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ABSTRACT 

Large-scale conversion of natural ecosystems to grazed grasslands and subsequent soil 

degradation due to overgrazing and inadequate pasture management in tropical agroecosystems 

urgently call for livestock-based agricultural systems that allow for sustainable intensification, 

i.e. increasing forage/animal productivity while maintaining or improving soil quality and 

ecosystem services and mitigating negative environmental impacts. Several strategies have 

been proposed to increase pasture productivity, but their impact on soil-based ecosystem 

services remains largely unexplored.  

This thesis consists of five parts, each dedicated to a different approach aiming at sustainable 

intensification of Brachiaria-dominated tropical pastures. Specifically, I focused on (i) pasture 

diversification (Experiment 1), (ii) grazing management (Experiment 2), (iii) forage selection 

and nitrogen (N) cycling (Experiment 3) and (iv) forage selection and phosphorus (P) cycling 

(Experiment 4). As the important role of arbuscular mycorrhizal symbiosis (AMF) was 

identified in Experiment 4, the additional Experiment 5 was established to focus on the impact 

of AMF on N transformations.  

The Experiment 1 focuses on the effect of tropical pasture diversification with legumes for 

increased forage and animal productivity. For this purpose, the forage system diversification 

with herbaceous and woody legumes and their influence on soil properties, soil macrofauna 

communities and their spatial heterogeneity in a three-year-old field trial in Cauca Valley, 

Colombia, was evaluated. Three forage-based systems were compared: (i) a conventional 

monoculture-species grass pasture system of Brachiaria hybrid cv. Cayman (CP); (ii) a mixed 

pasture system consisting of Brachiaria grass with the leguminous herb Canavalia brasiliensis 

(LP); and (iii) a silvopastoral system with rows of the legume tree Leucaena diversifolia planted 

within LP pastures (SPS). The experiment was arranged in a complete randomized block design 

with three replicates and grazing cattle rotating across blocks. Plots were grazed by three 

(treatments CP and LP) or four bulls (SPS), aiming to reflect the expected cattle intensification 

in SPS systems. Physico-chemical soil properties and macrofauna abundance and their spatial 

heterogeneity as affected by the distance from the tree rows in SPS, were assessed. Herbaceous 

legumes positively affected the abundance and diversity of soil macrofauna and soil physical 

properties in LP and the alleys between tree rows in SPS, as compared to CP. In the SPS, the 

highest soil quality and macrofauna abundance occurred at the edge of the tree lines, while the 

highest soil compaction and the lowest abundance of soil macrofauna occurred in the tree rows, 
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probably due to the behavioral change of the grazing cattle in combination with the higher 

stocking rate in SPS. Soil properties in LP and in the alleys between the tree rows of SPS were 

comparable despite higher stocking rate in SPS. Overall, the SPS and LP systems, proved to be 

suitable alternatives to CP, allowing for sustainable intensification of pastures, although careful 

evaluation of possible trade-offs associated with increased spatial heterogeneity in SPS is 

recommended to avoid localized soil compaction. Soil macrofauna, particularly functional 

groups (classified by feeding habits) proved to be a sensitive soil quality indicator in response 

to contrasting pasture systems. 

In Experiment 2, I focused on the impact of intensive short-duration rotational grazing (IRG) 

management on soil properties in two study sites in Colombian Eastern Plains. In each site, one 

farm with high stocking rates (4.2 LU ha-1) managed by IRG was compared with an adjacent 

traditionally managed (reference) farm with low animal stocking rate (1 LU ha-1), where cattle 

grazing was either continuous (Morichal site), or rotational with long grazing period and short 

periods of pasture recovery (Villasol site). As early as nine months after the adoption of IRG 

management, I observed changes in dominant plants with a higher proportions of improved 

forage grass species and genotypes. Both farms managed by IRG had lower bulk density and 

higher water retention capacity than their respective reference farms, despite the more than 

four-times higher stocking rates. The animal feed supplement at the IRG farm at Morichal likely 

contributed to higher soil organic carbon stocks and improved soil aggregation when compared 

to the reference farm and to the Villasol site, where no supplement was applied. The 

improvement of soil properties found in IRG farms, compared to reference farms, was 

associated with a higher macrofauna abundance, particularly that of earthworms and beetles, 

which play a crucial role in soil structure improvement through bioturbation. Results 

demonstrate the capacity of IRG management to intensify cattle production per unit area, while 

simultaneously improving soil properties and increasing soil macrofauna biodiversity as early 

as nine months since the implementation of IRG management. 

In Experiment 3, I evauated the effect of different Brachiaria genotypes on gross N 

transformation rates. Previous studies have detected the capacity of certain plants to inhibit 

NH4
+ oxidation in vitro and reduce net nitrification in soils, a phenomenon termed biological 

nitrification inhibition (BNI). However, net nitrification rates reflect the result of several N 

transformation processes that co-occur and together determine changes in NO3
- concentration 

in the soil. Thus, to demonstrate the BNI capacity, gross nitrification rates should be assessed. 

In this study I used, for the first time, stable isotopes techniques to disentangle the different 

gross N transformation processes that determine net nitrification rates. Intact soil cores were 
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collected from two experimental sites in Colombia under different Brachiaria genotypes, 

classified as low-BNI and high-BNI genotypes, based on net nitrification rates determined in 

previous studies. Undisturbed soil samples were labelled with (15NH4)2SO4 and K
15NO3 to trace 

gross N ammonification and gross nitrification rates, respectively. Results did not confirm 

lower gross nitrification rates under the high-BNI genotypes, despite reduced potential net 

nitrification rates (PNR) and lower abundance of nitrifiers. Instead, the low potential 

nitrification rates could be explained by increased inorganic N immobilization under high-BNI 

genotypes, which could be another mechanism underlying low-nitrate environments often 

observed in tropical Brachiaria pastures. The lack of differences in gross nitrification rates in 

my study contradicts the widely accepted mechanism of BNI and may be explained by a strong 

N-limitation in the experiment, unlike previous BNI studies when large amounts of fertilizers 

were applied. In conclusion, the results suggest that a combination of different processes, 

mainly N immobilization which is particularly high in high-BNI Brachiaria genotypes, may 

lead to low NO3
- environments and reduced N losses.  

In Experiment 4, I studied root colonization with arbuscular mycorrhizal fungi (AMF), 

phosphomonoesterase activities and P and N foliar content before and after N fertilization 

among different Brachiaria genotypes with demonstrated BNI capacity. Furthermore, I tested 

the PNR in soil to confirm the inhibition of nitrification of the selected genotypes and relate the 

BNI performance with P acquisition. I hypothesized that: (i) genotypes will differ in key 

variables related to P acquisition, and that there will be a positive correlation between (ii) AMF 

root colonization, P uptake and BNI activity, and (iii) between the activity of acid and alkaline 

phosphomonoesterase and BNI performance. Higher N immobilization one week after 

application of synthetic fertilizer (ammonium sulphate) and low PNR of Brachiaria humidicola 

CIAT-679 and CIAT-16888 confirmed that these genotypes have high BNI activity. Despite 

the relatively high soil P status, high affinity of Brachiaria grasses for AMF was observed at 

the study site: more than 60% of root length was colonized by AMF in high-BNI genotypes, 

versus 45% in low-BNI Brachiaria cv. Mulato. The N content of high-BNI genotypes was 

positively correlated with AMF root colonization suggesting uptake of NH4
+ by AMF and its 

transfer to high-BNI genotypes and/or regulation of AMF colonization by P demand. 

Furthermore, increased activity of acid phosphomonoesterase (6.98 and 7.68 µmoles g-1 h-1 in 

high-BNI versus 5.20 in low-BNI genotypes) and the depletion of the most labile available P 

fractions in the rhizosphere of high-BNI genotypes (by 21-32%) suggest enhanced P uptake 

and P use efficiency. To the best of my knowledge this is the first study that explored relations 
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between BNI and biotic factors affecting P acquisition. The results highlight the importance of 

AMF in Brachiaria grasses even under high P availability, and warrant further studies including 

a larger number of different BNI genotypes that can elucidate biotic plant-soil interactions 

affecting nutrient use efficiencies in improved pastures under low and high P status.  

The potential of the symbiosis between plants and AMF to reduce emissions of the greenhouse 

gas N2O has gained scientific attention in the last years. Therefore, in Experiment 5 of this 

thesis, I focused on the impact of AMF on N cycling in Brachiaria rhizosphere. Given the high 

N requirements of AMF and their role in plant N uptake, they may reduce the availability of 

mineral N that could be subject to N2O emissions and leaching losses. I investigated the impact 

of AMF on the growth of tropical grass Brachiaria decumbens Stapf. and on N2O released after 

fertilization with urea in a mesocosm study. To evaluate the role of nitrification in N2O 

emissions, I used nitrification inhibitor dicyandiamide (DCD). The study included a full-

factorial design (n=6) with two AMF treatments (with and without AMF inoculation) and three 

fertilization treatments (control, urea and urea+DCD), applied after 92 days of plant growth. 

Plant growth, soil properties and N2O emissions were measured during the following two weeks 

and the abundance of nitrifiers was quantified one and two weeks after fertilization. The 

production of N2O increased after urea application but only without DCD, indicating the 

importance of nitrification in N2O emissions. The emissions of N2O after urea application were 

reduced by 46% due to the presence of AMF. Nevertheless, the abundance of ammonia-

oxidizing bacteria (AOB) was increased by urea and AMF, while plant growth was reduced by 

the AMF. The increased root:shoot ratio of the biomass in AMF pots suggests competition 

between AMF and plants. This study demonstrated that immobilization of N by AMF can 

reduce N2O emissions after fertilization, even when plant growth is reduced. The inverse 

relationship between (higher) AOB abundance and (lower) nitrification rates suggests that 

changes in the activity of AOB, rather than abundance, may be indicative of the impact of the 

AMF-Brachiaria symbiosis on N cycling in tropical grasslands. Alternatively, the difference 

between N2O emissions from AMF and non-AMF pots may be explained by increased 

reduction of N2O in the presence of AMF. Longer-term studies are needed to verify whether 

the effects of AMF on N2O emissions and/or plant growth persist over time or are limited to 

initial immobilization of N by AMF in N-limited systems. 

In conclusion, this thesis confirmed the great potential of all studied strategies to improve soil 

quality under tropical grasslands. Both pasture diversification and grazing management have a 

strong impact on forage productivity and composition as well as on soil macrofauna, which 
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resulted to be a suitable indicator of soil quality improvement after land-use change. 

Furthermore, the selection of Brachiaria species or genotypes does not influence only N cycling 

but has an influence on plant-microbe interactions, which clearly deserve more attention in 

future studies.  
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RESUMEN 

La conversión a gran escala de ecosistemas naturales en pastizales en los trópicos y la 

subsiguiente degradación de suelos causada por el sobrepastoreo y un inadecuado manejo de 

los pastos, exigen con urgencia una intensificación sostenible de los agrosistemas ganaderos 

tropicales, esto es, incrementar la productividad del forraje/animal a la vez que se mantiene o 

mejora la calidad del suelo y los servicios ecosistémicos y se mitiga el impacto ambiental. 

Algunas estrategias han sido propuestas para incrementar la productividad de los pastos, pero 

su impacto en los servicios ecosistémicos del suelo permanecen inexplorados. 

La presente tesis está compuesta por cinco partes, cada una dedicada a un diferente enfoque 

dirigido hacia la intensificación sostenible de pastos tropicales dominados por Brachiaria. 

Específicamente, me enfoqué en (i) la diversificación de pastos (Experimento 1), (ii) el manejo 

del pastoreo (Experimento 2), (iii) la selección de forrajes y ciclo del nitrógeno (N) 

(Experimento 3) y (iv) la selección de forraje y ciclo del fósforo (P) (Experimento 4). Debido 

al importante rol de la simbiosis con hongos micorrícicos arbusculares (AMF) observado en el 

Experimento 4, un experimento adicional (Experimento 5) se realizó enfocado en el impacto de 

AMF en las transformación del N en el suelo. 

