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Abstract 

Mozambique soils are known for an unbalanced agronomic and environmental composition that 

results in poor agricultural production yields. However, agriculture is the main economic activity of 

Mozambique, and soils must be characterised for their elemental deficiencies and/or excesses. This 

paper sampled nine farms from the Manica and Sussundenga districts (Manica province) in three 

campaigns in 2021/2022, 2022/2023 and 2023/2024 (before and after the rainy seasons). They were 

subjected to an agronomical and environmental chemical analysis to assess their quality, from the 

fertility and environmental contamination point of view. A multivariate data analysis methodology 

was used based on cluster and discriminant analysis. The analysis of 23 agronomical soil variables 

suggested four clusters of soils characterised by deficiencies and excess elements that must be 

corrected to improve the yield and quality of agricultural production. Moreover, the multivariate 

analysis of the metal composition (Ba, Cr, Co, Cu, Pb, Ni, V and Zn) of soil samples from the second 

campaign and the third campaign, before and after the rainy season, suggested five clusters with 

pristine composition and with different metal pollutants composition and concentrations. The 

information obtained in this study allows scientific comprehension of agricultural soil quality, which 

is crucial for designing agronomic and environmental corrective measures to improve food quality 

and quantity in the Manica and Sussundenga districts and ensure environmental, social, and 

economic sustainability. 

Keywords: agricultural farms; soil properties; classification; multivariate data analysis 

 

1. Introduction 

Soil quality assessment can be a critical socio-economic indicator of the wealth of farmers. 

Indeed, agricultural yields depend on soil fertility and, under low-input nature agriculture in 

developing countries, where crops are produced for household consumption and income, low soil 

quality results in poor farmers [1,2]. Understanding the relation between soil fertility and poverty is 

particularly important in countries where most of the population depends on agriculture, like 

Mozambique, where the currently used 9 million hectares of arable land are mainly managed by 

family farming [3,4]. However, in sub-Saharan Africa, the lack of economic and technical resources, 

and a strategic program to characterise and improve the soil health/fertility of the countries, which 

are known to be of poor quality, is an obstacle to the sustainable management of soil and 

consequently to the wealth of nations. Indeed, agricultural soils become poorer if no corrective 

measures are progressively taken. Moreover, soil degradation poses risks to the environment, 

economy and society [5]. African soils are depleted of nutrients, with the corresponding even sharper 
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decline in fertility, leading to very low crop yields [6]. Although the existing information about the 

soils in Mozambique is very scarce, there is a consensus on the poor fertility of these soils [7–11]. 

The first step in sustainable soil quality management is its diagnosis and monitoring. According 

to the European proposal of the Soil Monitoring Law, soil health is a multidimensional parameter 

defined as “the physical, chemical and biological condition of the soil determining its capacity to function as 

a vital living system and to provide ecosystem services” [5]. Consequently, obtaining information about 

soil quality and fertility is mandatory to define a sustainable soil health management strategy. Other 

factors besides the intrinsic soil characteristics are critical for crop production management: 

infrastructure and related high transport costs, inadequate institutional support, and political 

instability [6]. 

Soil fertilisation is a standard mandatory routine to maintain or restore soil quality. However, 

in sub-Saharan African countries, the high cost of fertilisers is an obstacle to this happening [12]. Also, 

the depletion of other soil substances that influence crop yields, such as micronutrients and organic 

matter, is a reality which contributes to very low agricultural productivity and farmers’ poverty. 

Indeed, low fertiliser use is one of the factors contributing to the slow growth of agricultural 

productivity in Africa. Data from 2009 suggested that Africa accounts for less than 1% of global 

fertiliser consumption [13,14]. The only way to successfully resolve this problem is through subsidies. 

The experience of subsidising corn production in Malawi allowed production to triple, going from a 

deficit in 2005 to a surplus in 2007, which allowed food prices to fall and corn to be exported to 

neighbouring countries [14]. 

The problem of poor soil health gives rise to another issue, in addition to low productivity, the 

existence of poor nutritional quality in the food produced [2,15–17]. The food produced in soils with 

zinc deficit may be responsible for the child stunting [15]. Also, negative correlations were observed 

between the available soil concentrations of copper and manganese with child morbidity and child 

wasting [2]. There is enough consensus about the direct link between the soil and people’s health 

[2,15–17]. 

