrient cycles of macro and micronutrients (38).

The importance of soils rich in organic matter to maintain a productive agriculture is already present in antique descriptions on agriculture by the old romans or tribal ancestral farmers. The utilization of organic materials for agriculture also is very popular among people in developing countries with little technological advance, and in places with low civilizational influence (39). The organic material in soils is the energetic food consumed by the microbial world. Many different microorganisms are also specialized for the symbiotic or associative interaction with plants. Here, we must highlight the ones that are plant growth promoting bacteria (PGPB) and arbuscular mycorrhizal fungi (AMF), exerting many different roles (40, 41). We have provided additional information on the use of PGPB and AMF in agriculture and forestry in sections 9.1 and 9.2 (Figure 3), emphasizing their significance in a broader context. Archaea also play a key role in some biochemical transformations, such as the oxidation of ammonia (NH3) to nitrite ( ) in the soil, although previously we thought this was due exclusively to soil bacteria (42).

Soil macro and mesofauna play a significant role in shaping physical soil attributes, as many of them reside within the soil or in the litter layer. “Soil engineers”, such as earthworms, ants, termites, and certain bugs including coleopterans and their larvae, are among the best indicators of this activity, as they move freely through the soil, build galleries or nests, and can transport large amounts of soil between horizons. Soil fauna can also serve as indicators of soil health stages, as they facilitate seed and microbe movement, consume plants, insects, or microbes, and regulate biodiversity (4).

However, there is a lack of information on how soil biota, which relates to soil functions and ecosystem services, can be managed, and this deserves attention. Disseminating the importance of biological indicators for soil health and developing assessment tools that meet the criteria for soil health indicators, is essential and represents the next frontier in soil health research.

In line with this, soil enzyme activity has emerged as a potential indicator to compose a soil health index in Brazil. Launched by the Brazilian Agricultural Research Corporation in 2019, the soil biological analysis (BioAS) represents an advancement in the relationship between soil biology and soil health in Brazil (43). The BioAS quantifies the activity of arylsulfatase and β-glucosidase enzymes in the soil, which are associated with sulphur and carbon cycles, respectively, and are highly correlated with SOM and grain yield. The BioAS also involves the calculation of Soil Quality Indexes (IQS), which are calculated based on both chemical and biological properties (IQSFertbio). Furthermore, in 2020, the Brazilian government introduced The National Bioinputs Program with the goal of expanding and enhancing the bioinputs sector. This program provides farmers with technologies, products, processes, knowledge, and information related to a wide range of biologically based inputs used in various agricultural practices, including soil nutrition, pest control, post-harvest management, and agroindustry (18).




5 The interaction between ecosystem services and soil health

Ecosystem services are defined as the benefits that humans obtain from ecosystems, such as provisioning services (e.g., food, water), regulating services (e.g., climate regulation, water purification), cultural services (e.g., recreational and aesthetic value), and supporting services (e.g., nutrient cycling, soil formation) (44, 45). The study of soil health encompasses the assessment of various ecosystem services, aiming to accurately represent and balance the multifunctionality of ecosystems. This is achieved through the systematic evaluation of benefits and trade-offs associated with multifunctional systems used for managing ecosystem services, such as those found in agroecosystem soils (46).

The ecosystem services are perhaps the most fundamental attributes for sustainable agriculture. Ecosystem services are a gift of nature, acting through the activity of living beings, which live in all soils or other environments, as long as they preserve their original health. Thus, soil health depends on various types of living beings, which, acting together, provide optimal conditions for plant growth, without any cost to humans (16). As mentioned earlier, ecosystem services are the direct or indirect benefits obtained from natural ecosystems by means of complex improvements offered to agriculture or forestry (45). Those services are furnished without any costs by many living organisms, as bacteria, fungi, soil invertebrates, insects, and many others, although those services would be very expensive, if we had to pay for them. Among those, we can mention SOM decomposition and nutrient cycling by bacteria, soil fauna acting as soil engineers or bees in pollination of flowers, plant microbes helping in plant development, bacteria in biological nitrogen fixation, bioremediation, biological control, nitrification, among many others (45).

Native forests are a prime example of ecosystem services in action, regardless of local climate. Trees in these forests continuously regenerate according to their natural lifespan and death, while the understory thrives without the need for additional inputs like industrial fertilizers. Organic materials from leaf litter and tree debris provide nourishment for soil fauna and microbes, and mixed stands in native forests optimize their fertilization potential. As a result, native forests support the biodiversity of plants, animals, and microbes that interact and create a complex network of interdependence and mutual benefits. Even predators play a crucial role in maintaining population control within their community, contributing to long-term equilibrium (45).