El Experimento 1 se enfocó en el efecto de la diversificación de pastos tropicales con 

leguminosas a fin de incrementar la productividad forrajera y animal. Para este propósito, se 

evaluó la diversificación de un sistema forrajero con leguminosas herbáceas y arbustivas y su 

influencia en las propiedades del suelo, las comunidades de macrofauna del suelo y su 

variabilidad espacial en un experimento de tres años desarrollado en el Valle del Cauca, 

Colombia. Tres sistemas forrajeros fueron comparados: (i) un sistema de monocultivo 

convencional de pastos de Brachiaria hybrid cv. Cayman (CP); (ii) un sistema de pasto mixto 

compuesto por Brachiaria y la leguminosa herbácea Canavalia brasiliensis (LP); y (iii) un 

sistema silvopastoral con filas de la leguminosa arbórea Leucaena diversifolia plantado en el 

sistema LP. El experimento fue establecido con un diseño de bloques completamente aleatorio 

con tres repeticiones y ganado rotando a través de los bloques. Las parcelas fueron pastadas por 

tres (tratamientos CP y LP) o cuatro toros (SPS), con el objetivo de reflejar el esperable 

incremento de la carga ganadera en el sistema SPS. Además, las propiedades físico-químicas 

del suelo y la abundancia de macrofauna, así como su heterogeneidad espacial fueron evaluadas 

en función de su distancia a las filas de árboles en el sistema SPS. Las leguminosas herbáceas 

afectaron positivamente la abundancia y diversidad de macrofauna del suelo así como las 
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propiedades físicas en el sistema LP y en las calles entre las filas de árboles en el sistema SPS 

en comparación con el sistema CP. En el sistema SPS, la mayor calidad del suelo y abundancia 

de macrofauna se observó en el borde de las líneas de árboles, mientras que la mayor 

compactación y menor abundancia de macrofauna del suelo ocurrió en las filas de árboles, 

probablemente debido al cambio de comportamiento en el pastoreo del ganado unido con la 

mayor carga ganadera en SPS. Las propiedades del suelo en LP y en las calles entre las filas de 

árboles en SPS fueron comparables a pesar de la mayor carga ganadera en SPS. Globalmente, 

los sistemas SPS y LP se mostraron alternativas adecuadas a CP, permitiendo un intensificación 

sostenible de los pastos, aunque una evaluación cuidadosa de las contraprestaciones asociadas 

con el incremento de la heterogeneidad espacial en SPS es recomendable a fin de evitar 

compactación localizada del suelo. La macrofauna del suelo, particularmente los grupos 

funcionales (clasificados por su hábitos alimentarios) se mostraron como un indicador sensible 

de la calidad del suelo en respuesta a sistemas pastorales contrastados. 

En el Experimento 2, me enfoqué en el impacto del pastoreo rotacional intensivo de corta 

duración (IRG) en las propiedades del suelo en dos sitios de estudio en los Llanos Orientales 

de Colombia. En cada sitio, una finca con una alta carga ganadera (4.2 UG ha-1) manejada por 

IRG fue comparada con una finca adyacente manejada tradicionalmente (finca referencia) con 

una baja carga ganadera (1 UG ha-1), donde el pastoreo fue continuo (sitio Morichal) o 

rotacional con largos periodos de pastoreo y cortos de recuperación (sitio Villasol). Tras nueve 

meses desde la adopción del manejo IRG, se observaron cambios en los pastos dominantes con 

una mayor proporción de especies y genotipos de forrajes mejorados. Ambas granjas manejadas 

por IRG presentaron una densidad aparente más baja y una mayor capacidad de retención de 

agua que sus respetivas granjas de referencia a pesar de tener una carga ganadera cuatro veces 

mayor. El suplemento alimentario utilizado en la finca IRG en Morichal probablemente 

contribuyó al mayor contenido de carbono orgánico en el suelo y mejoró la agregación en 

comparación con su granja de referencia y el sitio Villasol, donde el suplemento no se utilizó. 

La mejora de las propiedades del suelo encontrada en las fincas IRG, en comparación con las 

fincas de referencia, se asoció con una mayor abundancia de macrofauna, particularmente de 

lombrices y escarabajos, los cuales juegan un papel crucial en la mejora de la estructura del 

suelo a través de la bioturbación. Nuestros resultados demostraron la capacidad del manejo IRG 

para intensificar la producción ganadera por unidad de área, mientras que simultáneamente, se 

mejoran las propiedades del suelo y se aumenta la biodiversidad del suelo tan pronto como 

nueve meses desde la implantación del manejo IRG. 
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En el experimento 3, evalué el efecto de diferentes genotipos de Brachiaria en las tasas brutas 

de transformación de N. Estudios previos han detectado la capacidad de ciertas plantas para 

inhibir la oxidación de ammonio in vitro y reducir la nitrificación neta en suelos, un fenómeno 

denominado inhibición biológica de la nitrificación (BNI). Sin embargo, las tasas netas de 

nitrificación reflejan el resultado de varios procesos de transformación del N que co-ocurren y 

en conjunto determinan la concentración de NO3
- en el suelo. Por lo tanto, para demostrar la 

capacidad BNI, las tasas brutas de nitrificación deberían ser evaluadas. En este estudio, por 

primera vez, se aplicaron técnicas de isótopos estables para desentrañar los diferentes procesos 

de transformación bruta del N que determinan las tasas netas de nitrificación. Muestras 

inalteradas de suelo fueron tomadas en dos campos experimentales localizados en Colombia 

bajo diferentes genotipos de Brachiaria, clasificados como genotipos con bajo- y alto-BNI de 

acuerdo con las tasas netas de nitrificación determinadas en estudios previos. Muestras 

inalteradas de suelo fueron marcadas con (15NH4)2SO4 y K
15NO3 para trazar la tasa bruta de 

amonificación y nitrificación, respectivamente. Los resultados no confirmaron una mejor 

nitrificación bruta bajo los genotipos de alto-BNI a pesar de la menor nitrificación potencial 

(PNR) y la menor abundancia de nitrificantes. Sin embargo, la menor tasa de nitrificación neta 

potencial podría explicarse por un incremento de la inmovilización de N bajo los genotipos con 

alto-BNI, lo cual podría ser otro mecanismo que explique los bajos contenidos de NO3
- 

generalmente descritos en los pastos tropicales de Brachiaria. La falta de diferencias en la 

nitrificación bruta en mi estudio contradice el ampliamente aceptado mecanismo BNI y podría 

explicarse por una fuerte limitación de N en el ensayo, contrariamente a estudios previos sobre 

BNI cuando grandes cantidades de N fueron aplicadas. En conclusión, los resultados sugieren 

que una combinación de diferentes mecanismos, en especial la inmovilización de N, la cual es 

particularmente alta en los genotipos de Brachiaria con alto-BNI, podría generar los bajos 

contenidos de NO3
- y menores pérdidas de N. 

En el experimento 4, estudié la colonización de raíces por AMF, la actividad de 

phosphomonoesterasas y el contenido de P y N foliar antes y después de la fertilización con N 

entre genotipos de Brachiaria con diferente capacidad BNI previamente demostrada. Además, 

evalué el PNR en el suelo para confirmar la inhibición de la nitrificación en los genotipos 

seleccionados y relacionar la capacidad BNI con la adquisición de P. Las hipótesis fueron que: 

(i) los genotipos diferirán en variables clave de la adquisición de P, y que habrá una correlación 

positiva entre (ii) colonización de las raíces por AMF, la toma de P y la actividad BNI, y (iii) 

entre la actividad de la phosphomonoesterase ácida, alcalina y la actividad BNI. Mayor 
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inmovilización de N una semana después de la aplicación de fertilizante sintético (sulfato 

amónico) y menor PNR en Brachiaria humidicola CIAT-679 y CIAT-16888 confirmó que se 

trata de genotipos con alto-BNI. A pesar de la relativamente alta disponibilidad de P en el suelo 

del sitio de estudio, se observó gran afinidad de los pastos de Brachiaria por AMF: más de un 

60% de la longitud de raíces fue colonizada por AMF en los genotipos con alto-BNI, mientras 

que sólo un 45% fue colonizado en el genotipo de bajo-BNI Brachiaria cv. Mulato. El 

contenido de N de los genotipos de alto-BNI se correlacionó positivamente con la colonización 

de las raíces por AMF, sugiriendo la toma de NH4
+ por AMF y su transferencia a los genotipos 

de alto-BNI y/o la regulación de la colonización de AMF por la demanda de P. Además, se 

observó mayor actividad de las phosphomonoesterasa ácida (6.98 and 7.68 µmoles g-1 h-1 en 

los genotipos  de alto-BNI versus 5.20 en bajo-BNI) y un menor contenido de las fracción de P 

disponible más lábil en la rizosfera de los genotipos de alto-BNI (un 21-32% menos), lo cual 

sugiere una mejora en la toma de P y la eficiencia en el uso del P. Hasta donde sé, este es el 

primer estudio en el que se exploran las relaciones entre BNI y los factores bióticos que afectan 

la adquisición de P. Los resultados subrayan la importancia de AMF en los pastos de Brachiaria 

incluso bajo alta disponibilidad de P, y apela a nuevos estudios incluyendo un mayor número 

de diferentes genotipos de BNI, lo cual, permitiría elucidar las interacciones bióticas planta-

suelo que afectan la eficiencia en el uso de nutrientes en pastos mejorados con alta y baja 

disponibilidad de P.  

El potencial de simbiosis entre las plantas y AMF para reducir las emisiones del gas de efecto 

invernadero N2O ha captado la atención científica en los últimos años. Por lo tanto, en el 

Experimento 5 de esta tesis, me enfoqué en el impacto de AMF en el ciclo del N en la rizosfera 

de Brachiaria. Dados los altos requerimientos de N de AMF y su rol en la toma de N por las 

plantas, AMF podría reducir la disponibilidad de N mineral que en el caso contrario, podría ser 

perdido del suelo en forma de emisiones de N2O o por lixiviación. Se investigó el impacto de 

AMF en el crecimiento del pasto tropical Brachiaria decumbens Stapf. y el N2O emitido tras 

fertilizar con urea en un estudio realizado en macetas en invernadero. Para evaluar el rol de la 

nitrificación en las emisiones de N2O, usé dicyandiamide (DCD) como inhibidor de la 

nitrificación. El estudio incluyó un diseño factorial-completo (n=6) con dos tratamientos AMF 

(con y sin inóculo AMF) y tres tratamientos de fertilización (control, urea y urea+DCD) 

aplicados tras 92 días de crecimiento de las plantas. El crecimiento de las plantas, las 

propiedades del suelo y las emisiones de N2O fueron medidos durante las siguientes dos 

semanas y la abundancia de nitrificantes fue cuantificada una y dos semanas tras la fertilización. 
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La producción de N2O se incrementó tras la aplicación de urea pero solamente en los 

tratamientos en que DCD no fue añadido, indicando la importancia de la nitrificación en las 

emisiones de N2O. Las emisiones de N2O tras la aplicación de urea se redujeron en un 46% 

debido a la presencia de AMF. Sin embargo, la abundancia de bacterias oxidantes de amonio 

(AOB) se incrementó por la adición de urea y la presencia de AMF, mientras que el crecimiento 

de las plantas se redujo por AMF. El incremento del ratio raíz:parte aérea en la biomasa de las 

macetas con AMF sugirió una competición entre AMF y las plantas. Este estudió demostró que 

la inmovilización de N por AMF puede reducir las emisiones de N2O tras fertilización incluso 

cuando el crecimiento de la planta es reducido. La relación inversa entre la abundancia de AOB 

(alta) y las tasas de nitrificación (menores) sugieren que cambios en la actividad de AOB, en 

lugar de en la abundancia, podrían reflejar el impacto de la simbiosis AMF-Brachiaria en el 

ciclo del N en pastos tropicales. Alternativamente, las diferencias entre las emisiones de N2O 

entre las macetas con y sin AMF podría explicarse por una mayor reducción N2O en la presencia 

de AMF. Estudios a más largo plazo serán necesarios para verificar si los efectos de AMF en 

las emisiones de N2O y/o en el crecimiento de las plantas persisten en el tiempo o están 

limitados a la inmovilización inicial de N por AMF en sistemas limitados en N. 

En conclusión, esta tesis confirmó el gran potencial de todas las estrategias evaluadas para la 

mejora de la calidad del suelo bajo pastos tropicales. Tanto la diversificación de pastos como 

el manejo del pastoreo tienen un gran impacto en la producción de forrajes y en su composición, 

así como en la macrofauna del suelo, la cual resultó ser un indicador adecuado de la mejora en 

la calidad del suelo tras un cambio de uso del suelo. Además, la selección de especies o 

genotipos de Brachiaria no sólo influyó el ciclo del N, sino que también afectó las interacciones 

planta-microorganismos, lo cual, claramente, requiere más atención en futuros estudios.   
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1. INTRODUCTION 

1.1.  FORAGE-BASED AGRICULTURE IN TROPICS 

Livestock production currently covers 15% of total food energy demand due to livestock 

capacity to convert low-quality biomass into high-quality foods, which are rich in nutrients and 

proteins (Smith et al., 2013). More than 1,490 million heads of cattle are currently being raised 

globally, of which 1,130 million heads in the tropics and 408 million heads in Latin America 

(FAOSTAT, 2018). In Latin America, more than 120 million ha are covered by cattle-grazed 

grasslands (De Oliveira et al., 2004). 

Growing demand for animal products, particularly in the tropical coutries, is challenging to be 

met. Livestock-based agriculture is usually practiced on less fertile soils with low soil organic 

matter (SOM) content, often low pH, high aluminum (Al) content and phosphorus (P) 

deficiency. These rather undesirable soil properties are further exacerbated by inadequate 

management, which often leads to irreversible pasture degradation. Furthermore, livestock 

productivity can be negatively affected by rainfall distribution seasonality with prolonged dry 

seasons followed by wet season and waterlogging. Under such conditions, both quantity and 

quality of forage is often insufficient to maintain high livestock production.  

