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Summary and thesis outline 

In Chapter I, general introduction, hypothesis, and the proposal of general and specific 

objectives are presented. The general objective of this Doctoral Thesis was “To compare 

the effect of No tillage (NT) and Conventional tillage (CT) on soil physical and chemical 

properties and on soil organic matter (SOM) accumulation and stabilization in an Andean 

soil of the northern Ecuadorian highlands cultivated with Phaseolus vulgaris L. - 

Amaranthus caudatus L. - Phaseolus vulgaris L. and Phaseolus vulgaris L. - Zea mays 

L. - Phaseolus vulgaris L. rotations under different fertilization rates”. A comprehensive 

description is also given to establish the conceptual and methodological framework of 

this Thesis.   

In Chapter II, a review with the title: No tillage, organic matter and sustainable 

agriculture in intertropical zones, is presented to describe the consequences that the 

implementation of CT has brought to intensive soil degradation; no tillage (NT) being a 

alternative to CT, which consists on direct sowing without soil disturbance leaving on the 

surface the residues of the previous crop. NT produces positive effects on soil biological, 

chemical and physical characteristics, represents a net increase in SOM, better water 

infiltration, therefore preventing erosion; the SOM is the source of plant nutrients and 

food and energy for soil microorganisms, influences the microbial community 

composition especially arbuscular mycorrhizal fungi that produces glomalin, a 

glycoprotein that protects hyphae during transport of nutrients from the plant to the end 

of the hypha, and from the soil to the plant. To expand the efforts to promote NT, 

particularly on small farmers´ fields from the tropics, it is urgent to develop a package of 

three agronomic practices: absence of soil disturbance, retention of sufficient crop residue 

to provide surface coverage, and diversified rotations that include legumes. 



    

The Chapter III corresponds to the published article entitled “Early changes in the 

transition from conventional to no-tillage in a volcanic soil cultivated with beans 

(Phaseolus vulgaris L.)”. Small farmers in the Ecuadorian highlands normally use CT 

that consist in the remotion of the soil during seedbed preparation to eliminate weeds, 

improve soil aeration, avoid compaction, and develop an adequate rooting space; 

however, this tillage system promotes deep changes in some physical, chemical, and 

biology soil properties which in time have negative effects on crop performance. Most of 

these effects can be avoided using no-tillage (NT), but nevertheless, this tillage system is 

not utilized by farmers in the Ecuadorian highlands, then it was justified to compare two 

different tillage systems with two rotation schemes: bean - corn - bean, and bean - 

amaranth - bean, applying four rates of nitrogen fertilization. This report presents the 

initial changes on yield and some soil properties promoted by the transition from CT to 

NT after the cultivation of bean, the first crop in the rotation. Bean yield under NT was 

42% higher than CT suggesting that the soil improvements promoted by NT were also 

conductive to the difference in crop yield; although in the physicochemical 

characteristics, only the changes in pH and gravimetric water content presented 

significant differences; changes in other measured soil parameters like soil organic 

matter, total N, available P, and bulk density were not significant, in spite of the lack of 

statistical significance the trend was always favorable to NT indicating that the 

elimination of soil movement begins to improve soil conditions for plant growth even 

with no fertilizers applied in such a  way that these results constitute an incentive for 

farmers to adopt this conservation tillage system. 

The Chapter IV corresponds to the manuscript entitled “Effect of tillage, fertilizer rates, 

and crop rotations on yield, soil physical-chemical characteristics, and accumulated 

carbon in Ecuadorian highlands”. The objective of this report was to contrast the effects 



    

of the application of both tillage systems with different rates of nitrogen (N) on crop yield 

and soil physicochemical properties after three planting cycles, having completed the two 

proposed rotations. Bean yield in Beans-Maize-Beans (BMB) rotation with NT was 

26.2% higher compared with CT and in the second rotation cycle NT cob maize yield was 

75% higher than CT. However, no differences in bean yield were observed at third cycle. 

On the other hand, organic C and N were also higher under NT in both rotations being 

more evident with Beans-Amaranthus- Beans (BAB), but no differences were observed 

for particulate organic matter (POM). A minor E4/E6 ratio was only observed in BAB 

rotation suggesting higher SOM humification. Soil pH, available P,  and K, Ca and Mg 

ions  were variable depending on rotation and tillage systems. In  general, main overall 

effects of tillage on bulk density and water content were higher under NT than CT but the 

contrary was observed with soil aggregation. Results obtained are encouraging in terms 

of the trend of improved soil physicochemical characteristics under NT will lead to a 

better crop yield, with the inclusion of amaranth crop it should be the more important 

factor for NT adoption by small farmers in the Ecuadorian highlands. 

In the Chapter V it is presented “General discussion, conclusions, and future trends”. 

At the middle of the previous century when the increase in the world population 

represented a great daring to increase the production of food so permitted the applied 

"Green Revolution" allowing the production of high crop yield and the expansion of the 

agricultural frontier, what has led deterioration of soil, water, and the environmental crisis 

that humanity currently faces; a method to produce more food without damaging the 

environment is the one that was tested in the present work; the findings here shown 

strongly suggests that both tillage management and rotation schemes have beneficial 

effects over the main chemical and physical soil properties of the volcanic soil used, 

which represent almost all the northern highlands soils from Ecuador. The fertilization 



    

rates used in this study did not have significantly influence on such properties possibly 

due to the relative high nutrients levels of the original soil; moreover, the novelty of this 

research relies mainly in the rotation scheme used; this is the first time that amaranth, an 

interesting highly profitable crop used in sustainable agriculture, is included in this type 

of studies; the amaranth rotation had a much lower E4/E6 ratio suggesting a faster 

humification rate compared with corn residues which are degraded at a slower rate. This 

information permitted to accept the hypothesis for this work in the sense that NT 

management of crop rotations, including amaranth implemented on soils from the small 

farmers’ areas of the Ecuadorian northern highlands, improved soil physical and chemical 

characteristics as well as the quantity and SOM stability in comparison to CT, even in the 

short time. When identifying the future tasks that we should undertake to complement 

this research, the following emerge: evaluation of agronomic practices to improve the 

amaranth cultivation techniques, evaluation of the efficiency of nitrogen and phosphorus 

use of in corn and amaranth crops, research replication with the use of other rotation 

schemes under NT, and using relevant results to generate a process of technology transfer, 

impact, and finally it adoption. 
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CHAPTER I 

“General Introduction” 
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1.1 General Introduction 

During the last century, the demographic explosion of the world population was evident, 

so thinkers like Malthus predicted the scourge of famines because the growth rate of the 

world population exceeded the growth of food production, however, thanks to the work 

approach of the "Green Revolution" led by Norman Borlaug, wheat varieties with higher 

yields were developed that spread rapidly in countries such as Pakistan and Sri Lanka, 

the same happened with corn in Mexico and with rice in the Philippines. This approach 

sits over four general pillars: 1) use of modern farm machinery, 2) food transportation 

from distant and disperse production fields to big consumer centres (cities with high 

population), 3) intensive use of agrochemical, biotechnology and genetic engineering, 

and 4) installation and use of sophisticated irrigation systems. Green revolution increased 

yields significantly, but, on the other hand, promoted the utilization of fossil fuels, the 

indiscriminate use of pesticides and fertilizers, the intensive soil use of the land with 

monoculture, the elimination of plant species considered of low interest, and sometimes 

inefficient water use. As a consequence, this approach stimulated the degradation of 

renewable resources such as soil, air and water (Glaeser, 2010; Horlings and Marsden, 

2011; Kerr, 2012). Soil has been perhaps the most affected natural resource by the 

intensive crop production. The constant soil movement with CT has promoted radical 

changes of soil physical, chemical and biological properties, which in turn had negative 

effects on crop yields and environmental quality (Subbulakshmi, et al., 2009; Su, et al., 

2021). Continuous soil movement disturbs soil porosity and upsets the water, gasses and 

nutrient movement, oxidizes SOM and reduces organic carbon (OC) content; processes 

that expose to erosion and decreases soil fertility and resilience (Lal, 2011). 

An alternative to CT has been developed over the last decades, as the tillage practice 

known as NT, which places crop seeds in the ground without soil movement, leaving on the 
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surface the residues of the preceding crop (Franchini, et al., 2012; Espinosa, et al., 2016; Khan, 

et al., 2017). This is a soil management system utilized in extensive areas of North America, and 

in the plains of Argentina and Brazil in South America, that has produced sustained high yields 

without soil movement (Wingeyer, et al., 2015). In spite of NT success in extensive areas of the 

world, this tillage practice has not been adopted in production areas cultivated by small farmers 

in Central and South America. No-till could become a viable soil management alternative for 

most crops grown by small farmers in the condition of the highlands of Ecuador characterized by 

steep and long slopes, land tenure problems, and population growth which has increased land 

pressure forcing farmers to use marginal land in even steeper areas (Espinosa, 2014). Population 

growth has forced farmers to divide the land among family descendants creating a complicated 

network of smallholdings intensively used where agricultural production is limited by the scarce 

investment capital and by the adverse location and disposition of the plots on the slope which 

promotes severe soil erosion (Espinosa and Moreno, 2018). 

There have been few attempts to implement NT on small farmer fields in the Ecuadorian 

highlands, apparently due to the difficulty of implementing the system on small intensively used 

plots (Boada and Espinosa, 2017). For this reason, there exist ample possibilities to conduct 

research on tillage systems in the same volcanic soils utilized by smallholders to document the 

effect of tillage management on soil properties and carbon dynamics. With all of the above in 

mind, this research project proposal aimed to compare the effects of CT and NT management on 

soil physical and chemical properties, carbon sequestration and SOM quality in rotation systems 

and fertilization schemes common to smallholders of the northern Ecuadorian highlands. Crop 

rotations will include alternated crops of beans - corn and bean - amaranth in five consecutive 

cycles. It’s expected that the accumulated information will serve a support to develop more 

applied research and to help shaping agricultural public policies that encourage the use of NT by 

small farmers. Additionally, the development of information about amaranth will promote the 

expansion of the planted area and the utilization of a crop catalogued as super food for its unusual 
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nutrient content (Alvarez-Jubete, et al., 2010; Peralta, et al., 2014) as a diverse and profitable 

source of income for small farmers. 

1.1.1 Land tenure in the highlands of Ecuador 

Changes in land tenure in the highlands of Ecuador over the last 60 years have promoted the 

expansion of a large group of landholders of small plots (minifundio) that use the land to develop 

what is known now as subsistence or family agriculture (Carrión and Herrera, 2012; Nieto and 

Vicuña, 2015). Analysing the land reform laws that shaped land tenure in Ecuador it can be 

concluded that they transformed the big land holdings (haciendas) in more efficient production 

units, however, they also promoted the access to the land to a high number of individuals, situation 

that derived in the development of extensive areas under smallholdings. Statistical data from the 

1964 to 1994 period indicates that the total area affected by land reform was of 9,024 km2, 3.4 % 

of the total area of the country. The extension of this area is low compared with the effect of 

colonization of available land, mainly in the Amazonia, also promoted by the same land reform, 

which incorporated 63,631 km2 to agricultural use, 23 % of the national territory (Brassel, et al., 

2008; Carrión and Herrera, 2012) argue that, in spite of these changes, the basic structure of the 

country land tenure has not changed over the last 50 years, situation which clearly surfaced from 

the analysis of the 1954, 1974 and 2000 national census. Data indicate that there has been a 138 

% increment in the number of holdings, and that the total agricultural land has expanded in 106 

%; however, these changes have not affected land tenure patterns characterized by extensive 

holdings in the hand of a few land owners. In fact, data from the 1954 agricultural census indicates 

that 71.1 % of the production units with less than five hectares comprise only 7.2 % of the total 

land under agriculture and livestock, and the landholding with more than 100 hectares covered 

64.4 % of the country agricultural land. In spite of the significant country increment of land under 

agriculture and livestock use (5´999,700 hectares in 1954 to 12´355,830 in 2000 (Brassel et al., 

2008), the situation in 2000, in percentage terms, is similar to that one in 1954. Land holdings 

with less than five hectares represented 63.5 % of the total number of holdings occupying only 
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6.3 % of the land under agriculture and livestock, while the holding with more than 100 hectares 

represented only 2.3 %, but they covered 42.6 % of the agricultural land (Brassel et al., 2008). 

A consequence of the prevalent Ecuadorian land tenure structure has been the projection 

of a large group of holders of small farming plots generating a sector of the economy known as 

family agriculture as a synonymous of peasant agriculture or subsistence agriculture. This 

economic model maintains its productive rationality associated to use of the family hand labour, 

but it does not sustain itself in time from agricultural production along, depending on the income 

generated out of the farm as hired hand labour or in services to make ends meet (Brassel, et al., 

2008; Nieto and Vicuña, 2015).  Regardless of the restrictions imposed by this production model, 

family agriculture not only produces for self-consumption, but also generates surplus to satisfy 

the demand of local markets, helps agro diversity and environment conservation, and is one of 

the main tools to revitalize the economy, fight poverty and provides the basis more a more just 

society (Carrión and Herrera, 2012).   

1.1.2 Soils from the highlands of Ecuador 

The Andes divides Ecuador in three natural regions: Costal Plane, Highlands and Amazonia, each 

one a varied system of climate, landscapes, soils and biodiversity product of the equatorial 

conditions of the country and the altitude. For these reasons, sunshine is not uniform in all areas 

of the country promoting the presence of anarchic winds and distinct pluvial regimes that control 

soil development and shape the unique set of soils in these distinct regions of the country (Moreno, 

et al., 2018).  

The Andean Highlands are made of the western and eastern cordilleras arranged in a 

north-south direction, with very steep outer slopes characterized by a gradual decline in altitude 

as they diffuse into the Coastal Plane or the Amazonia, and a decreasing massiveness also from 

north to south. Highlands are divided into three regions: Northern, Central and Southern 

Highlands. The Northern part received recent contributions of volcanic projections (ash and 

lapilli) over which diverse fertile and generally deep Andisols have been developed, 

characteristics closely linked to climate and parent material. The Central Highlands do not have 
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active volcanoes or recent pyroclastic projections and parent material consists of old volcanic and 

metamorphic rocks in a monotonous relief. Southern Highlands are characterized by a more 

rugged relief over granites, metamorphic formations, tertiary sediments and glacis of colluvial 

deposits (Moreno, et al., 2018).  

As a consequence of the prevailing parental material, soil from the Northern Highlands 

are characterized by the presence of allophane, imogolite and humus-Al complexes clay materials 

which have promoted the presence of dark coloured soils, medium texture, medium fertility and 

slightly acid classified as Andisols, Mollisols and Inceptisols in the upper and mid sections of the 

internal and external flanks of the cordillera, while the bottom of the internal valleys are in part 

characterized by coarse textured soils classified as Inceptisols and Entisols (Moreno, et al., 2018). 

The Central highlands developed ferralitic-fersalitic soils in the upper sectors which are 

moderately evolved with mollic or vertic features, but in the middle sectors and in the lowland 

the soils are poorly developed Inceptisols and Entisols. The Southern Highlands are characterized 

by ferriallitic saturated soils rich in minerals 2:1, along with desaturated ferralitic Paleosols in the 

upper part, but in the lower part soils are mainly Vertisoles, often surrounded by the ferriallitic 

Paleosols (Moreno, et al., 2018). 

The highlands of Ecuador have a dense concentration of rural population, promoted by 

the benign climate and fertile soils, which places a high pressure over the land resulting in easily 

observed land degradation problems, mainly soil erosion. Altitude modifies radically local 

climate, and this is an evident fact on the highlands of Ecuador, where a diversity of microclimates 

can certainly be present in relative short distances. This is the reason why a wide variety of crops 

is possible in tropical areas of the world like the highlands of Ecuador, particularly if water is 

available, facilitating continuous production all year around since climate seasons are almost 

imperceptible (Espinosa, 2014; Espinosa and Moreno, 2018). 

1.1.3 Tillage systems 

The traditional tillage system used by small farmers in the highlands removes completely the soil 

to prepare seed bed for planting. This traditional continuous soil movement has promoted 
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profound changes in soil physical, chemical and biological properties with negative effects on 

crop yields and the environment. Farmers argue that soil disturbance is necessary to control 

undesirable weeds, to allow better air movement through the soil profile, to avoid soil compaction, 

and to develop a suitable medium for root growth (Espinosa, 2014). However, the constant soil 

alteration destroys soil pores, particularly macro pores, affecting the movement of water, gases 

and nutrients as a result of soil structure alteration. Soil movement also oxidizes OC and 

significantly reduces its content in the soil (Al-Kaisi and Yin, 2005; Bronick and Lal, 2005). All 

of these conditions upset crop growth because they decrease soil resistance to compaction and 

erosion and they affect soil resilience to stress conditions (Craswell and Lefroy, 2001; Wingeyer, 

et al., 2015). There is limited information about the effects of soil disturbance through tillage on 

the highlands of Ecuador, but land degradation problems are evident on most of the landscapes 

(Alwang, et al., 2013; Espinosa, 2014). 

The introduction of mechanized soil movement using tractors on the highlands of Ecuador 

encouraged land degradation in occasions revealed as dramatic losses of huge amounts of soils 

when tractors are driven down the slope to prepare the soil, leaving the ground in the most open 

condition to erosion. Tractors are common and freely owned or leased among the farmer 

communities in the highlands. In the absence of tractors, soil removal is conducted by team of 

oxen or simply using hand tools with almost the same damage to the soil (Espinosa, 2008; 

Espinosa, 2014; Boada and Espinosa, 2017). As a consequence of land management, erosion is 

perhaps the more severe environmental problem of Ecuador affecting more than 50 % of 

cultivated land of the country (Alvarado, et al., 2011; Espinosa and Moreno, 2018). No matter the 

way soil is tilled, the practice leaves no residue on the ground condition which becomes even 

worst because any residue left on the ground is either burned on site or used by the farmers as 

firewood or to feed animals (Dercon, et al., 2007; Espinosa, 2014). Erosion has reduced soil 

fertility of farmers’ fields and the lack economic resources make it difficult to replenish nutrients 

to maintain crop yields. As a consequence, crop growth is limited and not uniform and biomass 

accumulation is not enough to cover the ground during the crop cycle, and crop yields are 



   8 

constantly lower over the time. Unprotected bare soils are common all over the highlands of 

Ecuador. As erosion advances, top soil is eliminated and poor hard sub soil appears as an 

unproductive matrix of hardened material known as cangahua (Espinosa and Moreno, 2018).  

Erosion control methods aimed to protect soil surface and to reduce the volume and speed 

of water runoff are not unknown or difficult to implement. However, small farmers in the 

highlands see these practices rather as a nuisance because they force them to manage the plots in 

a different way. Apparently, traditional land management is simpler and quicker, however, this 

simplification does not take in account social and economic factors that also influence farmer 

management decisions and that should analyse to propose changes in soil management (Carrión 

and Herrera, 2012; Alwang, et al., 2013; Espinosa and Moreno, 2018). 

No till is one of the soil conservations practices that effectively control soil erosion. This 

practice does not remove the soil to localize the seed on the ground and leaves on the surface the 

residues from the preceding crop (Six, et al., 2002; Bronick and Lal, 2005; Soracco, et al., 2010; 

Lal, 2011; Derpsch, et al., 2014; de Moraes, et al., 2016). This tillage system is widely used in 

extensive agricultural areas form North America and in the plains of Argentina and Brazil with 

an intensive use of farm machinery which has stimulated the production of high sustainable yields 

without soil removal (Kassam, et al., 2010; Wingeyer, et al., 2015). Regardless of its success in 

extended areas of the world, NT has not been adopted in the agricultural areas in the hands of 

small farmers in Central and South America. No till is ideal for crops like open pollinated corn 

and beans common for the highlands and their crop management could be easily adapted to this 

tillage system (Boada and Espinosa, 2017).  

There is scarce published information about NT adoption in Ecuador, particularly in the 

volcanic highlands of the country. The scanty research work conducted during the past few years 

reported no difference in soil properties and crop yields when comparing NT with CT. In this 

context, the first documented NT experimental work was conducted on the coastal plane from 

1985 to 1990 at the INIAP Pichilingue Experiment Station; data from the experiments 

demonstrated that NT can control erosion and maintain soil productive capacity by increasing 
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residual soil moisture, however, this study does not report the effect of NT adoption on soil 

properties (INIAP, 1990). Subsequently, Estrada and Calvache (2004) working with a bean-corn 

association under NT, minimum tillage (MT), and CT found that NT increased soil compaction, 

but no changes were reported in soil chemical properties or crop yield. Studies conducted by 

Vinueza and Calvache (2004) using open pollinated maize to evaluate the effects of NT, MT, and 

CT, reported no differences in soil physical-chemical properties or crop yield in response to tillage 

management. The lack of response in the three previously mentioned studies is probably due to 

the short duration of the field work (one crop cycle). Research conducted by Acosta y Galárraga 

(2011) in Santo Domingo de los Tsáchilas evaluating the effect of NT on two consecutive cycles 

of hybrid corn found a slight increment in SOM content compared to CT, but no change was 

found in chemical soil properties. Too experimental work conducted by Alvarado, et al. (2011) 

in small farmers fields in the provinces of Pichincha and Bolivar demonstrated not only that NT 

was feasible in these conditions, but also that it was possible to attain open pollinated corn grain 

yields as high as those obtained with CT (5.2 t ha-1 for Bolivar and 7.1 t ha-1 for Pichincha). On 

the other hand, Arevalo (2011) and Alwang, et al. (2013) studying the response of NT, MT, and 

CT introduced a crop rotations component (barley, broad beans, and a mixture of oats-vetch) in 

the experiment, prolonging the evaluation to three continuous crop cycles. Reported results 

indicate that, in general, crop yields were slightly higher with NT, but they exceeded in 10 % the 

rate of return because the cost reduction and productivity improvement when tillage was avoided. 

At the same time increments in SOM and water holding capacity were reported for the NT 

treatment. 

