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Abstract

In the humid tropics, ensuring food security through sustainable food production relies heavily on
addressing infertile soil. Identifying and enhancing key soil attributes crucial for plant growth poses
significant challenges for poverty alleviation. We identify the main soil attributes that can boost crop
performance and serve as predictors of sustainability, offering practical and economic
recommendations for immediate improvement. The experiment was carried out in five areas of alley
cropping systems where the leguminous tree Clitoria fairchildiana and annual legumes including Cajanus
cajan, Crotalaria juncea, or Stylosanthes and Tithonia diversifolia were planted to increase soil organic
matter, all consociated with maize. Nine soil samples were collected at each of the 10 sampling points.
P, pH (H + Al3+), exchangeable K+, Ca2 + and Mg2 + were analyzed. We found that increased stabilised
soil organic matter fraction, rather than P and K availability, is responsible for enhanced maize grain
yield. This factor must be considered when assessing land and the environment, as well as
implementing appropriate land management systems to avoid misallocation of limited resources. Input
recommendations should align with the threshold values of 32 mmolc.dm-3 for Ca and 8 mmolc.dm-3 of
Mg, aiming to achieve a combined level of 40 mmolc.dm-3 of Ca + Mg (Ca:Mg ratio of 4:1) and MAOC
content around 14 g.kg-1. Soil researchers should further explore the interactions between Ca + Mg and
MAOC and biomass-derived compounds as innovative soil quality management tools.

Introduction

In the humid tropics, more than in other regions, environmental quality plays a critical role in ensuring
food security, agricultural viability, and environmental income (Acevedo et al. 2018). Poor soil fertility, a
key component of environmental health, directly correlates with low productivity, food insecurity, and
rural poverty (Vysochyna et al. 2020). Moreover, many poor rural communities inhabit marginal lands
that are inherently unsuitable for long-term sustainable agriculture, making them heavily reliant on
agricultural or environmental improvements for their livelihoods (Azam-Ali et al. 2023). In these
circumstances, the loss of soil quality, reduced productivity, and diminishing job and subsistence
prospects create a distinct cycle of poverty (Heger et al. 2020). Therefore, since sustainable food
production for ensuring food security highly relies on improvements in infertile soil, identifying and
enhancing humid tropical soil attributes crucial for plant growth become primary challenges for
researchers seeking to alleviate poverty (Dorward and Giller, 2022). Failure to address soil health issues
prevents smallholder farmers from equitably benefiting from yield gains resulting from improved plant
genetics and other associated agronomic practices, as highlighted in recent science advances (Shahane
and Shivay, 2021).

In tropical soils under cultivation, inadequate practices and intense climate drivers can, within a few
years, lead to degradation characterized by the leaching of basic cations and carbon loss (Sena et al.
2020). These interdependent factors are the main drivers of land degradation processes, rendering
continuous soil use impractical and prompting many farmers to resort to shifting cultivation systems
(Ramos et al. 2018). Due to rapid organic matter turnover and elevated rates of base leaching, shifting
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cultivation contributes to a vicious cycle where poverty exacerbates environmental pressure, leading to
further environmental degradation, thereby perpetuating poverty and associated hunger (Moura et al.
2021). Unlike in most tropical regions where soil quality is assessed using chemical indicators and
recommendations typically include phosphate and lime applications to improve agricultural soil quality,
such approaches are insufficient in sandy loam soils prone to cohesion in the humid tropics. In these
soils, chemical management alone fails to adequately raise soil fertility and ensure high food production
(Moura et al. 2021).

To evaluate environmental quality, soil analysis coupled with specific input response functions has been
pivotal in generating evidence-based, efficient recommendations to ensure soil fertility and elicit positive
crop responses (Asadi et al. 2017). Despite attempts to implement this model in some tropical regions,
its adoption by smallholder farmers and the establishment of a self-sustaining business model have
been limited. Consequently, barriers remain to be surmounted to achieve healthy and fertile soils, which
are essential for fostering greater prosperity within rural communities. When farmers have limited
resources for purchasing inputs, evaluations should be carefully targeted to identify basic indicators
strongly correlated with the efficient utilisation of the costliest inputs (Biinemann et al. 2018).
Additionally, it is crucial to implement complementary measures to enhance sustainability and improve
crop performance.