High proportion (over 70%) of agricultural land in the tropics is being grazed by livestock (Rao 

et al., 2011). As a consequence of growing demand for animal products in recent years, 

particularly in developing countries, large areas of tropical forests have been deforested and 

converted to pastures to increase the production (Lerner et al., 2017). This conversion of 

tropical forest to extensive grasslands is one of the main causes of large-scale soil degradation 

(Macedo, 1997; Miles et al., 2004) due to often inadequate management. This degradation 

causes greenhouse gas emissions (GHG), depletion of carbon (C) stocks and reduction of 

biodiversity (Lerner et al., 2017; Martínez and Zinck, 2004; Murgueitio et al., 2011). However, 

tropical forage-based livestock production systems differ regionally (Peters et al., 2012). In 

Latin America, cattle ranching has been traditionally characterized by extensive pasture 

management with low stocking rates, due to the low costs of pasture extension by deforestation, 

compared to the cost of pasture improvement and production intensification (Murgueitio et al., 

2011; White et al., 2001). For example, in Colombia more than 30% of the country surface was 

covered by grazed grasslands as is typical for many Latin American countries. Furthermore, the 

average stocking rate in Colombia remains as low as 0.6 animals per hectare, with 81% of the 

farms possessing less than 50 livestock units (LU) (Lerner et al., 2017; Murgueitio et al., 2011). 
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Nevertheless, the negative environmental and social impacts of deforestation and 

transformation of low-productive grasslands are becoming more apparent, which, together with 

increasing land scarcity, leads to higher land prices and drives to sustainable intensification 

(Murgueitio et al., 2011; White et al., 2001). 

The low productivity of degraded pastures is linked with low organic matter inputs to the soil, 

which result in poor structure formation (Fonte et al., 2014) and reduction of the pool of soil 

nutrients. These areas are then invaded by weeds, which are less palatable and nutritious for the 

grazing livestock, vegetative cover and soil biological activity decreases and soil becomes 

compacted and more acidic (De Oliveira et al., 2004; Macedo, 1997). Despite the clear 

challenges of tropical forage-based agricultural systems, developing countries have a greater 

potential to increase livestock production when compared to developed countries with intensive 

livestock management (Murgueitio et al., 2011; Smith et al., 2008). 

1.2. SUSTAINABLE INTENSIFICATION OF FORAGE-BASED AGRICULTURAL 

SYSTEMS 

In order to increase the productivity and reduce the negative environmental impacts of 

conventional management of forage-based agricultural systems in Colombia, sustainable 

intensification strategies are required to enhance the input use efficiencies and biomass 

productivity, while simultaneously contributing to environmental benefits (Lerner et al., 2017; 

Rao et al., 2015). 

Sustainable intensification seeks increasing outputs (per unit land area), while simultaneously 

reverting soil degradation and enhancing ecosystem services (Lerner et al., 2017), commonly 

by adopting practices such as forage diversification, silvopastoral systems establishment, multi-

paddock rotational grazing (Latawiec et al., 2014; Lerner et al., 2017; White et al., 2001) or 

improved forage species introduction (Horrocks et al., 2019).  

1.2.1. PASTURE DIVERSIFICATION AND SILVOPASTORAL SYSTEMS 

Pasture diversification, particularly with legumes, often increases forage and animal production 

and enhances soil quality by improving soil chemical, physical and biological properties. 

Diverse vegetation leads to SOM accumulation, increase of cation exchange capacity and soil 

aggregation, while providing ecosystem services, e.g. carbon sequestration, nutrient cycling, 

and soil and water conservation (Barros et al., 2003; De Deyn et al., 2011; Hoosbeek et al., 

2016; Xavier et al., 2014). The incorporation of woody perennials into pastures (creating 

silvopastoral systems, SPS) is gaining increased interest, due to its great potential to reduce soil 
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erosion (Young, 1997), enhance biodiversity (Varah et al., 2013), reduce GHG emissions 

(Landholm et al., 2019) and improve resource utilization efficiency due to niche 

complementarity between trees and understory herbs.  

The adoption of SPS can increase the spatial heterogeneity, observed as so-called “fertility 

islands” around trees (Avendaño-Yáñez et al., 2018; Van Miegroet et al., 2000). Woody 

perennials increase the input of organic matter in the form of litter fall, root exudation and root 

turnover below their canopies, promoting nutrient and SOM accumulation and stimulation of 

microbial activity (Avendaño-Yáñez et al., 2018; Diedhiou et al., 2009; Vallejo et al., 2012; 

Van Miegroet et al., 2000). In addition, the presence of trees (and legume trees in particular) 

often leads to changes in the animal behavior due to (i) feeding preferences for more palatable 

and nutritious legume tree foliage (Murgueitio et al., 2011), and (ii) improved microclimate 

under tree canopy (Broom et al., 2013; Murgueitio et al., 2011), which could be of particular 

interest under tropical climate (Dubeux Junior et al., 2017; Pezzopane et al., 2019). Such 

changes of grazing pattern can further contribute to spatial variability of soil chemical and 

physical properties due to accumulation of nutrients from dung and urine and soil compaction 

by cattle trampling under the canopy (Dahlin et al., 2005; Paciullo et al., 2010; Taboada et al., 

2011), thus, possibly hindering the positive impact of enhanced organic matter in the near 

proximity to the trees.   

The heterogeneity of habitat created by trees and grazing animals together with often observed 

enhanced productivity of SPS increase the abundance and diversity of soil macrofauna, which 

play the key role in SOM decomposition, stabilization and release of nutrients (Lavelle, 1997). 

Soil macrofauna are sensitive to changes in land use and management (Lavelle et al., 2006) and 

inadequate agronomic practices, including unsustainable intensification originating from 

increasing stocking rates in low-production pastures, could have detrimental impact on 

macrofaunal communities. Owing to their sensitivity to disturbance, soil macrofauna are 

increasingly used as bioindicator of soil quality (Lavelle et al., 2006; Rousseau et al., 2014). 

Soil macrofauna, and ecosystem engineers in particular (earthworms, ants and termites) 

together with soil microbes, promote the aggregation of soil particles into biogenic aggregates 

(Brussaard et al., 2007), which have been both successfully used as indicators of land-use 

change in tropical pastures (Velásquez et al., 2012). These structures tend to be enriched in 

organic C and nutrients (Van Groenigen et al., 2019) and are often more stable than the 

aggregates formed by other mechanisms (Pulleman et al., 2005; Wolters, 2000).  
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Because of the extensive pasture degradation, particularly in tropical areas, the number of 

studies focusing on sustainable intensification increases exponentially (Barros et al., 2003; 

Laossi et al., 2008; Rousseau et al., 2014; Salton et al., 2014; Velásquez et al., 2012). 

Nevertheless, grazing cattle is rarely included in the experiments (Webster et al., 2019) and 

those that focus on impacts of forage diversification on cattle performance rarely include more 

soil parameters than soil compaction or soil C storage (Paciullo et al., 2010; Varsha et al., 2019). 

However, the cattle grazing preferences around the legume trees could hinder the positive 

impact of tree incorporation to pastures respect to studies without grazing, because grazing can 

lead to plant defoliation, degradation of soil physical properties, alteration of nutrients and C 

cycling and affect the spatial distribution of soil nutrients (Taboada et al., 2011). In addition, 

the impact of cattle can be even higher, if the stocking rate is adjusted to the higher biomass 

production of the SPS as it would happen on farms.  

1.2.2. GRAZING MANAGEMENT 

In large parts of the tropics, the most common management of rangelands is continuous grazing 

which doesn’t allow for grasslands recovery. Because cattle movement is driven by the 

localized presence of palatable forages (Teague et al., 2013), continuous grazing management 

leads to an excessive defoliation of preferred forage species and to a reduction of their 

abundance in the pasture over time. This selective grazing can lead to localized soil degradation 

and erosion in small patches around palatable species or  in rest areas (McDonald et al., 2018; 

Teague et al., 2011; Waters et al., 2017). As an alternative, short duration intensive rotational 

grazing (IRG) across multiple paddocks has been proposed. This management is based on high 

stocking rates, short periods of grazing and long periods of pasture recovery in order to intensify 

the production and reduce soil and pasture degradation (Teague et al., 2013). Among the most 

commonly discussed environmental benefits of IRG are increased soil organic carbon (SOC) 

content, reduced soil compaction, higher soil water retention and improved soil aggregation 

(McDonald et al., 2018; Park et al., 2017; Teague et al., 2013; Waters et al., 2017). However, 

the number of published studies assessing the effects of IRG systems on (soil-based) ecosystem 

services is limited and results are inconsistent, which warrants further studies (Conant et al., 

2017). 

The claims on the benefits of IRG are often based on anecdotal reports of farm observations, 

rather than experimental data, where no clear differences are sometimes observed between IRG 

and continuous grazing (Briske et al., 2008). Moreover, limitations in experimental designs 

have created controversy on the relevance of scientific studies, such as the use of (i) small 



 

5 

 

experimental plots, and (ii) following a strict pre-defined rotational plan without adapting to 

current conditions on the pasture. The latter does not reflect the management practiced by the 

farmers, who adapt the duration of the grazing periods and the selection of the paddocks to 

observed pasture conditions in order to optimize forage and animal production (Teague et al., 

2011). Ideally, real-size farms managed by IRG should be compared with neighboring farms 

that are managed traditionally, either through continuous grazing or traditional rotational 

grazing systems (Teague et al., 2011).   

Furthermore, although several studies have reported on the effects of IRG on soil properties in 

temperate climates (McDonald et al., 2018; Teague et al., 2011; Waters et al., 2017), there is a 

lack of evidence from tropical regions, despite being highly relevant based on large areas of 

grazed grasslands, their low productivity, and their association with tropical land degradation 

and deforestation.  

As in other tropical areas (Alfaro-Arguello et al., 2010; Ferguson et al., 2013), farmers in 

Colombia have started to holistically manage their farms. In the area of Colombian Eastern 

Plains (“Los Llanos Orientales”), farmers implement IRG because they are convinced to see an 

increase in forage and animal productivity. Nevertheless, robust scientific evidence is needed 

in order to encourage policies in support of such practices and to help overcome the economical 

and knowledge barrier for their adoption (Tapasco et al., 2019). 

1.2.3. FORAGE SELECTION 

One of the sustainable intensification strategies is the substitution of native or naturalized plants 

by introduced species (Brown et al., 2004; Garcia et al., 2019), which produce higher quantity 

and/or quality of biomass (Garcia et al., 2019), contributing to the restoration of soil health 

(Webster et al., 2019a) often through the quantity and quality of organic matter input in form 

of root exudates (Chaparro et al., 2012), roots (Miller and Jastrow, 1990) or litter (Boddey et 

al., 2004). The study of Webster et al.(2019) demonstrated that the adoption of improved 

pastures (Brachiaria brizantha cv. Marandu) contributed to the improvement of soil restoration 

indicators as early as two years since the establishment, likely by enhanced input of labile 

organic matter which led to of soil structure improvement.  

While adoption of improved grasses has been studied relative extensively (Brown et al., 2004; 

Webster et al., 2019), only few studies have focused on the importance of varietal selection of 

particular forage species of interest (Horrocks et al., 2019). Brachiaria humidicola (Rendle) 

Morrone & Zuloaga (syn. Urochloa humidicola (Rendle) Schweick), originated from Africa, 
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has been used in tropical pastures worldwide due to its vigorous growth, high soil coverage and 

relatively good palatability (Garcia et al., 2019). Over decades, many varieties have been 

developed that are more or lesstolerant to stresses and produce variable quantity and quality of 

forage (Arango et al., 2014; Nuñez et al., 2018). Several varieties possess particular feature 

termed biological nitrification inhibition (BNI) which causes low abundance of nitrifiers 

reflected in increased NUE (Karwat et al., 2018) and reduced N losses from soil (Byrnes et al., 

2017; Subbarao et al., 2012). Horrocks et al. (2019) indicated that while some varieties (cv. 

Mulato) lead to considerable heterogeneity of soil properties due to its tussock growth habitat, 

limited differences were detected in soil microbial community, litter decomposition and sugar 

concentrations under tested signal grass varieties. On the other hand, soil aggregation was 

significantly improved by in two varieties (CIAT-679 and CIAT-16888) which correspond to 

varieties with high-BNI potential (Arango et al., 2014; Nuñez et al., 2018) but also with 

varieties with high abundance of arbuscular mycorrhizal fungi (Teutscherova et al., 2019b). 

Thus, different Brachiaria genotypes considerably modify N (and likely other nutrients 

including P (Teutscherova et al., 2019b)) cycling not only via BNI per se (Subbarao et al., 2009) 

but also by other mechanisms likely including changes in microbial immobilization (Karwat et 

al., 2017). 

