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Abstract: Unsustainable farming practices such as shifting cultivation and slash-and-burn agriculture
in the humid tropics threaten the preservation of the rainforest and the health of the local and global
environment. In weathered soils prone to cohesion in humid tropic due to low Fe and carbon content
and the enormous amounts of P that can be adsorbed, sustainable soil use is heavily dependent on the
availability and efficient use of nutrients. This paper reviews the literature in the field and provides
some insights about sustainable soil use in the humid tropics, mainly for the Brazilian Amazonia
region. Careful management of organic matter and physical and chemical indicators is necessary to
enhance root growth and nutrient uptake. To improve the rootability of the arable layer, a combination
of gypsum with continuous mulching to increase the labile organic matter fraction responsible for
the formation of a short-lived structure important for root growth is recommended, rather than
tillage. Unlike mulching, mechanical disturbance via ploughing of Amazonian soils causes very
rapid and permanent soil organic matter losses and often results in permanent recompaction and
land degradation or anthropic savannization; thus, it should be avoided. Unlike in other regions, like
southeast Brazil, saturating the soil solely with inorganic potassium and nitrogen soluble fertilizers is
not recommended. Nutrient retention in the root zone can be enhanced if nutrients are added in a
slow-release form and if biologically mediated processes are used for nutrient release, as occurs in
green manure. Therefore, an alternative that favors using local resources to increase the supply of
nutrients and offset processes that impair the efficiency of nutrient use must be pursued.
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1. Introduction

Sustainable agriculture can be defined as “the management and conservation of the natural
resource base, and the orientation of technological change in such a manner as to ensure the attainment
of continued satisfaction of human needs for present and future generations. Sustainable agriculture
conserves land, water, and plant and animal genetic resources, and is environmentally non-degrading,
technically appropriate, economically viable and socially acceptable” [1]. In many regions of the
humid tropics, like the Amazonian periphery, inappropriate land management is one of the greatest
threats to preserving the rainforest and maintaining a healthy ecosystem, since after degradation of
soil in one area, farmers usually consider the lush rainforest vegetation to be an endless source of
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nutrients. Natural vegetation is cut down and burned as a method of clearing the land for cultivation,
and then, when the plot becomes infertile, the farmer moves to a fresh plot and does the same again.
This process is repeated over and over by smallholders for staple cultivation or by large landholders for
the implementation of extensive pastures. This land use results in a short-lived production because of
the rapid depletion of soil nutrients, and produces negative effects for the local and global environment.
At the local level, it is leading to the extinction of those species that are most sensitive to burning,
allowing for more resistant species to predominate, thereby diminishing the region’s biodiversity and
impoverishing its ecosystems. In the global context, it is estimated that uncontrolled fires produce 36%
of all CO2 emitted by Brazil, which is one of the world’s top five countries in terms of emissions [2].

This continuous process of shifting the cultivated area is now increasingly recognized as a
fundamental cause of deforestation and declining food security in small landholder farms in the
humid tropic, including the Amazon region and its surroundings [3]. This is mainly because, with
the increased population density, this system is no longer capable of feeding the people of the region,
and requires larger areas to be used. Therefore, sustainable agricultural soil management is a major
challenge for those who care about the health of the rainforest ecosystem [3]. The essence of sustainable
agriculture is the management and utilization of the agricultural ecosystem in a way that maintains
its biological diversity, productivity, regeneration capacity, vitality, and ability to function, so that
it can fulfil—today, and in the future—significant ecological, economic, and social functions at the
local, national, and global level, and not harm other ecosystems [4]. A healthy ecosystem must also be
defined in light of both its context (the larger system of which it is part) and its components (the smaller
systems that compose it) [5].

In the humid tropics, deforestation occurs when areas damaged by improper use with pasture or
staple food crops can no longer support production due to loss of the soil quality, which can be defined
as the capacity of soil to function within ecosystem and land use boundaries to sustain biological
productivity, maintain environmental quality, and promote plant and animal health [6]. Soil quality
is assessed with respect to specific soil functions. However, soil functions themselves cannot be
directly measured. Selected physical, chemical, and biological properties of the soil are used instead
to quantify soil functions related to specific goals. Soil properties such as soil strength, soil organic
matter, cation-exchangeable capacity, base saturation percentage, and extractable N-P-K are soil quality
indicators. Thus, soil quality indicators are soil measurements that can represent the conditions of the
ecosystem or the soil’s ability to affect system functions [7].

Among the factors that affect system performance in the humid tropics are P, K, and cation base
depletion, a decrease of soil organic matter, and the deterioration of soil rootability. Together, these
factors affect biological diversity, biomass productivity, and, consequently, environmental quality [8].
Unfortunately, sustainable soil management by preserving fertility is difficult in most areas of the
tropics due to high temperatures and rainfall in soils derived from clastic sedimentary rocks [9].