The Amazon Forest is a typical example of an equilibrated ecosystem, containing 10 to 15% of the world’s fauna and plants, despite occupying less than 4.7% of the continental area. The indigenous people who have inhabited the forest for over 12 thousand years serve as its guardians, using their traditional knowledge and ethical practices to sustainably coexist with the environment. The Amazon Forest plays a crucial role in maintaining global biodiversity, regulating water cycles and climate patterns in Brazil and beyond. Given the broad context of the role of soil health and key concepts, we will now focus on soil health in agroecosystems, natural forests and the role of forests in the context of climate change.




6 Soil health in agroecosystems and forestry

The term agroecosystem refers to a complex system introduced into a natural ecosystem, with agricultural production being the main objective. Notably, the international and domestic demand for food, biofuels, and fibres has been increasing and needs to be further met to fulfil the demand (47). Much of this growing demand is expected to be met through intensification of agroecosystem production, particularly in tropical regions (48). However, the intensification of agrochemical use combined with the intensive traffic of agricultural machinery can result in soil degradation and losses of SOM (49). In addition, it can cause soil compaction, increased risk of erosion, reduced soil fertility, higher greenhouse gas emissions, and reduction in soil biodiversity (4). Consequently, these issues impact water quality and use, human and animal health, climate, and biodiversity equilibrium, which are intensified in tropical and subtropical conditions.

Given this context, it is urgent to take action in order to increase sustainable management practices. These practices are generally based on the principles of minimal disturbance of the soil profile (such as no-till and reduced tillage). In addition, it is aimed at increasing plant species diversity through crop rotation, and the maintenance of crop residues on the soil surface, as well as organic fertilization, and the use of biological inputs. Furthermore, in a context of Agriculture 5.0 (Figure 1) the use of precision agriculture has become an interesting tool for farmers, allowing the monitoring of crops (48, 50). Management practices, which increase soil organic carbon, are often emphasized because small changes can have multiple cascading effects on soil health. As soil organic carbon increases, it helps to maintain or improve soil aggregation, reduce water and wind erosion, decrease soil erosion, enhance water retention, thus providing greater resistance to drought. Several other benefits of improved soil health can be mentioned, such as: (i) lower incidence of pests and pathogens, (ii) increased productivity, (iii) economic profit, (iv) water and air quality, (v) increased soil biodiversity, (vi) increased carbon sequestration in soil contributing to food security and climate change mitigation (48, 51–53).

Currently, Brazil is one of the world’s largest producers of agricultural products, with significant advances in crop productivity (206% increase) and grain production (394% increase) over the past 40 years (54). During the 2022/2023 crop season, Brazil is expected to achieve its highest grain production in history, with 312 million tons produced, with a focus on soybean and maize crops, which are projected to reach 153.5 and 125.8 million tons, respectively (55). The evolution of Brazilian agriculture has been driven mainly by the introduction of improved cultivars through genetic breeding, conservationist soil management, mechanization, public agricultural financing, and investment in technologies (56). The adoption of conservationist systems has been established in cultivated areas worldwide, increasing by 70% from 2009 to 2016. In Brazil, conservationist agricultural systems cover over 32 million hectares out of the 60 million hectares of cultivated land (52). This transition to conservationist management systems has occurred gradually over decades, mainly due to the evolution of management practices for grain production (57).

On the other hand, the intensification of land use without adequate knowledge has direct implications on the physical, chemical, and biological properties of the soil. As a result, in order to prevent negative consequences resulting from inadequate management, soil health assessment has been developed to provide information on the agronomic and environmental impacts of different agricultural systems (22, 23, 27, 52, 58, 59).

Among the various tools available in the literature, the Soil Management Assessment Framework (SMAF) (60) stands out as a precise, sensitive, and dynamic tool for assessing soil changes induced by different land uses and management practices (60, 61). The SMAF was originally developed and applied predominantly in North American soils. In Brazil, Cherubin et al. (62) introduced the SMAF for assessing the impacts of land use changes (native vegetation - pasture - sugarcane). Since then, the use of SMAF has been spreading in Brazil with the aim of evaluating the effects of different land uses, management practices, changes in land use, and crop systems (agricultural, pasture, planted forests) on soil health (28, 47, 63, 64).

Recently, visual assessments have been developed to provide a simple evaluation of soil structural quality directly in the field (65, 66). Among these, the Visual Evaluation of Soil Structure (VESS), developed by Ball et al. (67) and refined by Guimarães et al. (68), is a quick and accessible process that can be easily carried out in the field. The VESS scores provide an initial assessment of the overall state of soil health (35). In Brazil, several studies have applied the VESS assessment (29, 61, 69, 70).

Da Luz et al. (27) used SMAF as a strategy to assess the effects of different land uses on soil health in southern Brazil. They found that the conversion of native vegetation areas into long-term agricultural lands reduced soil health. However, conservationist systems such as no-till farming, with or without integrated crop-livestock systems, showed promising alternatives to improve soil health compared to degraded pastures or conventional sugarcane cultivation. Consistent with these results, Cherubin et al. (61) observed that 20 years of grain cultivation (maize, soybean, and oat) reduced soil functioning capacity by 64%, while native vegetation operated at 80% of its capacity.