1.2.3.1.The impact of forage selection on nitrogen cycling 

It is estimated that 50-70% of applied N is lost from agricultural land, which has a severe 

implications for water quality, ecosystem eutrophication, the ozone layer and greenhouse gas 

emissions (Fowler et al., 2013; Galloway et al., 2008). Nitrogen is primarily lost from soil in 

the form of nitrate (NO3
-) leaching, gaseous N2O emissions from nitrification and 

denitrification, N2 emissions from complete denitrification, and/or as ammonia (NH3) 

volatilization. Thus, reduced nitrification (oxidation of relatively immobile NH4
+

 to mobile 

NO3
-) can have clear environmental benefits (Subbarao et al., 2006c). The BNI by root exudates 

has been identified in certain plant species including economically important crops such as 

wheat (Triticum aestivum) (O’Sullivan et al., 2016), rice (Oryza sativa) (Tanaka et al. 2010; 

Sun et al. 2016) or Guinea grass (Panicum maximum) (Villegas et al., 2020), and has been  

considered to be plants’strategy to  reduce N losses (hence, improved N acquisition) particularly 

in low-N environments (Subbarao et al., 2006a). Nevertheless, the combined effect of rapid 

microbial N immobilization and BNI have been suggested to determine the plants’ N 

acquisition (Karwat et al., 2017).  
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The BNI by particular genotypes of Brachiaria spp. has been well described (Ishikawa et al., 

2003; Subbarao et al., 2007a, 2009). Pastures covered by B. humidicola are known for their low 

soil NO3
- content (Sylvester‐Bradley et al., 1988), which has been attributed to the release of 

brachialactone (and likely other compounds) from plant roots upon direct contact with NH4
+ 

cations (Subbarao et al., 2007b, 2009). Such compounds are relatively stable in soil (Subbarao 

et al., 2006b) and tend to accumulate over time, which results in a legacy of BNI effect (Karwat 

et al., 2017). The BNI compounds are efficient at in vitro blocking of both enzymes involved 

in nitrification: ammonia monooxyenase (AMO) and the hydroxylamine oxidoreductase (HAO) 

(Subbarao et al., 2009). Over time, BNI results in decreased soil abundance of ammonia 

oxidizers (AO) (Byrnes et al., 2017; Moreta et al., 2014; Nuñez et al., 2018) and suppressed 

N2O emissions from applied synthetic fertilizers (Subbarao et al., 2009) and/or bovine urine 

deposition (Byrnes et al., 2017) under field conditions. 

Although several studies have demonstrated the capacity of BNI compounds to reduce net 

nitrification (i.e., the balance of gross NO3
- production  and total gross NO3

- consumption) 

(Arango et al., 2014; Nuñez et al., 2018; Subbarao et al., 2006a, 2009), no studies have 

attempted to detect the quantitative changes in gross nitrification rates resulting from BNI in 

Brachiaria pastures. In the absence of plants, net nitrification rates equal the change in soil 

NO3
- concentration over a certain incubation time, which is affected by the gross rates of (i) 

ammonification (the release of NH4
+ from organic compounds), (ii) nitrification (oxidation of 

NH4
+ to NO3

-), (iii) heterotrophic inorganic N immobilization (the consumption of NH4
+ and 

NO3
- during assimilation of  microbial biomass), and (iv) denitrification (the reduction of NO3

- 

through NO and N2O to N2). In contrast to net rate assays, the use of the 15N stable isotope pool 

dilution technique allows to evaluate (i) the balance of gross ammonification and gross NH4
+ 

consumption; (ii) the relative contribution of nitrification and NH4
+ immobilization to NH4

+ 

consumption; and (ii) the balance of gross nitrification and NO3
- immobilization (Booth et al. 

2005). Hence, while net rates indicate a relative accumulation of soil NO3
-, only gross rates of 

N turnover can provide a functional insight into how BNI is affecting soil microbial inorganic 

N production and consumption rates. To date, it remains unclear whether reduced net 

nitrification under the influence of BNI compounds is due to (i) inhibition of NH4
+ oxidation 

(hence, gross nitrification), (ii) a stimulation of NH4
+ immobilization into microbial biomass, 

(iii) a stimulation of NO3
- consumption processes, or (iv) a mixture of all –or some- of these 

mechanisms. 
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Low gross nitrification rates could be expected in the high-BNI genotypes based on previous 

studies which: (i) repeatedly found low NO3
- contents in soil under Brachiaria pastures 

(Sylvester‐Bradley et al., 1988) and low PNR (Byrnes et al., 2017; Karwat et al., 2017; Nuñez 

et al., 2018; Teutscherova et al., 2019b); (ii) demonstrated that low-nitrate environments under 

certain Brachiaria genotypes pastures have reduced abundance of AO, likely as a result of a 

long-term nitrification suppression (Byrnes et al., 2017; Moreta et al., 2014; Nuñez et al., 2018); 

and (iii) have shown that the brachialactone (and likely other compounds) exuded by roots, 

blocks AMO and HAO steps of nitrification in vitro (Subbarao et al., 2009). As BNI compounds 

reduce the oxidation of NH4
+ to NO3

-, gross nitrification rates should be preferably used for 

genotypes classification into high- and low-BNI because net nitrification rates, up to now used 

in all BNI studies, reflect the result of several mechanisms which all together determine the 

concentration of NO3
- in the soil.  

Some authors have also indicated that temporal microbial immobilization may play a crucial 

role in N acquisition by plants (Karwat et al., 2017). The microbial immobilization of mineral 

N (in the form of NH4
+ or NO3

-) improves soil N retention in the microbial pool and can thus 

provide a mechanism to reduce N losses from soils, at least temporarily and particularly after 

large N input such as fertilization of urine deposition. Depending on microbial biomass 

turnover, the immobilized N is then slowly re-mineralized and taken by plants (Booth et al., 

2005; Kuzyakov and Xu, 2013). Consequently, partitioning of NH4
+ consumption into 

immobilization versus nitrification processes in response to BNI is relevant to understand 

mechanisms underlying the variation in soil N losses, and plant N use efficiency.   

Previous studies have revealed higher soil organic (SOC), total N (TN) and higher microbial 

biomass carbon (MBC), which are considered key drivers of soil N mineralization and inorganic 

N immobilization (Verchot et al. 2002, Booth et al. 2005), in the rhizosphere of high-BNI 

Brachiaria genotypes (Horrocks et al., 2019; Teutscherova et al., 2019b), as well as higher 

enzymatic activity, which could be seen as an indicator of higher soil SOM decomposition 

(Teutscherova et al., 2019b). Therefore, a higher gross N mineralization corresponding to 

higher NH4
+ production, can be expected in the high-BNI genotypes. The increased NH4

+ 

concentration in soil will be prone to microbial immobilization and nitrification processes. 

Lower net nitrification rates along with the reduced abundance of nitrifiers in BNI plots, as 

reported in previous studies (Byrnes et al., 2017; Moreta et al., 2014; Subbarao et al., 2009) 

suggest a competitive advantage of microorganism that assimilate NH4
+ (immobilization) in the 

presence of high amounts of labile C (i.e., the high-BNI genotypes), over the microorganims 
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that utilize NH4
+ for nitrification. Furthermore, besides gross nitrification inhibition, enhanced 

NO3
- immobilization could contribute to reduced net nitrification in BNI-affected soils.  

1.2.3.2. Phosphorus acquisition mechanisms of different forages 

The inhibition of nitrification alters the ratio of NH4
+ and NO3

- in the soil with direct or indirect 

impacts on different rhizosphere micro-organisms, thereby affecting the dynamics of other 

nutrients in the soil, as well as nutrient uptake by plants (Boudsocq et al., 2012; Britto and 

Kronzucker, 2002). While the assimilation of NH4
+ by plants and soil microbes is energetically 

beneficial when compared to NO3
-, given the low mobility of NH4

+ ion, one may expect a 

negative impact on plant N uptake depending on soil conditions and rooting patterns.  

Plant nutrient uptake can be enhanced by the symbiosis with arbuscular mycorrhizal fungi 

(AMF), which are obligate symbionts that depend on C supply from the roots of the host plant 

in exchange for mineral nutrients, especially P, but also zinc (Zn), copper (Cu) and N (Clark 

and Zeto, 2000). Given the higher competitive capacity of AMF for NH4
+ (and other nutrients 

with low mobility) when compared to plant roots (Pérez-Tienda et al., 2012), AMF may benefit 

from BNI especially in low nutrients environments. 

Increased availability of N often results in enhanced uptake of P by the induction of several P-

acquiring mechanisms, such as the release of enzymes or the enhancement of symbiosis with 

other soil biota. Although it is generally accepted that high levels of available soil P can have a 

negative impact on mycorrhizal symbiosis (Johnson, 2010), Nouri et al. (2014) observed that 

AMF symbiosis was promoted under N-limitation regardless of P supply, suggesting that plants 

promote root colonization as long as at least one of the nutrients (N and/or P) is limiting. Similar 

results were obtained by Blanke et al. (2005), who found increased root colonization under N 

deficiency in P-rich soil. Thus, AMF may increase both N- and P-use efficiency in low-

nitrification environments: increasing the uptake of less mobile NH4
+, while enhancing the P 

use efficiency.   

Altogether, AMF and plants with BNI ability seem to have a mutual interest in the retention of 

N in the NH4
+ form, which is energetically beneficial for both symbionts. Nevertheless, possible 

effects of altered NH4
+:NO3

- ratio as a result of nitrification inhibition have not been addressed 

and the effects of BNI capacity on soil-plant interactions that may strengthen or modify nutrient 

coupling in agricultural soils have been unexplored: (i) the reduced mobility of NH4
+ can 

stimulate the interaction between plant roots and AMF irrespective of P availability or, (ii) the 

increased availability of N (or longer lasting availability of N resulting from reduced N losses) 

may lead to enhanced plant-fungi interaction in order to increase plant P uptake.  
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1.2.4. ARBUSCULAR MYCORRHIZAE AND NITROGEN CYCLING 

The productivity of tropical grasslands is generally limited by N availability and prone to 

degradation upon overgrazing. Sustainable intensification has been  recommended to improve 

plant nutrition while reducing  NO3
- leaching or release of N2O (Rao et al., 2015). In soil, N2O 

is produced mainly during nitrification and heterotrophic denitrification (Hu et al., 2015). In 

tropical grasslands, the nitrification-related pathway of N2O production is a significant source 

of N2O emissions from soil (Byrnes et al., 2017). The first and rate-limiting step of nitrification 

is the oxidation of NH4
+ to nitrite (NO2

-) by AO, followed by oxidation of NO2
- to NO3

- by 

nitrite oxidizing bacteria, while releasing part of nitrogen as N2O (Davidson, 1991; Firestone 

and Davidson, 1989). If not taken up by plants or soil microorganisms, NO3
- is prone to leaching 

causing eutrophication of ground and surface waters. Furthermore, NO3
- is the substrate used 

by soil denitrifiers further contributing to N2O emissions. Uptake of NH4
+ is energetically 

beneficial when compared to NO3
- (Salsac et al., 1987) and is therefore often the preferred form 

of N for both plants and soil microorganisms. Immobilization of NH4
+ by plants and other soil 

biota decreases the substrate availability for AO and thus suppresses N2O emissions from 

nitrification, and, subsequently, decreases the availability of substrate for denitrifiers mediating 

N2O emissions from denitrification. The interactions between plants and soil microbes can thus 

exert a strong control on N2O emissions from soils. 

By increasing the N uptake of plant, either by N transfer or by reduced limitation of other 

nutrients and linked increased N uptake by plant itself, AMF symbiosis can potentially play an 

important role in controlling N availability for N2O production. As the growth of both partners 

and the efficiency of the symbiosis can be improved only if no other nutrient is limiting, the 

uptake of N by either plant or AMF fungi depends on many interrelated factors with soil nutrient 

stoichiometry playing a key role (Johnson et al., 2015).  