It is worth highlighting that the extensive agrosystem and monocultural agriculture established
for other tropical regions such as southeastern Brazil is not adequate for humid tropic environments
because such an agrosystem does not meet the food and income needs of the region’s family
farmers [2]. Keeping these factors in mind, studies undertaken in this region, mainly by researchers
from the Agroecological Program of the State University of Maranhão [10], have shown that many
practices recommended for the subsavannah soils of southeast Brazil, such as saturating soils with
soluble nutrients, do not raise productivity or ensure the sustainability of land use when applied to
agroecosystems of the Amazonian periphery [2]. Certainly, promoting alternative practices relies on
knowledge about the processes involved in tropical soil degradation. This paper presents a review
of present knowledge of the issue and aims at contributing to a better understanding of how soil
management practices may affect the sustainability of soil use and the rainforest ecosystem health of
the humid tropics, mainly of the Brazilian Amazonia region.
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2. Importance of Soil Physical Attributes to Sustainable Continuous Soil Use under Humid
Tropical Soil Conditions

The main requirements that directly affect plants’ growth are nutrients, water, air, and space
for root growth. The ability of soil to provide these requirements in the root environment is usually
referred to as fertility [6]. Pore space, including its size distribution, affects many important physical
phenomena, such as storage movement, the availability of water and gases, and ease of root penetration,
and these factors in turn influence crop yield [11,12]. Unfortunately, in contrast to chemical fertility
indicators, few examples of physical indicators with closed relationships to plant production are known,
although the effects of physical indicators on the growth of some plants have been investigated [13].

2.1. Soil Penetration Strength and Soil Rootability

Physical parameters such as the bulk soil density and porosity hold only marginal value as
soil quality indicators because the optimal values for these parameters likely vary in different soils,
thus making their use problematic for soil-to-soil comparisons. Therefore, Mishra et al. [13], based
on Letey [14], suggested that a non-limiting moisture range exists in which physiological plant
growth, or dry matter accumulation, is independent of any other physical factors. Additionally,
according to Moura et al. [15], neither static nor individual soil indicators relate well to the differences
in plant productivity in tropical soil when they are considered separately and dynamic indicators
such as penetration strength and water stress days are more suitable for use under experimental or
field conditions.

In the humid tropics, most soils derived from clastic sedimentary rocks with low content of
free iron and organic carbon levels tend to undergo hardsetting, which decreases the rootable soil
volume and impairs nutrient uptake [16]. Combining irregular precipitation with a high potential
evapotranspiration rate leads to repeated cycles of wetting and drying, so penetration strength is one
of the principal indicators to evaluate soil quality. According to Moura et al. [15], in tropical regions,
a decrease in the water potential as the soil dries increases the effective stress, thus causing an increase
in strength that hampers root growth. Under these circumstances, nutrient use efficiency is the main
factor that affects productive management of agro-systems in the humid tropics due to the low rate of
nutrient uptake and the high rate of nutrient loss.

Improving soil rootability conditions and increasing nutrient uptake by crops are crucial to
overcoming the challenge of improving profitability and ecological sustainability in a large area of the
humid tropics [17]. Unfortunately, under tropical conditions, the improved soil physical conditions that
result from tillage are frequently short-lived due to the deterioration of the porous structure and the
reconsolidation of the soil at the rootable layer [16]. This process is known as natural reconsolidation,
and its rate of occurrence is dependent on the cumulative rainfall and the overall stability of the soil
structure. Therefore, compaction of structurally fragile tropical soils in the humid region is a natural
process rather than one caused by traffic intensity or a no tillage system.

2.2. Use of Leguminous Residues and Gypsum for Enhancing Tropical Soil Physical Properties

Some authors have recommended enhancing the soil environment for root growth in no-tillage
systems and in soil covered with a residue such as mulch [18,19]. This practice has been recommended
because a protective layer of mulch absorbs raindrop impact and reduces evaporation from the soil
surface, which may delay hardsetting, as reported by Moura et al. [2]. Differences in soil strength
caused by mulch from an alley cropping system can be seen in Figure 1.

In addition, the continuous application of residues improves the soil environment for root growth
because it promotes the formation of unstable aggregates by increasing the free light fraction of organic
matter [18]. Results of Mulumba and Lal [20] confirmed that mulch application increased total porosity,
soil aggregation, and moisture content in field moisture capacity. However, the mulch rate effect on
soil bulk density was not linear. Mulch rates as low as 2 Mg/ha resulted in dramatic increases in soil
porosity compared to no mulch at all. Similarly, beyond 8 Mg/ha of mulch, no significant increases in
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soil available water capacity were observed. Therefore, the threshold level of the mulch rate for the
soil in Mulumba and Lal [20] was 8 Mg/ha.
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Figure 1. Penetration strength after four days without rain in soil covered with 10 tons/ha of
different combinations of leguminous residues. Vertical bars show limiting penetration strength.
L + CL = Leucaena + Clitoria; L + A = Leucaena + Acacia; L + G = Leucena + Gliricídia; A + G = Acacia
+ Gliricidia; CL + G = Clitoria + Gliricídia; C = Control. Adapted of Moura et al. [15].

In no-till systems, improving the soil structure by mulch may primarily result in promoting
nutrient uptake, as reported by Moura et al. [21] (Table 1). The variations in the root growth can
explain the differences in N and P uptake. The adsorption of N and P by crops is highly dependent on
the root development, and root system growth results in greater uptake of N and P and less leaching
of N.

Table 1. Nitrogen recovery efficiency (NRE), phosphorus recovery efficiency (PRE), nitrogen agronomic
efficiency (NAE), and phosphorus agronomic efficiency (PAE) of maize on uncovered and covered
tropical soil. (Adapted of Moura et al. [21].)