The expansion of crops into degraded pastures is considered a sustainable strategy to expand sugarcane cultivation in Brazil (62). However, studies indicate that well-managed pastures through liming and nutrient management, high-yielding forage grasses, and weed control (71) can increase soil health compared to sugarcane cultivation. Additionally, land use for grain production under no-till farming, combined with integrated crop-livestock systems in Arenosols, contributes to improved soil health, reaching a functioning capacity of 56% of its potential capacity (27).

Currently, Brazil stands out as the world’s largest producer of sugarcane, accounting for 40.5% of global production (72). Compaction from mechanized operations is considered the main cause of reduction in soil capacity to sustain its essential physical functions (73). Da Luz et al. (28) found that uncontrolled traffic increased soil density, penetration resistance, reduced total porosity in the surface layer, and increased scores in the VESS assessment in sugarcane cultivation. On the other hand, controlled traffic in sugarcane cultivation was considered an efficient strategy to reduce physical soil degradation. Aligned with these results, Santos et al. (74) observed that machine traffic for crop management induced soil profile compaction in the MATOPIBA region of Brazil. Additionally, they found that the physical quality index of the soil in the studied sites was sensitive to the impacts of land use changes, leading them to function below their potential.

The increasing demand for bioenergy worldwide has contributed to the intensification of sugarcane planting due to its potential for biofuel production (47). Brazil has established itself in recent years as a leader in the development of sustainable strategies for utilizing sugarcane residues due to the large availability of straw resulting from the transition to mechanized harvesting without burning (75). Recent studies have indicated negative effects on soil functions due to indiscriminate removal of this straw (76, 77). Cherubin et al. (47) observed in Brazilian tropical conditions that sandy soils are more susceptible to soil degradation than clayey soils, indicating that straw removal should be avoided in this type of soil. According to SMAF, sandy and clayey soils functioned at 41–56% and 67–86% of their total potential, respectively. Meanwhile, low to moderate removal rates resulted in minimal detrimental effects on soil health.

Soil health assessment has been applied in various fields that utilize soil science as a research subject, such as agriculture, forestry, and others (35, 47, 78). In the forestry sector, there has been a growing need to assess the impact of land use on soil health and forest productivity in order to ensure environmental and economic sustainability, given the expansion of planted forests in Brazil. However, to date, few studies have assessed soil health in planted forests.

The removal of residues from forest plantations for use as an energy source is another point to be studied. In this regard, Eucalyptus cultivation stands out due to the large amount of residues generated during harvesting. In Brazil, the removal of forest residues for energy generation is going against the established practice of minimum tillage, a well-established conservationist practice in many regions of the country (79). Rocha et al. (80) found that the removal of forest residues reduced the production of Eucalyptus grandis by 40%. In a second rotation of E. grandis with consecutive residue removal (2004–2012), Rocha (81) observed a 15% reduction in wood volume at 4.5 years of tree age. In this sense, in addition to productivity, the levels and quality of SOM are significantly reduced when total residue removal occurs (80, 81).

This fact is concerning, especially in tropical soil conditions where SOM plays a fundamental role in soil health (81). The removal of residues can affect several indicators used to measure soil health. In this context, São José et al. (82) evaluated the impact of different residue management practices in eucalyptus forests. It was observed that the highest values of soil health were obtained in treatments where all residues (bark, branches, leaves, and litter) or partial residues (branches, leaves, and litter) from the previous rotation remained on the soil. These authors argue that eucalyptus productivity is dependent on soil health, and the main drivers of its reduction are associated with SOM depletion and the reduction of soil biological activity. They highlight the importance of this tool for monitoring the quality and sustainability of eucalyptus production.

Negative effects on soil properties were observed when E. grandis grew under a monocropping system (79, 83). However, when intercropped with nitrogen-fixing plant species, E. grandis has less impact on the soil, as these nitrogen-fixing species mitigate the negative effects (83, 84). In particular, Acacia mangium has been proposed as a suitable nitrogen-fixing plant species to be intercropped with E. grandis (85, 86). Therefore, intercropping E. grandis with A. mangium plantations has the potential to improve soil health in Brazilian tropical soils. Recently, Pereira et al. (31) applied the SMAF to assess soil health under monocropping (E. grandis: E or A. mangium: A) and intercropping forest (E. grandis + A. mangium: E+A) systems. Interestingly, soil health scores were significantly higher in A and E+A, with values above 0.9. However, the authors mentioned that only chemical indicators showed significant differences in soil health scores, while no changes were detected in physical and biological soil health scores among the treatments.