Although AMF have been observed to absorb N in various forms including NH4
+ (Tanaka and 

Yano, 2005),  NO3
- (Cavagnaro et al., 2012) and organic N (Whiteside et al., 2012), their 

preferred N source seems to be NH4
+ (Govindarajulu et al., 2005; Read and Perez-Moreno, 

2003). It has been suggested that AMF can have an adverse effect on AO as the latter are 

considered to be weak competitors for NH4
+ (Bollmann et al., 2002). Nevertheless, inconsistent 

results have been found with respect to the potential competition between AMF and 

microorganism involved in N-cycling (Amora-Lazcano et al., 1998; Cavagnaro et al., 2007; 

Veresoglou et al., 2011; Chen et al., 2013; Storer et al., 2017) and the conditions explaining 

such seemingly conflicting observations remain unclear. 
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While Storer et al. (2017) observed a reduction in N2O emissions after the application of organic 

material due to the presence of AMF hyphae and hypothesized that AMF outcompeted slow-

growing AOs, the vast majority of studies addressing the potential of mycorrhizal symbiosis to 

reduce N2O emissions from soil focused on the emissions under high water-filled pore space 

(WFPS) conditions applying NO3
- as a substrate for denitrifiers (Bender et al., 2014; Lazcano 

et al., 2014). Under such conditions of high soil moisture content, mycorrhizal symbiosis was 

observed to lower the N2O emissions, which the authors speculated to be related to (i) increased 

N immobilization in microbial and/or plant biomass resulting in reduced pool of available N 

for denitrifiers, (ii) reduction of C exudation from the roots and increased C release in the 

hyphosphere (iii) changes in soil-water relations due to the improved soil structure and 

increased water uptake by AMF plants (Bender et al., 2014; Lazcano et al., 2014).   

Urea is the most frequently used N fertilizer in agriculture (Glibert et al., 2006) and the key N 

input in pastures where urea is deposited as urine. To our best knowledge, all studies 

investigating AMF effects on N2O release from grassland soil have focused on temperate 

climates and the majority of studies has considered the denitrification pathway of N2O 

production using NO3
--based fertilizers at high soil water contents, which is not a realistic 

scenario in tropical grasslands under well drained conditions, as plant water uptake and 

evapotranspiration rates are very high. No studies have related AMF-induced changes in AOs 

abundance with N2O released via the nitrification pathway.  
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2 OBJECTIVES 

2.1 OBJECTIVE 1   

To evaluate the effects of pasture diversification with legume herbs and/or trees on (i) 

soil biological, chemical and physical properties; and (ii) the heterogeneity of SPS 

combining legume tree species (Leucaena divesifolia) with mix of herbaceous grass 

(Brachiaria hybrid cv. Cayman) and herbaceous legume species (Canavalia brasiliensis). 

This objective is addressed in the Experiment 1 of the thesis.  

I hypothesized that: 

H1a: the soil properties and macrofauna distribution is heterogeneous in SPS with the 

highest macrofauna abundance found under the tree canopy;  

H1b: soil properties and macrofauna found in the allies of SPS are comparable to LP 

(without trees) and different from CP; and   

H1c: increased soil macrofauna diversity correlates positively with improved soil 

physical properties and SOM accumulation. 

2.2 OBJECTIVE 2 

To elucidate the effects of contrasting grazing management on soil properties while 

focusing on farm-level comparisons. This objective is addressed in Experiment 2 of the 

thesis.  

I hypothesized that  

H2a: IRG grazing will improve soil physico-chemical properties and soil macrofauna 

parameters due to an expected increase in above- and belowground biomass 

production and reduced soil compaction; and 

H2b:  soil macrofauna will respond clearly to changes in grazing management while 

being positively correlated with the changes in soil physical and chemical 

properties.   

2.3 OBJECTIVE 3  

The quantification of gross N transformation rates in soil under Brachiaria genotypes 

differing in their BNI capacity in two independent field trials in Colombia. Objective 3 is 

studied in the Experiment 3 of this thesis.  

I hypothesized that  
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H3a: the oxidation of NH4
+ to NO3

- (gross nitrification) is suppressed by BNI in high-

BNI genotypes;  

H3b: gross ammonification rates are higher in high-BNI genotypes due to the higher 

SOM content;  

H3c:  higher N mineralization in high-BNI genotypes leads to higher gross N 

immobilization; and 

H3d: these trends will be consistent across two different edaphoclimatic environments 

under study.    

2.4 OBJECTIVE 4 

To evaluate the differences among three Brachiaria genotypes in a long-term experiment 

(14 years-old) in BNI, AMF root colonization and spore abundance, acid and alkaline 

phosphomonoesterase activity, foliar and soil nutrient content and microbial biomass 

before and after N fertilization. Objective 4 is addressed in Experiment 4 of the thesis.  

I hypothesized that  

H4a:  Brachiaria genotypes will differ in key variables related to P acquisition;  

H4b:  there will be a positive correlation between AMF root colonization, P uptake and 

BNI activity; and 

H4c:  there will be a positive corerelation between the activity of acid and alkaline 

phosphomonoesterase and BNI performance. 

2.5 OBJECTIVE 5  

To quantify the effect of AMF in a Brachiaria grassland soil on N2O emissions under 

aerobic conditions after urea application. To obtain insight into the mechanisms that can 

explain AMF-induced changes, N uptake by plant and microbial biomass were quantified 

as well as functional amoA gene involved in NH4
+ oxidation. Experiment 5 addresses 

Objective 5.  

I hypothesized that  

H5a: the presence of AMF reduces N2O emissions after urea application; and  

H5b:  this effect can be attributed to the negative effect of AMF on the abundance of 

AOs as a result of competition for NH4
+, and to an overall reduction of mineral N 

in soil due to increased plant N uptake and microbial N immobilization in the 

presence of AMF. 
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3. MATERIALS AND METHODS 1 

3.1. THESIS STRUCTURE AND OVERVIEW OF INCLUDED EXPERIMENTS 2 

The thesis consists of five experiments targeting different aspects and strategies of sustainable 3 

intensification. Experiment 1 focuses on Pasture diversification with herbaceous and woody 4 

legumes in a field trial established in Palmira, Colombia. Experiment 2 focuses on the effect of 5 

intensive rotational grazing (IRG) management adoption on soil quality indicators in two study 6 

sites in Colombian Eastern Plains. Experiment 3 consists of the comparison of Barchiaria 7 

genotypes with different BNI capacity on gross N transformation rates in two experimental sites 8 

(Palmira and La Libertad in Colombian Eastern Plains). Experiment 4 counts with the same 9 

experimental area (Palmira) as the previous experiment and focuses on P acquisition 10 

mechanisms of different Brachiaria genotypes.  Experiment 5 addresses the role of AMF in N 11 

transformations in a greenhouse experiment. The experiments are listed in Table 3.1.1.  12 

Table 3.1.1. The overview of the experiments included in the thesis 13 
Experiment  I. II. III. IV. V. 

Topic Pasture 

diversification 

Grazing 

management 

Forage 

selection and N 

cycling 

Forage selection 

and P cycling 

Arbuscular 

mycorrhizae and 

N cycling 

Experiment Field Field Field Field Greenhouse 

Hypotheses H1a, H1b, 

H1c 

H2a, H2b H3a, H3b, H3c, 

H3d 

H4a, H4b H5a, H5b 

Publication 

status 

Published in 

Agriculture, 

Ecosystems & 

Environment 

(Vazquez et 

al., 2020) 

Submitted to 

Applied Soil 

Ecology 

Submitted to 

Soil Biology & 

Biochemistry 

Published in 

Biology and 

Fertility of Soils  

(Teutscherova et 

al., 2019b) 

Published in 

Geoderma  

(Teutscherova et 

al., 2019a) 
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3.2.PASTURE DIVERSIFICATION (Experiment 1) 15 

3.2.1 Study area 16 

The study was conducted at the headquarters of the International Center for Tropical 17 

Agriculture (CIAT) near Palmira (3°30’7” N 76°21’22” W), Colombia. The altitude is 990 m 18 

a.s.l., and the area has a mean annual precipitation of 870 mm and a mean annual temperature 19 

of 24°C. The precipitation, minimum, maximum and mean temperatures during the experiment 20 

(January to April 2017) are shown in Fig. 3.2.1. The soil was characterized as a Cumulic 21 

Haplustoll (Soil Taxonomy, USDA 2014) with a silty clay texture (50% clay in the upper 20 22 

cm soil layer). This area was originally covered with tropical dry forest. Nevertheless, since the 23 

middle of the twentieth century, the most common agricultural use in the area has been irrigated 24 

sugar cane monoculture (Delgadillo-Vargas et al., 2016).   25 
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 26 

Fig. 3.2.1.  Maximum and minimum temperatures and precipitation between January 2017 and June 2017 at the 27 
experimental site of CIAT-Palmira, Colombia.28 
 

3.2.2 Experimental layout 

The experiment was established in 2013 to evaluate the effects of tropical forage diversification 

through legume herbs and legume trees inclusion as compared to mono-crop conventional 

pastures (CP) on pasture productivity and animal live weight gains. The treatments studied here 

included (i) CP, consisting of Brachiaria hybrid cv. Cayman (CIAT Br02-1752) monoculture; 

(ii) LP, as CP but mixed with the herbaceous legume Canavalia brasiliensis (CIAT 17009), and 

(iii) silvopastoral system (SPS), as LP with rows of Leucaena diversifolia (ILRI 15551) trees 

(Fig. 3.2.1.). The plots are laid out in a randomized complete block design with three blocks. 

Each plot has an area of 0.3 ha (93 m x 36 m). L. diversifolia was planted in double-rows (36 

trees per row; 1 m distance between rows) with eight such double-rows 10 m apart in each plot. 

This resulted in 576 trees per plot (1,720 tree ha-1). Approximately one fifth of L. diversifolia 

trees were allowed to grow naturally (approximately 8 meters tall) to provide shade and C 

accumulation in aerial biomass and the remaining trees were cut low to allow animals to browse 

on them. Animals could freely move in the middle of the double rows as well as among alleys 

(Fig. 3.2.3.). 

The plots were grazed by three (treatments CP and LP) or four bulls (SPS) that were rotated 

across the three blocks. Each individual plot was further subdivided into 3 sub-sections (each 
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31 m long, 1.100 m2) with electrical fences. Each sub-section was grazed for 6 days with 48 

days of rest (Fig. 3.2.2.). After grazing of all three sub-sections (18 days), the animals moved 

to their corresponding treatment in the next block.  

 
Fig. 3.2.2. The layout of the pasture diversification experiment located at CIAT headquarters in Palmira, Colombia.  

 

3.2.3 Sampling design 

In line with the rotational grazing and given the strong effect of grazing on soil properties under 

relatively stable climatic conditions, sampling was performed in each subsequent sub-section 

one day before the initiation of grazing (corresponding to 48 days after the last grazing event). 

Two transects were laid in each experimental plot and the distance from the sides of each plot 

was selected by generating two random numbers for each plot. Along each transect line in CP 

and LP, two samples were randomly collected, giving 4 samples from each plot while each plot 

was replicated three times through the blocking. In SPS, samples were collected at three fixed 

distances from the tree rows (Fig. 3.2.2.): four samples at a distance of 5.5 m from the middle 

of the tree rows (SPS-5.5) which corresponded to the center of the alley; four samples at 1.5 m 

from the middle of the tree rows (SPS-1.5) which corresponded with 1 m from the trees; and 

four samples between the tree double-rows (SPS-0.0). Therefore, 12 samples were collected 

from each of the tree SPS plots. 
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Fig. 3.2.3. The silvopastoral plot in pasture diversification experiment located at CIAT headquarters in Palmira, 

Colombia.  

 

Soil macrofauna was sampled between February and April 2017 using the Tropical Soil Biology 

and Fertility Institute (TSBF) method (Anderson and Ingram, 1993). One soil monolith (25 x 

25 x 10 cm) was collected at each sampling point from 0-10 cm and 10-20 cm depth. Monoliths 

were immediately transported to the Laboratory of Soil Biology at CIAT at the same location 

and all invertebrates were manually hand-sorted and stored in 70% ethanol until identification. 

After the collection of all samples, soil macrofauna was identified and classified into taxonomic 

groups: ants (Formicidae), earthworms (Oligochaeta), centipedes (Chilopoda), millipedes 

(Diplopoda), beetles (Coleoptera), true bugs (Hemiptera), spiders (Aranae), earwigs 

(Dermaptera), slug and snails (Gastropoda), woodlice (Isopoda), cockroaches (Blattodea) and 

others. The abundance of each group was noted. Taxa from the top soil layer were further 

classified according to their prevailing feeding habits: (i) herbivorous (Dermaptera, 

Hemiptera); (ii) detritivorus (Blattodea, Diplopoda, Gastropoda, Isopoda, Oligochaeta); and 

(iii) predators (Aranae, Chilopoda) similarly to (Cherubin et al., 2016). Nevertheless, due to 

the large functional diversity of Coleoptera, this order was further classified to families, which 

were assigned to functional groups. Similarly, we excluded Formicidae from all functional 

groups as high functional variability prevented us to assign Formicidae into one particular 

group.  