It has been widely demonstrated the beneficial effect of NT adoption on soil properties. 

For example, continuous soil management with NT on poor, acid Oxisols from Brazil have 

improved physical soil characteristics in the upper strata of the soil profile (<10 cm) attaining 

higher water retention in comparison with CT (Derpsch, et al., 2010; Soracco, et al., 2012; de 

Moraes, et al., 2016). Similar behaviour is expected in volcanic soils from the highlands of 

Ecuador. Mechanisms of improved water retention are directly related to the effect of soil 
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management on structure, expressed as aggregate stability. Aggregation is the result of 

flocculation and cementation of soil particles as SOM content increases (Six, et al., 2002; Six, et 

al., 2002). Soil structure can be significantly modified by NT management which increases the 

content of SOM and soil microorganisms’ activity especially fungal hyphal action through 

entangling and enmeshing soil particles and aggregates due to their filamentous growth from 

hyphae (Six, et al., 2002; Bronick and Lal, 2005; Lal, 2006; Borie, et al., 2008; Lal, 2011).  

No till also modifies chemical soil characteristics situation that has been documented in 

wide arrange of soil types in the world. Nine years of continuous NT in semiarid zones of 

Australia increased the content of SOM, nitrogen (N) and exchangeable cations in the upper 10 

cm of the soil profile (Thomas, et al., 2007). The effect adoption and continuous implementation 

of NT for more than 20 years in Mollisols from the USA and Uruguay, Oxisols from Brazil and 

Andisols from Chile increased SOM and N content. These studies also demonstrated the 

stratification of the NT effect in the soil profile showing that SOM and N were concentrated in 

the upper 10 cm from the soil surface, mainly due to the absence of soil movement (Borie, et al., 

2006; Salvo, et al., 2014; Wingeyer, et al., 2015).  

Residue accumulation on the soil surface and the consequent increment of soil organic 

carbon (SOC) after eliminating soil movement is perhaps the most important product of NT 

adoption; however, it’s interesting to emphasize the stratification of SOC content in the profile 

once NT has been stabilized completely after several years of adoption. There exists abundant 

information on SOC stratification which document that SOC accumulates in the first 5 cm of the 

profile which then gradually decreases in the 5-10 and 10-30 cm layers (Green, et al., 2007; 

González-Barrios, et al., 2011; He, et al., 2011). The stratification also has brought the consequent 

segregation of the physical, chemical and biological properties in the same soil layers (Lupwayi, 

et al., 2006; He, et al., 2011). It has been clearly demonstrated that CT liberates CO2 to the 

atmosphere, contributing to the greenhouse effect, and that the adoption of NT significantly 

reduced CO2 evolution, however, it has also has been demonstrated that NT promotes the 

liberation of N2O, a strong greenhouse gas, due to processes associated to the increase of 
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nitrification in soils under NT (Muñoz, et al., 2011; Dendooven, et al., 2012; Abdalla, et al., 

2013).  

1.1.4 Crop rotations 

No till is the best alternative for soil conservation, but to optimize its performance the adoption 

of a good crop rotation system is needed. Crop yields and soil performance depend upon the crop 

sequence over time because rotations control SOM accumulation, nutrient balance, and water use, 

and have an inhibitory effect on diverse soil pathogens (insects and diseases) and weeds. Crop 

rotations and a dense soil biomass protective layer regulate water and nutrient cycles which 

promote high crop yield and an efficient use of agricultural inputs (Fan, et al., 2012; Castilla, 

2013; Plaza-Bonilla, et al., 2016; Raphael, et al., 2016; Kazula, et al., 2017) It advisable to use 

crop rotations with a high capacity to produce root biomass to prevent the formation of compacted 

strata and to improve soil physical quality (Munkholm, et al., 2013). 

Crop rotations that include legumes and cereals reduce mineral N application and nitrate 

leaching losses. The alternate use of these crops improves biomass accumulation in the root zone 

and the quality and quantity of root exudates, increases microorganisms’ population and soil 

aggregation which protects SOM and N mineralization (Six, and Paustian, 2014; Cates, et al., 

2016; Plaza-Bonilla, et al., 2016).   

The inclusion of amaranth in the rotation scheme of this project proposal surges as a new, 

social, economic and dietary alternative for small farmers from the highlands of Ecuador. For its 

nutritional quality, amaranth is catalogued as the best food of vegetal origin for human 

consumption (National Research Council, 1984; Mlakar, et al., 2009; Vega‐Gálvez, et al., 2010). 

Amaranth can be easily industrialized in a series of widely accepted gluten free and protein and 

fiber rich products such as snacks, baby foods and breakfast cereals (Raja, et al., 2012; Diaz, et 

al., 2013). Amaranth production and industrialization can open an economic perspective for 

familiar agriculture operating at northern Ecuadorian highlands (Diaz, et al., 2013; Peralta, et al., 

2014). 
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Amaranth can fit in the NT systems due to its high biomass production which can leave 

large amounts of residues on the ground. This crop grows better in the climatic altitudinal range 

of 1500 and 2800 m above the sea level, so it grows well on the inner lower valleys of the 

highlands where the mean annual temperatures are around 15° C, however, its susceptible to low 

temperatures and places susceptible to frost are to be avoided (Peralta, et al., 2014). 

1.1.5 Nutrients management 

Crop nutrition enhances the effect of NT on soil properties and yields of the crops included in the 

rotations (Mazzoncini, et al., 2011; de Moraes, et al., 2016). Nutrient output of accumulated 

nutrients in harvested portion of the crops reduces soil nutrient content and should replenished to 

maintain soil fertility and sustain crop productivity (Mazzoncini, et al., 2011; El-Ramady, et al., 

2014; Havlin, et al., 2014). Small farmers’ fields from the highlands usually are nutrient deficient 

due to high output and limited input from external sources and even from internal sources due to 

the use of plant residues for other purposes. The situation leads to poor crop harvests which only 

accentuates poverty and keeps degrading soil resources (Espinosa, 2014; Boada and Espinosa, 

2017). Research conducted in volcanic soils from the northern highlands of Ecuador demonstrated 

that main nutrients that limit crop yields are N and phosphorus (P) (Alvarado, et al., 2011; 

Gallager, et al., 2017). For these reasons, it makes only sense to study nutrient response to 

inorganic and organic sources in NT systems established in common rotation from highlands. 

1.2 Hypothesis 

No-till management of crop rotations, including amaranth, implemented on soils from the small 

farmer’s areas of the Ecuadorian northern highlands will improve soil physical and chemical 

characteristics and the quantity and quality of SOM, in comparison to conventional tillage (CT) 

even in the short time. 
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1.3 General objective: 

To compare the effects of NT and CT on soil physical and chemical properties and on the 

accumulation of stabilized SOM in an Andean soil of the northern Ecuadorian highlands 

cultivated with beans - corn and bean - amaranth rotations under different fertilization rates. 

1.4 Specific objectives:  

• To establish a benchmark data base of soil physical and chemical characteristics of the 

soil utilized in this study which was previously utilized to grow corn, potato and 

pastures. 

• To compare, on the medium term, the effect of NT and CT systems over the main soil 

physical and chemical characteristics, as well as, on the quantity and quality of SOM.  

• To evaluate the agronomic development and productive performance of the beans – 

corn and beans – amaranth rotations under the two tillage systems as individual crops 

and as a part of the rotation and tillage scheme. 
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CHAPTER II 

“No Tillage, Organic Matter and Sustainable 

Agriculture in Intertropical Zones: A Review” 
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NO TILLAGE, ORGANIC MATTER AND SUSTAINABLE AGRICULTURE IN 

INTERTROPICAL ZONES: A REVIEW 

Abstract 

Conventional tillage (CT) is the soil physical conditioning by removal to facilitate the 

uniform and rapid plantlet emergence after seed germination that also promotes plant 

establishment and deep root penetration, facilitates fertilizer and agricultural residue 

incorporation and controls weed germination; however, continuous CT utilization has 

produced negative effects leading to intensive soil degradation. No tillage (NT) is an 

alternative to CT, which consists on direct sowing without soil disturbance leaving on the 

surface the residues of the previous crop. With NT adoption there is a net increase in soil 

organic matter (SOM), better water infiltration, therefore preventing erosion. Besides, NT 

produces positive effects on soil biological, chemical and physical characteristics. Soil 

organic matter consists of unrecognizable partially decayed plant residues, soil 

microorganisms, soil fauna, and the byproducts from the decomposition/synthesis of 

carbonaceous compounds that lead to the production of stable compounds in the soil 

called humic substances (HS). It has been argued that the accumulation of soil humic 

substances is not relevant in agricultural systems and the practice to increase the stable 

soil humus content through agricultural practices based on the humification model seem 

contradictory since soil organic carbon (SOC) is most important when soil organic 

substances decompose releasing nutrients and energy, and the process of continuum 

decomposition is more important that the nonproductive organic carbon deposits. 

Consequently, the easily decomposable active fraction of the SOM is more relevant in 

terms of biological and chemical activity. This fraction, named particulate organic matter 

(POM), is made of particles of < 2 mm and > 0.053 mm in size and is the source of plant 

nutrients and food and energy for soil microorganisms, increases pH buffering and cation 
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exchange capacity and binds pollutants like pesticides and heavy metals. No till 

noticeably increases soil aggregation since the increment on SOM content has profound 

effects on soil particle clumping. Aggregation physically protects SOM, influences size 

and structure of the microbial community, promotes oxygen diffusion and regulates water 

flow. In addition to the tillage system, the formation, persistence and size of soil 

aggregates are influenced by the roots that develop and decompose in the soil. No till 

influences the microbial community composition especially arbuscular mycorrhizal fungi 

that produces glomalin, a glycoprotein that protects hyphae during transport of nutrients 

from the plant to the end of the hypha, and from the soil to the plant. Good farming 

practices, such as NT, favor ecosystem services. The main ecosystem services provided 

by NT are climate regulation, air pollution reduction, soil carbon accumulation, reduced 

greenhouse gas emission, improved water cycle, soil quality improvement and 

preservation, soil nutrient provision, wind and water erosion control, better control of 

pests (insects and diseases) and, fundamentally, sustainable food production. To expand 

the efforts to promote NT, particularly on small farmers´ fields from the tropics, it is 

necessary to develop a package of three agronomic practices: absence of soil disturbance, 

retention of sufficient crop residue to provide surface coverage, and diversified rotations 

that include legumes. This review summarizes the current knowledge about no-till 

technology and its impacts on soil properties related to carbon dynamics and explores the 

potential role of tillage practices in mitigating climate change in zones of under tropical 

influence.  

Keywords: No tillage, soil organic matter, aggregates, arbuscular mycorrhizal 

fungi, glomalin. 
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2.1 Introduction 

Agriculture developed around 13,000 years ago, being the human activity that produced 

the most important changes in the conformation of present civilization. The growth of 

human nucleus with large individual concentrations would not have been possible without 

a sufficient surplus of food (Lal, et al., 2007). Agriculture adopted a number of practices 

as crop production developed in established fields, situation which finally led to the 

adoption of soil turn over or tillage as a common practice for soil preparation for seed 

bed. During the last century, agricultural production increased substantially taking 

advantage, among other things, of the development of improved varieties of agricultural 

plant species, availability of pesticides and fungicides, intensive use of water and 

agricultural machinery, condition which stimulated high productivity per unit of area, 

bringing, on the other hand, an intensive degradation of natural resources such as soil and 

water (Cooper, et al., 2016; Lal, et al., 2007). Soil has been perhaps the most affected 

natural resource by the intensive crop production. The constant soil movement with 

conventional tillage (CT) has promoted radical changes of the soil physical, chemical and 

biological properties, which in turn produce negative effects on crop yields and 

environmental quality (Martínez, et al., 2008). Continuous soil movement disturbs soil 

porosity and upsets water, gasses and nutrient movement, oxidizes SOM and reduces 

organic carbon (OC) content; processes that expose to erosion decreasing soil fertility and 

resilience (Lal, 2011). 

The tropical areas of world are located between 23° to the north and the south of 

the equatorial line limited by the circle marking the tropics of Cancer and Capricorn, 

respectively.  A variety of soils are present in this land strip, among them the volcanic 

ash derived soils. Approximately 60 % of volcanic soils are present in tropical areas in 

countries such Bolivia, Colombia, Ecuador, Panama, Costa Rica, Guatemala, México, 
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Sudan, Nigeria, Somalia, Etiopía, Omán, India, Myanmar, Vietnam, Indonesia, Papua, 

Nueva Guinea (Takahashi and Shoji, 2002). In the case of Ecuador, more than 30 % of 

its soils are of volcanic origin, most of them located in important agricultural areas. In 

Ecuador, the Andean Highlands are made of the western and eastern cordilleras arranged 

in a north-south direction, with very steep outer slopes characterized by a gradual decline 

in altitude as they diffuse into the Coastal Plane or the Amazonia, and a decreasing 

massiveness also from north to south. Highlands are divided into three regions: Northern, 

Central and Southern Highlands. The Northern part received recent contributions of 

volcanic projections (ash and lapilli) over which diverse fertile and generally deep 

Andisols have developed, characteristics closely linked to climate and parent material. 

The Central Highlands do not have active volcanoes or recent pyroclastic projections and 

parent material consists of old volcanic and metamorphic rocks in a monotonous relief. 

Southern Highlands are characterized by a more rugged relief over granites, metamorphic 

formations, tertiary sediments and glacis of colluvial deposits (Moreno, et al., 2018).  

As a consequence of the prevailing parental material, soil from the Northern 

Highlands are characterized by the presence of allophane, imogolite and humus-Al 

complexes clay materials which have promoted the presence of dark colored soils, 

medium texture, medium fertility and slightly acid classified as Andisols, Mollisols and 

Inceptisols in the upper and mid sections of the internal and external flanks of the 

cordillera, while the bottom of the internal valleys are in part characterized by coarse 

textured soils classified as Inceptisols and Entisols (Zehetner, et al., 2003; Moreno, et al., 

2018). The Central highlands developed ferralitic-fersiallitic soils in the upper sectors are 

moderately evolved with mollic or vertic features, but in the middle sectors and in the 

lowland the soils are poorly developed Inceptisols and Entisols. The Southern Highlands 

are characterized by fersiallitic saturated soils rich in minerals 2: 1, along with desaturated 
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ferralitic Paleosols in the upper part, but in the lower part soils are mainly Vertisoles, 

often surrounded by the fersiallitic Paleosols (Moreno, et al., 2018). 

The highlands of Ecuador have a dense concentration of rural population, 

promoted by the benign climate and fertile soils, which places a high pressure over the 

land resulting in easily observed land degradation problems, mainly soil erosion. Altitude 

modifies radically local climate, and this is an evident fact on the highlands of Ecuador, 

where a diversity of microclimates can certainly be present in relative short distances. 

This is the reason why a wide variety of crops is possible in tropical areas of the world 

like the highlands of Ecuador, particularly if water is available, facilitating continuous 

production all year around since climate seasons are almost imperceptible (Espinosa, 

2014; Espinosa and Moreno, 2018). 

As in other regions of the world, plowing has also been used in the tropical areas 

as an important soil management practice, having the same consequences in land 

degradation, especially on soil erosion (Lal, 2006; Lal, et al., 2007; Cooper, et al., 2016). 

The processes of erosion and degradation are accelerated when agriculture is conducted 

on steep slopes as in the case of the Andean highlands of Ecuador (Espinosa, 2014; 

Espinosa and Moreno, 2018). Additionally, both water and wind erosion is exacerbated 

by plowing soil removal which loosens the soil, buries crop residues and exposes the soil 

to high intensity rainfall and high wind speed conditions that that lead to severe erosion 

(Lal, et al., 2007; Derpsch, et al., 2010). Intensive tillage systems promote the rapids 

degradation of crop residues leaving a bare soil surface which can easily be affected by 

rain drops leading to surface sealing and crusting that may prevent seed germination. 

Constant soil alteration destroys soil pores, particularly macro pores, affecting the 

movement of water, gases and nutrients as a result of soil structure alteration. Soil 

movement also oxidases OC and significantly reduces its content in the soil (Al-Kaisi and 
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Yin, 2005; Bronick and Lal, 2005). All of these conditions upset crop growth because 

they decrease soil resistance to compaction and erosion and they affect soil resilience to 

stress conditions (Wingeyer, et al., 2015; de Moraes, et al., 2016; Indoria, et al., 2017; 

Khan, et al., 2017). Sediments originated from erosion fills streams, rivers, reservoirs, 

lakes and roadside ditches, reducing their useful life and producing other deleterious 

effects as eutrophication. Others important forms of soil degradation originated by 

plowing are soil compaction, acidification, and salinization (Acevedo, 2003; Lal, et al., 

2007; Cooper, et al., 2016). 

Conservation tillage can address some of the issues generated by CT and provides 

alternatives that are environmentally and economically compatible while maintaining a 

high degree of social acceptability. Conservation tillage practices include, amongst 

others, strip tillage, cover cropping, contour farming, mulch tillage, reduced tillage, and 

no-tillage (NT) which have the ultimate objective of reducing or eliminating soil removal 

(Blanco-Canqui and Lal, 2004; Tormena, et al., 2017). Agricultural practices which allow 

the transition from reduced soil removal to the complete elimination of plowing (NT) 

have significant implications for environmental quality due to their effectiveness in 

controlling soil erosion and runoff, increasing water infiltration, enhancing soil organic 

matter (SOM) concentration, increasing soil biological activity, and saving energy. The 

transition to NT also has technical implications for farmers in determining crop rotations 

and cover crops, selecting suitable soil type, managing residues, selecting crop varieties 

and seeding rate, controlling pests, managing soil fertility and pH, and choosing the right 

equipment, as a holistic way to implement a sustainable-high-yield agriculture (Acevedo, 

2003; Crovetto, 2006; Derpsch, et al., 2010; Huang, et al., 2012).  

In general, NT can provide most of the above beneficial functions, also improving 

some other ecological services in agroecosystems. For example, diverse studies show that 
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NT also increases water accumulation, storage and management, provides storm 

protection and flood control, strengthens nutrient cycling and C and N fixation, increases 

C sequestration in soils and trees, promotes the presence of farm wildlife which helps pest 

and disease control, increases biodiversity, cleans water and air, increases aesthetic value, 

provides recreation and other amenities, and provides jobs contributing to the local 

economy (Derpsch, et al., 2010; Huang, et al., 2012). However, among the most 

important factors in determining soil quality appears SOM accumulation and reduction 

of carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) emissions, which are 

greenhouse gases (GHG) and some of the most important contributors to global climate 

change. Based on the above, this review is aimed to compile updated information on the 

effects of the main agricultural management practices on soil physical and chemical 

characteristics in zones under tropical influence. We hope that this information can 

facilitate the design, validation and implementation of sustainable agricultural systems in 

tropical soils under a context of intense land pressure and climate change.  

2.1 Tillage Systems:  definitions and classification 

Tillage is the physical conditioning of the soil by removal to facilitate the easy emergence 

of the plantlet after seed germination and to promote plant establishment and deep root 

penetration, but also facilitates the incorporation of fertilizers and agricultural residues 

from the previous crop into the soil and controls weed germination (Derpsch, et al., 2014; 

Lopez-Bellido, et al., 2017). 

 There are different types of soil tillage, but the most contrasting are conventional 

tillage (CT) and NT. Conventional tillage accomplishes disturbance using machinery 

(plowing) that partially or totally cuts or reverses the first 15 - 20 cm soil layer. As a 

consequence, soil loosens, aerates and mixes facilitating water penetration, nutrient 



   22 

mineralization and reduction of animal and plant pests (Acevedo, 2003; Lal, et al., 2007; 

Cooper, et al., 2016). In general, the principle aim of CT is the inversion of the soil to 

control weeds, which is followed by several other operations for soil preparation and 

planting. However, continuous application of intensive CT produces other deleterious 

effects such as bare and compact soils, which in fact facilitate soil erosion and prevent 

proper development of roots, having ultimately an important impact on the soil quality 

and plant growth (Acevedo, 2003; Martínez, et al., 2008).  

 In contrast, NT is an alternative to CT or mechanized tillage, which consists on 

the direct sowing without soil disturbance leaving on the surface, totally or partially, the 

residues of the previous crop depending on their amount and quality. Some studies have 

shown that after certain time of NT adoption there is a net  increase in soil organic matter 

(SOM) and better water infiltration, because residue accumulation reduces surface sealing 

caused by the impact of raindrops, improving water infiltration and reducing runoff speed, 

therefore preventing erosion, maintaining soil moisture, reducing weed germination, and 

finally lowering production costs due to less use of machinery (Acevedo, 2003; Baker, et 

al., 2006; Martínez, et al., 2008; Derpsch, et al., 2010).  

2.3 Beneficial effects of No Till 

No till produces positive effects on the soil biological, chemical and physical 

characteristics (Sapkota, et al., 2012; Margenot, et al, 2017; Tormena, et al., 2017) 

(Annexed 1 and 2). Regarding to the improvement of soil biological conditions, it has 

been demonstrated that NT increases the quantity of soil bacterial and fungal communities 

including arbuscular mycorrhizal fungi (AMF) which regulates soil structure by diverse 

mechanisms when associated with plant roots (Borie, et al., 2008; Brito, et al., 2012; Hu, 

et al., 2014; Dai, et al., 2015; Santander, et al., 2019; Avila- Salem et al, 2020). 
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 A product of AMF is glomalin, a glycoprotein, which forms part of fungi hyphae 

the cell wall, however, its effect on soil aggregation is not entirely clear (Rillig and 

Mummey, 2006), but it has been proposed that glomalin is operationally related to soil 

proteins (Glomalin-Related Soil Protein, GRSP) which act as a hydrophobic adhesive of 

the elementary particles helping the formation of soil aggregates (Driver, et al., 2005; 

Rillig and Mummey, 2006). Since glomalin is a recalcitrant compound, this glycoprotein 

cannot be used as a signature molecule for living AMF (Borie et al., 2008; Grumberg, et 

al., 2010; Hu, et al., 2014; Dai, et al., 2015). 