Therefore, soil researchers face the challenge of moving beyond conventional soil analysis procedures
and finding innovative soil quality assessment tools to boost regionally applicable knowledge directly
benefiting end users’ well-being. These innovative tools must emphasize the immediate need to reverse
soil degradation processes before they become irreversible, given the impact of intense climate drivers
on SOM loss, base leaching, and fertility depletion. We start from the assumption that in humid tropics
soils, there is an opportunity to formulate a novel strategy for assessing soil quality, considering the
interests of smallholder farmers and sustainability aspects beyond input recommendations for
enhancing crop performance. In this scenario, this study aimed to identify the primary soil attributes
whose improvement can drive crop performance and predict sustainability, facilitating the provision of
immediate and cost-effective recommendations.

Material and Methods
Area characterization

The experiment was conducted in partnership with family farmers on the periphery of the Brazilian
Amazon, in the county of Santa Rita (03°08'37" S; 44°19'33" W). Climatologically, the area experiences a
rainy season from February to June and a dry season with a pronounced water deficit from July to
December. The local soils exhibit hard-setting characteristics and are classified as Arenic Hapludults
(Soil Survey Staff 2010; Moura et al. 2012). The chemical and physical properties of the soil were
determined prior to establishing the experiment and are as follows: pH 4.0 (in CaCl2); 20 g kg-1 of
organic-C; 15 mg dm-3 of P; 25 mmolc dm-3 of Al + H; 15 mmolc dm-3 of Ca; 9 mmolc dm-3 of Mg; 1
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mmolc dm-3 of K; 50 mmolc dm-3 of CEC; percentage base saturation of 50.0%; 300 g kg-1 of coarse
sand; 545 g kg-1 of fine sand; 61 g kg-1 of silt; 90 g kg-1 of clay.

Experimental design and conduction

The study took place in five areas of alley cropping systems, where leguminous trees (Clitoria
fairchildiana; sombrero) were planted at a spacing of 0.5 m between plants and 3.0 m between rows.
Additionally, some farmers incorporated annual legumes such as Cajanus cajan (pigeon pea), Crotalaria
juncea or Stylosanthes sp.. These crops were consociated with maize (Zea mays L.) to increase soil
organic matter.

In all the areas, from 2018 up to 2022, at the onset of the rainy season, three rows of maize cultivar Ag
7088 were sown between the legume rows. The maize rows were spaced 80 cm apart, with plants
positioned 25 cm apart. Planting fertilisation included the application of 50 kg ha-1 of N, 120 kg ha -1 of
P205, 100 kg ha -1 of K20, and 5 kg ha -1 of Zn. A total of 100 kg ha-1 of N-supplied urea was applied at
the V8 growth stage of maize each year. Legume branches were pruned to a height of 0.5 m above
ground level, and their biomass was evenly distributed in the soil immediately after maize sowing. To
measure soil parameters and assess maize productivity, 10 sampling points were delimited for each
area within a uniform grid of 10 x 14 m. The coordinates of each sample point were recorded using a
GPS device.

Fractionation of soil organic carbon analyses

In July 2022, nine samples were collected from the surface soil layer (0—15 cm) at each point with an
auger to analyze the physical fractionation of soil organic matter. The soil organic matter was physically
fractionated according to the methods of Cambardella and Elliott (1992). Air-dried soil samples weighing
20 g were sieved through a 2 mm mesh and placed in 250 ml polyethene cups, to which 80 ml of 5 g L-1
of sodium hexametaphosphate was added. The mixture was shaken for 15 hours in a horizontal shaker
at a rate of 130 oscillations min-1. Subsequently, all the vial contents were transferred onto a 0.053 mm
mesh sieve and rinsed with a gentle stream of distilled water until the clay was completely removed. The
material retained on the sieve was defined as total particulate organic matter (> 53 pm) and then dried at
50°C. After drying, the sample was ground in a porcelain mortar. An aliquot was then collected, weighed,
and analysed for its C content, representing the soil particulate organic carbon (POC) in particulate
organic matter. An aliquot of the 2 mm sieved subsample was ground in a porcelain mortar, weighed,
and analysed to determine soil total organic carbon (TOC) according to the Sparks et al. (1996) method.
Soil mineral-associated carbon (MOC) was calculated as the difference between TOC and POC.