Besides the agronomical soil quality, which will be responsible for the crop yields and nutritional 

quality, agricultural soils must follow environmental quality standards to protect human health from 

toxic substances. Heavy metals are of particular concern because they can have a natural (geological) 

origin or an anthropogenic contribution from mining activities [11,18–21]. Also, this type of pollutant 

tends to accumulate in the environment [22–26]. 

In this paper, the results of the hierarchical cluster and discriminant analysis of soils from nine 

farms in the Manica and Sussundenga districts (Manica, Mozambique) will be presented and 

discussed. Agronomical chemical characteristics and heavy metals will be evaluated. The 

agronomical chemical characteristics evaluated are: extractable K, Mg, Ca; Micronutrients Fe, Mn, 

Zn, Cu and B; exchangeable Na, K, Ca, Mg, Al and cation exchange capacity (CEC); Fertility 

properties as pH(KCl), pH(H2O), extractable P, soil organic carbon, organic matter; nitrogen Kjeldahl, 

nitrogen inorganic, conductivity and texture as sand, clay and silt percentage. The set of heavy metal 

evaluated were Ba, Cr, Co, Cu, Pb, Ni, V and Zn. The environmental quality of the soils will be 

discussed on the basis of the cluster and discriminant analysis. The agronomical and environmental 

assessment of the soils under investigation will be done. 

This paper will classify soils from nine farms in the Manica and Sussundenga districts of the 

Manica province in Mozambique (Figure 1), based on agronomical and environmental parameters. 

A preliminary analysis of the soils from this province has already been made [11] and, in this work, 

more farms and more sampling campaigns were included to obtain a more representative 

classification of the soils from the neighbouring districts of Manica and Sussundenga. The 

agronomical and environmental assessment of the area under investigation will be done. The results 

obtained in this study will allow the definition of a rational strategic plan to reverse the degradation 

trend of agricultural soils, improving the health of soils and populations, and reversing the trend of 

impoverishment. 
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Figure 1. The map of Mozambique (with its provinces) (a.) with the amplification of the Manica province 

(extracted from Google map), in the Manica and Sussundenga districts, where the soil samples were collected. 

2. Materials and Methods 

2.1. Study Area 

The study area focuses on two districts in the Manica province (centre of Mozambique adjacent 

to the frontier with Zimbabwe), namely the Manica and Sussundenga districts (Figure 1). Some of the 

farms under investigation have already been preliminary characterised [11]. Still, in the present 

study, more soils from the farms of Manica and Sussundenga districts were added to the samples, 

and one more campaign, 2023/2024, before and after the rainy season, was considered for all soil 

samples. 

2.2. Soil Sampling 

Soils were sampled in agricultural farms in the Manica province, namely five samples in the 

Manica district (Fields M1 to M5) and four samples in the Sussundenga district (Fields S1 to S4) 

(Figure 1). The areas of the nine farms and their agricultural productions are: M1 - 7 ha: corn, green 
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beans, banana, lettuce, cucumber, strawberries and okra; M2 - 2 ha: corn, tomatoes and beans; M3 – 

1 ha: corn, beans and tomatoes; M4 - 1 ha: corn, beans and tomatoes; M5 – 20 ha: bananas and lychee; 

S1 - 1.5 ha: corn and sesame; S2 - 1 ha: corn and beans; S3 - 1 ha: corn and beans; and, S4 – 1 ha: corn 

and soy. 

Samples were collected in three campaigns (2021/2022, 2022/2023 and 2023/2024). In each of them 

samples were obtained before and after the rainy season in the following periods (Table S1): 

2021/2022 campaign - September and October 2021 (before the rainy season) and April 2022 (after the 

rainy season; 2022/2023 campaign - September 2022 (before the rainy season) and April 2023 (after 

the rainy season); 2023/2024 campaign - September 2023 (before the rainy season) and April 2024 

(after the rainy season). 

Samples were collected as previously described [11]. Table S1 shows the date of the samplings 

and the coordinates of all the sub-samples. 

2.3. Preparation and Analysis of the Soils 

The soil preparation and agronomical chemical analysis were done as previously described [11]. 

Metals were analysed within the TerrAttesT package by inductively coupled plasma-mass 

spectrometry (ICP-MS) at Eurofins Analytico B.V., according to the reference method NEN-EN-ISO 

17294-2. 