 Considering the importance of soil organic compounds, their quantity, 

composition, persistence and role played in soil C sequestration, they deserve a in depth 

characterization, in especial regarding to the main agricultural management practices 

such as soil tillage and crop rotation. Soil organic matter consists of unrecognizable 

partially decayed plant residues, soil microorganisms, soil fauna, and the by products 

from the decomposition of carbonaceous compounds that lead to the production of stable 

compounds (Havlin, et al., 2014). It have been proposed by many authors that the 

majority of organic stable components in the soil correspond to humic substances (HS) 

(Baldock and Broos, 2012; Kachari, et al., 2015) which affect colour, increases soil 

aggregation and its water stability, increases cation exchange capacity and liberates 

nitrogen (N), phosphorus (P) and other nutrients during its slow 

mineralization/decomposition (Lassaleta, et al., 2014; Margenot, et al., 2017; 

Ranaivoson, et al., 2017; Houlton, et al., 2019). Humus is formed by complex humic 

substances (fulvic acids, humic acids and humins), compounds that remain in the soil 

after the decomposition of the residues. The functional groups are primarily -COOH 

groups, -OH groups from phenols and alcohols, and a small amount of ketone oxygen. 

Humic acids (HA) are the largest of the HS having a molecular weight comprised from 
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10,000 to 100,000 Daltons, and, in general, contain 56 % C, 5.5 % H, 4 % N, and 33% O. 

Compared to fulvic acids (FA), HA contain more S and P. The high oxygen content of 

the FA relative to the HA is a result of much higher -COOH and -OH content. Both FA 

and HA are adsorbed to clay minerals and hydrous oxides by polyvalent cations such as 

Ca2+ and Fe3+. Humins fraction (Hu) is more strongly bound to minerals and have a C 

content in excess of 60 % (Piccolo, 2001; Canellas and Façanha, 2004).   

 The identification of HA and FA has been achieved through visible ultraviolet 

electroscopy using the light of the visible, ultraviolet (UV) and near infrared region of a 

wavelength ranging 380 to 780 nm. The radiation absorbed by the molecules from this 

region of the spectrum produces quantifiable electronic transitions. UV-visible 

spectroscopy is used to identify some functional groups of molecules and to determine 

the content and strength of a substance. The absorbance ratio of 465 and 665 nm, 

commonly called the E4 / E6 ratio, is used to characterize the humification time, the degree 

of condensation, the relative molecular weight, the aromaticity of the humic acids and 

fulvic acids. It was been found that this ratio is less than 5 for HS, while for AF it ranges 

from 6 to 8.5. It is also suggested that aromatic substances give a lower ratio and a longer 

residence time, whereas aliphatic substances result in a higher ratio and a shorter 

residence time (Bonometo, 2010; de Moura Luz, 2013; Kachari, et al., 2015). 

On the other hand, Lehmann and Kleber (2015) argue that accumulation of soil 

humic substances is not relevant in agricultural systems and suggests that the humification 

model of soil carbon accumulation should be abandoned. The practice to increase the 

stable soil humus content through agricultural practices based on the humification model 

seem contradictory since soil organic carbon is most important when soil organic 

substances decompose releasing nutrients and energy, and the process of continuum 

decomposition is more important that the nonproductive organic carbon deposits. Few 
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studies evaluating the relation among SOM and crop productivity have reported positive 

results, however, several studies have demonstrated that the biological and chemically 

active fraction of the SOM is easily decomposable. This fraction, named particulate 

organic matter (POM), is made of particles of less than 2 mm and greater than 0.053 mm 

in size. The POM is a source of plant nutrients, food, and energy for soil microorganisms, 

increases pH buffering and cation exchange capacity and binds pollutants; this fraction 

organic matter also influences the dynamics of diseases present on the soil (Pikul, et al., 

2009). The determination of POM in the lab, as a management tool, is strongly suggested 

(Galantini, et al., 2007; Bongiovanni and Degioanni, 2012; Six and Paustian, 2014).    

2.4 Soils protection and its relation to soil aggregation and structure 

No till noticeably increases the soil aggregation since the increment on SOM content 

(Tivet, et al., 2013; Gupta, and Germida, 2015; Margenot, et al, 2017) has profound 

effects on soil particles clumping, and soil aggregation influences the dynamics of soil 

processes (Six and Paustian, 2014; Gupta and Germida, 2015). This way, aggregation 

physically protect SOM (Six, et al., 2000; Six, et al., 2002; Martínez, et al., 2008), 

influences microbial community in terms of size and structure (Riley, et al., 2008; 

Sapkota, et al., 2012; Gupta and Germida, 2015), promotes oxygen diffusion and 

regulates water flow (Blanco-Canqui and Lal, 2004; Lal, 2006; Strudley, et al., 2008; Six 

and Paustian, 2014), determines nutrient adsorption and desorption form exchange sites 

(Crovetto, 2006; Thomas, et al., 2007; Derpsch, et al., 2010; Divito, et al., 2011), and 

strongly reduce run-off and erosion (Lal, 2006; Lal, 2011), among others.  

 Particles in the soil are not present as individual entities, with the exception of 

sandy soils, but they are usually united resulting in discrete clumps, resulting in composite 

or aggregate structural units. An aggregate is a three dimensional unit of soil structure 
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that results from the union of individual particles formed by natural processes and the 

internal cohesion is due to the presence of various forces acting between soil particles 

(Porta-Casanellas, et al., 2011; Asano and Wagai, 2014). The aggregates (secondary level 

of structural complexity) are composed of mineral associated OM and POM, together 

with microorganisms and microbial products (Six, et al., 2000; Six, et al., 2002; Salvo, et 

al., 2010; Sapkota, et al., 2012). A soil with good structure is easy to cultivate, water and 

the air circulate effectively through soil profile, roots of the cultivated plants develop well 

and it stands rain or wind erosion (Lal, 2006; Porta-Casanellas, et al., 2011; Asano and 

Wagai, 2014). 

 According to their size, aggregates can be large macro-aggregates (>2000 μm), 

small macro-aggregates (250–2000 μm), and micro-aggregates (53–250 μm), 

complemented by silt and clay fractions (<53 μm) (Hurisso, et al., 2013). The size and 

stability of the soil aggregates is strongly influenced by the type of cementing agents, clay 

particles bonded through ionic charges, rootlets and hyphal fungi (Blanco Canqui, 2012; 

Torres-Guerrero, et al., 2013). 

 In order to understand the relationship between soil fertility, formation and 

stability of soil aggregates and soil management systems its necessary to address the 

subjects of aggregates hierarchy, the role of plant roots in the formation of aggregates, 

the quality of SOM, the size of the aggregates and finally the relation of them with tillage 

systems. The classical models of soil aggregation state that the aggregate organization 

involves organic binding of primary soil particles into micro-aggregates that encapsulate 

SOC forming macro-aggregates. Modern models propose instead that micro-aggregates 

occluding SOC are actually formed within the macro-aggregates rather than vice versa 

(Blanco Canqui, 2012; Six and Paustian, 2014; Lehmann and Kleber, 2015). Micro-

aggregates, in interaction with decomposed organic materials develop within macro-
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aggregates before releasing new micro-aggregates for the next cycle of macro-

aggregation. Both models recognize that C rich fresh plant residues are responsible for 

the formation and stabilization of macro-aggregates (Six, et al., 2000; Blanco Canqui, 

2012; Asano and Wagai, 2014; Six and Paustian, 2014). 

Two sets of observations can be used to identify the existence of aggregate 

hierarchy in a soil: (1) an increase in C concentration with increasing aggregate size; and 

(2) a higher content of new and more labile C (having a higher C:N ratio) in macro-

aggregates than in micro-aggregates (Six et al, 2014). Thus, NT can be used as a way of 

C accumulation in soil surface. It’s well known that there is an excess atmospheric CO2, 

while it is scarce in soils; therefore, NT is a good alternative practice to harvest the CO2 

from the air and store it in the soil (Crovetto, 2006; Power, 2010; Palm, et al., 2014; 

Stevenson, et al., 2014). 

The other hand, SOM is in a continuous state of transformation with no defined 

limits and theoretically it is possible to define several discrete compartments with a 

negative relation between size and rate of decomposition, realizing that the most abundant 

fractions decompose slowly (Six, et al., 2002). The ability to decompose (lability) of each 

of these compartments will depend on the chemical composition, C: N ratio, state of 

humification and its position within the soil matrix and on microbial activity (Six, et al., 

2002). Two fractions with different characteristics, composition and functions can be 

distinguished: the stabilized SOM associated to the soil mineral fraction and the young or 

POM (Galantini, et al., 2007; Bongiovanni and Degioanni, 2012; Six and Paustian, 2014). 

Particulate organic matter is the active pool of SOM comprised mostly of coarse 

and fine but unstable organic detritus in various stages of decomposition and constitutes 

between 10–20% of the total SOM. It differs from the passive organic pool because it is 
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readily decomposable. Free POM from coarse residues in contact with the soil adsorbs 

soil particles through microbial colonization, forming clusters of macro-aggregates. The 

POM fraction within micro-aggregates is protected from microbial decomposition (Six 

and Paustian, 2014; Lehmann and Kleber, 2015). In this sense, it is noticeable that 

residence time of C increases with decreasing aggregate size. Losses of SOC from macro-

aggregates are faster and larger than those from micro-aggregates (Blanco-Canqui and 

Lal, 2004). Oorts, et al. (2007) report than most of the surplus C and N stocks under NT, 

compared with CT, was situated in aggregates larger than 250 µm. This supports the 

initial idea of physical protection of OM by soil aggregates and is consistent with Blanco-

Canqui and Lal (2004) and Six and Paustian (2014), who reported that micro-aggregates 

(< 250 µm) are less sensitive to management systems than macro-aggregates (> 250 µm). 

Some authors found that the increase in C concentration was mainly due to considerably 

greater POM concentrations.  

Lehmann and Kleber (2015) favor a soil continuum model that focuses on the 

ability of decomposer organisms to access SOM and on the protection of SOM from 

decomposition provided by soil minerals. In the continuum model concept, OM exists as 

a continuum of organic fragments that are uninterruptedly transformed by the decomposer 

community towards smaller molecular size. The breakdown of large molecules leads to a 

decrease in the size of primary plant material with concurrent increases in polar and 

ionizable groups, and thus to increased solubility in water. At the same time, the 

opportunity for protection against further decomposition increases through greater 

reactivity towards mineral surfaces and incorporation into aggregates. 
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2.5 The roots and soil aggregates 

In addition to the tillage system, the formation, persistence and size of soil aggregates are 

influenced by the roots that develop and decompose in the soil. Some crops generate meso 

and macro-aggregates as a result of the penetration of their radical systems and their 

subsequent decomposition, releasing MO that serves as the aggregating material (Micucci 

and Taboada, 2006; Gregory, 2010; Lipiec, et al., 2012;). This process triggers a 

synergistic effect between root penetration and the activity of soil fauna, especially 

earthworms, which in their wake create galleries that can be used by the roots for their 

growth. Worms help stabilize the soil structure by ingesting soil and mulch particles form 

the OM nuclei, mucus and minerals. Root penetration into the aggregates decreases the 

relative proportions of unstable macro-aggregates and increases the proportion of stable 

micro-aggregates with high C content. The C of the stable micro-aggregates is not 

available for soil biota and acts as a C store (Singh, and Singh, 2018, Muniyandi, 2019).

 Roots exert pressures on the soil, expand the existing pores and create new ones, 

generate a greater particle and micro-aggregates packing modifying the arrangement of 

the clay particles (Gregory, et al., 2010; Torres-Guerrero, et al., 2013). Bulk density 

increases in the range of 12 to 35 % near the zone of root influence with respect to soil 

bulk density (Torres-Guerrero, et al., 2013). The modifications occur at a distance of 50-

200 μm around the roots increasing the stability of soil aggregates within the rhizosphere 

(Caravaca, et al., 2002; Gregory, et al., 2010; Chen, et al., 2014). This condition promotes 

water flow through the macropores and directly affects the wetting and drying cycles of 

the soil, but also affects indirectly the soil aggregation (Gregory, et al., 2010; Gupta and 

Germida, 2015; Jat, et al., 2019).  

 Soil water conditions are modified with the presence of roots because they 

generate three concomitant water processes: 1) specific areas are dried and the clays are 
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united with the organic root exudates forming aggregates due to water absorption (Bais, 

et al., 2006; Torres-Guerrero, et al., 2013); 2) the exudates clog the pores reducing 

wetting and breaking of previously formed aggregates (Hinsinger, et al., 2009; Gupta and 

Germida, 2015); and 3) water flows freely through the pores created by live roots (Rasse, 

et al., 2000; Hinsinger, et al., 2009), modifying rhizosphere ionic and osmotic balance 

through nutrient uptake and rhizo-deposition (Bronick and Lal, 2005). Thus, where 

conservation agriculture techniques are applied, the amount of available water for crop 

growth increases (Rasse, et al., 2000; Fuentes, et al., 2009; Verhulst, et al., 2011; Huang, 

et al., 2012) allowing optimum root growth (Muñoz-Romero, et al., 2010), and increasing 

its density and length in the superficial soil strata (Qin, et al., 2006; Hinsinger, et al., 

2009). 

 On the other hand, in agronomic systems where tillage is reduced and residues are 

incorporated, the water potential of roots and leaves undergoes changes that are directly 

related to transport and nutrient availability (Grzesiak, et al., 2013). Root decomposition 

contribute with POM that acts as cementing agent of the soil particles and as a source of 

C for the microorganisms that produce excretions, which act as glue for the formation of 

aggregates (Gregory, 2006; Grzesiak, et al., 2013). 

 Through root exudates, plants can increase or decrease soil nutrient availability 

by altering soil chemistry and soil biological processes. These effects can in turn influence 

the outcome of resource competition between plants. Effects of root exudates on soil 

resource availability may most often be strongest in the rhizosphere of the plants that 

produce them, providing a competitive advantage over neighboring plants that lack the 

same abilities. The most important exudates are phytosiderophores and organic acids 

(Hinsinger, et al., 2009). Therefore, it is important to choose the most appropriate crops 
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that promote this availability of nutrients through their excretions when implementing NT 

systems (Bais, et al., 2006). 

 With soil removal, accomplished with CT, soil loosens apparently facilitating root 

penetration; however, with the repeated use of machinery compact the soil, promoting 

compaction over time that prevents root penetration to the proper depth, due to the plants 

need to explore the soil to find water and nutrients necessary for their growth. In 40 % of 

the world's soils, crop growth is limited by the scarcity of available P for plants, and it is 

projected that the world's reserves of this nutrient will be limited within 60-80 years 

(Miller, et al., 2001; Cooper, et al., 2011; Heckenmüller, et al., 2014). Several 

investigations present data in the sense that NT favors the availability of P for plants that 

participate in a crop rotation process (Acevedo, et al., 2003; Redel, et al., 2011; Margenot, 

et al., 2017) (Annexed 3). For example, P as well as iron, are relatively abundant in soils, 

but in unavailable forms. In particular, P is often bound as insoluble ferric, aluminum, 

and calcium phosphates, especially in soils with high pH. Organic acids such as citric, 

malic, and oxalic acid can form complexes with iron or aluminum in ferric and aluminum 

phosphates, thus releasing plant available phosphate-into the soil (Lombi, et al., 2004; 

Van Raij, et al., 2010; Balemi and Negisho, 2012; Noack, et al., 2012).  

Organic acids may also increase P availability by blocking P absorption sites on 

soil particles or by forming complexes with cations on soil mineral surfaces (Jones, et al., 

2004). Several plants substantially increase organic acid root exudation in response to P 

deficiencies, including Lupinus albus (Hinsinger, 2001; Bais, et al., 2006), and Medicago 

sativa (Hinsinger, et al., 2009). In response to P deficiency, lupines form clusters of 

specialized root structures, termed proteoid roots, which excrete organic acids. Mature 

roots appear both to increase organic acid production and decrease organic acid 

metabolism compared to non proteoid roots, resulting in much higher levels of organic 
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acid exudation.  As a result, P uptake can be as much as 50 % greater in proteoid than non 

proteoid lupine roots (Hinsinger, 2001; Hinsinger, et al., 2009). 

Residue accumulation on the soil surface and the consequent increment of soil 

organic carbon (SOC) after eliminating soil movement is perhaps the most important 

product of NT adoption; however, it’s interesting to emphasize the stratification of SOC 

content in the profile once NT has been stabilized completely after several years of 

adoption. There exists abundant information on SOC stratification which document that 

SOC accumulates in the first 5 cm of the profile which then gradually decreases in the 5-

10 and 10-30 cm layers (Cooper, et al., 2016). Stratification brings also the consequent 

segregation of the physical, chemical and biological properties in the same soil layers 

(Lupwayi, et al., 2006; Grove, et al., 2007;  Cooper, et al., 2016). At the same time, 

significant P stratification has also been documented in NT situations, with elevated P 

concentration in the superficial soil layer of the soil profile which can be explained by 

SOM accumulation and nutrient mobility (Mallarino and Borges, 2006; Grove, et al., 

2007; Galizzi, et al., 2012).  

 Soils under NT usually have higher C and N concentrations than soils under CT. 

Rapidly decomposing residues enhance the formation of aggregates, but their action is 

transient, whereas slowly decomposing residues have a gradual impact on aggregation 

and their long-term effect on SOC sequestration is higher than rapidly decomposing 

residues. The decomposition of dead roots is related to soil aggregation by the time it 

takes for a full decomposition which in turn is influenced by C: N ratio and root lignin 

and phenolic compounds content (Bais, et al., 2006).  

The degree the effectiveness of organic materials for improving soil structure is 

function of the C:N ratio of plant residues and this ratio depends on the type of organic 
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residues, being low in N rich materials (13 in freshly cut alfalfa), and high in carbon rich 

residues (80 in wheat straw, and 90 in fresh tree leaves) (Six, et al., 2000; Marquez, 2001). 

Organic residues with higher C:N ratio persist for long time and improve soil aggregation 

(Hagedorn, et al., 2003). Residues with low C:N ratios are rapidly decomposed and have 

reduced impact on soil structure improvement. The increase in atmospheric CO2 

augments microbial biomass in the soil, thus raising N uptake by plants (Hu, et al., 2001; 

Stewart, et al., 2018). The dynamics of C:N ratio is complex and varies between soils and 

within the same soil. The C:N ratio decreases with decreasing particle size and with 

increasing soil depth and depends on the tillage system (Blanco-Canqui and Lal, 2004; 

Stewart, et al., 2018). 

 Polysaccharides are compounds that have a very high molecular weight, which 

depends on the number of monosaccharide units that participate and in their structure. 

Examples of polysaccharides are cellulose, hemicellulose or chitin. They come from the 

decomposition of the vegetable remains that cover the ground. Since there are many 

microorganisms that use them, these compounds, in general, do not last long in the soil. 

Microorganisms in turn synthesize most of the soil polysaccharides as they break down 

fresh waste (Blanco-Canqui and Lal, 2004). 

As stated, polysaccharides mineralize easily in the soil and the main 

intervention in soil aggregation is that they initiate the process, but binding is not stable 

in the long term. Molecules of polysaccharides have strong affinity with mineral surfaces 

acting as bridges in aggregation. They are also present in form of glues like substances 

that stick aggregates together (Liu, et al., 2005).    

 The effect of other organic residues (lignin, phenolic aromatic sterols and lipids 

compounds) on soil aggregation is a function of biochemical properties of the residues 
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(Blanco-Canqui and Lal, 2004). Lignin content and C:N ratio is residue parameters that 

affect the decomposition of SOM. Soil organic carbon concentration has a positive 

correlation with lignin content (Lamlom and Savidge, 2003). As indicated previously, 

physical decomposition of residues depends on the C:N ratio (Soto-Mora, et al., 2016), 

but advanced or chemical decomposition of organic residues is controlled by lignin 

concentration (Martens, 2000). Mature organic materials with high lignin content are 

important to soil structure development. Lignin is mostly associated with the macro-

aggregation and stabilizes and binds particles into aggregates (Six and Paustian, 2014; 

Stewart, et al., 2018). Lignin at the surface of the aggregates is more decomposed than 

that within the them due to increased microbial activity outside of the clump (Arévalo, 

2011; Stewart, et al., 2018).  

Phenolic compounds decompose at slower rates than polysaccharides and amino 

acids and can promote long-term aggregation (Lamlom and Savidge, 2003; Stewart, et 

al., 2018). Indeed, Martens (2000) found that aggregate stabilization is highly correlated 

(r = 0.96) with phenolic acid concentration in native prairie and in corn–soybean rotation 

systems in a Haplaquoll from the USA, indicating also that tillage lowers the 

concentration of phenolic compounds, resulting in decreased aggregate stability. 

2.6 Arbuscular mycorrhizal fungi and glomalin 

No till leaves crop residues on soil surface, which decomposes in different periods 

depending on the soil type, humidity, temperature and the microorganisms’ presence. 

Agricultural management practices such as NT influence the community composition of 

soil biota which in turn alter a number of ecosystem services (plant productivity, nutrient 

uptake) (Borie, et al., 2006; Borie, et al., 2008; Köhl, et al., 2014). The observed 

differences in ecosystem functioning between NT and CT soil biotic communities imply 
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that belowground soil biodiversity has to be taken into consideration when choosing a 

soil management system (Köhl, et al., 2014). Fungi and bacteria are the principal 

microorganisms known as decomposers of SOM. Fungi are the most important agents 

involved in soil aggregation through polysaccharides and fungal mycelia network.  