Uncovered Soil Covered Soil

Year I Year II Year I Year II

NRE (kg·kg−1) 26.51 b 1 11.51 b 47.86 a 41.04 a
PRE (kg·kg−1) 2.93 b 0.97 b 13.49 a 24.0 a
NAE (kg·ha−1) 8.21 b 1.83 b 21.22 a 14.09 a
PAE (kg·ha−1) 6.16 b 1. 14 b 15.92 a 14.09 a

1 Different letters in the same row indicate a difference at the 5% level per Tukey’s test, in the same year.

It is worth highlighting that the practice of soil covering is effective, in terms of nutrient uptake
by crops, only if there are no long intervals between precipitation events [22], mainly because the cover
may confine organic matter additions to the upper soil surface and negate a substantial increase of
organic matter at a lower soil depth. In this case, improvements in the soil structural properties due
to crop residue mulch may only be effective near the soil surface [23]. Additionally, Moura et al. [2]



Sustainability 2016, 8, 841 5 of 21

observed that the direct effect of residues on soil properties did not extend beyond 15 cm below
the surface.

To extend rootability improvement to a lower soil depth, some authors recommend the use of
gypsum as a “flocculating” agent to improve the soil structure by reducing the dispersion of the
clay [24,25]. The action of the dispersed clay in hardening or increasing soil strength is also decreased
by the application of gypsum [24]. The improvement in soil structure following gypsum application
also involves the creation of a range of different-sized pores. Porous soil facilitates root penetration,
thereby allowing plants to more effectively explore the soil volume in search of nutrients and leading
to a greater nutrient uptake efficiency and crop growth rate [25].

The effect of gypsum on the reduction of tropical soil strength up to the 20–40 cm layer was
observed by Moura et al. [12] when the root length density was twice as much for the gypsum-treated
soil as that of the control. The combination of gypsum and residue of leguminous trees dramatically
increased the efficiency of phosphorus recovery compared with the application of one of these
amendments alone. Given the low mobility of phosphorus in soil, the ability of a plant to take
up phosphorus is largely due to plant root distribution relative to the location of the phosphorus in
the root zone. Anikwe and Ibudialo [26] also reported a positive effect of gypsum on soil physical
and chemical properties from a degraded tropical soil due to effect of Ca2+ applied via gypsum to
flocculate soil particles thereby creating an enabling soil physical condition, increased P availability
and optimum pH for proper growth of cassava. The results of this study showed that soil application
of gypsum increased the yield of cassava by more than 50%. On the other hand, Wuddivira and
Camps-Roach [27] reported that calcium in addition to organic matter can improve aggregation in
tropical sandy-kaolinitic soil, which increases the soil rootability, by increasing aggregate stability
resulting from the formation of strong bonds involving Ca2+ bridges.

In conclusion, the low Fe and carbon content of tropical soil, by increasing the propensity to
cohesion, cause the sustainability of soil use to depend heavily on the careful management of physical
properties. To improve the rootability of the arable layer, a combination of mulching with gypsum
rather than tillage is recommended, mainly in soils prone to cohesion, as observed by Moura et al. [12].

3. Importance and Dynamics of Soil Organic Matter for Soil Fertility and Land-Use
Sustainability in the Humid Tropics

3.1. Relevance of Soil Organic Matter

Soil Organic Matter (SOM) is a key indicator of soil quality in its three dimensions: soil physics,
soil chemistry, and soil biology. In the soil physical dimension, SOM content is negatively correlated
with bulk soil density [28,29] and positively correlated both with water infiltration [29] and water
retention [30,31], as well as pore volume and soil aeration [32]. In the soil chemical dimension, organic
forms of nutrients dominate over inorganic forms [33] and SOM is associated with lower P-fixation [34]
and reduced Al-toxicity [35] due to the organic complexation of free Al. In contrast, SOM content is
not clearly linked to soil pH. Soil biota depends heavily on and is concentrated within the SOM [36] as
a consequence of the physico-chemical factors mentioned above and, in turn, decisively affects them.
Labile and dissolved organic matter provides energy sources for decomposer organisms, and organic
nutrients provide the life basis for macro- and mesofauna [37] and for soil bacteria and fungi [38].
The elevated availability of nutrients in topsoil organic matter promotes intense colonization by
plant roots [39], which in turn promotes microbial activity in the “rhizosphere” via root exudation,
cell slaying, and dead roots [40].

Compared to the semiarid tropics, the relevance of SOM for soil quality and the soil productive
potential is even greater in the soils of the humid tropics [41]; in contrast to the topsoil organic
matter, the highly weathered mineral sub-soils have poor nutrient availability and nutrient-retention
capacity, and suffer from severe P-fixation [42], often with serious problems of Al- and Mn-toxicity [43].
Consequently, both the SOM and the nutrients it contains, and soil productive potential are almost
exclusively concentrated in their “O” and “A” horizons.
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3.2. Factors Influencing Organic Matter in Soils of the Humid Tropics

The SOM concentration is a consequence of the balance of C-inputs vs. C-outputs, both of which
are very rapid in the humid tropics. C-input via leaf litter is at a record high in mature rainforests
(6.66–11.21 Mg·ha−1·year−1 [44]). C-inputs via root exudation are believed to represent 1%–10% of net
assimilated C-fluxes [45], though estimates are usually based on pot experiments and are therefore
insecure for forest ecosystems. Belowground C-inputs from exudation and root sloughing from C4
grasses are high in Brachiaria pastures [46,47], forming the base for SOM-buildup in these systems.
The main pathway of C-outputs is via decomposition/respiration of OM and the emission of CO2

(and small but climate-relevant amounts of methane [48]) to the atmosphere. Leaching of labile organic
matter compounds is only of minor importance [49] as such compounds will be readily acquired by
microorganisms [50], erosion is virtually absent in densely vegetated mature rainforests in well-drained
weathered soils [51], and CO2 emissions via burning do not occur in dense fire-free mature rainforests
(but see [52]). Decomposition dynamics are extremely rapid in Amazonia and the humid tropics as
a whole because the constantly favorable temperatures and permanent water availability in central
(though not peripheral) Amazonia provide a basis for the high metabolic activity of soil biota [41].