3.2.4 Soil aggregation 

Samples for the classification of soil macroaggregates were collected within one meter from 

soil macrofauna samples. Soil monoliths (10 x 10 x 10 cm) were excavated from the topsoil, 

placed immediately into plastic boxes and transferred to the laboratory where they were stored 

at 4°C until the manual inspection (within one week). Soil morphology was assessed visually 

by the method described by Topoliantz et al. (2000) and modified by Velasquez et al. (2007). 
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Soil monoliths were gently broken down along natural planes of weakness on top of a 4 mm 

sieve. Soil macroaggregates larger than 4 mm were separated into three groups according to 

their origin (Fig. 3.2.4.): (i) biogenic macroaggregates (MAbio) – formed by soil macrofauna; 

(ii) physicogenic macroaggregates (MAphys) – produced by physical processes, and (iii) 

rhizosphere macroaggregates (MAroot) – produced by the action of plant roots and 

rhizodeposition (Velasquez et al., 2007). The MAbio were formed by soil invertebrates, mainly 

by the action of earthworms, termites, Coleopteran larvae and Diplopoda and were 

characterized by rounded shapes and a dark color. Angular macroaggregates without clear signs 

of biological activity were assigned as MAphys, while aggregates tightly bound to roots were 

counted as MAroot. The root aggregates which were made by soil invertebrates were classified 

as MAbio even when they adhered to plant roots. Aggregates between 2 and 4 mm (MA2-4) and 

soil and aggregates passing the 2 mm sieve (MA0-2) are referred to as unidentified soil fractions. 

The air-dried weight of all fractions was expressed as a percentage of total soil dry weight. Soil 

macroaggregates were collected only in the upper soil layer (0-10 cm) where the highest activity 

of soil macrofauna was found.  

   
Fig. 3.2.4. Biogenic soil macroaggregate and soil marcoraggregate evaluation by sieving.  

 

Additional soil samples were collected on the side of each monolith for the analysis of water 

stable aggregates. Large soil aggregates were broken along natural fractures, passed through a 

8 mm sieve and air dried. After manual removal of plant material, the aggregates were separated 

by wet-sieving through five sieves (6.3, 4.75, 2, 0.25 and 0.125 mm) using a Yoder apparatus 

(Fig. 3.2.5.). A 60 g subsample of air-dried aggregates was slowly re-wetted (20 min) by 

capillary water at room temperature on the top of the largest sieve. The set of sieves was then 

being moved up and down (3.8 cm) for a period of 20 min (30 oscillations per minute), after 

which the content of all sieves was transferred to a pan and dried at 105°C until constant weight. 

In this way, six fractions were obtained. Mean weight diameter (MWD) was calculated using 
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the proportion by weight and the mean diameter of each size fraction (van Bavel, 1950). For 

the calculations, the upper limit was set at 8 mm. 

  
Fig. 3.2.5. Analysis of water stable aggregates by wet sieving using Yoder apparatus 

 

3.2.5 Soil chemical properties 

Additional samples from 0-10 cm and 10-20 cm depth were taken next to each monolith to 

determine soil chemical properties. Soil was air-dried in the laboratory, manually crushed and 

passed through a 2 mm sieve. Soil pH was determined in 1:2.5 water extract. The SOM content 

was determined by loss on ignition (540°C, 24 hours) and total N content (TN) by Kjeldahl 

digestion and steam distillation (Bremner and Mulvaney, 1982). The fraction of particulate 

organic matter (POM) was determined according to Cambardella and Elliott (1992). Briefly, 

we dispersed 10 g of soil with 30 mL of 5 g l-1 sodium hexametaphosphate by shaking overnight. 

The dispersed samples were passed through a 53 µm-mesh sieve and the retained fraction was 

collected and dried at 60ºC. Finally, the POM content was determined by loss on ignition. The 

potentially mineralizable N (PMN) content was evaluated following the procedure of Waring 

and Bremner (1964) by anaerobic soil incubation during seven days at 37 °C. The initial NH4
+-

N content was substracted from the amount of NH4
+-N at the end of the incubation period. The 

sample NH4
+-N was extracted with 1M KCl (1:10) and was determined colorimetrically (UV-

1203, Shimadzu, Kyoto, Japan) using the sodium salicylate method (Forster 1995). 

Soil available nutrients were extracted by Mehlich III procedure and P was determined 

colorimetrically (Murphy and Riley, 1962). In the same extracts, other soil macronutrients (Ca, 

Mg, K, Na) were quantified by elemental analysis by atomic absorption spectrophotometry 

(AAnalyst 400, PerkinElmer, Wellesley, MA).  

3.2.6 Soil physical properties 

At each sampling location, one undisturbed soil core was collected at 0-5 cm depth, using bevel-

edged steel rings of 5 cm in diameter. The bulk density was determined using the same samples 

by dividing the oven-dry soil weight (105 °C) by volume of the steel ring. Total soil porosity 
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was calculated from the BD assuming a soil particle density of 2.65 g cm-3 (Danielson and 

Sutherland, 1986).  

The resistance to penetration (PR) was determined with an electronic cone penetrometer 

(Eijkelkamp, Giesbeek, The Netherlands) using a cone with 2 cm2 base area, 60º angle and 80 

cm of driving shaft. Measurements were performed at four points around the place where the 

soil macrofauna samples were collected. A total of 16 measurements were taken per plot as 

deep as was permitted by soil conditions. For the data analysis, the mean resistance value was 

calculated for the 0-10 cm and for the 10-20 cm layers. Soil samples were collected at same 

moment of the penetrometer measurements to determine the gravimetric soil moisture content. 

We observed high variation in soil moisture between the sampling points because of the quick 

weather changes during the sampling season.  

3.2.7 Statistical analysis 

The effects of distance to the tree row in the 0-10 cm soil layer was analyzed in SPSS 22 (IBM 

SPSS, Inc., Chicago, USA) using a generalized linear mixed model (GLMM) in which the fixed 

factor was the distance to the tree row and block was considered a random factor. In case of 

significant effects (p<0.05), a LCD post-hoc test was performed. Similarly, the differences 

between the open grazing pasture systems (CP, LP and SPS-5.5) were analyzed using a GLMM 

with pasture system as fixed effect and block as random effect. The variables from 10-20 cm 

soil depth were evaluated separately in the same way and results are presented in Supplementary 

Material due to weak treatment effects in deeper soil layer and low abundance of macrofauna 

(less than 10% of total abundance). The GLMM was selected because of the absence of the 

normality and homogeneity of macrofauna data. In addition, considering the high number of 

zeros found in the soil macrofaunal data, we selected a negative binomial distribution with a 

log link function as extension of Poisson distribution for macrofauna variables (Kamau et al., 

2017). The studied chemical and physical soil properties were compared selecting a normal 

distribution after the evaluation of data normality and transformation (log10 (X + 1)) when 

necessary. In all the cases, the distribution used reached the lowest Akaike Information 

Criterion (AIC) 

Principal component analysis (PCA) was performed using the data from de 0-10 cm soil depth 

including soil variables, abundance of macrofauna functional groups (herbivores, detritivores 

and predators), ants and the richness of macrofaunal taxa (observed number). Previously to 

PCA, the variables were transformed (log10 (X+1)). The variable ‘cations’ represents the sum 

of exchangeable base cations (Ca, Mg, K and Na). The first two components (PC1 and PC2) 
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were extracted through Varimax orthogonal extraction and all the used variables in PCA were 

plotted in the orthogonal space defined by PC1 and PC2. Additionally, the treatments (CP, LP, 

SPS-5.5, SPS-1.5 and SPS-0.0) were plotted in the orthogonal space defined by PC1 and PC2.  

3.3   INTENSIVE ROTATIONAL GRAZING (Experiment 2) 

3.3.1. Study sites 

The study was performed in Colombian Eastern Plains, where decades of continuous grazing 

have caused soil fertility decline, reflected in low cattle stocking rates and meat production. 

Two sites were selected (Fig. 3.3.1.), each with paired adjacent farms for comparison of IRG 

management with high stocking rate (4.2 LU ha-1), with traditionally managed references farm 

with low cattle density (<1 LU ha-1) (Fig. 3.3.2.). While the two IRG-managed farms may 

represent somewhat different soil, landscape and climate conditions, the IRG- and traditionally-

managed reference farm pairs within each study site (Morichal and Villasol) were selected in 

the near proximity to reflect the same climate, terrain and landscape setting. Prior the IRG 

adoption, both IRG farms were managed with low cattle density management (<1 LU ha-1) with 

occasional seeding of pasture grasses of higher nutritional value and productivity (Table 3.3.1.). 

Nevertheless, these grasses did not appear until the adoption of IRG management. In both IRG 

farms, areas with different dominant forage species were identified and sampled separately. No 

such areas with different forage species were identified in the two traditionally managed 

reference farms.   

 

Fig. 3.3.1. Location of both study sites (Morichal, Villasol) used in the grazing management experiment 
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Table 3.3.1. Overview of the management (plant materials, rotations detailes, total area etc.)  

 Morichal Villasol 

 IRG TM-cont IRG TM-rot 

Total area (ha)  44 60 70 10 

Mean number of animals  180 70 300 12 

Animal density (LU ha-1) 4.2 ≤1 4.3 ≤1 

Animal density within paddock 

(LU ha-1) 

188 n.a. 180 n.a 

Grazing frequency <1 day grazing, 

60 days rest 

Continuous <1 day grazing, 

60 days rest 

8 days grazing, 

15 days rest 

Time since management 

adoption 

9 months >10 years 9 months >10 years 

Animal supplementation  Palmix none none none 

TM-cont, traditional management consisting of continuous grazing; TM-rot, traditional management based on 

rotational grazing with long grazing and short pasture recovery periods 

 

Morichal 

The first study site, comprising one IRG farm and one reference farm with continuous grazing, 

was located in Vereda La Llanerita (4º6’N, 73º26’W, 590 m.a.s.l.) near Villavicencio (Meta 

department, Colombia). The mean annual precipitation of the area is 3,856 mm and the mean 

temperature is 25.5°C. The farm managed by IRG covers 43.6 ha and accommodates around 

180 livestock units (LU). Prior the adoption of the IRG management at this farm, the cattle 

rotated among eight paddocks with long periods of grazing at low stocking rates (1 LU ha-1). 

The IRG management at Morichal site was implemented in September 2017 and consists of 

high cattle stocking rates (4.2 LU ha-1) and rapid rotation across multiple paddocks (cattle 

density 188 LU ha-1 within a paddock) (Fig. 3.3.2.). Animals stayed in the same paddock 

(approximately 800 m2) for a maximum of 24 h before being moved to a next paddock. Each 

paddock was left to recover for at least 60 days before the next grazing event. At the time of 

sampling (1st of June 2018, 9 months after IRG implementation), patches of different improved 

forage species had appeared, and the farm had developed into pasture areas covered by 

Brachiaria humidicola (Rendle) Schweick cv. Tully (IRG-Tully) and pastures of Brachiaria 

ruziziensis R. Germ. and C.M. Evrard) (IRG-Ruz). In addition, one kg animal-1 day-1 of a local 

product called Palmix is spread over the pastures. Palmix is a mixture of waste materials from 

palm oil production (palm kernel cake, and palm fiber), glycerine and urea (N content 1.28 %), 

which is used by farmers as a supplementary feed to improve animal nutrition. Adjacent farm 

was selected as an example of traditional grazing management where cattle is continuously 

grazed (TM-cont) on large areas with low stocking rates (<1 LU ha-1) due to low soil fertility 

and productivity of pastures formed dominantly by Brachiaria humidicola cv. Llanero (Fig. 

3.3.2.).  
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Fig. 3.3.2. Farm managed by intensive rotational grazing (A, B) and tranditionally managed farm (C, D), both in 

Morichal.  

 

 

 

A 

B 
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Villasol 

The second study site is located in Vereda Sardinata (4º 1’N, 73º46’W, 550 m.a.s.l), near 

Acacias (Meta department, Colombia). The mean annual precipitation of the area is 3250 mm 

and the mean temperature is 25°C. The farm managed by IRG in the Villasol area occupies 70 

ha and accommodates around 300 LU. Before to IRG adoption, the area was managed 

rotationally with long grazing period (eight days) and short pasture recuperation time (15 days), 

similar to the current management of the directly adjacent reference farm (traditional 

management-rotations; TM-rot). The reference farm was covered with a mixture of Brachiaria 

humidicola cv. Llanero and Marandú grass (Brachiaria brizantha (Hochst ex A. Rich) Stapf 

cv. Marandú). The pastures were frequently flooded due to soil compaction, low soil coverage 

by plants and poor soil properties. In December 2017, the IRG grazing system was implemented 

by dividing the area into paddocks (Table 3.3.1.). After IRG establishment, patches of different 

forage species became apparent and the farm evolved into araes covered by Brachiaria 

humidicola (Rendle) Schweick cv. Tully (IRG-Tully), and with Marandú grass (IRG-Mar). 

During the period between the IRG establishment (Dec 2017) and sampling (August 2018) an 

average of 300 animals (4.3 LU ha-1) rotated in small paddocks (1.5 - 1.8 ha) with high stocking 

rates (180 LU ha-1) within the paddocks (Table 3.3.1.) with a minimum period of 60 days 

between grazing events to ensure pasture regeneration. Cattle in Villasol is not supplemented 

and their nutrition relies exclusively on grazing. 