Adopting Agroforestry Systems (AFS) is an efficient and low-cost strategy to reverse soil degradation (87), while aiding in the maintenance and enhancement of soil health. This is achieved through increased carbon sequestration in vegetation and soil, restoration of nutrient cycling, among other ecological and socio-economic benefits (88). Matos et al. (89) evaluated the implementation of AFS on areas previously occupied by extensive grazing in Brazil. They found that AFS restore soil health in surface layers, particularly improving chemical soil components (12.79%) and physical soil components (6.5%), thereby enhancing the provision of key ecological functions of the soil.

Publications mentioning the terms soil quality and/or soil health, according to Simon et al. (90), have substantially increased in the last seven years. However, less than 10% of studies have focused on comprehensive evaluation of soil health, including integrated assessment of chemical, physical, and biological soil indicators. These authors also highlighted existing gaps for advancing scientific study of soil health in Brazil, such as new concepts, assessment frameworks, sampling and data analysis methods, interpretation curves, on-farm monitoring protocols, dissemination of assessment among Brazilian farmers, environmentalists, and other stakeholders. Continuing to advance and invest in research on soil health in Brazil and worldwide is essential, considering that maintaining healthy soils is crucial for achieving the United Nations’ Sustainable Development Goals in the coming decades (37, 91).




7 Soil health in native forests: a brief view across Brazilian biomes

Various global forest biomes provide a wide diversity of ecosystem services. Therefore, understanding their relevance and degradation mechanisms is important for making sustainable decisions aimed at the maintenance and preservation of these ecosystem services offered by biomes. In this way, we explore the Brazilian biomes with the objective of highlighting their potential for maintaining ecosystem services and raising awareness of the extensive degradation they have experienced in recent years. This is a topic of utmost importance in order to advance soil health studies in these biomes and develop focused projects for restoration and preservation.

Brazil has its territory occupied by six biomes (Amazon, Atlantic Forest, Cerrado, Caatinga, Pantanal and Pampa). The Amazon is the largest biome in Brazil, occupying 4,196,943 km2, which corresponds to 49.3% of the Brazilian territory. Geographically, six complete Brazilian states and most of the states of Mato Grosso and eastern Maranhão comprise the Amazon biome. This biome encompasses the Amazon rainforest, considered the largest tropical forest in the world, and it equally occupies large areas of other South American countries, such as Bolivia, Colombia, Ecuador, French Guiana, Guyana, Peru, Suriname and Venezuela. However, the Brazilian part no doubt is the largest. Considering all the above countries, the Amazon biome covers an area of 6,700,000 km2, and consequently, its ecological role in maintaining vital ecosystem services is well recognized worldwide (92, 93).

For example, in terms of ecological restoration in Brazil in the last 30 years, Guerra et al. (94) revealed that the Atlantic Forest and the Amazon are the Brazilian biomes with the highest number of studies, representing 56% and 22%, respectively. In other words, 78% of scientific efforts are involved in finding strategies to mitigate or measure the deforestation process in the Amazon rather than increase the capacity of this biome to provide ecosystem services. Botelho et al. (95) demonstrated that extensive areas of the Amazon rainforest are crossed by rural ways, which separate relatively small patches of forest vegetation. The whole extension of those roads corresponds to nine times the distance between our planet and the moon. Furthermore, the losses of the Amazon rainforest are linked altogether to the loss of indigenous land rights and violations of human rights, and therefore, to take care of this problem is a holistic approach involving scientific, political, economic, social and cultural sectors (96).

Although the Amazon is known for its great biodiversity, which includes vegetation and habitat, most soils in this biome are dystrophic, that is, they present low base saturation and often are high in aluminum contents and the pH is acidic (97). This increases its fragility for intensive management systems based on high nutrient exports from the soil, such as extensive cattle ranching (livestock), which is considered one of the culprits of deforestation, as well as agricultural monocultures based on slash-and-burn that rely on synthetic fertilizers to achieve high yields (98, 99).

Despite criticism of the economic pricing of ecosystem services (100), some efforts in the Amazon rainforest have been made to compensate and encourage landowners to improve land management practices for the maintenance and provision of ecosystem services (101, 102). However, a myriad of bottlenecks are related to how to assess soil health and how to price it.

Briefly, we explain some of these bottlenecks. First, it is necessary to assess the soil health based on its chemical, physical and biological characteristics. However, there is a plethora of these variables within each of these categories, and it is not feasible to consider them all due to the high costs. Therefore, the first step is to select a minimum dataset that will then be integrated and interpreted into an overall soil health index (Figure 2) (4, 60, 90, 103). Second, soil physical and chemical characteristics have been widely studied, but the soil biological traits are still ongoing, and the ecosystem services provided by the soil microbiota to human well-being in its different ecological niches has to be taken into account (104–106). Third, it is necessary to consider the land use change based on the best management practices, such as forest-pasture and forest-cropland, which may change geographically across this biome (107–110). Fourth, recent fires, environmental degradation combined with a changing climate, as well as illegal gold mining in indigenous territories which has spiked during recent decades in the Brazilian Amazon, have a tremendous ecological and economic impact (111, 112). Fifth, the instability of national and world prices, especially due to the context of Brazilian policies that promote the destruction of the Amazon rainforest and other biomes (113, 114).