Organic matter decomposition is strongly driven by the chemical composition of the organic
matter input from leaves, wood, roots, and exudates, and decomposition duration varies from a few
days (for, e.g., sugars and amino acids) to several years [53]. High-quality litter with a low C:N-ratio,
a high nutrient-content, and the absence of toxic or repellant substances decomposes quickly, but it
contributes little to SOM formation due to high associated soil respiration [54]. By contrast, lignins
and high molecular weight polyphenols decompose much more slowly [41,55]. A continuum of
continuously more condensed components of SOM are increasingly more stable [36,56] and bind to
the surfaces of clay minerals to form “organo-mineral complexes” [57].

Species-specific differences in both the organic matter inputs and their chemical composition and
decomposition dynamics can affect the SOM contents [42,58,59], though these effects may be limited
to the labile fractions of SOM [60]. Elevated contents of polyphenols and other secondary components
in leaf and root tissue retard litter decomposition and nutrient release and favor mycorrhizal fungi in
oligotrophic humid tropical vegetation [61]. Plant species differentially affect and occasionally even
control the soil microbiota in their surrounding “influence zones” of the litter layer, stemflow, and
roots [62–64], and affect the spatial variability of soil physico-chemistry [65].

As with any soil, the SOM concentration in humid tropical soils is positively and approximately
linearly correlated with the soil clay and silt content [30,66] and negatively correlated with the
(especially coarse) sand content [67], both of which vary systematically along the soil catena.
Compared to sandy soils, an increased OM content in clayey/silty soils is due to the protection
of SOM decomposition via the formation of “organo-mineral complexes” [68]. Next to the total
clay content, clay mineralogy is a key for the formation of such organo-mineral complexes, and
inclination of the approximately linear relationship between clay + silt content and SOM is affected by
the predominating clay minerals—steepest with high-surface montmorillonite and allophonic clays
(both absent in weathered upland soils of the humid tropics) and lowest in low-surface and low-charge
1:1 kaolinite (which predominates in these highly weathered soils) [33,69]. Location of SOM may also
impact its decomposability, with deep soil organic matter supposedly more stable/resistant to microbial
decomposition [70], likely driven by the lower energy-availability to decomposer communities in the
deep soil [71].

Both concentration and stocks of SOM in the tropical rainforest zone are moderate relative to
other biomes [72]. In stark contrast to this are the peat soils in some lowlands, notably in Indonesia and
Malaysia [73], in which the organic layer occasionally extends to more than 4 m in depth, due to the
inhibition of decomposition by a seasonal or continuous anaerobic environment [74,75]. From a global
warming perspective, it is of the utmost importance to protect these organic soils from the potentially
heavy and disproportionally high C-losses caused by either fire [76–78] or drainage [79]. SOM also
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is very high in “Indian Blacksoils”, due to the resistance of pyrogenic carbon to soil decomposition
(see Section 3.4).

3.3. Anthropic Impacts on Amazonian SOM

Amazonian deforestation and transformation to pasture or shifting cultivation as well as
the occurrence of repeated fires heavily affect and degrade aboveground organic matter stocks
by 7.5—70 Mg C·ha−1·year−1 along the arc of deforestation [76,80] and CO2 emissions caused
by above-ground biomass losses account for 76% of Brazil’s inventoried GHG emissions [81].
The associated changes in the SOM stock are much smaller and frequently non-significant [82].
Whereas slash-and-burn typically consumes >95% of the aboveground C-stocks directly via burning
or immediately thereafter via microbial decomposition of the debris [83], the direct fire-effects on
belowground SOM are much less severe and are limited to the first 3 cm of depth, since heat is
transmitted upwards and the thermal conductivity in dry soil (in which most fires occur) is low [84,85].
An exception is the potentially devastating effects of long-duration fires on peatland soils, mainly in
Southeast Asia [86] but also in parts of Amazonian lowlands.

Reduction of the aboveground vegetation implies a lower aboveground organic matter input in
pastures, shifting cultivated fields and degraded or young secondary forests, but this is partially
compensated for by the slower organic matter decomposition that is caused by less favorable
microclimatic conditions [87] and sometimes by reduced litter “quality” (less nutrients, higher lignin
and polyphenol content) in degraded land. Agroforestry legumes can build up and maintain SOM
relative to degraded areas [88], via continual inputs of leaf/twig (and root) litter and of pruning.
Plant tissues with slow decomposition dynamics caused by low “litter quality” (high content of lignins
and other secondary plant compounds, wide C:N and C:P-ratios) are more efficient in SOM-buildup
and maintenance, whereas fast-decomposing green manures fail to increase SOM [54]. On the other
hand, the inclusion of N2-fixing legume trees in restoration efforts has been shown to increase SOM
buildup and SOC sequestration [89,90]. Mechanical disturbance via ploughing of weathered humid
tropical upland soils causes very rapid and permanent SOM losses and often even results in permanent
land degradation or anthropic savannization [91].