3.3.2. Sampling design 

One transect was randomly laid out in each of the reference farms where pasture composition 

was relatively homogeneous, and four samples were collected at least 100 m apart. The four 

samples within each farm were considered replications despite spatially independent due to the 

large of the area and long distances between sampling points. Similar design in has been used 

in previous studies focusing on the effect of land use management on soil properties in large 

single monitoring areas when no spatially separated areas were available (Francaviglia et al., 

2017; Lagomarsino et al., 2011; Moghimian et al., 2017; Soleimani et al., 2019). At both IRG 

farms (one in each study site), two transects were randomly laid out to account for the observed 

variability in dominant forage species: IRG-Tully (pastures dominated by B. humidicola cv. 

Tully) and IRG-Ruz (pastures dominated by B. ruziziensis) in Morichal site; and IRG-Tully (B. 

humidicola cv. Tully) and IRG-Mar (B. brizantha cv. Marandú) in Villasol.  
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3.3.3. Soil macrofauna 

Soil invertebrates were extracted using the standard TSBF method (Anderson and Ingram, 

1993). At each sampling point, one soil monolith (25 x 25 cm) was collected for each sampling 

depth (0–10 cm and 10–20 cm). Soil invertebrates (larger than 2 mm) were hand-sorted and 

preserved in ethanol (70%) until the identification in the laboratory of CIAT in Palmira, 

Colombia. All individuals were classified into broad taxonomic groups (Formicidae, 

Oligochaeta, Chilopoda, Diplopoda, Coleoptera, Hemiptera, Araneae, Dermaptera, 

Gastropoda, Isopoda, Blattodea, and others), and the abundance of each group was noted. Taxa 

were further allocated into functional groups, according to Cherubin et al. (2016), with the 

exception of Coleoptera, which were classified to family level, which was consequently 

attributed a functional group (predators and detritivores). Due to the high abundance and 

functional diversity of Formicidae we did not include them in any of the functional groups and 

treated them separately.  

3.3.4. Root biomass, root length and average diameter 

Roots from tropical grasses were extracted from soil (0-20 cm) using a metal auger (5 cm 

diameter). The extracted soil core was then split into two samples representing 0–10 cm and 

10–20 cm depths. All roots were washed on a sieve and then manually picked with tweezers, 

thoroughly washed with tap water and scanned (Epson 10000xl). Images were then processed 

using WinRHIZO software (Regent Instrument Inc, Sainte-Foy, Canada) to calculate the mean 

root length and diameter. After scanning, roots were dried at 60°C until constant weight to 

determine root biomass. Root volume and biomass were then calculated based on the total 

volume of extracted soil.  

3.3.5. Soil properties 

Undisturbed soil samples were collected from both soil layers (0-10 cm and 10-20 cm) using a 

metal ring (5 cm height, 5 cm diameter). Soil cores were saturated with water by capillarity 

during 48 h and weighed. Afterwards, the same soil cores were used to determine sequentially 

the water retention at matric potentials of -33 kPa (in a sand box Eijkelkamp, The Netherlands) 

and of -1500 kPa (15 bar pressure plate extractor Eijkelkamp, The Netherlands). Finally, the 

cores were dried at 105°C until constant weight and the bulk density was calculated as a ratio 

of dry soil weight and volume. The total soil porosity was determined according to:  

Soil porosity = 1 – (soil bulk density/particle density), 

where soil particle density of 2.65 g cm-3 was assumed (Danielson and Sutherland, 1986). 
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For the assessment of soil aggregate stability, large blocks of soil were carefully collected with 

a spade next to each soil monolith and transported in a box to laboratory. Large aggregates and 

soil clogs were broken down along the natural planes of fracture, air-dried and the soil was 

carefully passed through a 1.2 cm sieve. Then, wet sieving was performed as follows: A 

subsample (60 g) of dry soil with aggregates was placed on the largest sieve of a stack of 5 

sieves (6.3, 4.75, 2, 0.25 and 0.125 mm). After the re-wetting of the soil by capillarity (20 min), 

the set of sieves was moving up and down (3 cm) for 20 minutes using a Yoder apparatus. The 

material that remained on each sieve was carefully washed off and weighed after oven drying. 

The mean weight diameter (MWD) was calculated using the proportion by weight and the mean 

diameter of each size fraction, using the mean of the size 1.2 cm (the initial sieve used to pass 

the soil) and 6.3 mm (the size of the largest sieve). Soil texture was determined using the 

hydrometer method after soil dispersion with sodium hexametaphosphate. 

Air-dried and sieved (<2 mm) soil was used for chemical soil analyses. The SOC  content was 

quantified according to Walkley and Black (1934) and the TN content with the Kjeldahl 

digestion and steam distillation method (Bremner and Mulvaney, 1982), respectively. Plant 

available phosphorus and other macro- and micronutrients were extracted by Mehlich-3 and P 

was determined colorimetrically (Murphy and Riley, 1962). The contents of Ca, Mg, K and Na 

were quantified by atomic absorption spectrophotometry (AAnalyst 400, PerkinElmer, 

Wellesley, MA).  

The potential activities of soil enzymes were determined in sieved (<2 mm) fresh soil samples 

conserved at 4ºC until processing (within 14 days since samples collection). The activity of 

protease and urease was quantified colorimetrically using the method proposed by Nannipieri 

et al. (1980) and Kandeler and Gerber (1988), respectively, by measuring the content of NH4
+-

N after soil sample incubation with substrate (N-benzoyl-L-arginine amide hydrochloride 

monohydrate and urea for soil protease and urease, respectively). Soil acid 

phophomonoesterase activity was measured according to (Tabatabai and Bremner, 1969) using 

p-nitrophenol as a substrate. β-glucosidase activity was determined using salicin as substrate 

using the methodology of Hoffmann and Dedeken (1965).  

3.3.6. Statistical analysis 

Data were analyzed using a generalized linear mixed model (GLMM) with the grazing 

management (IRG and TM), study site (Morichal and Villasol) and the soil depth (0-10 cm and 

10-20 cm) as fixed factors. Because two transects were laid in each IRG farm corresponding to 

different forage species, the forage type was considered a random factor nested within the 
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grazing management (Forage type (Grazing Management)). The forage type was not considered 

as a fixed factor because the forages differed in Morichal and Villasol study sites and in 

different grazing management. When applicable, the means of the different grazing 

management practices were separated using LSD test (p<0.05). The GLMM was used because 

macrofauna abundances are often not normally distributed. Furthermore, due to the high 

abundance of zero values in macrofauna abundance, a negative binomial distribution with a 

long link function as an extension of Poisson distribution was used  (Kamau et al., 2017). The 

studied chemical and physical soil properties and enzymatic activities were compared selecting 

a normal distribution after the evaluation of data normality and transformation (log10 (X + 1)) 

when necessary. In all the cases, the used distribution was selected according to the (lowest) 

Akaike Information Criterion (AIC) 

The PCA was performed to analyze the relations among studied variables combining the results 

from both study sites. In order to reduce the number of variables included in the PCA, we 

calculated the geometric mean of the assayed enzymatic activities (Gmean) according to 

Hinojosa et al. (2004) and the available water content (AWC) as the difference of the soil water 

content at FC and at WP. Furthermore, we included the most representative soil parameters 

(Gmean, AWC, BD, MWD and SOC), plant variables (root length), and the three macrofauna 

functional groups (predators, herbivores and detritivores) and the richness of observed taxa.  

Additionally, the sampling points were plotted in the space defined by the first two PCA axes. 

All the analyses were performed using SPSS 22 software (IBM SPSS Inc., Chicago, USA). 
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3.4  FORAGE SELECTION AND NITROGEN CYCLING (Experiment 3) 

3.4.1 Study sites and germplasm accessions 

Palmira 

The first study site was located in Palmira, Southwestern Colombia (3°30’7” N, 76°21’22” W; 

1000 m above sea level) at CIAT headquarters (Fig. 3.4.1.). The mean annual rainfall is 894 

mm and the mean annual temperature is 24ºC. The soils are Vertisols with near-neutral soil pH, 

silty clay texture and high fertility. A field experiment was established in 2004 to compare 

different genotypes of Brachiaria tropical forage. For the present study, we selected two 

genotypes of Brachiaria humidicola (Rendle) Schweick. (currently Urochloa humidicola) 

(CIAT-679 cv. Tuly and CIAT-16888) and one Brachiaria hybrid (cv. Mulato I). Both CIAT-

679 and CIAT-16888 genotypes have been previously observed to have high BNI potential 

(Byrnes et al., 2017; Nuñez et al., 2018; Subbarao et al., 2009) which is reflected in low PNR 

in the rhizosphere soil (Teutscherova et al., 2019b). As a contrasting low-BNI genotype, 

Brachiaria hybrid cv. Mulato I as the first commercial hybrid developed by the Forage Program 

of CIAT in 2000 (Argel et al., 2005) was used. This hybrid has high adaptability to different 

tropical environments and soil conditions and higher yields and forage quality than other 

Brahiaria cultivars (Argel et al., 2005). Previous studies have demonstrated a lower BNI-

capacity in Mulato when compared to CIAT-679 or CIAT-16888 germplasm accessions 

(Subbarao et al., 2009). All genetic plant materials can be found in Table 3.4.1.  

 

Fig. 3.4.1. Location of both study sites (Palmira, La Libertad) used in the forage selection experiments.  

 

Palmira 

La Libertad 
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La Libertad 

The study site La Libertad Research Center is located in the Colombian eastern plains near 

Villavicencio (4°03’46” N, 73°27’47” W; 338m above sea level) at Agrosavia experimental 

station (Fig.3.4.1.). Mean annual rainfall is 3685 mm and the average temperature is 21.4ºC. 

The soil is classified as a Ferralsol characterized by low pH (pH in water 5.5) and silty clay 

loam texture. The La Libertad genotype trial was established in 2013 and for the present study 

we selected five Brachiaria genotypes (Table 3.4.1.). Two of the Brachiaria genotypes were 

previously classified as low-BNI (Brachiaria hybrid cv. Mulato II and Uh CIAT-26146) and 

three genotypes of Brachiaria humidicola Schweick. were classified as medium- to high-BNI 

(CIAT-679 cv. Tully, CIAT-16888, and Uh08-1149). Mulato II is a successful commercial 

hybrid developed by the Forage Program of CIAT which has been recently widely used in 

America and Africa (Pizarro et al., 2013) due to its superior qualities over Mulato I, particularly 

its resistance to spittlebug (Argel. et al., 2007). CIAT-26146 is a sexual Brachiaria humidicola 

accension from CIAT germplasm bank used in the CIAT breeding programs to obtain biparental 

hybrids populations and whose low-BNI capacity have been repeatedly reported (Arango et al., 

2014; Karwat et al., 2018; Nuñez et al., 2018). Finally, Bh08-1149 is a new apomictic 

Brachiaria hybrid which has shown high-BNI capacity (Karwat et al., 2018). 

 

Table 3.4.1. Plant genootypes included in the Part III. of the thesis.  

 Palmira  La Libertad 

 Mulato 

I. 

CIAT 

679 

CIAT 

16888 

 Mulato 

II. 

CIAT 

679 

CIAT 

16888 

Bh08 

1149 

CIAT 

26146 

BNI capacity Low High High  Low High High High Low 

Experimet 3 X X X  X X X X X 
Experiment 4 X X X       
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3.4.2   Experimental design and soil sampling  

At both study sites, plots were organized in completely randomized block design with three 

blocks. Therefore, nine plots were sampled at Palmira site (each plot was of 10 x 10 m) and 15 

plots in La Libertad site (each plot was of 4 x 4 m). Litter, if present, was removed from the 

soil surface prior to soil cores collection. From each plot, 18 soil cores (5 cm diameter, 5 cm 

depth, 98.13 cm3) were taken and transported to the laboratory, 16 for the gross N 

transformation study (four cores per plot) and two additional soil cores per plot were collected 

for soil properties determinations. Multiple soil cores per plot were taken to account for the 

high heterogeneity caused by tussock growth of several genotypes. Based on this heterogeneity 

a high root density in the top soil layer, we decided to collect the soil cores for gross N 

transformation rates randomly across the whole plot rather than in pairs as applied by Díaz-

Pinés et al. (2017). Additional cores were collected to replace the non-representative soil cores 

(ants or termite nests, large earthwomrs, etc.).  At the Palmira site, 15N labeling of soil cores 

started in less than 24 hours after core extraction. The soil cores from the remote La Libertad 

study site were transported to CIAT headquarters within 24 hours after collection of the cores 

and 15N labeling started within 48 hours after sampling. From the 18 soil cores from each plot, 

eight were used for the determination of gross nitrification rate, eight for gross ammonification 

rate and two for other soil potential net N transformations and microbial biomass measurement 

as described below.  