The role played by arbuscular mycorrhizal fungi (AMF) in soil aggregation 

relevant due to the physical network of hyphae maintaining soil particles together by the 

cementing capacity of the released extracellular compounds (Driver, et al., 2005; Borie, 

et al., 2008; Grumberg, et al., 2010). Arbuscular mycorrhizal fungi appear to be the most 

important fungal mediator of soil aggregation due to: a) they represent a dominant soil 

component accounting for 30 % of whole of soil microbial biomass (Rillig and Mummey, 

2006; Brito, et al., 2012); b) carbon supply resources for survival comes from root 

photosynthates in comparison with saprobic fungi which depend on limited carbon 

substrates available in the bulk soil, and c) there is some evidence that grazers “prefer” 

saprobic than mycorrhizal hyphae (Gryndler, 2000) perhaps as a thing of taste which 

results in a longer AMF resilience in the soil due to the chitin content. As a consequence, 

AMF appear as one of the most important components in describing biotic influences on 

soil aggregation. However, AMF exert a strong influence at the scale of macro-aggregates 

(> 250 μm) in comparison with bacteria and archaea which would be expected to 

influence the formation and stabilization of micro-aggregates in a more direct way (Rillig 

and Mummey, 2006). Additionally, arbuscular mycorrhizal fungi produce glomalin, a 

glycoprotein that protects hyphae during transport of nutrients from the plant to the end 

of the hypha, and from the soil to the plant. Once the hyphae senesce and stop transporting 

nutrients, the glomalin contained in their cells is released and accumulated in the soil, 

representing 5 % of the edaphic carbon (C) and N contents (Treseder and Turner, 2007). 

There glomalin acts as a binder of minerals and organic matter, so it is in direct relation 
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with the stability of aggregates and the structure of the soil (Borie et al., 2000; Curaqueo 

et al., 2010; Grumberg, et al., 2010). 

2.7 No till and ecosystem services 

Ecosystem services are good for farmers and for society as a whole, because the idea that 

good agricultural productivity and farming practices that favor ecosystem services cannot 

coexist should discarded; nevertheless, farmers routinely manage for greater productivity 

by using inputs and practices to increase yields, but management practices can also 

enhance ecosystem services (Power, 2010). Many farmers and agronomists are reluctant 

to conservation agriculture practices because they believe that their adoption will 

decrease crop yields, especially in tropical countries (Boada and Espinosa, 2017; Palm, 

et al., 2014). It is worth mentioning that regarding NT adoption by small farmers, 

published information is contradictory in terms of crop yields, since some authors report 

increases and others reductions (Derpsch, et al., 2010; Palm, et al., 2014); in any case, it 

seems that in the transition stage the productive and physical variables decrease, but, once 

the NT system is established results are positive. The main ecosystem services provided 

by NT are climate regulation, air pollution reduction, soil carbon accumulation, reduced 

greenhouse gas emission, improved water cycle, soil quality improvement and 

preservation, soil nutrient provision, wind and water erosion control, better control of 

pests (insects and diseases) and, fundamentally, sustainable food production (Palm, et al., 

2014; Power, 2010; Stevenson, et al., 2014). 

 Climate regulation refers to the processes that contribute or mitigate the global 

warm through of greenhouse gasses emission (GHG) to the atmosphere, other factors that 

contribute to GHG depend on magnitude soil C changes, nitrous oxide (N2O) and methane 

(CH4) emissions associated with the implementation NT, compared to conventional 
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practices (Palm, et al., 2014). Soil C sequestration refers to the increase in C stored in the 

soil by capturing atmospheric CO2 as a result of changes in land use or management 

(Palm, et al., 2014; Powlson, et al., 2011). Many study reports increase in C reserves in 

soils where NT has been implemented (Six, et al., 2002; Govaerts, et al., 2009; Grace, et 

al., 2010; Gattinger, et al., 2011; Lal, 2011; Corsi, et al., 2012; Ogle, et al., 2012;). Factors 

influencing the C storing in the soils are climate, soil type, and nutrient and water 

availability, these being the primary determinants of biomass production and 

decomposition rates. Crop rotations complemented with the practice of leaving on the soil 

the residues of the previous crops are utilized to increase C inputs (Palm, et al., 2014). 

Another effect of NT adoption is that it increases of soil C in the topsoil (0 to 10 cm), but 

it does not in deeper layers (Grove, et al., 2007; Govaerts, et al., 2009; Luo, et al., 2010). 

Soil C storage is affected more by quantity than by the type or quality of organic inputs 

(West and Post, 2002). 

It is estimated that agricultural activities are responsible for 12–14 % of global 

anthropogenic emissions of greenhouse gases. After fossil fuel combustion, land use 

change is the second largest global cause of CO2 emissions, and some of this change is 

driven by land conversion to agriculture (Power, 2010). Approximately 49 % of global 

anthropogenic emissions CH4 and 66 % of global annual emissions of N2O, both 

greenhouse gases, are attributed to agriculture (Forte, et al., 2017; Krauss, et al., 2017), 

although there is a wide range of uncertainty in the estimates of both the agricultural 

contribution and the anthropogenic total (Power, 2010).  

 There is no a clear response to the effects of NT compared to CT on N2O emissions 

(Snyder, et al., 2009). With NT, residues are returned to the soil resulting in surface 

mulches which may lower evaporation rates and hence increase soil moisture and increase 

labile organic C and consequently increase N2O emissions compared to CT. Decreased 
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bulk density with NT, compared to CT, may also increase emissions (Galbally, et al., 

2005). On the other hand, lower soil temperatures and better soil structure under NT may 

reduce the incidence of soil saturation and reduce emissions of N2O, NT only increased 

N2O emissions in poorly aerated soils (Palm, et al., 2014). 

 On the other hand, in the case of CH4, agricultural soils contribute to emissions 

as a result of methanogenic processes in waterlogged conditions (Palm, et al., 2014). Crop 

residues may affect CH4 oxidation in upland soils and emission patterns in flooded soils 

differently depending on their C:N ratio; residues with a high C:N ratio have little effect 

on oxidation while residues with a narrow C:N ratio seem to inhibit oxidation (Hütsch, 

2001).  

 Soil quality refers to the soil properties and functions that improve plant 

productivity and is assessed by soil biological, physical, and chemical means. Many soil 

quality properties are determined, in part, by soil texture and mineralogy, but can be 

modified by SOM content and composition and the activities of soil biota, both of which 

are affected by management practices; hence, reducing runoff and water erosion with NT 

should result in lower transport of sediments, nutrients and pesticides/herbicides and 

higher water quality (Palm, et al., 2014). 

Trapping of sediments and erosion are controlled by the architecture of plants at 

or below the soil surface, the amount of surface litter and litter decomposition rate. 

Invertebrates that move between the soil and litter layer influence water movement within 

soil, as well as the relative amounts of infiltration and runoff (Swift, et al., 2004). 

Modifying the tillage regime or mulching can reduce soil evaporation by 35–50 % 

(Power, 2010). Inputs for agriculture through irrigation are indispensable in some parts 

of the world, and 80 % of agricultural water use comes from rainfall stored in soil 
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moisture (Molden, 2007). Water storage in soil is regulated by plant cover, SOM and the 

soil biotic community (Power, 2010). 

The two nutrients that are most limiting in agricultural systems are N and P. 

Nitrogen and phosphorus fertilizers have greatly increased the amount of new N and P in 

the biosphere and have had complex, often harmful, effects on natural ecosystems 

(Snyder, et al., 2007; Snyder, et al., 2009). These mobilized nutrients have entered both 

groundwater and surface waters, resulting in many negative consequences for human 

health and the environment. Approximately 20 % of N fertilizer applied in agricultural 

systems moves into aquatic ecosystems (Galloway and Sahagian, 2004; Smith and 

Schindler, 2009). Impacts of nutrient loss from agroecosystems include groundwater 

pollution and increased nitrate levels in drinking water, eutrophication, increased 

frequency and severity of algal blooms, hypoxia and fish kills, and dead zones in coastal 

marine ecosystems (Smith and Schindler, 2009). 

No till and other soil conservation measures can maintain soil fertility by 

minimizing the loss of nutrients and keeping them available to crops. Cover crops 

facilitate on-farm retention of soil and nutrients between crop cycles, while hedgerows 

and riparian vegetation reduce erosion and runoff among fields. Incorporation of crop 

residues can maintain SOM, which assists in water retention and nutrient provision to 

crops (Power, 2010). 

Good management practices which include diversifying nutrient sources, legume 

intensification for biological N fixation and P solubilization, and diversifying rotations 

are needed to reduce the requirement for surplus nutrient additions in agriculture 

(Drinkwater and Snapp, 2007). 
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 Erosion severity depends on soil type, topography, climate, and rainfall (duration 

and intensity); repeated studies have shown significant erosion reductions with the 

adoption of NT practices compared to CT (Montgomery, 2007; Meijer, et al., 2013). 

Erosion control is one of the main objectives of NT and residue retention, contributing to 

both to agriculture productivity and ecosystem services. No till and surface applied 

residues directly reduce erosion by minimizing the time that the soil remain bare and 

exposed to wind, rainfall and runoff (Verhulst, et al., 2011).  

 In complex landscapes, natural enemies and pollinators move among natural and 

semi-natural habitats that provide them with refuge and resources that may be scarce in 

crop fields (Coll, 2009). Natural enemies with the ability to disperse long distances or 

that have large home ranges are better able to survive in disturbed agricultural landscapes 

with few or more distant patches of natural habitat.  Not so disturbed environments where 

NT is practiced provide the habitat and diverse food resources required for arthropod 

predators and parasitoids, insectivorous birds and bats, and microbial pathogens that act 

as natural enemies to agricultural pests and provide biological control services in 

agroecosystems. These biological control services can reduce populations of pest insects 

and weeds in agriculture, thereby reducing the need for pesticides (Power, 2010). 

Evidence suggests that management systems that emphasize crop diversity 

through the use of polycultures, cover crops, crop rotations and agroforestry can often 

reduce the insect abundance that specialize on a particular crop, while providing refuge 

and alternative prey for natural enemies (Fan, , et al., 2012; Zotarelli, , et al., 2012; 

Kazula, et al., 2017). 
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2.8 Perspectives 

To expand the efforts to promote NT, particularly on small farmers´ fields from the 

tropics, it is necessary to develop a package of three agronomic practices: zero soil 

disturbance, retention of sufficient crop residue to provide surface coverage, and 

diversified cropping patterns (rotations) that include at least three plant species including 

one legume. 

Energies should be expended for understanding and quantifying the tradeoffs 

between the benefits of avoiding soil removal and residue retention for future crop 

productivity and soil quality, versus the value of soil a residue for other uses. 

Promote participatory on-farm research to identify biophysical and 

socioeconomic constraints to increase crop production, and to guide farmers in finding 

solutions from a broader range of sound agronomic practices to achieve the fundamental 

goals of conservation agriculture. 

 To present relevant research data to local governments to raise awareness and 

obtain financing for the payment of incentives to farmers who adopt these technologies 

that provide ecosystem service).  
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“Early Changes in The Transition from 

Conventional to No-Tillage in a Volcanic 
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Abstract 

Conventional tillage (CT), soil management system commonly used by small farmers in 

the Ecuadorian highlands, removes the soil during seedbed preparation to eliminate 

weeds, improve soil aeration, avoid compaction, and develop an adequate rooting space. 

Removal promotes deep changes in some physical, chemical, and biological soil 

properties which in time have negative effects on crop performance. Most of these effects 

can be avoided using no-tillage (NT); however, this tillage system is rarely utilized by 

farmers in the Ecuadorian highlands. A long-term field experiment was designed to 

investigate the contrasting soil changes promoted by CT and NT systems in a volcanic 

soil from the slopping highlands which was cultivated with the following crop rotation 

schemes: beans (Phaseolus vulgaris L.)-corn (Zea mays L.)-beans and beans-amaranth 

(Amaranthus caudatus L.)-beans. This study presents the initial changes on yield and 

some soil properties promoted by the transition from CT to NT after the cultivation of 
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bean, the first crop in the rotation. Beans yield under NT was 42% higher than CT 

suggesting that the soil improvements promoted by NT were also conductive to the 

difference in crop yield; however, only the changes in pH and gravimetric water content 

presented significant differences. Changes in other measured soil variables like soil 

organic matter, total N, available P, and bulk density were not significant; though, data 

shows an initial trend of improvements under NT suggesting that these changes are 

responsible for the higher initial crop performance and conductive to better rotation 

performance in the medium to long term. 

 Key words: Ecuadorian highlands, tillage, beans, crop rotation. 

3.1 Introduction 

Ecuador is crossed by the Andean Mountain range which divides the country in three 

natural continental regions: Coastal plane, Highlands, and Amazonia. The Highlands inter 

Andean basins are narrow and long depressions (1.4 million ha) at an altitude from 1600 

to 3000 meters, are suitable for agricultural use with a wide range of temperate climate 

crops (Moreno, et al., 2018). Spaces devoted to agriculture have a rugged topography 

that, for the most part, do not meet the conditions for intensive agriculture. Furthermore, 

land tenure is characterized by a high percentage of small productive units, with less than 

5 ha, which promotes intensive land use. Soils remain uncovered and subject to erosion, 

because farmers use crop stubble to feed livestock, and they lack of alternatives to 

produce without soil removal (Espinosa and Moreno, 2018).  

No-tillage (NT) is one of the soil conservation practices that effectively controls 

soil erosion with other widely recognized beneficial effects (Khan, et al., 2017). There is 

scarce published information about the application of this practice in Ecuador, but the 

scanty research work conducted during the past few years indicate a tendency of better 
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yields with NT in volcanic highlands soils. In general, only one crop cycle has been 

reported and the effects of NT in respect to conventional tillage (CT) in soil properties 

was partially reported or not consistent (Alvarado, et al., 2011).  

It has been reported that NT and crop rotations are complementary to maintain  

medium and long-term soil quality (Munkholm, et al., 2013); however,  at national level, 

there is not enough information on the contribution of crop rotations, particularly in small 

farmers fields. Thence, it is mandatory to document the effects of NT and rotation 

schemes on soil properties and carbon dynamics, which is especially relevant in the 

framework of the current global climate change.  

The objective of this study was to report the initial effects of NT, fertilization rates 

and depth of sampling on yield and selected soil chemical and physical properties after 

the first crop cycle of two common rotation schemes. 

3.2 Materials and Methods 

3.2.1 Experimental site 

This research project was conducted at the Experimental and Teaching Farm La Tola, 

Universidad Central del Ecuador, situated at La Morita, Pichincha province. The site is 

located at 78°21´18´´ W and 00°13´49´´ S, with an altitude of 2505 masl, a mean annual 

rainfall of 868 mm, temperature of 17°C and relative humidity of 73.9%. The soil is a 

Mollisol of volcanic origin classified as Entic Durustolls of sandy loam texture, pH-H2O 

6.9, organic carbon (OC) 1.89 %, total nitrogen (TN) 0.22 %, available-P (Olsen) 140 mg 

kg-1, exchangeable K+ 1.27 cmol kg-1, Mg2+ 5.12 cmol kg-1, and Ca2+ 9.5 cmol kg-1. Two 

rotation schemes were implemented under NT and CT. The first rotation scheme was 

alternating crops of common beans and maize, and the second one alternating crops of 
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common beans and amaranth; common beans was used for its expected N contribution to 

the second crop.  

The experimental design utilized was a complete random block design in a split plot 

arrangement with eight replications. The experimental site was previously cropped with 

oats for homogenizing its fertility, and its residues were discarded. After three months of 

fallow period, oat regrowth and weeds were treated with glyphosate herbicide. The main 

plot was the tillage systems (CT and NT) and the subplots were the treatments based on 

the following fertilizer rates: N1, N2, and N3, with 11, 22, and 33 kg N ha-1 as urea, and 

P1, P2, and P3, with 22, 44, and 66 kg P ha-1 as Triple Superphosphate, respectively. A 

control plot with no fertilizer application was also included.  

Plots under NT were treated with herbicide to control weeds avoiding soil movement. 

All plots were manually planted under the same agronomic management throughout the 

cropping season. Experimental plots were seeded with common beans at the middle of 

the rainy season and fertilizer rates were applied 21 days after planting. The seed rate 

used was 90 kg ha-1 in plots of 12 x 7 m (84 m2), with 0.70 m between planting rows and 

0.30 m between planting sites. Beans were harvested at maturity after 4 months growing 

cycle. Soil sampling and analysis were performed immediately after harvest.  

Subsequently, for the second cycle, the large plots of NT and CT were divided into 

two subplots each where Corn (C) in the ones and Amaranth (A) in the others was sown, 

each with four fertilization rates and three repetitions, so that the two rotation schemes 

were configured: the first: beans-corn-beans and the second beans-amaranth-beans.  

The results show in this paper belong to the first crop cycle. 

3.2.2 Measurements. After harvest, bean grain was classified, cleaned, and dried at 12% 

moisture. The harvested grain was weighed and expressed in kg ha-1. Measured soil 
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properties were as follows: bulk density (Grossman and Reinsch, 2002); water storage 

capacity (Gardner, 1996), soil pH-H2O (Peech, 1996); total nitrogen (TN) using Kjeldhal 

method (Bremner, 1996); phosphorus (P) Olsen (Sims, 2000); potassium (K), calcium 

(Ca) and magnesium (Mg) (Heald, 1996; Pratt, 1996); soil organic matter (SOM) was 

calculated using the soil organic carbon (SOC) procedure proposed by  Nelson and 

Sommers (1996) utilizing 1.892 as conversion factor.  

3.2.3 Statistics. The factorial ANOVA analysis and mean comparison (DMS 0.05 and 

post hoc multiple range test of Tukey) were conducted using Infostat (Di Rienzo, et al., 

2018). The described ANOVA was utilized for each of the proposed sampling depths. 

Soil core samples were taken at two sampling depths (0-5 and 5-20 cm).  

3.3 Results and Discussion 

3.3.1 Effects of tillage systems and fertilizer rates on bean yields  

There were significant differences in grain yield and weight of 100 seeds when 

contrasting both tillage systems at all fertilizer rates (Table 1). NT yield was greater than 

CT, suggesting that the elimination of soil disturbance improves the general conditions 

for crop growth. Most reports on the effect on yield in the transition from CT to NT 

indicate that NT grain production is, in most cases, higher or at least equal to CT 

(Derpsch, et al., 2010), condition which could lead to NT adoption by small farmers. 

These results indicate that there is potential for successful production of dry beans using 

NT cropping systems. There is no information related to tillage disturbance on bean yields 

in the highlands of Ecuador, but land degradation problems on beans fields are evident 

on most of the landscapes (Espinosa and Moreno, 2018); however, recent experiments 

have been conducted reporting that NT yields of different crops are as high or higher than 

yields obtained under CT (Alvarado, et al., 2011; Quichimbo, et al., 2012; Gallager, et 
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al., 2017). The study conducted by Alvarado et al. (2011) with open pollinated corn for 

human consumption, common in the Highlands of Ecuador, reported a grain yield of 5.2 

t ha-1 for NT and 4.3 for CT. 

Table 1. Grain yield of common beans (Phaseolus vulgaris L.) cultivated in a volcanic 

Mollisol under two contrasting tillage systems at four fertilizer rates. 

Tillage system Fertilizer rates Yield (kg ha-¹) Weight of 100 
seed (g) 

NT¹ 

N0P0 2518.7 a 56.6 a 

N1P1 2464.5 ab 56.5 a 

N2P2 2559.9 a 57.2 a 

N3P3 2547.2 a 57.7 a 

 

CT 

N0P0 2028.4 bc 50.1 c 

N1P1 1524.5 d 51.2 bc 

N2P2 1753.4 cd 52.1 bc 

N3P3 1786.4 cd 52.7 b 

ANOVA   

Tillage 31.27*** 84.74*** 

Fertilization 0.74 1.97 ns 

Tillage*Fertilization 0.49 ns 0.35 ns 

¹NT = No-till; CT = Conventional tillage 

*p < 0.05; **p < 0.01; ***p < 0.001. Different letters in a column 
indicate statistical differences according to Tukey's multiple range test 
at p < 0.05. 

 

Higher yield obtained in the check plot (N0P0) with NT and CT could be due to 

the effect of the experimental site conditions prior to our experiment where different 

potato fertilization experiments were conducted over time and despite the batch actions 

taken to homogenize the fertility of the site some historical memory was dragged to the 

plots. 
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3.3.2 Effects of tillage systems and fertilizer rates on soil physical characteristics 

Although conservation tillage effects on crop yields have been extensively investigated 

in the long term (Derpsch et al., 2010), there is limited information concerning tillage-

induced changes on soil properties in the first years of transition from CT to NT. Thereby, 

the comparison of both tillage systems should result in soils having different soil physical 

and chemical properties, due to soil matrix undergoes less disturbance and such 

differences can be greater with time under NT (Blanco Canqui, 2012; Lal, 2015). 

However, the changes occurring on soil physical properties are expected to develop 

slowly after the initiation of NT (de Moraes, et al., 2015).  

In this study, changes in bulk density and water storage capacity were evaluated at 

two soil layers, 0-5 and 5-20 cm from the soil surface. Data analysis (Table 2) shows that 

beneficial effects of NT on these soil physical characteristics is more noticeable in the 

surface 0–5 cm layer than in the deeper layer. As plowing involves the breaking of soil 

aggregates changing soil structure and promoting SOM losses by C mineralization due to 

rootlets and fungal hyphae crushing, it is expected to observe lower densities in 

undisturbed soils (Blanco-Canqui, et al., 2009; Wingeyer, et al., 2015). Bulk density is 

usually highly correlated with clay content and tillage in the upper soil layer (Bronick & 

Lal, 2005; Alvarez, et al., 2009), and NT helps to reduce soil compaction (Singh, et al., 

2014). In our study, conducted in a volcanic Mollisol, no statistical significance was 

found for the effect of tillage on bulk density (1.34 and 1.39 g cm-3 for NT and CT, 

respectively), at the 0-5 cm soil layer, the same trend was observed at the 5-20 cm layer 

(Table 2). However, the literature contains conflicting information regarding the effect 

of NT on bulk density. Data collected by Li et al. (2007) in a Cambisol from China 

cropped with a wheat monoculture for 15 years indicated a higher bulk density in NT 

plots during the first six years probably due to tractor traffic. Furthermore, an experiment 
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conducted by Roldan, et al. (2007) in a high clay Vertisol from Mexico cultivated with a 

maize - bean rotation documented a higher bulk density in NT compared with CT at the 

end of a four year period. In addition, these authors reported a higher percentage of soil 

macroaggregates in the NT soils at 0-20 depth. Additionally, in our study the interaction 

of tillage and fertilizer rates on bulk density was highly significant (p < 0.01) at both 

sampling depths (Table 2) suggesting a synergism of these two factors in the performance 

of bulk density as an indirect effect of fertilizer application on SOM accumulation 

promoted by increased root biomass (Sainju, et al., 2005). 