2.4. Data Analysis 

The multivariate analysis of the data obtained, 23 agronomical chemical characteristics and 8 

heavy metal, were implemented separately with SPSS® version 28.0.1.0 statistical package from IBM® 

company. To explore and understand the clustering and dimensionality of the data, unsupervised 

hierarchical cluster analysis (HCA) and discriminant analysis (DA) were performed. For the HCA 

were use non-standardized or Z scores standardized by variable between-groups linkage and Ward’s 

methods. The distance or similarity measure used in clustering was the squared Euclidean distance. 

With this analysis is possible to verify the characteristics of each cluster, understanding of the data 

structure and identifying distinct clusters [27]. For the discriminant analysis (DA) was used the 

stepwise method with Wilk’s lambda method. The discriminant analysis was based on the previous 

results found by cluster analysis. The DA is complementary to HCA allowing to verify linear relations 

between the variables of the data and identify which variables contribute more for the separations of 

the clusters [28]. 

3. Results and Discussion 

3.1. Agronomical Properties Classification 

Table S2 shows the results of the agronomical chemical analysis of the five soils sampled in the 

three campaigns (2021/2022. 2022/2023 and 2023/2024) plus more four soils sampled in the last 

campaign (2023/2024). The analysis of this table, and as previously discussed [11], all the soils are 

extremely to strongly acidic (pH ranging from 4.5 and 5.6. with an average of 5.0±0.3), have no salinity 

problems (conductivity ranging from 4.2 to 11.8 mS/m), have negative charge, are cation exchangers 

and are characterized by a low amount of soil organic matter (SOM) ranging from 0.67% to 1.83% 

with an average 1.3±0.3%. Also, these soils have non-measurable concentrations of extractable boron 

and exchangeable aluminum. For this reason these two variables will not be considered in the 

analysis, and the other 23 variables will be used for the multivariate classification. 

Boron is an essential plant nutrient and, since the beginning of the XX century, it was found that 

its application resulted in the increase of crop production yields [29]. Besides the quantity, boron 

deficiency may affect the quality of the products [29]. The boron deficiency in the soil from Manica 

and Sussudenga can be dealt by the choice of more tolerable crops or varieties or to the boron fertilizer 

use [29]. 
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The multivariate hierarchical cluster analysis of the agronomical properties of the soils data in 

Table S2 resulted in the dendogram shown in Figure 2 – dendograms obtained using other clustering 

strategies have a similar result. Four clusters of soils are observed (Clusters A1, A2, A3 and A4), 

which compositions is described in Table 1. Also, cluster number two may be divided into two 

subclusters (subclusters A2A and A2B). 

 

Figure 2. Dendogram obtained using between-group linkage method. 

The analysis of the composition of the observed clusters (Table 1) shows that the origin of the 

soils, Manica or Sussundenga, is the main factor that determines the classification, suggesting that 

the soils of the two districts are different. 

Table 2 shows the average values and corresponding errors for the measured variables in the 

four detected clusters. The analysis of this Table shows increasing concentration values for those most 

discriminating as the number of the cluster increases. Also, the comparison of the concentration 

values in Table 2 and the plots of the samples into the discrimination functions (Figure S1) show that 

clusters A1 and A2 are more similar than the other two. This indicates that the soils from 

Sussundenga (Cluster A1 and A2) are more similar among themselves, and the soils from Manica are 

more dissimilar among themselves (Cluster A3 and A4) and from the soils from Sussundenga. 

Table 1. Clusters detected and their compositions. 

Cluster 
Samples in the 

Clusters 
Sub-Cluster 

Samples in the sub-

clusters 
Origin of the soils 

Cluster A1 

S2Y1. S2Y2. 

S2Y3. S3Y1. 

S3Y2. S3Y3 

  Sussundenga 

Cluster A2 

M2Y2. M2Y3 

M4Y3 

S1Y1. S1Y2. S1Y3 

S4Y3 

Cluster A2A 
M2Y2. M2Y3 

M4Y3 
Manica 

Cluster A2B 
S1Y1. S1Y2. S1Y3 

S4Y3 
Sussundenga 

Cluster A3 M1Y1. M2Y1   Manica 

Cluster A4 
M1Y2. M1Y3 

M3Y3 
  Manica 
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M5Y3 

Table 2. Average and standard deviation of the agronomic variables in the four clusters of soil samples observed 

by unsupervised hierarchical clustering. 