High inputs by root exudation and root slowing of C4-grasses (in Amazonia mainly
Brachiaria brisantha, B. humidicola, and Panicum maximum) inject substantial amounts of C into the soil
which compensate or frequently even over-compensate for initial SOM-losses caused by deforestation,
as revealed in many δ13C isotopic studies [92,93]. However, this holds true only for well-managed
pastures, preferably also containing a legume component [94], whereas degraded Brachiaria pastures
do not sequester SOC [95]. In a meta-analysis of 21 Amazonian studies on the effects of deforestation
on 0–20 cm SOM stocks depicts (i) small increases (+6.8% or +2.2 Mg C·ha−1) in pastures and (ii) losses
(−8.5% or −4.5 Mg C·ha−1) in annually cropped lands (with unclear land-use history) relative to
soil in paired mature rainforests [82]. Such estimates are far lower than the anthropic effects on
aboveground organic matter. Soil organic matter stocks of successional forests (secondary regrowth
following pastures or shifting cultivation) or of plantation forests differ only marginally and mostly
non-significantly relative to paired mature rainforest sites [96–98].

3.4. Biochar and Indian Blacksoils

The “Indian Black Soils” (terra preta de índio) mentioned above are geographically very limited but
are nevertheless a fascinating exception to the low-fertility Amazonian Oxisols and Ultisols, with a
very deep organic matter layer (occasionally several meters) that is nutrient-rich [99] and with its soil
biology [100] forming the basis for very high agronomic productivity. Advanced analytical methods
(13C-NMR) have demonstrated the pyrogenic origin of this SOM [101]. Rather than burning organic
matter and its transformation into CO2, carbonization under reduced O2 causes the formation of
biochar/”black carbon” via pyrogenic chemical transformations/molecular condensation. The very
large organic matter content and stocks in Indian Black Soil are due to the retarded decomposition
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of biochar because the predominating aromatic and aliphatic compounds they contain are relatively
stable, notably highly condensed soot can be resistant to microbial decomposition for thousands of
years [102]. Typically, more than 50% of the newly formed biochar has long-term (decades or centuries)
resistance to microbial decomposition [103]. Large-scale application of biochar in agriculture has been
proposed as a promising technology for long-term C-sequestration and underground storage [104,105].
At the same time, much research and many (though not all) experimental applications of charcoal
have demonstrated positive effects of black carbon on soil physical properties, including pore space;
bulk density; water retention and infiltration [102,106,107]; soil chemical characteristics, such as a
long-term increase in the cation exchange capacity [108,109], nutrient retention [110], improved P
availability [111,112] (but frequently reduced N-availability [113], and reduced methane and nitrous
oxide emissions [114–116] (but see [117,118]). Biochar applications have also been reported beneficial
for soil biology, such as increases in mycorrhizal fungi [119] and in biological N2-fixation [120]
(but see [121] and increases in overall diversity of the microbiota [103,122,123], despite the possible
toxic nature of some biochar compounds [124]. In many (though not all) cases, experimental charcoal
application has significantly increased agronomic productivity [123]. The effects of charcoal application
vary widely with the vegetal origin, carbonization conditions [124] and quantity of the charcoal tested,
and they are most pronounced and positive in combination with organic nutrient input (manure,
for example, in horticulture) or inorganic nutrients [125], and in combination with earthworms [126].

The negative effects of high fire frequency and short fallow periods on the secondary forest
biomass are among the most pressing socioecological issues concerning degrading shifting cultivation
systems throughout the humid tropics [127,128] and in Amazonia [129]. An under-researched aspect
of frequent fires in slash-and-burn shifting cultivation is the repeated inputs of 2%–3% of the total
aboveground biomass in the form of charcoal with each slash-and-burn cycle [83]. Little is known
about the effects of such constant black-C inputs on the SOM in regions with a long-term shifting
cultivation history, though these could potentially serve as a long-term carbon sink [130–132] and
could potentially improve the soil’s physicochemical properties.

4. Soil Chemical Indicators, Availability, and Nutrient Use Efficiency in Humid Tropical Soil
Affect Sustainability

Establishing and maintaining low-input agricultural systems suitable for small holdings in the
humid tropics will require a reduction in cost and an increase in the efficiency of nutrient use [21].
Therefore, agricultural researchers find it extremely difficult to establish low-input agricultural systems
suitable for smallholders without resorting to environmentally harmful slash-and-burn practices [2].
Challenges arise from a combination of factors that increase the rate of nutrient removal from the
profile and reduce crop nutrient use efficiency, including the low cation-retention capacity of these
weathered soils and the high rainfall during the humid period. The land use and management affect
the soil quality and sustainability of production systems [133]. Thus, soil quality has been defined
as the soil’s capacity or fitness to support plant growth without resultant soil degradation or other
environmental damage or, more simply, as fit for purpose [134].