Water storage capacity is of great importance in soil fertility because it is useful to 

describe water availability and usually predicts its incidence on plant root growth and 

crop production (Morison, et al., 2008). The increment of SOM promoted by NT also 

increases soil macroaggregates, soil aeration and the number of small channels which are 

filled with water and dissolved nutrients affecting plant growth, and soil root ability and 

workability (Dexter, 2004). In this study, water storage capacity is higher in NT 

contrasted with CT at both depths being more evident in the upper layer (Table 2). The 

greater water storage capacity in the NT bean (20.01 %) compared to CT (15.57 %) 

indicates a condition which can be explained by the protective effect produced by the 

plant residues on the soil surface, such residue accumulation also prevents soil exposure 

to sun light and wind promoting a greater water storage capacity for the growing crop 

(Vidal, et al., 2002; Crovetto, 2006). The changes in water storage capacity values for NT 

and CT were not significant at the 5-20 cm soil layer, but the interaction tillage and 

fertilizer rates were highly significant (p < 0.01), suggesting again a tight process of 

synergy among these two factors. When comparing the effects of NT and CT on bulk 

density and water storage capacity content it is evident that these two parameters are 

negatively correlated showing that plots with lower density have higher water storage 
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capacity (- 0.04 ns). Data also show that the NT treatment with the highest N and P 

fertilization (N3P3) presents a low bulk density value (1.31 g cm-3) and a high water 

storage capacity (22.17 %) compared to the CT- N3P3 which presents a higher bulk 

density value (1.41 g cm-3) and a lower water storage capacity (15.29%), although, in our 

case, without statistical differences. This trend has been well documented in other 

research sites (Khan, et al., 2017; Tormena, et al., 2017).      

3.3.3 Effects of tillage systems and fertilizer rates on soil chemical characteristics 

Changes in main soil chemical characteristics due to tillage and fertilizer rate were more 

evident at 0-5 cm compared to 5-20 cm depth layer. Soil pH in the control plot was 

significantly lower for NT compared to CT at both depths, such differences were higher 

at 5-20 cm depth (Table 2). It has been reported that pH tends to be lower in NT compared 

to CT, condition which has been attributed to plant detritus accumulation and 

decomposition in the soil upper few centimeters which enhances microbial biomass 

activity increasing C and N mineralization,  producing phenolic organic acids and 

promoting changes in chemical soil characteristics including soil pH (Balota, et al., 2004; 

Rahman, et al., 2008). 

Soil management, particularly ammoniacal N fertilizers use, can produce 

acidification that can lead to negative soil conditions for crop growth (Bloom & 

Skyllberg, 2012; Havlin, et al., 2014). Initially the N content of the original plant materials 

together the urea hydrolysis causes an increase of pH associated with the formation of 

ammonium carbonate but protons are further released by nitrification processes producing 

a moderate soil acidification. In any case, the pH changes are small and tend to modify 

the acidity towards values close to neutrality due to MOS buffer capacity. However, a 

better pH buffering condition is expected under NT due to higher SOM content (Singh, 
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et al., 2014; Jat, et al., 2019), but these changes usually require more than one crop cycle 

to be evident (Díaz-Zorita, et al., 2004). The main effect of fertilizer rates on soil pH was 

significant (p < 0.05) at both sampling depths suggesting a trend of acidification with 

increasing N fertilization.   

As it was expected, at this point in the experiment (first cycle), the effects of 

tillage and fertilizer rate application on SOM and TN were not statistically significant 

(Table 2) but small differences were more noticeable in the upper soil layer. The SOM 

build up is quantitatively more evident only when consecutive cycles of NT and crop 

rotation are applied (Blanco-Moure, et al., 2011; Basanta, et al., 2012). 

On the other hand, initial soil available P at the beginning of this experiment was 

140 mg kg-1, but after harvesting, the soil P in the NT and CT control plots decreased to 

124 and 93 mg P kg-1, respectively, suggesting that the P use efficiency was higher in NT 

than CT, given the higher yields and lower soil P consumption of the NT control plot. 

The same behavior was observed with K. There was not a significant difference for the 

main effect of tillage but the differences in soil P promoted by the fertilizer application 

were highly significant (p < 0.01) at both tillage systems with a constant P buildup in the 

0-5 cm soil layer but an important and significant decrease in P concentration was 

observed at 5-20 cm soil layer (p < 0.05). The lack of soil movement with the consequent 

residue accumulation on the surface of NT soils, as well as the low P mobility, promotes 

the stratification of plant nutrients, particularly P, resulting in the P accumulation in the 

0-5 cm soil layer which gradually decreases with soil depth (Lupwayi, et al., 2006; Grove, 

et al., 2007). 

 



53 

Table 2. Physical and chemical characteristics of a Mollisol cultivated with common beans (Phaseolus vulgaris L.) under two contrasting tillage 

systems at four fertilization rates. 

Tillage 
system 

Fertilizer      
rates 

Bulk density  

(g cm-³) 

Water storage capacity  

(%) 

pH SOM  

(%) 

TN  

(%) 

P  

(mg kg-1) 

K  

(cmol kg-1) 

Sum of Bases 

(cmol kg-1) 

Soil depth (cm) 

0-5 5-20 0-5 5-20 0-5 5-20 0-5 5-20 0-5 5-20 0-5  5-20 0-5 5-20  0-5  5-20 

NT¹ 

N0P0 1.18 b 1.45 bc 19.90 ab 18.41 abc 7.1 b 6.4 bc 4.1 abc 3.1 a 0.20 abc 0.16 a 124 bc 64 b 1.68 a 0.64 a 18.7 e 13.93 a 

N1P1 1.42 a 1.43 bc 19.14 b 18.10 abc 7.2 b 6.7 ab 4.0 abc 3.0 a 0.20 abc 0.15 a 127 abc 81 b 1.42 ab 0.80 a 27.7 ab 14.13 a 

N2P2 1.43 a 1.39 cd 18.81 bc 17.94 abc 7.1 b 6.6 ab 3.7 bc 3.0 a 0.18 bc 0.15 a 149 ab 91 b 1.28 b 0.88 a 27.3 abc 14.25 a 

N3P3 1.31 ab 1.51 b 22.17 a 20.48 a 6.6 c 6.5 bc 4.6 a 2.9 a 0.23 a 0.14 a 181 a 112 ab 1.17 b 0.66 a 30.1 a 14.55 a 

CT 

N0P0 1.41 ab 1.62 a 13.65 e 16.32 c 7.4 a 6.9 a 3.5 c 2.9 a 0.18 c 0.15 a 93 c 68 b 1.12 b 0.66 a 17.3 e 13.57 a 

N1P1 1.33 ab 1.50 bc 17.44 bcd 19.23 ab 7.0 b 6.6 abc 4.3 ab 3.1 a 0.21 abc 0.16 a 128 abc 109 ab 1.17 b 0.74 a 25.8 bcd 14.66 a 

N2P2 1.40 a 1.47 bc 15.89 cde 17.13 bc 7.2 b 6.7 ab 4.2 ab 3.2 a 0.21 abc 0.16 a 145 abc 92 b 1.27 b 0.84 a 24.5 cd 14.78 a 

N3P3 1.41 a 1.32 d 15.29 de 20.29 a 
7.2 
ab 

6.3 c 4.3 ab 3.1 a 0.22 ab 0.15 a 171 ab 154 a 1.33 b 0.95 a 23.9 d 14.32 a 

ANOVA 
              

Tillage 3.25 ns 1.13 ns 44.7*** 0.53 ns 
12.64
** 

0.30 ns 0.03 ns 0.10 ns 0.00 ns 0.13 ns 0.60 ns 1.77 ns 4.02* 0.42 ns 22.15*** 0.07 ns 

Fertilization 3.35* 3.55* 1.79 ns 4.19* 3.76* 2.81* 1.63 ns 0.04 ns 1.68 ns 0.05 ns 4.28** 3.91* 0.61 ns 1.23 ns 43.51*** 0.63 ns 

Tillage * Fertilization 6.98** 6.86** 3.60* 0.97 ns 
6.17*
** 

3.46* 1.48 ns 0.22 ns 1.28 ns 0.18 ns 0.25 ns 0.50 ns 3.57* 0.99 ns 0.68 ns 0.30 ns 

¹NT = No-till; CT = Conventional tillage 

*p < 0.05; **p < 0.01; ***p < 0.001. Different letters in a column indicate statistical differences according to Tukey's multiple range test at p < 0.05. 
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The differences in the main effect of tillage on soil K and sum of cations (K, Ca and 

Mg) were statistically significant (p < 0.05) in the 0-5 cm soil layer suggesting again a 

trend of nutrient accumulation in NT plots (Table 2) compared with CT plots. The lack 

of expected SOM accumulation in NT over CT is probably due to the fact that the crop 

initiating the rotation scheme is a legume with a low C/N ratio which favors residue 

mineralization delaying organic carbon accumulation in the soil profile (Zotarelli, et al., 

2012; Raphael, et al., 2016).  

The correlation for interdependency of the principal components presented in Figure 

1 discriminates the effects of NT and CT and suggests that there is a strong association 

among total grain yield and weight of 100 grains with bulk density, gravimetric water 

content, soil P and fertilizer rates in the NT system supporting the observed total trend of 

the data which indicates that NT provides better soil conditions for bean yields. 

Figure 1. Grouping of the main chemical and physical variables as effect by tillage, and 

N rates after the first cycle of beans of two crop rotation schemes. CTF = conventional 

till N rate; NTF no till N rate. 

The clustering analysis of the data in Figure 2 provides and insight over the impact 

of the measured variables on bean yield. Clustering collected the NT-N2P2 100 and NT-

N3P3 150 treatments as one main group and CT-N2P2 100 and CT-N3P3 150 as a different 
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group suggesting that NT soil conditions provide a better ambient for yield response to 

fertilizer application. 

This study complements biological results recently obtained by Avila-Salem, et al. 

(2020)  in the same soils allowing us to conclude that at this initial point in the transition 

from CT to NT, common bean yields are higher for NT, which represent an important 

technical argument for promoting farmer adoption of this conservation tillage system in 

the highlands of Ecuador. 

 

Figure 2. Analysis of non-hierarchical conglomerates of experimental units considering 

all response variables studied for two tillage systems and nitrogen rates after the first 

cycle of beans of two crop rotation schemes. CTF = conventional till N rate; NTF no till 

N rate. 

 

3.4 Conclusions 

The common beans yield, initial crop of the proposed long term rotation schemes, was 

significantly higher under no tillage (NT) than the one obtained with conventional tillage 

(CT), suggesting that the former develops a more adequate set of soil physical and 

chemical quality characteristics that are conductive to obtain better crop yields. The only 

soil properties that showed a significant difference in favor of NT in the 0-5 cm soil layer 
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were soil moisture, pH, soil P and K. In spite of the lack of significance for the other 

measured variables (SOM, TN) the trend of higher values for NT is evident indicating 

that the elimination of soil movement begins to improve soil conditions for plant growth 

even with no fertilizers applied. 
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CHAPTER IV 

“Effect of Tillage, Fertilizer Rates, and Crop Rotations on Yield, Soil Physical-

Chemical Characteristics, and Accumulated Carbon in Ecuadorian Highlands” 

Article under revision in Journal of Soil Science and Plant Nutrition. 
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Abstract 

Conventional tillage (CT) is a soil management system commonly used by small farmers 

in the Ecuadorian highlands which, in the long run, has negative effects on crop 

performance. These effects can be avoided by using no-till (NT). The objective of this 

study was to contrast the effects of the application of both tillage systems with different 

nitrogen (N) rates on crop yield and some soil physicochemical properties after 

implementing the following crop rotation schemes: beans (Phaseolus vulgaris L.)-maize 

(Zea mays L.)-beans (BMB) and beans-amaranth (Amaranthus caudatus L.)-beans 

(BAB). Crop yields were recorded for each crop cycle and soil was sampled and analyzed 

at two depths (0 - 5 and 5 - 20 cm) after harvesting the third crop. Averaged bean yields 

in the BMB rotation under NT was 26.2 % higher compared with CT, and in the second 

rotation cycle under NT cob maize yield was 75 % higher than under CT. However, no 

differences in bean yields were observed at the third cycle. Additionally, organic C and 

N were also higher under NT in both rotations, being more evident in MAB, although no 
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differences were observed for particulate organic matter (POM). A lower E4/E6 ratio was 

observed in BAB rotation suggesting higher SOM humification. Soil pH, available P, and 

K, Ca and Mg ions were variable depending on the rotation and tillage systems. In 

general, effects of tillage on bulk density and water content were higher under NT than 

under CT, however the contrary was observed for soil aggregation. To the best of our 

knowledge, this is the first study including amaranth in rotation systems including tillage 

in Andean soils.  Results obtained are encouraging in terms of the trend for improved soil 

physicochemical characteristics under NT, which will lead to better and sustainable crop 

yields, being the most motivating factor for NT adoption by small farmers in the 

Ecuadorian highlands. 

 Key words: Smallholders, no-till, conventional till, amaranth, maize, beans.  

4.1 Introduction 

Soil physicochemical properties are a consequence of climate, vegetation, parent 

material, topography, and time, but rapid changes in these properties in agricultural soils 

are promoted by land management intensity. One of the most influential factors affecting 

such properties is the type of tillage used to prepare a seedbed for planting, nutrient 

incorporation, and crop residue management to provide a proper environment for seed 

germination and root growth. During the last sixty years, many studies have been 

conducted to compare the effects of minimum or no-tillage (NT) and conventional tillage 

(CT) on soil physical, chemical and biological properties (Subbulakshmi, et al., 2009; Su, 

et al., 2021); however, the most of such studies has been carried out in flat lands (Derpsch, 

et al., 2014).  

No-till is one of the conservation practices soil that effectively controls soil 

erosion (Franchini, et al., 2012; Espinosa, et al., 2016; Khan, et al., 2017), and the 

beneficial effect of NT adoption on several soil properties has been widely demonstrated 
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(Soracco, et al., 2012; Derpsch, et al., 2014; de Moraes, et al., 2015). NT significantly 

increases SOM content, perhaps the most relevant of all soil properties in terms of crop 

production and soil environmental services (Six, et al., 2002; Bronick and Lal, 2005; 

Soracco, et al., 2010; Lal, 2011; Derpsch, et al., 2014; de Moraes, et al., 2015) even in 

volcanic (Avila-Salem, et al., 2020) and granitic soils (Crovetto, 2006). 

Agricultural production in the Ecuadorian highland soils occur under a very 

rugged topography which usually does not meet the appropriate conditions for intensive 

agriculture, particularly if these practices include soil tillage. Furthermore, land tenure 

structure is characterized by a high percentage of small agricultural production units (< 5 

ha), which promotes intensive land use, while forcing the agricultural frontier towards 

unsuitable areas for farming purposes (Espinosa, 2014). The lack of reforestation can 

sharpen this problem, since Ecuador has one of the lowest rates of forest recuperation in 

South America (Mosandl, et al., 2008).  

   There is scarce published information about NT adoption in Ecuador, particularly 

in the volcanic highlands of the country. The scanty research work conducted during the 

past few years reported no difference in soil properties and crop yields when comparing 

NT with CT. In this context, Estrada and Calvache (2004) working with a bean-corn 

association under NT, minimum tillage (MT), and CT found that NT increased soil 

compaction, but no changes were reported in soil chemical properties or crop yield. 

Studies conducted by Vinueza and Calvache (2004) and Arévalo (2011) using open 

pollinated maize to evaluate the effects of NT, MT, and CT, reported no differences in 

soil physical-chemical properties or crop yield in response to tillage management. The 

lack of response in the three previously mentioned studies is probably due to the short 

duration of the field work (one crop cycle). On the other hand, Alwang, et al. (2013) 

studying the response of NT, MT, and CT in similar soils as those utilized by Arevalo 
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(2011) introduced a crop rotations component (barley, broad beans, and a mixture of oats-

vetch) in the experiment, prolonging the evaluation to three continuous crop cycles. 

Reported results indicate that, in general, crop yields were slightly higher with NT, but 

they exceeded in 10 % the rate of return because the cost reduction and productivity 

improvement when tillage was avoided. At the same time increments in SOM and water 

holding capacity were reported for the NT treatment.  

Cultivation of beans-maize-beans (BMB) is one of the most used crop rotation 

schemes by Ecuadorian smallholders, rotation which is implemented for food security 

purposes and to maintain soil fertility because include a legume.  Amaranth, a valuable 

annual crop due to its nutritional properties (Raja, et al., 2012; Montellano, 2014) is used 

for self-consumption and for the export market, and it can be viewed as a novel and good 

alternative to be included in the rotation with beans, becoming a beans-amaranth-beans 

(BAB) rotation scheme. From the agronomic point of view, and facing the actual climatic 

change scenario, amaranth is a C4 plant which adapts well to various environments, 

especially because it is resistant to drought conditions, consumes between 60 to 75 % less 

water in relation to cereals (such as wheat or oats), and grows well at temperature range 

of 10 to 24°C (Hernánez, et al., 2014; Montellano, 2014).  

Based on the above, it was hypothesized that the inclusion of amaranth in the NT 

crop rotation schemes will improve soil physical and chemical characteristics and will 

enhance crop yield in comparison to CT, even in the short term, in soils like those 

prevalent in the small farmer’s areas of the Ecuadorian northern highlands. 

4.2 Materials and Methods 

4.2.1 Characteristics of the experimental site: This study was conducted at La Tola 

Experimental and Teaching Farm, Universidad Central del Ecuador (CADET), which is 



62 

geographically located at 78°21´18´´W and 00°13´49´´S, at an altitude of 2555 m a.s.l. 

Local climate is characterized by an average annual rainfall of 868 mm, mean annual 

temperatures of 17° C, and 73.9 % mean annual relative humidity. The soil of the site is 

classified as Entic Durustolls, a Mollisol of volcanic origin (Moreno, et al., 2017) with 

the following initial characteristics: sandy loam texture, pH: 6.9, SOC: 2.1 %, total N: 

0.22 %, available-P (Olsen): 68 mg kg-1, K, Ca, Mg, and BS: 0.91, 8.50, 4.43 and 13.83 

cmol(+) kg-1, respectively. Two rotation schemes were implemented under CT and NT. 

The first rotation scheme was alternating crops of common beans-maize-beans (BMB), 

and the second one was beans-amaranth-beans (BAB); the following cultivars were used, 

beans: I-Centenario, maize: I-Chaucho Mejorado, amaranth: I-Alegría. Common beans 

were used for its expected N contribution to the next crop.  

4.2.2 Experimental design: The study experimental design was a complete randomized 

block design in a split plot arrangement with eight replications. To homogenize soil 

fertility, the experimental site was previously planted with oats and cut periodically 

discarding the residues. After three months of fallow period, oat regrowth and weeds were 

treated with glyphosate herbicide. The main plots in the layout of the experiments were 

the tillage systems (CT and NT), the subplots the fertilization rates, and three replicates 

were used in the first bean cropping cycle. To initiate the second crop cycle (after beans), 

the CT and NT large plots were divided in two to accommodate the intermediate crops 

(maize and amaranth) configuring the two rotation schemes: beans-maize-beans (BMB), 

and beans-amaranth-beans (BAB), leaving a total of eight replications.  

4.2.3 Experiment management: Nitrogen (N) rates for the first beans and third cycles 

were 0, 11, 22, and 33 kg N ha-1 as ammonium nitrate with a complementary blank 

application of 32 kg P ha-1 as triple superphosphate. The N rates for maize in the second 

crop rotation cycle were 0, 40, 80, 120 kg N ha-1, and 0, 50, 100, 150 kg of N ha-1 for 
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amaranth. It was not necessary to apply complementary blank application of P and K 

because soil analysis indicated there was no need of such application for the second crop 

cycle. Fertilizer was applied in two parts, half between 21 to 28 days after sowing (DAS), 

and half between 45 to 60 DAS. Seed rate for beans was 90 kg ha-1, 120 kg ha-1 for maize 

and 10 kg ha-1 for amaranth. Sowing distance for beans was 0.70 m between rows and 

0.30 m between plants, 0.70 m between row and 0.20 m between plants for maize, and 

0.70 m between rows and 0.25 m between plants for amaranth. Beans were harvested at 

120 DAS, corn was harvested between 200 to 210 DAS, and amaranth at 180 to 190 DAS. 

The precipitation and average temperature during the crops were as follows, in the first 

cycle (May/2016 – September/2016), the amount of rainfall was 127.2 mm and the 

average temperature was 16.2°C, in the second cycle (October/2017 – February/2018), 

the amount of rainfall was 472.8 mm and the average temperature was 16.2°C, in the third 

cycle (October/2018 – February/2019), the amount of rainfall was 469.7 mm and the 

average temperature was 16.8°C.  

4.2.4 Soil sampling and analysis: Soil sampling was carried out after crop harvesting at 

two soil depths (0-5 and 5-20 cm) in all experimental units. Soil samples, each made of 

five subsamples, were transported to the laboratory, air/dried and subjected to the 

respective analysis. 