Property Cluster A1 Cluster A2 Cluster A3 Cluster A4 

Extractable K (K2O). 

mg/kg 
59 (26) 155 40) 204 (45) 254 (66) 

Extractable Mg. 

mg/kg 
52 (13) 111 (10) 327 (41) 586 (3) 

Extractable Ca. 

mg/kg 
404 (95) 565 81) 1053 (113) 1462 194) 

Extractable Fe. mg/kg 65 (23) 121 (69) 206 (11) 91 (33) 

Extractable Mn. 

mg/kg 
31 (17) 172 (12) 285 (80) 409 (31) 

Extractable Zn. 

mg/kg 
2.2 (0.6) 1.4 (0.6) 1.9 (0.3) 2.2 (0) 

Extractable Cu. 

mg/kg 
0.45 (0.08) 2 (1) 3.6 (0.5) 5.6 (0.1) 

Exchangeable Na. 

cmol(+)/kg 
0.043 (0.008) 0.07 (0.03) 0.13 (0.03) 0.16 (0.04) 

Exchangeable K. 

cmol(+)/kg 
0.14 (0.02) 0.32 (0.04) 0.38 (0) 0.50 (0.08) 

Exchangeable Ca. 

cmol(+)/kg 
2.0 (0.5) 2.8 (0.4) 5.2 (0.6) 7.3 (0.9) 

Exchangeable Mg. 

cmol(+)/kg 
0.4 (0.1) 0.90 (0.07) 2.8 (0.4) 4.8 (0.8) 

CEC. cmol(+)/kg 2.7 (0.5) 4.2 (0.4) 8.5 (0.9) 13 (2) 

pH(KCl) 1:5 4.9 (0.3) 5.0 (0.3) 5.3 (0.1) 5.3 (0.1) 

pH(H2O) 1:5 5.6 (0.3) 5.9 (0.3) 6.0 (0) 6.4 (0.1) 

Extractable P (P2O5). 

mg/kg 
41 (7) 89 (87) 119 (24) 48 (18) 

Organic Carbon (%) 0.68 (0.07) 0.7 (0.2) 0.7 (0.2) 0.9 (01) 

Organic Matter (%) 1.2 (0.1) 1.2 (0.4) 1.2 (0.4) 1.5 (0.2) 

Nitrogen Kjeldahl. 

g/kg 
0.8 (0.7) 0.6 (0.2) 1.10(0.03) 13.0 (0.2) 

Nitrate (N-NO3). 

mg/kg 
12 (7) 7 (4) 21 (12) 9 (3) 

Conductivity. mS/m 5.7 (0.9) 6 (2) 11 (1) 6 (1) 

Sand (%) 79 (4) 69 (2) 59 (4) 27 (5) 

Clay (%) 11 (1) 16 (2) 24 (1) 38 (3) 

Silt(%) 10 (4) 15 (2) 17 (5) 35 (2) 

The clusters described in Table 1 and 2 result from the different properties of the nine soils under 

analysis. Indeed, the following agronomical properties are characteristic of the clusters: 

Cluster A1: This cluster is constituted by very poor soils from the Sussundenga district that are 

characterized by a sandy loam and loamy sand textures, with deficiencies in the elements calcium, 

magnesium, boron, manganese, copper, phosphorous, potassium and zinc. 

Cluster A2A: This sub-cluster is constituted by soils from Manica district that have a sandy loam 

texture, with deficiencies in calcium and boron, and excess of manganese and iron. 
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Cluster A2B: This sub-cluster is constituted by soils from Sussundenga district that are 

characterised by sandy loam and sandy clay loam textures, with deficiencies in phosphorus, calcium, 

boron and zinc, and an excess of manganese, potassium and iron. 

Cluster A3: This cluster is constituted by Manica soils from the first year (2021/2022) with a 

sandy clay loam texture, a deficiency of calcium and boron, and an excess of magnesium, manganese, 

iron and potassium. 

Cluster A4: This cluster is constituted by Manica soils with clay, clay loam and silty clay textures, 

with a deficiency of phosphorus, boron and zinc, and an excess of magnesium, potassium, manganese 

and iron. 