4.1. Soil Chemical Indicators and Tropical Land Degradation

The physical, chemical, and biological properties of soil are called soil quality indicators.
Soil quality has been defined as “the capacity of a soil to function within ecosystem and land-use
boundaries, to sustain biological productivity, maintain environmental quality and promote plant and
animal health” [134,135]. Soil quality may display resilience when, for example, an indicator returns
to the initial conditions or to conditions similar to those at the start of agricultural production. If a
parameter is different from that prior to agricultural disturbance (altered and worsened condition), the
degradation of the soil quality is indicated. Soil conservation measurements by chemical indicators are
easily interpreted, and the soil quality may occasionally be increased by agricultural practices such
as liming and/or fertilization. Due to agricultural practices by farmers, soil chemical attributes have
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presented a positive linear correlation lower than 0.5 (p < 0.05) with sugarcane yield [136] and beans
yield (Phaseolus vulgaris L.) [137]. Soil chemical indicators can also be useful when considering a soil’s
capacity for maintaining high yield and sustainability, nutrient cycling, plant biomass, and organic
matter [133].

The availability and uptake efficiency of crop nutrients is a fundamental consideration in any
attempt to achieve sustainability and productivity in many tropical agricultural systems. Thus, crop
potential productivity is not achieved due to low soil chemical fertility being a primary constraint in
tropical regions [6]. Low soil chemical fertility is becoming increasingly recognized as the fundamental
cause of deforestation and declining food security in smallholder farms both in and around the Amazon
region, where farmers nearly always consider forest vegetation to be a nutrient source after burning [3].

The soil pH, cation exchange capacity (CEC), organic matter, and nutrient levels are the main
chemical attributes used for soil quality assessment, especially when considering a soil’s capacity for
supporting high yield crops [133,138]. These chemical indicators are sensitive to soil management
and natural disturbance [19]. Soil pH is a principal chemical indicator because it correlates directly
with nutrient availability and solubility in soil [139,140]. Evidence from experimental manipulations
was reported by Stark et al. [140] showing that low soil pH limits microbial growth and extracellular
enzyme activities. Zhao et al. [141] reported that liming application resulted in a 10-fold increase
in bacterial growth rates compared with the control. These authors also reported that soil pH had
a greater impact on soil microbial community composition. Rousk et al. [142] reported that soil
pH is very important for the two principal decomposer groups in soil, fungi and bacteria, and they
concluded that all microbial functions were inhibited below pH 4.5, likely due to the inhibitory effects
induced by increased aluminum availability. The tillage system also affects soil pH as reported by
Busari and Salako [143]. These authors showed that the no-tillage system pH was higher than in the
conventional tillage.

The causes of land degradation in humid tropical areas include loss of basic cations, decreased
SOM, and P depletion. Together, these factors result in decreased soil quality, biodiversity and,
consequently, biomass productivity [6]. In the humid tropics, highly weathered tropical soil has a
very low cation exchange capacity (CEC), which results in low nutrient retention and high nutrient
removal rates. Nutrient removal results in a lower amount of cations in the profile (including K, Ca,
Mg, and Na) and a lower proportion of the CEC occupied by basic cations. A relatively high CEC base
saturation should be maintained to achieve the most sustainable cropping system. Low base saturation
levels (<50%) result in very acidic soils with potentially toxic cations, such as Al and Mn, that can be
released from the soil [144]. Soil acidity affects morphological, physiological and biochemical processes
in plants and thus N uptake and use efficiency [145]. In contrast, high base saturation results in greater
Ca, Mg, and K availability, buffers the soil pH, and decreases P availability [146].

4.2. Nitrogen, Phosphorus, and Potassium Use Efficiency

Highly weathered tropical soils can adsorb large amounts of P and remove P from the soil solution,
which limits the availability of inorganic P for plants regardless of whether P is already present in
the soil or is added as fertilizer. Lynch [147] and Kochian [148] reported that about 30%–50% of soil
worldwide shows a high phosphate-fixing capacity. Due to the high phosphate-fixing large amounts
of P fertilizer must be applied to overcome the limitations of P-fixation. However, for most farmers in
tropical regions, mineral phosphate fertilizer is an expensive input and many farmers lack the financial
resources to purchase phosphorus fertilizers [149]. One possibility for circumventing these problems is
growing plant varieties with high P use efficiency.

Soil P occurs in various organic and inorganic forms that are important P sources for plants.
The P organic rarely represents a major portion of soil P. In soil, inorganic P can be found in labile and
non-labile forms and according to the degree of stability or solubility. P inorganic can be found in soil
solution and fixed through adsorption, with oxides of Fe and Al (of clay fraction) [150]. This process
establishes either weak adsorption (labile P) or strong adsorption (moderately labile P) with these
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oxides and, precipitated with Al, Fe, and Ca, establishes insoluble forms (non-labile P) [150]. Changes
in the soil-P pools are affected by chemical and biological processes. Thus, it is important to understand
the soil intervention practices that minimize the P-flow out from the cycle (through “fixation” reactions)
and maximize the P-flow via dynamic pools that are accessible absorption by plant roots.