4.2.5 Measurements: After harvesting, bean and amaranth grains were washed, dried at 

12 % moisture, and weighed. Maize was harvested as fresh cobs which were counted and 

weighed. Values of the three crops were expressed in kg ha-1. Analyzed soil chemical 

properties were as follows: organic carbon (SOC), by wet combustion using chromic acid 

digestion according to (Nelson and Sommers, 1996), using 1.892 as conversion factor; 

particulate organic matter (POM) by dispersing soil by sodium hexametaphosphate and 

passing it through a 0.53 um sieve according to Cambardella and Elliott (1992), Six, et 
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al. (2002); HA extraction with NaOH according Kachari, et al., (2015), optical density 

determination (E4: 465 nm and E6: 665 nm) and E4/E6 ratio (Swift, 1996); soil pH in a 1:2 

soil water ratio (Thomas, 1996); total nitrogen (TN) using Kjeldhal method (Bremner, 

1996); phosphorus (P) (Sims, 2000): exchangeable cations (K; Ca, Mg) using the 

modified Olsen solution (Kuo 1996). Analyzed soil physical were bulk density (BD) 

(Grossman and Reinsch, 2002), and water storage capacity, water aggregate stability, and 

size distribution (Six, et al., 2002).  

4.2.6 Statistics. The factorial ANOVA analysis and mean comparison (DMS 0.05 and 

post hoc multiple range test of Tukey) were conducted using Infostat (Di Rienzo et al., 

2018). The described ANOVA was used for each of the sampling depths and each crop 

cycle of the proposed rotation schemes, with the exception of POM, E4/E6 ratio, 

aggregate stability and size distribution which were only analyzed for the second and 

third crop cycles. 

4.3 Results 

Because, in general, no significant differences on yields and soil chemical-physical 

characteristics with the application of fertilizer rates were observed in this study, only the 

average of all treatments appears in the following figures; however, in ANOVA (Table 

2) and PCA (Figure 6) components the effect of fertilizer rates is included. 

4.3.1 Effects of tillage and fertilizer rates over crop yields of the three crop cycles of 

two rotation schemes 

The main effect of tillage on grain yields for each crop cycle in the rotation schemes 

beans-maize-beans (BMB) and beans-amaranth-beans (BAB) is presented in Figure 1. 

In the BMB rotation, the yield of the first bean crop cycle was 26.2 % higher than CT; in 

the second crop in the rotation, NT yield of cob corn was a 75 % higher than under CT, 
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while no statistical differences were evident in the yields of beans in the third crop cycle 

of the rotation. On the other hand, the response in grain yield to tillage in the BAB rotation 

was not significant in all crop cycles, however in the first bean cycle NT yield was 21 % 

higher than under CT, while in the second and third crop cycles (amaranth and beans) 

grain yields were slightly higher under CT. Surprisingly, the main effect of fertilizer 

application on crop yields were not significant in all three crop cycles in both tillage 

systems, and both rotation schemes (not shown). 

 

 

 

 

 

 

 

 

Figure 1. Effect of tillage systems on yield of beans, maize and amaranth at the end of 

the three crop cycles of two rotation schemes in a Mollisol of volcanic origin in the 

Highlands of Ecuador. 

The ANOVA of the effects of tillage, fertilizer application and the interaction 

tillage – fertilizer on yield of the three crop cycles in both rotation schemes.is presented 

in Table 1.  In the first cycle, the differences in bean yield among tillage systems and the 

interaction tillage-fertilizer application were statistally significant only in the BMB 

rotation scheme; in the second cycle, the differences in maize yields were statiscally 
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significant only for tillage in the BMB rotation, while the differences in amaranth yields 

were statiscally different for the main effect of the fertilization and the inteaction tillage- 

fertilization in the BAB rotation. In the third cycle no statistical differences were found 

for beans yield (Table 1). 

Table 1. Summary of ANOVA for crop yield (kg ha-1) effect of tillage, fertilizer rates, 

and the interaction tillage-fertilizer rates of each of the three crop cycles in two crop 

rotation schemes evaluated in a Mollisol of volcanic origin in the Highlands of Ecuador. 

Cycle Rotation 

scheme  

Crop ANOVA 

 Tillage    

systems3, 4 

Nitrogen 

rates 

Tillage x 

nitrogen rates 

First 

B-M-B1 Beans 0.005* 0.195 0.046* 

B-A-B2 Beans 0.225 0.046 0.591 

Second 

B-M-B Maize 0.007* 0.321 0.134 

B-A-B 
Amarant

h 
0.106 0.000* 0.000* 

Third 

B-M-B Beans 0.320 0.826 0.984 

B-A-B Beans 0.407 0.797 0.780 

BMB1: beans-maize-beans rotation scheme; BAB2: beans-amaranth-beans rotation scheme 

NT3 = No-till; CT4 = Conventional tillage 

* Indicate statistical difference at p < 0.05 

 

4.3.2 Effects of tillage and fertilizer application on soil carbon components  

Soil organic carbon (SOC) is the main component of the soil organic matter (SOM); 

therefore, changes in its content have strong effects on soil physical, chemical and 

biological properties. Results show a greater accumulation of SOC in the NT treatments 

in both rotations and sampling depths, being its difference, 24% higher at 0-5 cm depth 
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and 15% at 5-20 cm depth in BMB rotation. Although C accumulation in BAB was higher 

compared to BMB rotation, the differences between both tillage systems were less 

significant (Figure 2). 

Figure 2. Effect of tillage systems on SOC, TN, C-POM (%) and E4/E6 ratio at the end of 

the three crop cycles of two rotation schemes in a Mollisol of volcanic origin in the 

Highlands of Ecuador. 

 

Tillage systems also modify N cycle in the soil. Superficial accumulation of crop 

residues of high C/N ratio left in the soil during the first years of NT reduces residue 

microbial decomposition, therefore reducing N availability due to a transitory N 

immobilization in the microbial biomass which is further mineralized in the long term. 

Thereby, the main overall effect of tillage systems on total nitrogen (TN) presented in 
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Figure 2, indicates that the pattern followed was about the same of TOC showing a not 

detectable effect of N fertilization on SOC or accumulated N. 

Particulate organic matter (POM) is a pool which contributes to SOM turnover 

because it serves as a readily decomposable substrate for soil microorganisms and as 

short-term nutrients reservoir for plants. It has been suggested as an early sensitive 

indicator of SOM changes, due to its responsiveness to management practices. Data from 

our experiment indicates, as expected, that the highest POM values were obtained in the 

upper soil layer where more active roots are present, especially in BAB rotation. Here, 

the POM content in the BMB rotation was 25% and 14% higher under NT and CT 

respectively, compared what occurred in deeper soil layers. No significant differences 

were observed at 5-20 cm depth neither with rotation nor tillage systems (Figure 2).  

It has been suggested that E4/E6 ratio is related to the aromatic carbon network 

condensation degree, carbon content, and molecular weight of humic substances, all of 

them affected by tillage. The lowest values were observed in BAB rotation at 0-5cm 

depth, being around 30% lower compared with BMB rotation, suggesting that humic 

acids from amaranth residues are being humified more quickly that maize ones. 

4.3.3 Effects of tillage and fertilizer application over pH, and available phosphorus 

The main effect of tillage on soil pH differed significantly in the two sampled horizons 

only in the BAB rotation suggesting an acidification trend in the CT treatments. The lower 

pH value at 5-20 cm depth is surely due to the higher root activity at higher soil depth. 

No pH differences were observed when contrasting NT and CT in the BMB rotation 

(Figure 3). No statistical differences were evident for the main effect of fertilizer 

application. 
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Figure 3. Effect of tillage on pH, and available soil P at the end of three crop cycles of 

two rotation schemes in a Mollisol of volcanic origin in the Highlands of Ecuador. 

Overall data on the main effect of tillage on soil available phosphorus (P) at the 

end of the third rotation cycle revealed not significant differences for the main tillage 

effect or the fertilizer main effect in both rotations at both sampling depths, but higher P 

levels were observed in the upper soil layer. Despite the lack of statistical significance of 

the differences in available P between NT and CT in both rotation schemes, numerical 

data shows more available P present in NT treatment in the BAB scheme (Figure 3). 

4.3.4 Effect of tillage and fertilizer application on soil available of potassium, 

calcium, and magnesium  

The main effects of tillage on the potassium (K), calcium (Ca) and magnesium (Mg) soil 

content are presented in Figure 4. Data indicates that K content presented a statistical 

difference among NT and CT only the BAB rotation, at both sampling depths, the Ca 

content was only significant in BAB rotation in the 5-20 soil layer, and the differences in 
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Mg were not significant in both rotations and sampling depths. The main effects of 

fertilizer application were not statistically significant. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of tillage on the content soil potassium, calcium, and magnesium at two 

depths at the end of the three crop cycles of two rotation schemes in a Mollisol of volcanic 

origin in the Highlands of Ecuador. 

4.3.5 Effect of tillage and fertilizer application on soil physical characteristics  

The main effect of tillage on bulk density (BD), water storage capacity, soil aggregation 
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NT was higher than CT at both rotations and both sampling depths, however the 

difference was only significant in the BAB rotation at the 0-5 sampling depth. 

 

 

 

 

 

 

 

 

Figure 5. Effect of tillage on bulk density, water storage, soil aggregates, and aggregates 

stability at the end of the three crop cycles of two rotation schemes in a Mollisol of 

volcanic origin in the Highlands of Ecuador. 
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practice that showed more retention capacity. Soil aggregation and aggregate stability did 

not show differences except for BAB rotation at 0-5 cm sampling depth. (Figure 5). 

The ANOVA of the effects of tillage, fertilizer rates and the interaction tillage – 

fertilizer rates for the changes on soil chemical and physical properties at the end of the 

three crop cycles in two rotation schemes is summarized in Table 2. 

4.3.6 Principal component analysis for physical and chemical characteristics of the 

three crop cycles of two rotation schemes 

In this study, the correlation for interdependency of the principal components (PC) 

grouping the information documented after the three planned crop cycles for both 

rotations, indicating the overall effect of NT and CT on soil properties are represented 

in Figure 6. 

Figure 6. Grouping of the main physical and chemical variables as effected by tillage and 

fertilizer rates after three crop cycles of two crop rotation schemes evaluated in a Mollisol 

of volcanic origin in the Highlands of Ecuador. CTF = conventional till with different N 

rate; NTF no-till with different N rate. 
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Table 2. Summary of ANOVA for the effects of tillage, fertilizar rates and the interaction 

tillage-fertilizer rates on soil physical and chemical characteristics at the end of three crop 

cycles in two crop rotation schemes evaluated in a Mollisol of volcanic origin in the 

Highlands of Ecuador. 

Variable ANOVA B-M-B1 B-A-B2 B-M-B B-A-B 

Depth 0-5 cm Depth 5-20 cm 

SOC (%) 
Tillage system  0.001*  0.018*  0.005* 0.071 
Fertilizer rates5 0.777 0.868 0.890 0.429 

Tillage x 

Fertilizer 

0.291 0.419 0.177 0.696 

POM (%) 
Tillage system 0.585 0.078 0.194  0.031* 
Fertilizer rates 0.605 0.500 0.139 0.647 

Tillage x 

Fertilizer 

0.942 0.209 0.489 0.786 

E4/E6 ratio 
Tillage system 0.252  0.011* 0.619  0.016* 
Fertilizer rates 0.106 0.997 0.732  0.025* 

Tillage x 

Fertilizer 

0.115 0.999 0.685  0.037* 

TN (%) 
Tillage system  0.001*  0.020*  0.009* 0.080 
Fertilizer rates 0.706 0.888 0.937  0.019* 

Tillage x 

Fertilizer 

0.338 0.393 0.218 0.595 

P (mg kg-1) 
Tillage system 0.760 0.225 0.913 0.081 
Fertilizer rates 0.499 0.452   0.049* 0.198 

Tillage x 

Fertilizer 

0.987 0.801 0.973 0.942 

K (cmol kg-1) 
Tillage system 0.693  0.019* 0.589  0.028* 
Fertilizer rates 0.792 0.431 0.955 0.276 

Tillage x 

Fertilizer 

0.414 0.965 0.677 0.340 

Ca (cmol kg-1) 
Tillage system 0.991 0.447 0.423  0.010* 
Fertilizer rates 0.484   0.041* 0.945 0.158 

Tillage x 

Fertilizer 

0.994 0.840 0.787 0.859 

Mg (cmol kg-

1) 

Tillage system 0.309 0.910 0.641 0.059 
Fertilizer rates 0.236 0.076 0.873 0.318 

Tillage x 

Fertilizer 

0.769 0.994 0.967 0.910 

pH 
Tillage system 0.756  0.003* 0.055  0.003* 
Fertilizer rates 0.595 0.904 0.639 0.931 

Tillage x 

Fertilizer 

0.477 0.478 0.746 0.353 

Bulk density 

(g cm-3) 

Tillage system 0.313  0.025* 0.273 0.383 
Fertilizer rates 0.737 0.849 0.682 0.363 

Tillage x 

Fertilizer 

0.148  0.032* 0.260 0.660 

Water storage 

capacity (%) 

Tillage system  0.016*  0.017*  0.014*  0.047* 
Fertilizer rates 0.588 0.665 0.762 0.976 

Tillage x 

Fertilizer 

0.759 0.648 0.721 0.971 

Soil 

aggregates (%) 

Tillage system 0.081    0.0003* 0.980 0.153 
Fertilizer rates 0.562 0.545 0.759 0.299 

Tillage x 

Fertilizer 

0.812 0.878 0.715 0.961 

Aggregate 

stability (%) 

Tillage system 0.537 0.814  0.011* 0.709 
Fertilizer rates 0.587 0.450 0.231 0.225 

Tillage x 

Fertilizer 

0.212 0.055 0.960 0.163 
BMB1: Rotation scheme beans-maize-beans; BAB2: Rotation scheme beans-Amaranth-beans 

NT3 = No-till; CT4 = Conventional tillage 
5Nitrogen fertilization rates:  Beans 0, 11, 22, 33 kg ha-1; Maize 0, 40, 80, 120 kg ha-1; Amaranth 

 50, 100, 150 kg ha-1 * Indicate statistical difference at p < 0.05 
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4.4 Discussion 

4.4.1 Effect of tillage and fertilizer rates on yield of the three crop cycles of two 

rotation schemes 

Long time research studies have identified several benefits of conservation tillage, 

specially no-tillage (NT), over conventional tillage (CT) with respect to soil physical, 

chemical and biological properties that have a major impact on soil productivity and 

sustainability (Al-Kaisi and Yin, 2005; Van der Putten, et al., 2010). However, the impact 

on soil productivity varies depending on soil characteristics and management. (de Felice 

et al., (2006), in their review of the effect of tillage on crop yield presented a map for the 

US and Canada which reports a tendency of NT to produce greater yields in the southern 

and western US regions, similar yields in the central US and lower yields in the northern 

US and Canada. These patterns are in accordance with soil drainage and rotation schemes, 

being higher in well-drained than in poorly drained soils and monoculture (Fan, et al., 

2012). Consequently, it is necessary to evaluate previously the behavior of NT and crop 

rotation according to soil characteristics for obtaining adequate yields before 

recommending its adoption by farmers. 

 In this study, the trend to higher beans yield under NT was evident already in 

the first cycle, where the results showed that grain yield was 42 % higher under NT, 

indicating that the soil improvements promoted by NT had beneficial effects on crop yield 

(Montesdeoca, et al., 2020; Avila et al 2020). In the same way, NT cob corn yield in the 

second cycle of the BMB rotation was higher than CT. This trend was not present in the 

amaranth yield in the second crop cycle of the BAM rotation. Amaranth yield under NT 

was probably limited by weed management, particularly for the competition with wild 

amaranth (Amaranthus spinosus) during most of the cropping cycle. Wild amaranth is a 

widely present weed species in CT cultivation in the northern highlands of Ecuador. It 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/conventional-tillage
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important to mention that so far, there were no attempts to cultivate amaranth under NT 

mentioned in the literature, therefore, no information on weed management was available. 

It is probable that weed management in the long-term experiment will be capable to 

suppress wild amaranth presence when grain producing amaranth is used in the rotation 

scheme. The lack of significant differences in bean yields among tillage systems in the 

third cycle in both rotations is probably due to the excess of water in the soil profile, 

promoted by the heavy precipitations in the middle of the rainy season which prompted 

the incidence of Rhizoctonia and Pythium affecting root growth and yield (de Toledo-

Souza, et al., 2012). 

This trend of higher yields under NT was evident in our experiment suggesting 

that the elimination of soil disturbance improves the general conditions for crop growth. 

In general, it is expected that under adequate management, grain yields under NT should 

be at least like those obtained with CT (Derpsch, et al., 2010; Jena, 2019), condition which 

could lead to the NT adoption by small farmers in the Highlands of Ecuador. Furthermore, 

we proved that grain producing amaranth can be cultivated under NT without mayor 

problems in these highland soils.  

The lack of statistical significance of the main effect of the fertilizer rates on yield 

in all three cropping cycles in both tillage systems and rotation schemes could be 

attributed to the preceding management of the experimental site. Therefore, high rates of 

plant nutrients have been applied to potato fertilization experiments conducted over the 

last decades, and despite the actions taken to homogenize the fertility of the experimental 

site, some historical chemical fertilization memory could have been lingered to our plots. 

Results indicate that there is enormous potential for the successful crop production 

under NT under the utilized rotation schemes, having a legume (beans) as a head crop in 

the sequence. There is no information related to tillage disturbance on yields of the 
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proposed rotations in the highlands of Ecuador, but land degradation problems on 

farmers´ fields are evident on most of the landscapes where open pollinated corn for 

human consumption is cropped. It has been demonstrated that this crop, common in the 

Highlands of Ecuador, can produce higher yields under NT. Alvarado, et al. (2011) 

reported grain yields of 5.2 t ha-1 for NT contrasting with 4.3 t ha-1 in CT cultivated in 

similar volcanic soils of the Central Highland of Ecuador. 

4.4.2 Effect of tillage systems and fertilizer rates on soil carbon components 

Organic carbon (OC) is the main component of the SOM; therefore, changes in SOM 

content have a strong effect on soil physical, chemical and biological properties 

(Schlesinger and Andrews, 2000; Martínez, et al., 2008) and consequently, this effect is 

evident when NT is adopted, due to the crop residue accumulation on the surface of soils 

managed with this conservation practices.  

The overall higher SOC accumulation under NT at the end of the three rotation 

cycles and both rotations, was evident even considering that the initiating crop (bean) in 

the rotation schemes is a legume with a low C/N ratio, which favors residue 

mineralization delaying SOC accumulation, particularly in the upper soil layer (Zotarelli, 

et al., 2012; Raphael, et al., 2016). The higher SOC content at both soil layers in the BAB 

rotation could probably be due to the different root type of the intermediate crops in the 

rotation. The amaranth root system is axonomorphic with a thick root from which other 

thinner roots develop, while corn has a fasciculated and branched root system with 

principal and secondary roots with the same thickness. For this reason, corn can leave 

more superficial residues in the soil, in comparison with amaranth which can leave a 

higher quantity of root residues deeper in the soil profile (Montellano, 2014). In addition, 

amaranth roots exude high amounts of low molecular weight organic acids, mainly oxalic 

acid, together with a lot of allelopathic compounds (Bakhshayeshan-Agdam, 2015). 
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Additionally, data also suggest that rotation schemes including maize, has slower residue 

decomposition probably due to its residues have high lignin content (Craswell and Lefroy, 

2001; Baldock and Broos, 2012). 

 No-till improves nutrient cycling due to the higher residue accumulation which 

provides available N for the next crop (Ranaivoson, et al., 2017), while intense soil 

removal by CT can reduce SOC and TN content due to aggregate destruction and rapid 

residue mineralization (Issaka, et al., 2019). On the other hand, the general higher TN 

content observed in the BAB rotation, compared to the BMB rotation, is probably due to 

the mineralized N losses from the organic pool which was been taken up by the growing 

maize crop, or leached through the soil profile (Figueroa, et al., 2012). 

Additionally, POM is the transitory fraction of the SOM, in an intermediate state 

of decomposition between fresh residues and stable C compounds (humus). It is defined 

as the chemical and biologically active fraction of the SOM composed of particles that 

vary from 0.053 to 2 mm that indicates the presence of recently incorporated SOC 

(Cambardella and Elliott, 1992; Wander, 2004; Jat, et al., 2019), and is considered as an 

immediate source for plant nutrients, food, and energy for microorganisms. It is also 

responsible for the soil buffer capacity increase, and it is a trap for soil contaminants such 

as pesticides and heavy metals (Nciizah and Wakindiki, 2012; Lehmann and Kleber, 

2015). POM is a sensible parameter to indicate the effect of different agronomic 

management over plant performance (Gregorich and Ellert, 1993; Galantini, et al., 2007). 

 In this sense, Ávila-Salem, et al. (2021), in a parallel study carried out in these 

same experimental plots, clearly demonstrated the beneficial effect of NT in comparison 

with CT, on a series of soil biological traits such as basal respiration, number of arbuscular 

mycorrhizal fungi spores, enzyme activities of acid phosphatase, β-glucosidase and total 

glomalin related soil protein, all parameters which have been reported for the first time in 
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the Andean region. These biological traits were strongly associated to the accumulation 

of SOM originated from crop residues accumulation in the NT post-harvest system which 

concomitantly improves the soil moisture, basal respiration, microbial enzyme activities, 

and mycorrhizal fungal activity all of them strongly related to crop establishment and 

development. This study also concluded that the crop rotation system where amaranth 

was included in association with beans (legumes), contributed to the enhancement of soil 

biological activity probably due to the increment in microbiological sources of nutrients 

and energy. 