A Linear Discriminant Analysis (LDA) was done to analyse the discriminatory capacity 

variables among the detected clusters, and the Wilks Lambda and Fisher’s F statistical parameters 

were obtained (Table S3). The analysis of Table S3 shows that the main discriminatory variables 

(lower Wilks Lambda and higher F) are the extractable and exchangeable calcium and magnesium 

(which correlate with the CEC), the extractable manganese and the clay texture percentage. These 

elements are almost always present in the particular characteristics of the clusters. The analysis of the 

linear discriminant plot in Figure S1 shows that the clusters are indeed dissimilar with different 

specific properties. 

All the clusters correspond to agronomically unbalanced soils and require correction to improve 

production yields and quality. Deficiencies in macronutrients are detected, for example, in calcium 

in the soils of clusters A1, A2 and A3, phosphorus in clusters A1, A2B and A4 and potassium in the 

soils of cluster A1. Also, several deficiencies in trace minerals are detected, which may contribute 

even further to lower crop yields, such as the defects of zinc in the soils of clusters A1, A2B and A4, 

and the deficiencies of manganese and copper in soils from cluster A1. Besides the impact on 

agricultural productivity, these micronutrient soil deficiencies may be reflected in the low nutritional 

values of the food produced in these fields, impacting the local populations’ human health. 

The pH and amount of organic matter of all the soils may substantially impact the macro- and 

micronutrient composition of the soils of Manica and Sussundenga. Indeed, the acidity of the soils 

and low organic matter contribute to the speciation of the chemical elements distribution, and should 

be corrected by liming and organic correction to improve the basic soil properties to support 

subsequent fertilisation. 

3.2. Metal Polutants Soil Classification 

Table S4 shows the total concentrations of the metals Ba, Cr, Co, Cu, Pb, Ni, V and Zn present in 

the five mixed soils sampled before and after the rainy season in the 2022/2023 campaign, and in the 

eighteen soils sampled in the 2023/2024 campaign in nine farms before and after the rainy season. 

The following elements were not detected: As, Sb, Be, Cd, Hg, Mo, Se and Sn. 

The multivariate hierarchical cluster analysis of the metal composition of the soils data in Table 

S4 resulted in the dendogram shown in Figure 3 – dendograms obtained using other clustering 

strategies have a similar result. Five clusters of soils are observed (Clusters H1, H2, H3, H4 and H5), 

whose compositions are described in Table 3. The reference values for agricultural soils accordingly 

to the Portuguese Environmental Agency [30] are included in Table S4. 

The analysis of the composition of the observed clusters (Table 3) shows that no difference in 

similarity is observed for the samples before and after the rainy season because both samples fall in 

the same cluster. The metals’ average concentrations of the clusters are shown in Table 4, resulting 

from the different levels of metallic pollutants. The analysis of this table shows that for some clusters, 

the concentration of some metals is higher than the recommended levels for agricultural soils (bold 

values). The composition of the five clusters are: 
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Figure 3. Dendogram obtained using Ward’s method with Z-score standardisation. 

Table 3. Clusters detected and their compositions. 

Cluster Samples in the Clusters Origin of the soils 

Cluster H1 
S2Y2, S2Y3b, S2Y3a 

S3Y3b, S3Y3a, S4Y3b S4Y3a 
Sussundenga 

Cluster H2 

M2Y3b, M2Y3a  

M4Y3b, M4Y3a 

S1Y2, S1Y3b, S1Y3a 

S3Y2 

Manica / Sussundenga 

Cluster H3 M5Y3b, M5Y3a Manica 

Cluster H4 
M1Y3b, M1Y3a 

M3Y3b, M3Y3a 
Manica 

Cluster H5 M1Y2, M2Y2 Manica 

Cluster H1 – This cluster corresponds to pristine soils with no metal concentration above the 

reference value and is mainly constituted by soils from the Sussundenga district. 

Cluster H2 – This cluster is characterised by a relatively high average concentration of chromium 

and a high standard deviation (102±95 mg/kg). This high error results from the relatively high 

concentration of chromium in the Manica soils M2 and M4 and the relatively low concentration of 

chromium in the Sussundenga soils S1 and S3Y2. Nevertheless, these Manica soils show the lowest 

chromium concentration of all the Manica soils under study and the other metal concentrations are 

below the reference values. This cluster H2 contains soils with higher concentrations of metals than 

cluster H1, but are below the reference values, except for chromium from the Manica soils. 

Cluster H3 – This cluster, constituted by soils from the M5 farm, is characterised by relatively 

high concentrations, above the reference values, for the metals chromium, cobalt, copper, nickel and 

vanadium. 