Compared to the other Brazilian biomes, Pampa and Pantanal are the smallest, occupying together 326,851 km2, which corresponds to 3.9% of the Brazilian territory. The Pampa biome is located in the State of Rio Grande do Sul (southern Brazil), but also comprises Uruguay and parts of Argentina. Whilst most parts of the Pantanal are located in the States of Mato Grosso and Mato Grosso do Sul (central-western Brazil), transpassing the borders to Bolivia and Paraguay. The vegetation of these biomes is different from one another, as Pampa presents natural grassland vegetation dominated by grassy prairie and grass steppe in lowland plains. Since Pantanal exhibits a mixture of vegetation from the Amazon, Cerrado, and Atlantic Forest biomes in wetland plains characterized by their seasonal flooding cycle and monomodal hydrological signature (93, 115, 116).

Among all biomes, Pantanal, Pampa and Caatinga are the least studied in terms of ecological restoration (94). The Pantanal was recognized as the most preserved biome with almost 80% of the native vegetation well conserved, while in the Pampa only 40% is still covered by the original vegetation (116–119). However, in 2020, this area was impacted by fires by the global changing climate, cattle ranching intensification, and poor or unknown information about the soil health status, which could be decisive in its total destruction (120, 121). According to Lovejoy and Nobre (122), this scenario is related to increased deforestation and widespread use of fire in the Amazon combined with changes in the hydrological cycle. It is a unique type of vegetation in the whole world. However, it is already in danger of disappearing, together with its also unique biodiversity. Besides the anthropogenic fires, another problem is global heating, which causes longer periods of drought, thus impeding the repetitive yearly inundations to which it is adapted. A further problem, very specific to Pantanal soils, is that most of the time the uppermost soil level is sandy, and, below it, there is a burrowed straw-rich level, which stems from fallen vegetation, and remains dry for a long period. This subterranean straw is often responsible for the fire to move below the surface, and returns as superficial fires at a distance. Thus, the person who just finished extinguishing the visible flames will have to start all over again. If he does not perceive the new flames at a distance, it may be the beginning of another great fire.

As in the Amazon and other biomes, the Pampa has suffered severe fragmentation due to its widespread use for livestock production, reflecting effects on soil health indicators, such as microbial diversity, carbon and nitrogen stocks (123), and soil structure and aggregates (124). Thus, visible efforts were necessary to find a set of in-field indicators capable of monitoring changes in soil biological functioning that can be used to establish agricultural policies and design new strategies of cropping system management (125). In addition, an in-laboratory indicator (in this case, permanganate oxidizable carbon) was proposed as feasible and achievable to indicate soil health status in soils of the Pampa biome (126). However, it is important to consider that the selection of these indicators should use an integrated approach, rather than simple correlation metrics, as we know that correlation implies association, but not causation (127).




8 The role of forests in the context of rising effects of climate change

Forests cover about a third (4.06 billion hectares) of the Earth’s surface (128) and play an essential role in maintaining the Earth’s climate system, such as the maintenance of atmospheric moisture, haze and cloud water capture, groundwater infiltration and recharge, moisture transport, and precipitation patterns through evapotranspiration. Therefore, maintaining Earth surface albedo, local and global temperatures, biodiversity, and carbon storage (129–131). In fact, forests, overall, play a very important and fundamental role in capturing atmospheric carbon through photosynthesis, incorporating the carbon during growth, while maintaining it in the tree’s structure, as long as the forest is growing, recomposing the lost tree parts of the forest, always on healthy soils. However, deforestation and forest degradation continue to proceed at alarming levels and this impacts the maintenance of several forest functions, as previously mentioned (132), directly influencing the provision of ecosystem services (133–135).

From 1990 to 2020, it was possible to estimate that more than 420 million hectares of forest were lost globally due to deforestation (128), with agriculture being the main culprit. Altogether, between 1992 and 2014, a total of 33.7 million hectares were degraded and 30.8 million hectares were deforested in Brazil (136). In the Amazon, which represents approximately 92% of the forests in the Brazilian territory, 788,353 km2 were lost due to deforestation between 1975 and 2018. While the period from 2019 to 2022 registered new deforestation records in the Amazon, with a loss of 45,586 km2, equivalent to 5.8% of the total area deforested over a period of 43 years (137).