 Furthermore, POM provides early information about the future content of total 

SOM because POM rapidly reaches a new equilibrium after an episode of soil 

management such as crop rotation or tillage. Total SOM is not a good quantitative and 

sensitive indicator of the direct relationship of SOC content with crop productivity and 

soil quality, relation which is more evident with POM (Martínez et al., 2018). A reduction 

in POM correlates with a decline in soil fertility and the quality of soil physical properties 

such as soil aggregation, conditions which are associated to soil degradation and lower 

resilience. Several studies suggest that macro aggregates are organized around POM (Six, 

et al., 2002; Ciarlo, et al., 2004; Videla, et al., 2008; Ghisolfi, 2011; Lehmann and Kleber, 

2015). 

The overall results of POM accumulation throughout the planned rotations in time 

will determine which crop sequence provides the best soil quality characteristics in terms 

of SOM, which will reflect in crop performance and yields (McVay, et al., 2006; Basanta, 

et al., 2012; de Moraes, et al., 2015; Jat, et al., 2019). 

 Microbial mediated plant residue decomposition leads to the formation of stable 

carbon compounds broadly called ¨humin¨, but according to the molecular weight and 

condensation degree, it can be separated into two groups structurally and 
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spectroscopically different in behaviour so-called ¨humic¨ and ¨fulvic¨ acids. During 

humification process carbohydrates rapidly disappear and phenolic compounds like 

lignin, tend to accumulate as humic compounds. These compounds are characterized 

using the E4/E6 ratio which is the measurement of adsorption of light at 464 and 665 wave 

lengths in a spectrophotometer, which in time is related to the degree of condensation or 

maturity of aromatic humic constituents. The E4/E6 ratio is then used as an index of 

humification relating the aromaticity of the organic carbon chains and their condensation 

to stable compounds. A reduction in this value indicates progressive condensation of 

humic substances (Bonometo, 2010; de Moura Luz, 2013; Kachari, et al., 2015). Data 

obtained (Figure 2) suggest a more rapid humification of amaranth residues left in the 

soil, which is more pronounced under NT than CT, and at 0-5 cm depth than 5-20 cm 

depth. There is scarce information about humification rates of amaranth residues, in terms 

of its quality and microflora associated with such process so we think that this is a matter 

which needs deeper studies to understand its role in the proposed rotation under NT. 

4.4.3 Effect of tillage systems and fertilizer rates on some soil chemical components  

Soil pH significantly affects soil chemical processes like mineral weathering, SOM 

decomposition, ion mobility and nutrient availability. Soil management, particularly the 

use of ammoniacal N fertilization, can produce changes in soil pH which promotes 

acidification leading to negative soil conditions for crop growth (Bloom and Skyllberg, 

2012; Havlin, et al., 2014). The lower pH observed in BAB rotation under CT could be 

due to the oxalic acid exuded by amaranth roots (Javed, et al., 2017) agreeing with the 

significant acidification observed in a volcanic soil cultivated with amaranth, or perhaps 

to a higher ammonia volatilization produced under NT (Liu, et al., 2018). The same trend 

of a higher pH under NT compared with CT was reported by Borie, et al. (2006) in a field 

study of tillage rotation including legumes and cereals, grown in a Chilean Ultisol. 
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Unfortunately, no reports for comparisons have been found regarding the performance of 

amaranth under NT in field conditions, as well as residue decomposition and root 

physiological traits.  

In relation to available P, data obtained suggest that the lack of soil movement, 

and the consequent residue accumulation on the surface of soils under NT, promotes 

stratification of plant nutrients, particularly P. Surface residue buildup and the low P 

mobility in the soil result in the P accumulation in the 0-5 cm layer, which gradually 

decreases the content of available P with soil depth (Lupwayi, et al., 2006; Grove, et al., 

2007). Greater water, N and C availability in the upper soil layer under NT increase 

microbial population growth and activity, which is responsible of P cycling, promoting P 

immobilization and reducing soil labile P content, but such processes are not as marked 

as the one occurring with N (García and Picone, 2004; Cerón and Aristizábal, 2012). 

Available P accumulation was greater in amaranth than in maize for both NT and 

CT, probably due to a more dynamic mineralization of the organic P from the amaranth 

residue in comparison with maize. The trend of a higher P content in the 0-5 cm layer 

suggests that the conditions imposed by NT are promoting the stratification of available 

P in the soil profile.  

The higher concentration of exchangeable cations in the 0-5 cm soil layer also 

suggests that the process of stratification is consolidating in both rotations. It has been 

reported that changes in K, Ca, and Mg in the absence of soil removal in NT systems are 

less intense than those of N and P, and only become evident after prolonged period of NT 

management (Grove, et al., 2007; Blanco-Canqui and Lal, 2009). In general, the cation 

saturation of the exchange phase seems to be adequate for suitable crop nutrition. 
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4.4.4 Effect of tillage systems and fertilizer rates on soil physical characteristics 

There is a consensus that agricultural management practices, especially tillage and crop 

rotations, modify soil chemical, physical and biological properties in the long-term, but 

less references are found for the short-term changes of the transition from CT to NT in 

highland soils. No-tillage establishment involves soils with different physical, chemical, 

and biological properties, which slowly change due to the reduction or elimination of soil 

disturbance, and the protection of crop residues left in the soil, however, these differences 

can become larger with enough time under NT management (Blanco-Canqui, 2012; Lal, 

2015). This es especially true for the changes on soil physical properties which are 

expected to be expressed later in time that other soil properties after the NT consolidation 

(de Moraes, et al., 2015). Until now results reported in the literature on the effect of tillage 

in soil physical properties have been rather ambiguous an even contradictory depending 

on the time of application and soil clay content (Ordoñez-Morales et al., 2019) but in 

general it was expected that NT would decrease bulk density (BD), particularly in the 

upper soil layer, as an associated effect of SOM accumulation, assuming that plowing 

breaks soil aggregates, therefore changing soil structure, and stimulating SOM losses by 

C mineralization (Reichert, et al., 2009; Sapkota, et al., 2012; de Moraes, et al., 2015). 

However, there are reports of situations where no change or increments in BD under NT, 

in comparison with CT, have been observed in different rotations and different time 

periods. Li et al. (2007), working in a Cambisol from China, cultivated for 15 years with 

a wheat monoculture, documented a higher BD in NT plots during the first six years of 

the study, probably due to compaction produced by tractor traffic. Roldan, et al. (2007) 

working with a maize-bean rotation in a high clay Vertisol from Mexico recorded a higher 

BD in NT compared with CT at the end of a four-year period. It has been argued that BD 
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is difficult to modify under NT and that this change is highly dependent on the type of 

clay present in the soil (Reichert, et al., 2009; Indoria, et al., 2017). 

An important aspect of any tillage system is the influence over its soil moisture 

content. The volume of stored water and the duration over time depends on soil 

management, which in turn is related to SOM content (Acevedo, 2003). Our results 

strongly suggests that there is a higher absolute moisture retention in the NT treatments, 

a condition which can be explained by the protective effect produced by the plant material 

residue on the soil surface. Surface residue accumulation prevents soil exposure to 

sunlight and wind, promoting a greater available moisture content for the growing crop 

(Vidal, et al., 2002; Crovetto, 2006). No statistical differences were found for the main 

effect of fertilization, or in the interaction tillage-fertilizer. 

An enhanced water use efficiency will be key in the future due to conditions 

imposed by climate change on rainfall pattern (Kazula, et al., 2017), particularly in areas 

highly dependent on precipitation, like those of the Highlands of Ecuador. No-till and 

crop rotations leaving abundant residues on the ground will improve water storage 

capacity, reducing water stress and contributing to crop yields (de Moraes, et al., 2015; 

Fonteyne, et al., 2019). 

Soil particles are not present as individual entities, except for sandy soils, but they 

are usually united resulting in discrete clumps, as composite or aggregate structural units. 

An aggregate is a three-dimensional unit of soil structure that results from the union of 

individual particles formed by natural processes, and the internal cohesion is a result of 

the presence of various forces acting between soil particles (Asano and Wagai, 2014). 

Conservation tillage promotes the formation of soil aggregates (Six, et al., 2000). Recent 

investigations reported by Veloso, et al. (2019) demonstrated that rotations of legumes 

with maize and oats under NT had a higher water stable soil aggregates than the same 



83 

rotations under CT. In this work, the relatively short period of time of the rotations in the 

field is probably the reason for the higher CT percentage of soil aggregates and, as with 

other variables reported in this study, we predict that the NT consolidation with time in 

the field will show their real performance (Six and Paustian, 2014; Cates, et al., 2016). 

Summarizing, the principal component analysis for chemical and physical characteristics 

in the bean–amaranth-bean rotation suggests a strong association among NT with SOC, 

POM, TN, P, K, and water storage capacity, which can explain the improved soil 

properties and its influence on grain yields. 

4.5 Conclusions 

Considering all the above, this study strongly suggests that both, tillage management and 

rotation schemes have beneficial effects on the physical and chemical soil properties of 

the volcanic soils used, which represents most the soils of the northern highlands of 

Ecuador. Fertilization rates used in this study did not significantly influence on soil 

properties, probably due to the nutrients levels of the original soil, however these effects 

must be deeply studied in a near future. On the other hand, the novelty of this study mainly 

relies on the rotation scheme used (bean-maize-bean, and bean-amaranth-bean). To the 

best of our knowledge, this is the first time in which amaranth, an interesting highly 

profitable crop used in sustainable agriculture, is included in NT rotation studies. In this 

sense, further investigation must be performed to propose its use to small farmers from 

the highlands. We expect that the improved soil characteristics trends will consolidate in 

the next crops in the rotation schemes. The improved soil conditions under NT: SOC, TN 

content, and water storage capacity will lead to obtain better crop yields together with a 

soil structure improvement, which could be considered as the most important motivation 

for NT adoption by small farmers in Ecuadorian highlands preserving the soil as a not 

renewable resource. 
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Chapter V  

“General discussion, conclusions, and future trends”  
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5.1. General discussion  

In the world there is a higher demand for foods due to the population increase over the 

last years, this constitutes a greater pressure in the use of sources for food production, 

mainly soil and water; however historically, the increase of agricultural yields had been 

associated with the natural resource deterioration (Andrade, 2016). Between the years 

1960 to 2000, an increased food production under the “Green revolution” trend, which 

was characterized by great scientific advances in plant genetics, irrigation technology, 

agricultural machinery development that permitted the availability of high crop yield and 

the expansion of the agricultural frontier. This was achieved even in unsuitable soils, 

complemented with the use of synthetic fertilizers and herbicides relatively cheap, with 

indiscriminate use; nowadays the pressure of boosting the amount of food production still 

persists, especially in crops such as corn, wheat, rice (Tester y Langridge, 2010), and 

soybean.  

An increase in yields habitually requires excessive use of chemical fertilizers, 

especially N and P, causing alteration of these nutrients cycle on the environment 

(biogeochemical cycles), pollution, and energy inefficiencies (Issaka at al., 2019). Since 

its continued application causes deficient use, it is known that only 47% of the N applied 

as fertilizers to the commercial crops is effectively used by the plants (Lassaletta et al., 

2014); on the other hand, it is widely recognized that phosphorous (P) absorption by crops 

is around 10-15%. 

The nitrates not used by plants, partially dissipate towards the atmosphere under 

the form of ammonium (NH₄⁺) and nitrous oxide (N₂O), while another part leaches into 

water tables and flows into the rivers, lakes, and seas; but also, the P applied in excess 
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which is not used by the plants is lost through erosion, surface runoff, and leaching into 

water bodies causing detrimental effects over all living beings health (Fowler et al., 2013).   

The soil erosion that occurs in very steep slopes, is produced by using tillage 

systems that strip and remove the soil´s top layer when burning the stubble, replacing the 

native forest by crops on soils with steep slopes, unsuitable to use under conventional 

agricultural; also, when using agrochemicals resistant to biodegradation, wrong irrigation 

practices that cause erosion, salinization, and sodification. Annual losses in agriculture 

due to erosion are estimated for reduction yields by 33.7 million tons, and increasing 

water abstractions by 48 billion m3 because is lost annually between two to five million 

hectares, and those 23% of agricultural soils on the planet are degraded and do not 

respond to fertilizers application (Panagos et al., 2019). Under these conditions legume 

plants do not express their N fixation potential (Blesh et al., 2013). In addition, the 

average temperature increases due to the climate change, exceeding the global average 

(Pérez and Fellmann, 2015), so that evapotranspiration could increasingly exceed the 

capacity of the soil to supply water to plants, and therefore, drought stress could cause 

higher crop losses (Rost et al., 2009). 

To counteract the effects described above, the conservation or regenerative 

agricultural approach is used including suitable soil tillage techniques such as reduced 

tillage and No-till (NT) and, complemented with crop rotation involving legumes and 

cereals, distribution of stubble over the soil surface, and the adequate use of fertilizers. 

With the NT application comes an increase in stabilized soil organic matter (SOM), 

resulting in a better soil structure, improvement of the cationic exchange capacity and 

greater availability of nutrients, causing an increase in the soil biological activity and the 

aerial environment of soil, with an impact on the absence of pests and its control (Pérez, 

2021). The NT practices also allows an increase in the infiltration water by protecting the 
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surface structure due to the residues layer that covers the soil surface and leading to a 

runoff reduction as well as less evaporation of soil moisture, the residues protect it from 

the sun rays action, avoiding hydric stress to the plants (de Moraes, 2016; Indoria, 2017), 

hence, No-till (NT) is estimated to reduce evaporation in 25%, while increases crop 

production of corn by 19% (Rost et al., 2009). On the other hand, from a social point of 

view, the application of NT by small farmers can positively impact their economy because 

it reduces the production costs due to a decreased use of agricultural machinery and fuel, 

and this tillage system, in the long run, also reduces the use of labor (Jena et all, 2019).  

Under this context, this Doctoral Thesis had as general objective to compare the 

effect of NT and CT on soil physical and chemical properties and on the SOM 

accumulation on an Andean soil of the northern Ecuadorian highlands, cultivated with 

beans - corn and bean - amaranth rotations under different fertilization rates. It was 

hypothesized that NT management of crop rotations, including one leguminous (beans), 

cereal (corn) and amaranth, implemented on soils from the small farmer’s areas of the 

Ecuadorian northern highlands will improve soil physical and chemical characteristics, 

and the quantity and quality of SOM, in comparison to CT even in the short-term, in three 

cycles of production. In the process of our study and undergoing the different crop 

rotations along our medium to long-term study, we have evidenced and recorded the soil 

characteristics changes under contrasting soil management in this initial and transitional 

phase. 

5.1.1 Effects of tillage systems and rotation schemes on the proposed rotations yields 

The trend of higher yields under NT was evident in the Beans-Maize-Beans (BMB) 

rotation and in the first cycle of the Beans-Amaranth-Beans (BAB) rotation. Amaranth 

yield under NT was probably limited by weed management, mainly by the competition 
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with wild amaranth (Amaranthus spinosus) during most of the cropping cycle. Wild 

amaranth is a widely present weed species under CT cultivation in the northern highlands 

of Ecuador. However, it has to be informed that no attempts have been done before related 

to the amaranth cultivation under NT and no information has been mentioned in the 

literature, therefore, no data or other information on weed management was available. It 

is probable that weed management in the long-term will be capable to suppress the wild 

amaranth presence when grain producing amaranth is used again in the rotation scheme. 

The lack of significant differences in beans yield among tillage systems in the third cycle, 

in both rotations, is probably due to the excessive moisture in the soil profile, promoted 

by the heavy precipitations in the middle of the rainy season which prompted the 

incidence of Rhizoctonia and Pythium affecting root growth and yield, as reported by de 

Toledo-Souza et al., (2012). 

A trend of higher yields under NT was evident in our study suggesting that the 

elimination of soil disturbance improves the general conditions for crop growth 

(Montesdeoca et al., 2020). In general, it is expected that under adequate management, 

grain yields under NT should be at least like those of CT (Derpsch et al., 2010; Jena, 

2019), which could lead to NT adoption by small farmers in the northern highlands of 

Ecuador.  

The not significant effect of the fertilizers rates on crop yield in all three cropping 

cycles under both tillage systems and rotation schemes could be attributed to the 

preceding management of the experimental site which received high rates of plant 

nutrients, applied to potato fertilization experiments conducted over time. Despite the 

actions taken to homogenize the fertility of the site before starting this study, some 

historical memory in the soil may have lingered in our plots (Avila-Salem et al, 2020, 

Montesdeoca et al., 2020). 



89 

Our results shown that there is great potential for a successful production of the 

crops utilized in the rotation schemes under NT, having a legume as a head crop in the 

sequence (Montesdeoca et al., 2020). There is no information related to tillage disturbance 

on yields of the proposed rotations in the highlands of Ecuador, but land degradation 

problems on farmer´s fields are evident on most of the landscapes (Espinosa and Moreno, 

2018). Moreover, recent experiments conducted in Ecuador have reported that NT yields 

of different crops are as high or higher than yields obtained under CT (Alvarado et al., 

2011; Quichimbo et al., 2012; Gallager et al., 2017). The study conducted by Alvarado et 

al., (2011) with open pollinated corn for human consumption, common in the highlands 

of Ecuador, informed grain yields of 5.2 t ha-1 for NT against with 4.3 for CT. 

On the other hand, as mentioned by Avila-Salem et al., (2021) and their continued 

work on the biological properties of Andean soils (in publication progress), they are 

sensitive and useful soil quality indicators of the changes and perturbations which occur 

under soil management. Their study evaluated the effects of tillage, nitrogen fertilization, 

and crop rotations [bean-maize-bean (BMB) and bean-amaranth-bean (BAB)] on soil 

physicochemical and biological properties in Ecuadorian highlands. Towards the final 

crop rotations, NT promoted higher basal respiration (BR), total glomalin-related soil 

protein (TGRSP), and higher AMF spore density in both crop rotations when compared 

to CT. The AMF spore density and TGRSP increased more under NT at the end of the 

BMB, and BAB, respectively. Also, these biological traits were strongly associated to the 

accumulation of SOM originated from crop residues left in the NT post-harvest system, 

improving soil moisture, biological activities and AMF presence. All these efforts 

represent a first attempt to understand how tillage, fertilization, and crop rotation affect 

physicochemical and biological soil properties in highlands of Ecuador.  
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Nevertheless, the agricultural sector is not the main contributor of greenhouse 

gases, on the other hand, it can contribute strongly to the capture of carbon in the soil, 

while at the same time ensuring that its competitiveness, the increased uptake of 

technological and management emission mitigation measures would be crucial to offer to 

farmers cost-effective solutions that increase the income and well-being of farmers and 

their families, and to reduce GHG emission (Pérez and Fellmann, 2015), using the 

principles of resilient production systems and food security, conservation, restoration and 

sustainable, use of biodiversity and ecosystem services, integrated management of water 

resources with climate change, and a carbon neutral development (Castro, 2021), that 

Latin American countries need to comply with the commitments recently assumed in  

Glasgow  by COP 26, (2021). 

5.1.2 Effects of tillage systems and rotation schemes on soil carbon components 

The principal component analysis (PCA) for chemical and physical characteristics in the 

two rotation schemes suggests a strong association among NT with SOC, POM, TN, P, 

K, and water storage capacity, can explain the improved soil properties and its influence 

on grain yields. Organic carbon (OC) is the main component of the soil organic matter 

(SOM); therefore, changes in SOM content have a strong effect on soil physical, chemical 

and biological properties (Martínez et al., 2008; Pérez, 2021) and consequently this effect 

must be evident when NT is adopted. The overall higher SOC accumulation under NT at 

the end of the three rotation cycles and both rotations, was evident even when taking into 

account the fact that the crop initiating the rotation scheme is a legume with a low C/N 

ratio that favors residue mineralization delaying SOC accumulation, particularly in the 

upper soil layer (Zotarelli et al. 2012; Raphael et al. 2016). The higher SOC content at 

both soil layers in the BAB rotation is probably due to the different root type of the 

intermediate crops in the rotation.  
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The amaranth root system is axonomorphic with a thick root from which other 

thinner roots develop, while corn has a fasciculated and branched root system with roots 

of the same thickness. For this reason, the corn root system can leave superficial residues 

in the soil, in comparison with amaranth roots which can leave a higher quantity of root 

residues deeper in the soil profile (Montellano, 2014). In addition, amaranth roots exude 

high amounts of low molecular weight organic acids, mainly oxalic acid together with a 

lot of other compounds with allelopathic characteristics (Bakhshayeshan-Agdam, 2015). 

Additionally, data also suggest that rotation including maize has slower residue 

decomposition probably due to its high lignin content (Craswell and Lefroy, 2001, 

Baldock and Broos, 2012). 

Particulate organic matter (POM) is the transitory fraction of the SOM in an 

intermediate state of decomposition between fresh residues and stable carbon compounds 

(humus). It is defined as the chemical and biologically active fraction of the SOM 

composed of particles that vary from 0.053 to 2 mm that are indicators of the recently 

incorporated SOC presence (Wander, 2004; Cates et al., 2016; Jat et al., 2019) and is 

considered as an immediate source of plant nutrients and food and energy for 

microorganisms and also as a trap for soil contaminants such as pesticides and heavy 

metals (Nciizah and Wakindiki, 2012; Lehmann and Kleber, 2015).  

The POM is a sensible parameter to indicate the effect of different agronomic 

management on plant nutrients availability (Galantini et al., 2007; Gupta and Germida, 

2014). Furthermore, POM provides early information about the future content of total 

SOM because POM rapidly reaches a new equilibrium after an episode of soil 

management such as crop rotation or tillage. Total SOM is not a good quantitative and 

sensitive indicator of the direct relationship of SOC content with crop productivity and 

soil quality, relation which is more evident with POM. A reduction in POM correlates 
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with a decline in soil fertility and the quality of soil physical properties such as soil 

aggregation, conditions associated to soil degradation and a lower resilience. Several 

studies suggest that macro aggregates are organized around POM (Videla et al., 2008; 

Nciizah and Wakindiki, 2012; Lehmann and Kleber 2015).  

The overall results of POM accumulation throughout the planned rotations in time 

will determine which crop sequence provides the best soil quality characteristics in terms 

of SOM, POM, which will be reflected in terms of crop performance and yields (Basanta 

et al., 2012; de Moraes et al., 2015; Jat, et al. 2019). 