Soil chemical analyses and maize grain yield

The same soil samples were analysed for P, pH, (H + Al3+) and exchangeable K+, Ca2+, Mg2+. P K, Ca,
and Mg were measured using an exchangeable ion resin (Raij et al. 1986) with a Varian 720-ES ICP
Optical Emission Matter Analysis Spectrometer. pH in CaCl2 was determined following Peech (1965),
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while (H + Al3+) was measured via Solution SMP as described by Quaggio et al. (1985). The maize grain
yield (MGY) was determined at physiological maturity in two 10m2 areas within each 70 m2 grid.

Statistical analyses

R-studio (ver. 4.1.3, 2023) was used to run one-way ANOVA tests, homogeneity (Lavene), normality
(Shapiro-Wilk) and generate simple linear regressions at 5% probability. Principal component analysis
(PCA) was constructed to evaluate the interaction of the dataset.

Results

Similarly, the regression equation of POC (Fig. 2a) with MGY indicated a narrow range of amplitude and
negative correlation with MGY. In contrast, the amplitude of MAOC was broader, and the correlation
between MAOC and MGY (Fig. 2b) was stronger compared to that between POC and MGY. The highest
productivity (12 Mg.ha-1) was achieved with MAOC levels around 14 g.kg-1.

Regarding the influence of cations on MGY, regression equations indicated that when together, Ca and
Mg explained 64% of MGY (Fig. 3c), while the effect of Ca (Fig. 3a) alone was lower (43%). However, the
effect of Mg alone was greater than Ca and Ca + Mg (Fig. 3b). The highest MGY was achieved with a
combined Ca + Mg around 41 mmoc.dcm-3.

Correlations between MAOC and basic cations were stronger when Ca (Fig. 3d) and Mg (Fig. 3e) were
also considered together (Fig. 3f). The value of Ca + Mg required for good structure, as proposed by
Johannes et al. (2017) (SOC:Clay ratio < 1:10), might exceed 40 mmolc.dm-3, which aligns closely with
levels required for the highest MGY (Fig. 3f).

In the principal components analysis (Fig. 4) axis 1 (57.1%) and axis 2 (21.5%) together explained 78.6%
of the variance and indicated that MAOC, Ca + Mg, Ca and Mg had a strong association and a tendency
towards an increase MGY. That is, when the concentrations of these variables increased, the MGY
tended to increase. The largest contribution observed in axis 1 was from the Ca + Mg variable (18.2%),
while the smallest was from P (0.2%). For axis 2, the largest contribution was from TOC (68%), with Mg,
Ca and Ca + Mg having the smallest contribution (< 1%).

Discussion

The weak correlations observed between P and K with MGY suggest that in structurally fragile tropical
soils, a conventional strategy relying on analyses of P and K availability followed by chemical fertilisation
may not be the most effective strategy to support family farmers. In soil with insufficient aggregator
elements such as iron and soil organic carbon, reduced soil rootability leads to low nutrient use
efficiency, rendering chemical nutrient application ineffective (Nunes et al. 2024). In the same soil, Moura
et al. (2013) reported P recovery efficiency by maize as low as 6.2%. Such a low recovery rate is clearly
insufficient to offset fertiliser costs and could contribute to farmers' reluctance to transition away from
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shifting cultivation practices. These findings emphasize the necessity of implementing measures to
improve soil rootability before fertilizer application (Sena et al. 2020).

In this regard, the intense climate acting and fast turnover characteristic of the humid tropics minimize
the significance of substrate recalcitrance in C accumulation and soil improvement (Moura et al. 2023).
Therefore, the light fraction of POC comprised of labile material was less important in contributing to
MGY compared to MAOC, which accounted for 64% of maize productivity. Indeed, in cohesive soil with
low content of mineral aggregator elements, increased MAOC seems to be the principal way of
enhancing soil rootability and improving nutrient use efficiency (Silva et al. 2016). The reduction in soil
impedance attributed to MAOC arises from a dilution effect resulting from its mixing with the denser
mineral fraction of the soil (Maltas et al. 2018). Moreover, in soil prone to cohesion, aside from
decreasing soil bulk density, increased soil rootability is observed due to aggregation promoted by
MAOC, often resulting in an increase in total pore space. The amount of water molecules around soil
particles with a high content of organic matter also contributes to reducing cohesion and soil
penetration resistance (Locatelli et al. 2023).