Among the main consequences of deforestation and forest degradation, reducing resilience to climate change has to be shown as a topic of great importance in the current environmental scenario (138, 139). The reduction of forests reflects significant increases in the release of stored carbon, in addition to preventing plants from absorbing more carbon dioxide (CO2) from the atmosphere (140). According to the same author, since 1850, about 30% of all CO2 emissions originate from deforestation. Furthermore, studies indicate that climate change is expected to increase temperatures across the tropics, with variability in rainfall and more extreme events such as intense storms, droughts, and wildfires (141, 142) on local to regional scales (143, 144). Healthy forests thrive on healthy soils, where the soil structure is preserved, and where the soil is rich in carbon and nitrogen, besides a pulsating diversity of soil fauna and microorganisms, with the incidence of all types of ecosystem services. It is crucial to highlight that, despite the presented evidence, evaluations of soil health with the objective of measuring the effects of greenhouse gas emissions and soil carbon sequestration on climate have been neglected (37).

Climate change projections reveal that carbon sequestration is one of the most critical ecosystem services for mitigating global climate change (145). Within this context, we assume that carbon storage by forests contributes significantly to reducing the rates of CO2 emitted into the atmosphere by anthropogenic activities through the photosynthetic action of the trees. The forest can capture CO2, convert it into living biomass (leaves, branches, trunks, roots), and later store it in the soil through the deposition of these materials and root exudates. In 2011, using estimates of carbon stocks and fluxes, this carbon stock was evaluated as being equivalent to 861 ± 66 Gt of carbon, with 42% distributed in live biomass, 8% in dead wood, 5% in litter, and 44% in soil. The carbon storage in forests differs between them, as follows: 55% in tropical forests, 32% in boreal forests, and 14% in temperate forests (146). Each year, since 2000, it has been estimated that forests have removed an average of 2 billion tons of carbon from the atmosphere (147).

Tropical forests are among the most diverse and productive biomes that store large amounts of carbon (148, 149). Despite this importance, tropical forests have been rapidly degraded by anthropogenic action, mainly through land use changes (150, 151). A global estimate of the impact of land use changes revealed that 133 million tons of carbon from soils were transferred to the atmosphere, due to historical human activity, with Brazil being among the ten largest emitters of CO2 in the world (152).

Brazil is one of the top five largest CO2-emitting nations in the world. The primary sources of emissions are land use change and agriculture (153). Nowadays, in Brazil, many highly deforested and burned forest areas reverted their action as carbon sinks into areas of strong CO2 emissions. The high values of such CO2 is attributed to the advance in deforestation in Brazilian forest ecosystems, especially in the Amazon and Atlantic Forest biomes, which have high levels of carbon stocks (154). According to Pearson et al. (155), deforestation and forest degradation are responsible for the second largest anthropogenic source of carbon compounds in the atmosphere, corresponding to approximately 6-25% of global emissions.

Due to the high productivity of tropical forests, initiatives aimed at restoring degraded areas play an essential role in carbon sequestration and consequently mitigation of climate change. Such as afforestation (planting forests where they did not exist before or where they have been absent for 50 years or more) and reforestation (planting trees where forests were recently deforested), and creation of protected areas are fundamental in reverting the present trend (156, 157). Another important initiative was made by the United Nations, which designated the 2020 as The Decade for Ecosystem Restoration (https://www.decadeonrestoration.org/), aiming at reverting the degradation process through different restoration strategies, such as assisted and natural regeneration and agroforestry.

Natural forest regeneration is an efficient and low-cost strategy to increase carbon sequestration (158) and increase biodiversity (159). If done worldwide, natural regeneration could capture up to 70 billion tons of carbon in plants and soil by 2050, equivalent to about seven years of current industrial emissions (160). Capellesso et al. (161) found that the natural regeneration of the Atlantic Forest contributed to increased carbon accumulation and recovery of biodiversity up to about 80 years, with the carbon stock being similar to that observed in older forests (162), and higher than the values found in the Amazon forests (163). In the Amazon, there is much uncertainty regarding carbon sequestration in secondary forests (164) due to low permanence in landscapes (165). Therefore, it is necessary to encourage protection measures and management of secondary forests for large-scale carbon recovery.

Therefore, the conservation and sustainable management of forests within an integrated landscape approach is fundamental for the conservation of the world’s climate, biodiversity, food security, and the well-being of the world population. Furthermore, the role of carbon sequestration in forests to help counteracting global climate heating highlights the importance of public policies.




9 Future advances in soil health assessment in Brazil

The use of new soil health indicators may be interesting if they provide clear information related to the objective of assessing soil health. However, most of these indicators are still in the research and validation stage, and many technological, interpretative, and practical issues need to be overcome. In general, we can observe that advances in soil health science are occurring in three main areas: soil biology, soil data interpretation, and spectroscopy.

One of the key steps to improve our understanding of the soil microbial community and the soil health processes they mediate will be through enhanced microbial genomics and other molecular techniques (166). It is anticipated that these new tools and rapid developments will dramatically increase our understanding of an area of soil science that currently has many unknowns. Consequently, they may produce new indicators that can replace or complement biological indicators of soil health (167). Advances in knowledge about soil biology will improve agricultural sustainability and productivity and help us to overcome the trajectory of global soil degradation in agriculture (21, 168).