Microbial mediated plant residue decomposition leads to the formation of stable 

carbon compounds broadly called humin but according molecular weight and 

condensation degree can be separated into two groups structurally and spectroscopically 

different behavior so-called humic and fulvic acids. During humification process 

carbohydrates rapidly disappear and phenolic compounds like lignin tend to accumulate 

as humic compounds. These compounds are characterized using the E4/E6 ratio which is 

the measure of light adsorption at 464 y 665 wave lengths in a spectrophotometer. In time 

it is related to the condensation or maturity degree of aromatic humic constituents. The 

E4/E6 ratio is then used as a humification index relating the aromaticity of the OC chains 

and their condensation to stable compounds. A reduction in this value indicates 

progressive condensation of humic substances (Bonometo, 2010; de Moura Luz 2013, 

Kachari et al., 2015).  

Data obtained suggest a more rapid humification of the amaranth residues left in 

the soil which is more pronounced under NT than CT and at a 0-5 cm depth than 5-20 cm 

depth. There is scarce information about the amaranth residues humification rates, so in 

that sense, we think that this matter needs deeper studies before proposing this crop in the 

rotation schemes under NT. 
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5.1.3 Effects of tillage systems and rotation schemes on TN, P, and K content 

No-till improves nutrient cycling due to the higher residue accumulation which provides 

available N for the following crop (Ranaivoson, 2014) while intense soil removal by CT 

can reduce SOC and TN content due to soil aggregates destruction and rapid residue 

mineralization (Issaka, 2019). On the other hand, the general higher TN content observed 

in the BAB rotation, compared to the BMB rotation, is probably due to the mineralized 

N losses from the organic pool taken up by the growing maize crop or leached through 

the soil profile (Figueroa,  et al. 2012). Greater moisture, N and SOC availability in the 

upper soil layer under NT, increase microbial population which is responsible for P 

cycling and promoting P immobilization, reducing soil labile P content.  

However, the process is not as marked as the one occurring with N (García y 

Picone 2004; Cerón and Aristizábal 2012). Available P accumulation was greater in 

amaranth than in maize for both NT and CT, probably due to more dynamic 

mineralization of the organic P from the amaranth residue, in comparison with maize.  

5.1.4 Effects of tillage systems and rotation schemes on soil physical characteristics 

Our results strongly suggests that there is higher moisture retention in the soil under NT, 

condition which can be explained by the protective effect produced by the plant material 

residue on the soil surface. Surface residue accumulation prevents soil exposure to 

sunlight and wind, promoting greater available moisture content for the growing crop 

(Vidal et al., 2002; Crovetto 2006). No statistical differences were found for the main 

effects of fertilizer and the interaction tillage-fertilizer. 

An enhanced water use efficiency will be key in the future due to conditions 

imposed by climate change on rainfall patterns (Kazula et al, 2017) particularly in areas 

highly dependent on precipitation, like those of the highlands of Ecuador. No-till and crop 
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rotations which leave abundant residues on the ground will improve water storage 

capacity and reduce water stress while contributing to crop yields (Fan et al 2020). 

5.2 Concluding Remarks    

As main conclusions from our study, we can mention the following: 

1. This study strongly suggests that both tillage management and rotation schemes have 

beneficial effects over the main chemical and physical soil properties of the volcanic 

soil used, which represent almost all the northern highlands soils from Ecuador. The 

fertilization rates used in this study did not have significantly influence on such 

properties possibly due to the relative high nutrients levels of the original soil, however 

this point must be studied in the coming future. Moreover, the novelty of this research 

relies mainly in the rotation scheme used. To the best of our knowledge, this is the first 

time that amaranth, an interesting highly profitable crop used in sustainable 

agriculture, is included in this type of studies; therefore, further investigation must be 

performed to definitely propose its use by small farmers living in this Andean region.  

2. Our data indicates that there has been a consistent buildup of organic carbon (SOC) 

and N in the upper layer of the soil under NT which includes the amaranth rotation, on 

the contrary, a lower SOC content was evident in the maize rotation, suggesting a 

slower corn residue decomposition. The amaranth rotation had a much lower E4/E6 

ratio suggesting a faster humification rate compared with corn residues which are 

degraded at a slower rate.  

3. Up to this point, lower bulk density was evidenced under NT in both rotations, as well 

as higher gravimetric water content also under NT.   

4. Stratification of soil chemical and physical characteristics were evident in the 

rotations, in the NT plots, particularly with soil phosphorous (P). A noticeable 
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difference was also present in the stratification among the amaranth rotation and the 

corn rotation. Stratification was more intense in the corn rotation probably due to the 

type of residue left on the soil surface. 

Finally, with this information, the hypothesis for this thesis is accepted in the sense 

that NT management of crop rotations, including amaranth implemented on soils from 

the small farmer’s areas of the Ecuadorian northern highlands, improved soil physical and 

chemical characteristics as well as the quantity and SOM stability in comparison to CT, 

even in the short time. 

 5.3. Future Directions 

Through this research, alternatives were found to break the trend of improving yields 

regardless of the natural resources the deterioration for the production processes, showing 

that it is possible to achieve or maintain productivity, recovered and enhanced soil health, 

and a trend of a more efficient water use. In others words, higher efficiency of productive 

resources with the use of, crop rotations including those “almost forgotten species” such 

as amaranth, offers viable productive alternatives to a large group of small farmers that 

belong to what is called “Peasant Family Economy”. This can contribute to the global 

food security because they are responsible for the food supply of basic food basket of 

Ecuadorians, and support the economic development of the country (Boada y Espinosa, 

2017) which in sum, may contribute to a sustainable development. According to the 

World on Environment and Development, it is defined as “satisfying the needs of today 

without compromising meeting yours for the next generations” (Pérez and Fellmann, 

2015). 

It has to be mentioned however, while the development of this work, that some 

concerns arose which should constitute the next research topics:  
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5.3.1 Evaluation of agronomic practices to improve the amaranth cultivation 

techniques 

It is a matter of great interest to diversify the use of crops in agricultural management. In 

this sense, the importance of amaranth has been highlighted by several authors such as 

Torres, et al., (2006); Raja, et al., (2012); Rach y Salvarrey (2015); Yangali, (2015), who 

mention that its nutritional value is relevant in protein (16.8%), especially because of its 

lysine and methionine content, which is much higher than that of other commonly used 

plant foods. Another relevant aspect of amaranth is its adaptation to dry environments, 

growing with rainfall between 176 to 1 378 mm, needing only 3/5 parts of water in 

relation to what C3 plants need (Montellano, 2014), the total of water required by 

amaranth throughout its life cycle is only of 60% compared to wheat and barley, 

producing the same amount of foliage in comparison others cereals (Rach y Salvarrey, 

2015). On the other hand, the amaranth grows in a wide range of temperatures (8°C to 

40°C), although its optimum is between 12°C to 24°C, its needs high luminosity so it is 

favored by the equinoctial line such as in the Andean valleys of northern Ecuador. With 

respect to soils, it also presents wide adaptation as it tolerates soils from acid to strongly 

alkaline (pH range: 4.5 to 8.5), besides, as such as other few crops, amaranth has Al 

tolerance (Montellano, 2014).  

In this investigation the inclusion of amaranth has been key in the purpose of 

offering alternatives to improve the crop rotation scheme to small farmers located in the 

valleys of northern highlands of Ecuador, that year after year they repeat the monoculture 

of corn, occasionally in rotation with beans. With the inclusion of amaranth, they can 

improve the quality of their diet and the opportunities for insertion in the markets. Even 

tough, the best arithmetic means prevailed in favor of CT, comparing with NT there were 

no statistical differences in the yields (CT: 2 142 kg ha-1 vs NT: 1 831 kg ha-1). These 
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relevant result in this present work indicate that it is possible to cultivate amaranth under 

NT, however, due to the slow growth of this crop during the first stage of development, 

weed competition is deadly (Montellano, 2014) being a subject interesting to study.  

5.3.2 Evaluation of the efficiency of nitrogen and phosphorus use of in corn and 

amaranth crops 

Up to date, it is necessary to evaluate the efficiency use of fertilizers applied to crops that 

were used in the rotations under this study because a responsible soil nutrients 

management requires the application of the correct source, adequate dose, right timing, 

and in the right place (Cerón, 2011; IPNI, 2013). Therefore, the need arises to research 

site-specific fertilization management (SSFM) which allows greater synchrony 

achievement between the crop requirements and the resulting offer in each specific site 

to achieve the maximum efficiency rate of the applied fertilizer. The SSFM seeks to 

provide nutrients to the plant in the amounts required to achieve a certain yield consistent 

with its potential, using the native soil nutrients more effectively (Espinosa and García, 

2009).  

Through SSFM the recommendations for the necessary fertilization to compensate 

the deficit between nutrients total need for the crop and the nutrients content that naturally 

exist in the soil are specified, so using this method seeks the plant response in the specific 

site where it is sown. This means, that the plant indicates the fertilizers rate necessary to 

achieve the obtainable yield under the climate and soil conditions of a particular site 

(Espinosa and García, 2009; Blesh and Drinkwater, 2013; Houlton, et al., 2019).  

5.3.3 Research replication with the use of other rotation schemes under NT 

In the cropping systems in the highlands of Ecuador there are other plant species to be 

used as Lupinus mutabilis, a symbiotic legume for Bradyrhizobium lupini, and 
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Chenopodium quinua; therefore, using the experience gained in the present investigation, 

a very similar rotation scheme could be replicated: corn-lupinus-quinoa, between 2800 to 

3200 m.a.s.l., that will permit the validation of another rotation scheme, quantify the N 

contribution  by lupinus, as a natural N fertilization mechanism and to verify the 

development of this specie in the P release and mobilization from the non-bioavailable 

soil through the exudation of organic acids mechanisms (Egle et al., 2003; King and 

Blesh, 2018) being a more ecofriendly alternative.  

5.3.4 Using relevant results to generate a process of technology transfer, impact, and 

adoption  

In this study, the corn yield was unquestionably better under NT with a yield of 74.2% 

higher than under CT, although amaranth yields were statistically similar, and beans 

yields did not show consistency up to this time, therefore, it is concluded that this soil 

tillage system has great potential and could benefit small farmers in the valleys of 

northern highlands of Ecuador, because the objectives of this research, have been aligned 

to the farmer needs, since investments to implement a set of soil conservation techniques 

often have considerable expenses, producing profits only a few years later. Therefore, in 

order for these technologies to be adopted successfully, they must be combined with 

processes that improve performance or reduce costs and then produce benefits to farmers 

at the implementation time (Winters et al.,1998). 

In addition, to the environmental benefits exposed through the rational use and 

conservation of soil and water, the NT technologies complemented by two crop rotation 

schemes (BMB, and BAB) and stubble distribution on the soil ground developed 

throughout in these years in the framework of the agreement between the Universidad 

Central del Ecuador (UCE) and Universidad de la Frontera de Chile (UFRO), meets the 
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immediate benefit requirement for the innovative farmer. As it was shown, in the case of 

corn, during three cycles and beans during the first cycle, there were higher yields, 

although the production costs were not evaluated, the bibliographic references assure that 

it is done at lower costs, generating direct benefits to the farmers immediately upon its 

application, so it is likely that the technology will be adopted by a significant number of 

producers. Furthermore, in spite of the indirect benefits on increasing soil quality is 

difficult to evaluate we must bear in mind that leaving a healthier soil to next generations 

must be our main guide when proposing new alternatives of agricultural management.  

Research, technology transfer, agricultural development organizations such as 

Agricultural Ministerium (MAG), Faculties of Agronomy from Universities, No 

Governmental Organizations that are interested in making a crusade for proper soil 

management, by using the results of this research, could generate training and 

technologies transfer for farmers who currently manage the beans-corn production system 

in such a way to improve it and preserve the productive resources such as water and soil. 

In fact, due to a call from the MAG and the FAO to participate in a project on soil 

conservation techniques within the sustainable development objectives (SDO), the UCE 

was motivated to participate and was selected to show the data generated, and to 

participate in a validation project of sustainable soil management indicators proposed by 

the Food and Agriculture Organization of the United Nations, a very promising path for 

all of us. 
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Annexed 1. Comparative effect of soil organic matter applied to different tillage systems, reported in recent years 

 

 

 

 

 

 

 

 

 

 

 

NT RT CT

Typic Rhodiudox in Kenia 9 Maize-soybean + residuos
Soil carbon (kg m-2), depth 

0-15 cm
3.26 ns 2.92 ns

Margenot, et al, 

2017

Typic Rhodiudox in Kenia 9 Maize-soybean + residuos
Soil carbon (kg m-2), depth 

0-15 cm
2.97 ns 2.96 ns

Margenot, et al, 

2017

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

TOC (Mg C ha-1), depth 0-

20 cm
44.2 ab 48.0 a 33.8 c Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

TOC (Mg C ha-1), depth 0-

40 cm
25.1 abc 27.7 a 21.8 c Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

HWEOC (Mg C ha-1), depth 

0-20 cm
0.57 cdbc 1.16 a 0.37 d Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

HWEOC (Mg C ha-1), depth 

0-40 cm
0.23 c 0.66 a 0.15 c Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

CTPS (Mg C ha-1), depth 0-

20 cm
7.9 a 8.1 a 5.1 b Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

CTPS (Mg C ha-1), depth 0-

40 cm
6.8 a 7.1 a 4.9 b Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

CSCO (Mg C ha-1), depth 0-

20 cm
7.1 ab 6.3 bcd 5.4 d Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

CSCO (Mg C ha-1), depth 0-

40 cm
6.8 a 6.5 b 5.8 c Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

POC (Mg C ha-1), depth 0-

20 cm
9.8 ns 12.7 ns 6.9 ns Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

POC (Mg C ha-1), depth 0-

40 cm
2.6 ns 3.7 ns 2.5 ns Tivet, et al., 2013

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

MAOC (Mg C ha-1), depth 0-

20 cm
30.6 abc 34.0 a 26.2 c Tivet, et al., 2013

ReferenceSoil 
Time 

(years)
Crop Observed effect

Tillage system
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NT RT CT

Red Latosol, Typic 

Haplustox, in Brazil
8

Soybean,  maize, brachiaria, 

millet, pea 

MAOC (Mg C ha-1), depth 0-

40 cm
20.8 ab 22.6 a 19.1 b Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

TOC (Mg C ha-1), depth 0-

20 cm
84.4 a 92.0 a 67.4 b Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

TOC (Mg C ha-1), depth 0-

40 cm
53.2 ns 53.7 ns 52.9 ns Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

HWEOC (Mg C ha-1), depth 

0-20 cm
2.94 a 3.05 a 1.16 b Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

HWEOC (Mg C ha-1), depth 

0-40 cm
0.84 ab 1.10 a 0.41 b Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

CTPS (Mg C ha-1), depth 0-

20 cm
20.4 ab 21.4 a 16.6 c Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

CTPS (Mg C ha-1), depth 0-

40 cm
15.3 ns 16.1 ns 15,8 ns Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

CSCO (Mg C ha-1), depth 0-

20 cm
14.9 ab 19.4 a 14.6 abc Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

CSCO (Mg C ha-1), depth 0-

40 cm
13.1 ab 15.0 a 13.7 a Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

POC (Mg C ha-1), depth 0-

20 cm
8.8 ab 10.2 a 5.5 cb Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

POC (Mg C ha-1), depth 0-

40 cm
0.7 cb 2.3 a 1.7 bc Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

MAOC (Mg C ha-1), depth 0-

20 cm
63.6 Aba 71.4 a 55,9 Cb Tivet, et al., 2013

Oxisol, Rhodic Hapludox, 

in Brazil
29

Soybean,  maize, oat, wheat,  

vetch

MAOC (Mg C ha-1), depth 0-

40 cm
45.0 ns 46.3 ns 45.3 ns Tivet, et al., 2013

Soil 
Time 

(years)
Crop Observed effect

Tillage system
Reference
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NT RT CT

Subtropical Acrisol in 

Brazil
18 Oat-maize Free POM, Depth 0-5 cm 0.80 ns 0.5 ns

Conceiao, et al., 

2013

Subtropical Acrisol in 

Brazil
18 Oat-vicia- maize-cowpea Free POM, Depth 0-5 cm 1.8 0,9

Conceiao, et al., 

2013

Subtropical Acrisol in 

Brazil
18 Oat-maize Occluded-MOP 2.2 1

Conceiao, et al., 

2013

Subtropical Acrisol in 

Brazil
18 Oat-vicia- maize-cowpea Occluded-MOP 3.5 1,6

Conceiao, et al., 

2013

Subtropical Acrisol in 

Brazil
18 Oat-maize Minerilized MO 7.4 5,4

Conceiao, et al., 

2013

Subtropical Acrisol in 

Brazil
18 Oat-vicia- maize-cowpea Minerilized MO 8.9 6.0

Conceiao, et al., 

2013

Subtropical Acrisol in 

Brazil
18 Oat-maize Total MO 10.4 6,9

Conceiao, et al., 

2013

Subtropical Acrisol in 

Brazil
18 Oat-vicia- maize-cowpea Total MO 14.1 8,5

Conceiao, et al., 

2013

Typic Palehumult in Chile 4 Oat-wheat CO (%), depth 0-5 cm 5.0 ab 4.8 bc
Conceiao, et al., 

2013

Typic Palehumult in Chile 4 Lupinus-wheat CO (%), depth 0-5 cm 5.2 a 4.6 c 
Conceiao, et al., 

2013

Typic Palehumult in Chile 4 Oat-wheat CO (%), depth 0-10 cm 5.0  a 4.5 b
Conceiao, et al., 

2013

Typic Palehumult in Chile 4 Lupinus-wheat CO (%), depth 0-10 cm 4.9 a 4.5 b
Conceiao, et al., 

2013

ReferenceSoil 
Time 

(years)
Crop Observed effect

Tillage system
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Annexed 2. Comparative effect of soil Bulk Density applied to different tillage systems, reported in recent years 

 

 

 

 

 

 

 

 

 

 

 

No tillage
Reduced 

tillage

Conventio-

nal tillage

Typic Endoaquoll, Typic 

Hapludolls, in USA
7 Corn, no harvest Soil bulk density (g cm-3) 1.30 b 1.27 a Tormena, et al. 2017

Typic Endoaquoll, Typic 

Hapludolls, in USA
7 Corn, moderate harvest Soil bulk density (g cm-3) 1.42 b 1.19 a Tormena, et al. 2017

Typic Endoaquoll, Typic 

Hapludolls, in USA
7 Corn, high harvest Soil bulk density (g cm-3) 1.40 b 1.31 a Tormena, et al. 2017

Typic Rhodiudox in Kenia 9
Maize-soybean + 

residuos
Soil bulk density (g cm-3) 1.09 1.05 Margenot, et al, 2017

Vertisol in Spain 27 Wheat-sunflower-wheat-chickpea, fabae, Soil bulk density (g cm-3) 0.92 b 0.84 a
López - Bellido, et al, 

2017

Tipyc Xerofluvent in Spain 4 Maize, weat, sumflower Soil bulk density (g cm-3) 1.37 1.41 Sapkota, et al, 2012

Vertisol 10 Soil bulk density (Mgm-3) 1. 4 1.05
Potter y Chichester , 

1993

Typic haplustert 4 Maize Soil bulk density (Mgm-3) 1 0.94 Mora, et al., 2001

Reference

Tillage system

Soil 
Time 

(years)
Crop Observed effect
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Annexed 3. Comparative effect of Phosphorus content applied to different tillage systems, reported in recent years 

 

 

 

 

 

 

 

 

 

 

 

No tillage
Reduced 

tillage

Conventio-

nal tillage

Typic Rhodiudox in Kenia 9
Maize-soybean + 

residuos
P total, dept 0-15 cm 140.3 117.1 Margenot, et al, 2017

Typic Rhodiudox in Kenia 9
Maize-soybean + 

residuos
P organic, dept 0-15 cm 13.6 18.77 Margenot, et al, 2017

Typic Rhodiudox in Kenia 9
Maize-soybean + 

residuos

P max sorption, dept 0-15 

cm
274 258 Margenot, et al, 2017

Typic Palehumult in Chile 4 Oat-wheat 
P Total (mg kg-1), depth 0-

5 cm
2127 a  1965 b Redel, et al, 2011

Typic Palehumult in Chile 4 Lupinus-wheat 
P Total (mg kg-1), depth 0-

5 cm
2144 a 1983 b Redel, et al, 2011

Typic Palehumult in Chile 4 Oat-wheat
P Total (mg kg-1), depth 0-

10 cm
2019 a 2046 a Redel, et al, 2011

Typic Palehumult in Chile 4 Lupinus-wheat 
P Total (mg kg-1), depth 0-

10 cm
2093 a 2047 a Redel, et al, 2011

Typic Palehumult in Chile 4 Oat-wheat
Olsen P (mg kg-1), dept 0-5 

cm
24,2 a 19.3 b Redel, et al, 2011

Typic Palehumult in Chile 4 Lupinus-wheat
Olsen P (mg kg-1), dept 0-5 

cm
24.7 a 18.9 b Redel, et al, 2011

Typic Palehumult in Chile 4 Oat-wheat
Olsen P (mg kg-1), dept 0-

10 cm
26.4 a 26.5 a Redel, et al, 2011

Typic Palehumult in Chile 4 Lupinus-wheat
Olsen P (mg kg-1), dept 0-

10 cm
24.6 a 22.0 b Redel, et al, 2011

Ultisol (Typic Hapludult) in 

Chile
7 Lupinus-wheat-oat P Olsen, dept 0-20 cm 23.8 a 19.2 b Acevedo, et al, 2003

Ultisol (Typic Hapludult) in 

Chile
7 Lupinus-wheat-oat P Total, , dept 0-20 cm 2281 a 2384 a Acevedo, et al, 2003

Tillage system

Soil 
Time 

(years)
Crop Observed effect Reference