Braos et al. [150] reported that the contribution of soil organic P (Po) to increase available P
(labile P) can be more relevant when organic fertilization or other practices that increase the SOM
content are part of the soil management. However, plant and microbial strategies need to be further
improved, particularly the uptake of residual soil P (from applied fertilizers and manures) and
subsoil P uptake [151]. Some management strategies have positive effects on the availability and
P use efficiency in highly weathered soils that are included the use of crop rotations, the presence
of cover catch crops, crop breeding [152], no tillage system [153], and leguminous residues or alley
cropping [8]. For example, the increase in P use efficiency occurs mainly due to the P adsorbed on
various clays and Al/Fe oxides can be released by desorption reactions [154]. The desorption of P
has a direct relationship with the content of P-sorbed [155]. Strategies for improving P efficiency in
soil and reducing P adsorption to soil particles involve applying organic substances. Humic acids
contain large numbers of negative charges and carboxyl and hydroxyl groups, which compete for
the adsorption sites with P inorganic [156]. Additionally, legumes modify the distribution of soil-P
among various pools when trees take up a portion of the inorganic P and transform it into organic P.
This transformation results in the buildup of organic P in the soil and prevents a portion of the P from
becoming fixed by the soil [133].

The efficiency of nitrogen and potassium usage is a major factor for the successful management of
low input agrosystems in soils in the periphery of Amazonia, which are susceptible to cohesion and
subject to high nutrient leaching. Unlike in other regions of Brazil, the sole use of inorganic potassium
(K) and nitrogen (N) fertilizers is not recommended here because it does not allow a crop to reach
its greatest productivity potential [15]. Nutrient retention in the root zone can be enhanced where
nutrients are added in a slow release form and biologically mediated processes are utilized for nutrient
release, as with green manure [17]. These approaches may sustain agrosystems in the humid tropics
better than saturating the soil solution with soluble nutrients [156]. The loss of N fertilizer in cereal
production can be attributed to the combined effects of denitrification, volatilization, and leaching.
The uptake of N by crops is closely related to rootability conditions in the soil: higher root length
densities lead to higher NO3

− uptake and less leaching. When fertilizers such as urea are applied to the
surface without incorporation as in no tillage systems, N losses can exceed 40%, and these losses are
generally greater with increasing temperature, soil pH, and surface residues [19,157,158]. Therefore,
for cereal crops grown under tropical conditions, the steady release of N from organic sources during
the crop cycle, including the post-flowering stage, is important to complement the early and rapid
availability of N from synthetic fertilizer. In most tropical soils that have a low buffering capacity in
which K+ ions do not interact strongly with the soil matrix, the application of K fertilizer results in a
higher K concentration in the soil solution that might be leached under tropical humid conditions [159].
Because of the weak bond between K+ ions and soil constituents, a reduction in the K concentration
may also occur due to replacement with other cations, especially calcium after liming. K uptake is
highly dependent on root development and requires a vigorously growing root system to intercept
and absorb the available K. The response to the K supply at the final stage of cereal development
suggests that the constant availability of K must be carefully considered to increase the productivity
and sustainability of cropping systems under humid tropical conditions. A strategy for increasing the
efficiency of nutrient use in a cohesive soil in the humid tropics must include enhancing root growth
by improving the soil environment, adding nutrients in slow-release forms, and ensuring that at the
flowering stage, nutrient demand and release are synchronized.
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5. Organic Management of Tropical Soil Taking Advantage of Local Resources to Overcome the
Challenges of Sustainability

5.1. Tropical Environment and Conventional versus Organic Agriculture Systems

The high temperature and humidity conditions and the prevalence of low fertility soils in the
humid tropics prevent the use of an agricultural model based on monoculture, intensive mechanization
and extensive plantation to support the sustainability of the agrosystem. Under these circumstances,
the use of the biological diversity and the synergism between the main components of the organic
farm systems can ensure the sustainability of food production, in contrast to agricultural practices
such as saturating the soils with soluble fertilizers that are recommended in other regions in
intensive agricultural practices [1]. Organic agriculture refers to a farming system that bans the
use of agrochemicals such as synthetic fertilizers and pesticides and the use of Genetically Modified
Organisms (GMO), as well as many synthetic compounds used as food additives (e.g., preservatives,
coloring) [160]. In addition to the high rate of nutrient removal from the soil profile due to high
rainfall, the use of highly soluble fertilizer can release nutrients that are not synchronized with crop
uptake mechanisms and may affect the soil biota, surface and subsurface water, and greenhouse gas
emissions [161], especially in tropical environments that have high temperatures and high humidity.
Soluble fertilizer, mainly nitrogen, may also affect the susceptibility of plants to insect pests by altering
the nutrient levels in plant tissue or tissue fractions. For example, nitrogen fertilizer increases free
amino N in several crops [162]. This biochemical imbalance affects both herbivore damage and the
ability of a plant to recover from herbivory [163]. Therefore, organic agriculture is more adequate
in the humid tropics by adopting a set of farming practices that emphasize ecological sustainability,
principally diversification that optimizes the use of local resources and the synergism between their
components [156]. This is a food production style that mimics the structure and function of tropical
natural agro-ecosystems.