With recent investments in soil health databases and developments in data analysis techniques, there is a prospect of improvements in soil health indices such as SMAF (Soil Management Assessment Framework) and CASH (Comprehensive Assessment of Soil Health). These changes are likely to involve the expansion and addition of new classes of indicators, such as soil profile information, inclusion of sensitivity analysis, information obtained from molecular biology methods, and addition of simple visual assessment methods. It is anticipated that CASH and SMAF will continue to evolve as tools for summarizing physical, chemical, and biological soil indicator data in a way that is more useful and helps farmers better understand their most limiting factors. This will facilitate better soil and crop management and result in more sustainable agricultural production systems and reduced soil degradation (34).

A third area where significant advances in soil assessment can be achieved is through spectroscopic techniques (169). For example, near-infrared spectroscopy and remote sensing, measuring various chemical, physical, and biological parameters of the soil in a rapid and cost-effective in situ manner (170, 171). Reflectance spectroscopy has been successfully used to estimate soil health indicators such as organic carbon, total nitrogen, β-glucosidase activity, microbial biomass carbon, particulate organic matter, and soil respiration (172–175). If these data can be obtained at high spatial and temporal resolution, rather than selected sampling locations, soil health indicators can be assessed, reducing the need for expensive laboratory tests. Recently, it was created an online Brazilian Soil Spectral Service (BraSpecS http://besbbr.com.br), which can be used to predict soil attributes, such as soil texture, soil organic carbon content, and many other soil properties (176). This effort may represent a step forward in the soil health studies in the Brazilian context.

As new advancements continue to emerge in this field, combined with the growing bio-based program input in Brazil, new opportunities arise to incorporate important soil microbial groups, such as mycorrhizae and bacteria, in these assessments. In the following section, we provide more information about these aforementioned groups.



9.1 Arbuscular mycorrhizal fungi

More than 90% of all plants interact with arbuscular mycorrhizal fungi (AMF) and many of them show great improvements in growth and productivity. The dependency that plants have on AMF is called “Mycorrhizal dependency”, which is variable from plant to plant, and from species to species. Some of them barely survive without mycorrhizae, whereas several other plant species are benefitted strongly or only a little. As mentioned earlier, the majority of botanical families form associations with AMF, with only a few exceptions. On the other hand, many forest trees, especially those that are native to Europe and other colder regions of the world, establish symbiotic relationships with ectomycorrhizal fungi (EMF) (177).This is mostly the case of conifers, which occupy enormous extensions in the northern hemisphere, while most of the tropical trees are associated with AMF. The AMF may constitute between 5% and 50% of the soil biomass, being the most abundant fungi in soils. Their hyphae can grow up to 50 or 60 m per gram of soil (178). The AMF have a strong effect on the absorption of nutrients of low mobility in the soil, as P, Zn and Cu. N, when in the form of nitrate ( ), is very soluble and moves by mass flow, while it moves much slower when in the form of ammoniac. In that case, it is absorbed much more rapidly in mycorrhizal plants than in non-mycorrhizal plants (179, 180).

As P is a non-renewable nutrient, it is very important to seek non-waste and reuse strategies. Therefore, let us look at the association between the rhizosphere and P, where we find many bacteria and fungi that solubilize phosphates. However, soluble P ions have limited mobility and can only penetrate the roots when they are in close proximity to the root surface. In contrast, mycorrhizal hyphae, which extend much farther than root hairs, are capable of accessing P ions that are further away, transporting them into the roots and preventing the formation of a narrow zone around the roots where P has already been absorbed by the plant, known as the P depletion zone (181, 182). Mycorrhizae play a crucial role in nutrient absorption, contributing to the uptake of up to 80% of P, 60% of Cu, 25% of N and Zn (Figure 3) (177). In specific studies, it was found that soybeans responded positively to inoculation with Glomus, but not with Gigaspora, indicating a higher functional compatibility with the former as a symbiotic partner (183).




Figure 3 | The main mechanisms underlying the beneficial effects of arbuscular mycorrhizal fungi (AMF) and plant growth-promoting bacteria (PGPB) on plant development. ACC-deaminase, 1-aminocyclopropane-1-carboxylate deaminase; ISR, induced systemic resistance; VOCs, volatile organic compounds.



In degraded and infertile tropical soils, it is very important to provide the presence of AMF. Thus, when preparing seedlings of native trees to recuperate degraded areas we should inoculate them with AMF, because they will be able to absorb much more water and nutrients and, quite often, to protect the plants against pathogens and heavy metals, and diminishing aluminum toxicity (183, 184). AMF are very important as carriers of P from soil to plants, but they do not obtain more P from the exterior, i.e., they do not act as solubilizer, to provide more nutrients to plants, as do the biological nitrogen fixing bacteria, for example. Therefore, it is necessary to have a conglomerate with fungi and bacteria. The bacteria solubilize the phosphates and mycorrhizal hyphae take in the soluble ions (Pi) from the soil and carry them into the plants. In the hyphae, P ions form polyphosphates, which reach the fungal arbuscules, where it is exchanged for plant sugars, delivering P to the plant, since these sugars are the energy used by the fungi (185).