The effect of Ca and Mg on MGY in this experiment extends beyond their ability to alleviate Al-induced
toxicity (Gupta et al. 2023). They also help remove other toxic elements such as Mn from the root zone
(Rahman et al. 2018) and play crucial roles in the regulatory mechanisms that plants use to adapt to
adverse tropical environmental conditions like drought and heat (Saud et al. 2017; de Vries et al. 2020;
Gupta et al. 2023). The primary factor driving the strong correlation between MGY and basic cations in
this experiment was their capacity to reduce SOC bioavailability, consequently increasing the stabilised
SOC fraction operationally defined as MAOC (Shabtai et al. 2023). Indeed, the correlations between
MAOC and Ca + Mg were strong enough to explain 71% of the stabilised SOC fractions.

The conventional explanation for this relationship involves physicochemical associations between
organic compounds and minerals, such as sorption, co-precipitation, and complexation (Shabtai et al.
2023). Recent studies have further supported this relationship, demonstrating positive correlations
between polyvalent cations and soil organic carbon stability (Rowley et al. 2018, Song et al. 2018;
Dlamini et al. 2019). Organo-mineral interactions are pivotal in stabilising SOC, as they facilitate
interactions between cations and microbial biomass. Bonds formed between organic compounds and
mineral surfaces minimise microbial degradation of organic compounds, contributing to SOC
stabilisation (Porras et al. 2018, Kleber et al. 2015, Schmidt et al. 2011).

Environmental and agricultural benefits from MAOC surpass those provided by other soil quality
indicators in the humid tropics, as noted by Sena et al. (2020) and Nunes et al. (2024). In this experiment,
the value of MAOC required for soil good structure, as proposed by Johannes et al. (2017) (SOC:Clay
ratio < 1:10), was around 14 g.kg-1. This level coincided with the highest MGY of 12 Mg.ha-1. Notably, the
Ca + Mg levels higher than 40 mmolc.dm-3 corresponding to that MAOC content are considered very
good according to the Brazilian soil test interpretation guides. Therefore, according to our results, to
support family farm systems, thresholds of 32 mmolc.dm-3 for Ca and 8 mmolc.dm-3 of Mg should be
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adopted to maintain an adequate Ca:Mg ratio. These thresholds should be included in soil analyses and
test interpretation guides to ensure confidence among farmers and other stakeholders in researchers
and development agents. Importantly, the sustainability of the systems will be ensured only if soil
management maintains these threshold levels. To overcome the intense climatic drivers that can
accelerate the SOM decomposition rate, implementing a cation no-till system with continuous use of
biomass is mandatory (Nunes et al. 2024).

Conclusions

Our findings showed that increased stabilised soil organic matter fraction, rather than P and K
availability, is responsible for enhanced MGY. This must be considered for land and environment
evaluation, as well as for an adequate soil management system to prevent waste of scarce resources.
Conversely, the strong correlation between Ca + Mg and MAOC revealed that soil researchers must take
advantage of interactions between these cations and biomass-derived compounds as innovative soil
quality management tools.

In this regard, there is an opportunity to define a new strategy for assessing soil quality that considers
the interest of smallholder farmers and the sustainability aspects of reversing soil degradation
processes before it becomes unachievable. In this sense, input recommendations must be according to
the threshold of 32 mmolc.dm-3 for Ca and 8 mmolc.dm-3 for Mg, achieving 40 mmolc.dm-3 of (Ca +
Mg), a Ca:Mg ratio of 4:1, and MAOC content around 14 g.kg-1. Additionally, to prevent shifting
cultivation and subsequent environmental degradation, a complementary strategy involving the
continuous addition of high-quality biomass must be adopted to maintain MAOC levels throughout all
cultivation years.
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Linear regression analysis of soil phosphorus (a) and potassium (b) content versus maize grain yield
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Figure 2

Linear regression analysis of particulate organic carbon (a) and organic carbon associated with minerals

(b) versus maize grain yield
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Figure 3

Linear regression analysis of calcium (a), magnesium (b), calcium plus magnesium (c) versus maize
grain yield and calcium (d), magnesium (e), calcium plus magnesium (f) versus mineral associated
organic carbon
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Figure 4

Principal component analysis (PCA) ordination plot of the importance of associations between chemical
attributes of the soil and maize productivity. TOC (total organic carbon), POC (particulate organic
carbon), MAOC (mineral associated organic carbon), Ca (calcuim), Mg (magnesium), Ca.Mg (calcium
plus magnesium), P (phosphorus), K (potassium) and MGY (maize grain yield)
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