5.2. Alternative Local Resources for Organic Soil Management

In contrast to conventional management, Altieri et al. [163] claim that plants would be expected to
be less prone to insect pests and diseases if organic soil amendments (e.g., organic compost) were used
because they generally result in lower N concentrations in plant tissue. The use of residues such as
wood ash, biofertilizer, and powdered rocks may be another low cost alternative to increase soil fertility
without affecting the imbalance of nutrients [162]. Biofertilizer consists of liquid fermented manure
that can be produced at a local farm, and it has been identified as an alternative to chemical fertilizer to
increase soil fertility and crop production in sustainable farming [163]. It protects plants by providing
micronutrients, growth-promoting substances, and N2-fixing organisms. In experiments conducted in
humid tropic soils [164], biofertilizer application reduced the damage caused by Spodoptera frugiperda
in maize leaves and promoted a weight increase in pumpkins [165]. Organic management uses other
strategies to optimize the nutritional status of crops such as mulching, no-tillage, intercropping
and agroforestry systems. In a tropical environment, the major goal is to produce organic matter
in abundance on a farm to avoid the high cost of organic manure, considering the high rate of
decomposition of soil organic matter.

Crowder and Reganold [166] analyzed 55 organic and conventional farming practices on
five continents and concluded that organic farming is more profitable than conventional farming, which
has been attributed to better ecosystem services provided by organic management, although the yield is
lower. Therefore, organic management has a greater potential for global expansion. The enhancement
of ecosystem services like preservation of soils and renewal of their fertility, pollination of crops and
natural vegetation, cycling and movement of nutrients, maintenance of biodiversity, is due to the
substitution of monoculture for greater variability in crop rotation, intercropping, agroforestry systems
associated with the exclusion of pesticides, highly soluble inorganic fertilizer, and genetically modified
crops [167,168].
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5.3. Harm and Risks of Agrochemical Use in Tropical Agrosystems

Agrochemicals entail a high risk of occupational pesticide exposure and environmental
contamination, and serious poisoning problems and chronic illnesses result from pesticide exposure
among agriculture workers [169]. Another problem is that the leaching of agrochemicals used in
conventional agriculture systems (such as Glyphosate ((N phosphonomethyl) glycine) seems to be
mainly determined by the soil structure and rainfall [170]. Tropical soils normally have good structure
and receive intense rainfall. Pesticides can disrupt the equilibrium between pests and natural enemies.
Pesticides are important in large monocultures but are prohibitive in organic management. The high
complexity of organic systems introduces more diversity into agroecosystems, which are characterized
by more beneficial organisms, natural enemies and “biocontrol plants” that provide food or shelter
for biocontrol agents [171,172]. Under organic management, leguminous trees Clitoria fairchildiana
increased in arbuscular mycorrhizal spores near hedgerows [173]. In another experiment, we observed
that the addition of leguminous residue promoted the enhancement of the arthropod population in
pumpkins cultivated in an alley cropping system under organic management [174].

International organic regulations and certification rules in many countries (such as Brazil and the
USA) prohibit high solubility fertilizers, agrochemicals and GMOs [175]. Although they may seem
retrogressive to some, the legal impediments established by organic certification systems aim to prevent
a variety of harmful outcomes. Organic farming cannot use GMOs due to (i) potential environmental
risk (exotic invasive species, pesticide resistance); (ii) risk to human health (allergic response);
(iii) inaccessibility to small holders; and (iv) creating dependence on seed companies.

6. Current and Future Developments

Substituting traditional systems such as shift agriculture, slash-and-burn, and predatory extensive
pasture with other environmentally more suitable practices in the humid tropics is recommended,
firstly due to the pressing need to increase agricultural productivity, and secondly due to the urgency of
reducing the environmental impact of slash-and-burn techniques and deforestation [2]. This challenge
also provides a great opportunity to adopt agrosystems that enhance soil fertility while reducing the
impact of atmospheric CO2 emissions, reducing emissions from biomass burning or decomposition,
and retaining C within the soil organic matter.

Unfortunately, alternatives that replicate systems like extensive and monocultural agriculture
established for the south/southeast regions of Brazil based on soil tillage and soil nutrient saturation
do not ensure crop productivity or agrosystem sustainability in the humid tropics. In this region,
to improve and maintain soil fertility in this region, no-tillage farming and mulching are more
important than are other common practices such as plowing and chiseling because they contribute
to the formation of a litter layer that reduces evapotranspiration [6,20]. This may delay soil drying
and hardening during periods without rain. In contrast, the continuous use of mulch may increase
the labile organic matter fraction responsible for the formation of an ephemeral structure that, in turn,
is important for root growth. Thus, overall, this process may enhance soil rootability, uptake, and
nutrient use efficiency [16]. Although the use of mulching and the increasing organic matter affect
the primary sustainability issues in tropical agrosystems, their effects are limited to the surface layer
and have little effect on nutrient availability. In the future, alternatives that favor the use of the local
resources to increase the nutrient supply and attenuate the processes that impair the efficiency of its
use must be sought.

7. Conclusions

Weathered tropical soils are prone to cohesion and hardsetting, as well as being acidic, low in
cation availability, and prone to strong P-fixation. Traditional slash-and-burn practices degrade soil
productivity because of the increasingly high frequency of fires and reduced fallow periods, causing a
loss of biodiversity and ultimately rural poverty. Application of conventional soil management of the
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temperate zones fails in these soils, as ploughing causes catastrophic losses in soil organic matter and
permanent savannization, and chemical fertilizers are rapidly lost and therefore inefficient. This calls
for the development of alternative strategies, promising avenues for a more sustainable management
of tropical soils including biological nitrogen fixation and P-solubilization, slow-release fertilizers
and local alternative inputs, the application of gypsum for improvement of soil rootability, and black
carbon for the restoration and maintenance of soil organic matter.
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