Combining different types of mycorrhizae with other microbes (e.g., bacteria) and plant species is also an interesting strategy for a sustainable forest management. For example, if we are planting Eucalyptus seedlings, it is much easier to prepare them inoculated and in consortium with nitrogen-fixing leguminous trees, since they grow much better and obtain their N from the mixed Acacia mangium (31, 86). Furthermore, recent research by Silva et al. (41) has demonstrated that the co-inoculation of AMF with specific bacterial strains has the potential to mitigate the negative effects of drought stress, whilst improve the P uptake by maize plants.




9.2 Plant growth-promoting bacteria

Plant growth-promoting bacteria (PGPB) boost plant development through a variety of mechanisms and interactions with other beneficial microorganisms such as fungi, nematodes, and viruses (186, 187). PGPB can be found in different parts of the plant, including the roots (rhizospheric), leaves and stem (epiphytic), and even within the plant for most of their life cycle (endophytic), establishing different types of associations such as symbiotic, associative, and free interactions (188, 189) (Figure 3).

These interactions can have both direct and indirect mechanisms, with some mechanisms falling into both categories. Briefly, direct mechanism include nutrient solubilization (e.g., phosphorus, potassium and zinc), siderophores production, nitrogen fixation, the production of phytohormones (e.g., abscisic acid (ABA), indole-3-acetic acid (IAA), and ethylene). Indirect mechanisms include exopolysaccharide (EPS) production, the production of ACC-deaminase and volatile organic compounds (VOCs), induced systemic resistance, siderophores production, and activation of the antioxidant system (enzymatic and non-enzymatic) (186).

The beneficial use of PGPB in Brazilian agriculture is noteworthy, demonstrating that these aforementioned mechanisms are responsible for enhancing plant development through improved nutrition, increased tolerance to abiotic stresses such as drought, salinity, acidity, and heat, as well as biotic stresses such as pests and phytopathogens. For example, when maize is inoculated with PGPB strains screened from the Caatinga Biome, it has been observed that these bacteria can mitigate the effects of drought stress and promote biomass growth, with their performance varying depending on soil moisture content (40). Furthermore, the authors found that inoculation with Streptomyces sp. had a positive impact on maize growth under moderate drought conditions, while Arthrobacter sp. had a negative effect on maize plants subjected to a drying-wetting cycle in the soil. Likewise, Santos et al. (190), working with cacti-associated PGPB from Brazilian Caatinga biome, found that the Bacillus sp. strains were able to increase the shoot dry weight of maize plants under water deficit.

Furthermore, the use of PGPB specialized in solubilizing phosphorus, also known as phosphate solubilizing bacteria (PSB), was able to increase sugarcane productivity by 10 Mg ha-1 in Brazilian field conditions, allowing the substitution of fertilizer mineral phosphate by organic or organomineral fertilizer, followed by inoculation with PSB (191). However, the most widely recognized application of PGPB in Brazil is the symbiotic association between soybean and Rhizobium strains, with 50 to 60% of the N required by soybeans provided by the symbiotic association with the bacteria in a process called biological nitrogen fixation (BNF) (192). Indeed, this is validated with data showing that currently 85% of the soybean cultivation area in Brazil is inoculated with these beneficial bacteria (193). In addition, inoculants based on Azospirillum brasilense strains have been increasingly used over the last 13 years to increase plant growth and yield due to improved nutrient uptake and nitrogen fixation, resulting in up to 25% reduction in N-fertilizer usage (194–196). Furthermore, co-inoculation of A. brasilense with rhizobia has been shown to promote growth parameters in soybean and common bean (197).





10 Conclusion

As presented throughout this review, soil health encompasses the chemical, physical, and biological components of soil. Therefore, it is not an exclusive approach advocating the use of only one of them, but rather making efforts to combine them. With the emergence of technology as a key tool, it is necessary to combine it with ancient soil management knowledge and recent research in order to identify the best set of management practices. Currently, the most recommended practices for promoting soil health in agriculture include the use of conservative agricultural practices such as balanced fertilization, crop rotation, organic matter management, integrated pest and disease management, and regular soil monitoring. These practices are designed to protect soil from erosion, enhance its quality, preserve its structure, increase its water and nutrient retention capacity, promote microbial biodiversity, and reduce reliance on chemical pesticides. In the future, farmers will have more tools at their disposal to assess the health of their soil, but this will require government investment in cutting-edge science projects aligned with sustainability goals.
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