Cluster H4 – This cluster, constituted by soils from the third campaign of the M1 and M3 farms, 

is characterised by relatively high concentrations, above the reference values, for the metals 

chromium, cobalt, nickel and vanadium. 
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Cluster H5 - This cluster, constituted by soils from the second campaign of the M1 and M2 farms, 

is characterised by relatively high concentrations, above the reference values, for the metals 

chromium, cobalt and nickel. However, the errors in the concentrations of Cr, Co and Ni of this cluster 

are very high, which results from the relatively lower concentration of metals in the soil of the M2 

farm. 

This analysis shows that the soils from the Manica district have environmental quality issues 

that should be studied in more detail, particularly the bioavailability/bioaccumulation of these toxic 

metals in the food produced in those farms. Indeed, relatively high levels of chromium, cobalt, 

copper, nickel and vanadium, or parts of these, can be detected in the soils of Manica. In the opposite 

situation, the soils from the Sussumdenga district are pristine. 

The H3 cluster that corresponds to the soil of the Manica farm M5 constitutes an outlier that 

results from a geological anomaly. Indeed, this farm is expected to be abandoned, and a mining 

operation will be installed in the area. 

Table 4. Average and standard deviation of the metal concentration (mg/kg) in the five clusters of soil samples 

observed by unsupervised hierarchical clustering. 

 Cluster H1 Cluster H2 Cluster H3 Cluster H4 Cluster H5 

Ba 18 (3) 33 (12) 110 (14) 63 (2) 50 (24) 

Cr 4 (4) 102 (95) 315 (7) 1700 (355) 840 (791) 

Co 1 (1) 11 (7) 59 (4) 101 (13) 48 (44) 

Cu 1 (2) 9 (5) 115 (7) 34 (4) 22 (13) 

Pb 4 (1) 8 (4) 18 (1) 9 (1) 76 (16) 

Ni 1 (2) 34 (32) 120 (14) 715 (84) 379 (425) 

V 5 (3) 27 (10) 280 (0) 96 (16) 61 (35) 

Zn 0 13 (2) 53 (11) 30 (2) 24 (9) 

The analysis of the discriminating capacity of the metal concentration. As presented in Table S5, 

all the metals have statistically discriminating capacity. However, copper and vanadium have the 

highest discriminating potential (lower Wilks Lambda and F tests) (Table S5). Also, the linear 

discriminant plot analysis in Figure S2 shows that, considering their heavy metal composition, the 

clusters are indeed dissimilar with different specific properties. 

The relatively high concentration of heavy metals in the soil of the Manica district, namely the 

elements Cr, Co, V and Ni, is of geogenic origin [11,31–36]. Anthropogenic soil pollution of Cu, Pb 

and Zn was not detected. 

5. Conclusions 

Agricultural soils must be continuously monitored to allow its agro-environmental management 

in order to increase the quantity and quality of food production. In developing countries this is 

particularly important because food production can increase due to the increase of arable land, that 

results from uncontrolled or illegal deforestation, and not due to an increase of crops yield. This 

transformation on the use of soil is highly environmental damaging, with strong impact in climate 

change, and degrades soil health. Indeed, major efforts should be focused on the protection of soils 

with emphasis on the agronomical and environmental components. 

The soils from the Manica and Sussundenga districts in Mozambique constitute a typical case 

study of the sub-Sahara African soils, where the production yields are low resulting from very 

unhealthy soils with a dramatic macro and micronutrients shortage. The macroscopic consequence 

of this situation will reflect in the local economy, characterised by poverty, and in the human health. 

This work allowed to define clusters of similar quality soils and to identify their specific 

deficiencies and problems. This information can guide future corrective measures under a strategic 

plan to restore and improve the fertility of the local soils. However, technical support must be granted 

for the soil restoration of the pH, organic matter and fertilizers sustainable utilization. National and 
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local governments should lead this process mainly because, besides the soils health care, other critical 

basic problems must be solved, like infrastructures for products transportation. 

There is already enough information that supports that populations will thrive if agricultural 

production is of good quality and quantity. Once the diagnosis is made, like it was demonstrated in 

this paper, it is possible to define priorities so that the populations will work to get rid of the poverty 

traps where they are imbedded, and ensure environmental, social, and economic sustainability. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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