3.4.3   Gross nitrogen transformation determination  

The gross ammonification and nitrification rates were determined using the 15N dilution 

technique described in Dannenmann et al. (2006) using intact soil cores (Dannenmann et al., 

2016). Briefly, the undisturbed soil cores were labeled with either K15NO3 or (15NH4)2SO4 at 30 

atom% 15N enrichment for the determination of gross nitrification or gross ammonification 

rates, respectively. For 15N labelling, 6 ml of solution was added to each core, thereby 

increasing soil water content by 21% at Palmira and 18 % at La Libertad field sites. Nitrogen 

addition due to labelling was 6 mg N kg-1 dry soil at Palmira field and 5 mg N kg-1 dry soil at 

La Libertad field, i.e., 130 to 100 % of inorganic N background concentrations. Each core 

received 12 injections of 0.5 ml each in two depths (6 in 1.25 cm depth and 6 in 3.75 cm depth). 

Both sides of the cores were then closed with plastic caps and incubated in the dark at 25°C.  

After 4 h of incubation, 4 cores labeled with K15NO3 and 4 cores labeled with (15NH4)2SO4 from 

each plot were processed for the extraction of soil mineral N. Soil was removed from the metal 

cores, plant roots and stones were manually removed, and the soil was carefully homogenized 
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by hand. A subsample of 30 g was weighed for the extraction of NH4
+ and NO3

- with 60 ml of 

2M KCl and another subsample of around 60 g was used for determination of gravimetric soil 

water content. After an additional 20 hours (La Libertad, 24 hours since labeling) or 36 hours 

(Palmira, 40 hours since labeling), the remaining soil cores were processed in the same way as 

the initial soil cores. The longer incubation time in Palmira was used because of the very low 

net nitrification rates previously observed at the Palmira study site (Byrnes et al., 2017; 

Subbarao et al., 2009).  

Both extracts were immediately filtered as described by Dannenmann et al. (2006) and the 

NH4
+-N and NO3

--N contents were determined colorimetrically (Forster, 1995; Miranda et al. 

2001). An aliquot of 35-40 ml of extracts was kept frozen (-20°C) until analysis. The 15N 

enrichment of NH4
+ and NO3

- pools were quantified after the diffusion of NH4
+ and NO3

- on 

acid traps by isotope ratio mass spectrometry as described in Dannenmann et al. (2009). The 

gross ammonification and gross nitrification rates were calculated following the equations 

described by Kirkham and Bartholomew (1954). The means of the four soil cores per plot for 

each sampling time (t0 and t1) were used for the calculations.  

Ammonium and nitrate immobilization rates were calculated using the “isotope dilution 

method” following the equation provided by Kirkham and Bartholomew (1954). Microbial 

immobilization of NH4
+ was calculated as 15NH4

+ consumption minus gross nitrification, 

assuming that gaseous losses (from nitrification, denitrification or volatilization) and 

heterotrophic nitrification of organic N were negligible (Davidson et al., 1991) while microbial 

NO3
- immobilization was assumed to equal NO3

- consumption.  

Additionally, the immobilization rates in Palmira study site were calculated by the “reformed 

difference method” proposed by Hu et al. (2019), which is an adaptation of the traditional 

“difference method” proposed by Hart et al. (1994). In brief, the NH4
+ immobilization was 

calculated by subtracting gross nitrification and the net ammonification rates from gross 

mineralization, while NO3
- immobilization was calculated by subtracting the net nitrification 

from gross nitrification. The “reformed difference method” estimates the net ammonification 

and nitrification rates as the change in the NH4
+ and NO3

- pool between t0 and t1 in samples 

labelled with 15NO3
- and 15NH4

+, respectively (Hu et al., 2019). Except when specified, we refer 

to immobilization rates as those calculated by the 15N pool dilution method as described by 

Kirkham and Bartholomew (1954). 
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Furthermore, several indices of N losses and microbial N retention were calculated: relative N 

retention (NretREL) as a ratio of mineral N immobilization to gross N mineralization + gross 

nitrification; relative NH4
+ immobilization (ImmNH4

+ REL) as a ratio of NH4
+ immobilization to 

gross N mineralization; relative NO3
- immobilization (ImmNO3

- REL) as a ratio of NO3
- 

immobilization to gross nitrification; relative nitrification as a ratio of gross nitrification to 

gross N mineralization; and NH4
+ partitioning as a ratio of NH4

+ immobilization to gross 

nitrification. 

3.4.4 Soil properties and potential net transformation rates 

Soil pH was determined in H2O (1:5, w/v). The SOC and total TN were analyzed by automatic 

analyzer LECO Instrument TruSpec CN (LECO Corporation, St. Joseph, MI, USA). The PNR 

was determined by microcosm incubation after the addition of ammonium sulphate (300 mg N-

NH4
+ g dry soil -1) and maintaining the soil moisture at 60% of field capacity. The N-NO3

- 

accumulation between 7, 14 and 21 days was quantified colorimetrically after extraction with 

KCl (1M). The PNR was then calculated following the standardized procedure described by 

Byrnes et al. (2017). The PNR assay has been demonstrated to be a useful method to test the 

BNI activity in soils under different tropical grasses Brachiaria (Byrnes et al., 2017; Karwat et 

al., 2017; Nuñez et al., 2018) and Megathyrsus (Villegas et al., in press). The PMN content was 

evaluated following the procedure of Waring and Bremner (1964) by anaerobic soil incubation 

during seven days at 37 °C. 

Microbial biomass C and N (MBC and MBN, respectively) were quantified using the 

fumigation-extraction method (Vance et al., 1987). Briefly, 15 g of soil were fumigated during 

24 h with ethanol-free chloroform and extracted by 0.5 M K2SO4 (1:4 soil:extractant ratio). The 

concentration of organic C in the extract was determined colorimetrically (UV-1203, Shimadzu, 

Kyoto, Japan) by measuring Cr3+ produced by reduction of Cr6+ (578nm) after microwave 

digestion (Speedwave four, Berghof, Eningen, Germany) at 135°C for 30 minutes. The 

concentration of N in the extracts was determined colorimetrically as N-NO3
- (Robarge et al., 

2008) after alkaline persulfate oxidation (Cabrera and Beare, 2010). The MBC and MBN were 

then calculated as the difference between the C and N content in fumigated and non-fumigated 

samples, divided by 0.38 (Joergensen, 1996a) and 0.54 (Brookes et al., 1985), respectively. The 

C and N contents of non-fumigated samples were considered extractable organic C (EOC) and 

extractable N (EN). 

Soil BD was determined in all soil cores used for gross N transformations. All cores were 

weighted before N extraction. Total amount of dry soil in each soil core was then calculated 
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based on the soil moisture content and total root biomass in each core. The amount of rocks and 

other materials was negligible.   

3.4.5 DNA extraction and real-time PCR 

Soil DNA was extracted from 0.5g freeze-dried sample using the FastDNATM Spin Kit for soil 

at the molecular biology laboratory at CIAT. DNA quality was verified by agarose gel 

electrophoresis (1% w/v). The abundance of the functional reporter genes AOA-amoA and 

AOB-amoA, in the DNA of initial soil samples were quantified by real time PCR (qPCR). The 

qPCR was performed in 10µl reaction mixture containing the following components: 5µl of 

SsoAdvancedTM Universal SYBR® Green Supermix (BioRad), 0.5µl of each primer 

(Supplementary Material Table S-1) and 4µl of diluted DNA to 5ng/µl. The qPCR assays were 

run on MJ Research PTC-200TM Peltier Thermal Cycler coupled with Chromo4 continuous 

Fluorescence Detector (BioRad). The initial denaturation step of 95°C for 10 min was common 

for all runs and the amplification cycles were specific to each target gene as listed in Table S-

1. Negative control and standard curve were run in each plate. All samples and standards were 

run in triplicate. Data output were released by Opticon Monitor software (version 2.03 MJ 

Research). For absolute quantification, standard curves were prepared using 10-fold dilution 

series of purified plasmids containing the different genes from soil samples proceeding from 

the field trial. 

Table 3.4.2. Target genes, used primers and qPCR conditions used in forage selection experiments  

Target gene Primers / Sequence (5´-3´)   

(reference) 

qPCR 

AOB-amoA 

 

 

 

 

amoA-F/ GGGGTTTCTACTGGTGGT 

           amoA -R/ CCCCTCKGSAAAGCCTTCTTC 

                          (Rotthauwe et al., 1997)  

 

 

95ºC 10 min; 40 cycles: 95ºC 45 s,  

58ºC 45 s, 72ºC 45 s 

 

 

 

AOA-amoA 

 

amoArs-F/ STAATGGTCTGGCTTAGACG 

amoArs-R/ GCGGCCATCCATCTGTATGT 

(Francis et al., 2005)  

95ºC 10 min; 40 cycles: 95ºC 45 s,  

55ºC 45 s, 72ºC 45 s 

 

3.4.6   Plant biomass carbon and nitrogen 

Fresh aerial plant biomass of each Brachiaria genotype was collected during the soil sampling 

in order to determine biomass C and N content. A composite sample was collected from each 

plot, oven-dried (60ºC) and grounded with a ball-mill. A subsample was used for quantification 

of total C and N content using a LECO Instrument TruSpec CN (LECO Corporation, St. Joseph, 

MI, USA). All roots from the intact soil cores used for the gross N transformation were picked 

with tweezers, thoroughly washed with tap water and scanned (Epson 10000xl). Images were 
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then processed using WinRHIZO software (Regent Instrument Inc, Sainte-Foy, Canada) to 

calculate mean root length. After scanning, roots were dried at 60°C until constant weight to 

correct the weight of intact soil cores used for the gross N transformation 

3.4.7 Statistical analysis 

Data were analyzed statically using SPSS 22.0 program (IBM SPSS, Inc., Chicago, USA). Data 

from both study sites were treated as separate data sets and analyzed using General Linear 

Model (GLM) with plant genotype as fixed factor and block as a random factor. When a 

significant effect was detected (p<0.05), LSD post-hoc test (p<0.05) was used for comparison 

of means among the different plant genotypes. Data were checked for normality and 

homogeneity of variance prior to analyses and transformed (log+1) when necessary prior GLM 

analysis. In addition, the differences between the immobilization rates calculated in Palmira 

field by “isotope dilution technique” and the “reformed difference method” were evaluated 

using a one-way ANOVA with the calculation method as fixed factor. 

To identify the controls of gross N transformation and PNR, stepwise multiple regression 

analyses were performed using the data of both experimental sites. The variables included for 

each stepwise regression are shown in Table 4.3.5 and 4.3.6.  
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3.5 FORAGE SELECTION AND PHOSPHORUS CYCLING (Experiment 4) 

3.5.1   Treatments and sampling design 

The experiment was established in 2004 in a completely randomized block design with three 

replicates per genotype, each with the plot area of 10 m2. Three Brachiaria genotypes were 

selected based on their contrasting  BNI activity described in previous studies (Byrnes et al., 

2017; Subbarao et al., 2009) conducted on the same experimental field. Only three Brachiaria 

genotypes could be selected due to lack of long-term established field trials with a wider range 

of genotypes. Bracharia hybrid cv ‘Mulato’ produces less BNI compounds while Brachiaria 

humidicola CIAT-679 cv Tully (CIAT-679) and Brachiaria humidicola CIAT-16888 showed 

high BNI activity that translated into low rate of nitrification in soil (Byrnes et al., 2017; 

Subbarao et al., 2009). Every year since the establishment of the trial, all genotypes were cut 

20 cm above the soil surface twice a year: first harvest between February and March and the 

second in August. After the harvest, the plots were fertilized with the equivalent to 48 kg N ha-

1 as NH4
+and 24, 8, 0.2 and 0.2 kg ha-1 of K, P, Zn and B, respectively. In the period 2010/17, 

the average value of dry weight of forage biomass harvested every six months was 9.99, 9.90 

and 8.77 Mg ha-1 for Mulato, CIAT-679 and CIAT-16888, respectively. The amount of used 

fertilizer was calculated for maintenance of the trial. Nevertheless, the plants regularly showed 

symptoms of mainly N deficiency prior to each harvest and fertilization.  

Within each experimental plot, a subplot of 1 m2 was delimited for the present study. The first 

set of samples was taken on 17 February 2017, six months after the last fertilization when plants 

displayed N limitation manifested by reduced growth and yellow coloration of the aerial 

biomass. Subplots were fertilized on 8 March 2017 with ammonium sulphate (100 kg N ha-1) 

in order to promote the BNI ability of plants (BNI compounds release is triggered when root is 

in contact with NH4
+ (Subbarao et al., 2007b)) while no other nutrients were supplemented (Fig. 

3.5.1.). The second and third samplings were performed one week (15 March) and three weeks 

(30 March) after N fertilization, respectively.  
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Fig. 3.5.1. Maximum and minimum temperatures and precipitation between January 2017 and June 2017 at the 

experimental site of CIAT-Palmira, Colombia. 

 

During each sampling, ten soil cores (five cm in diameter, 10 cm in depth) were taken from 

each fertilized 1 m2 subplot and soil samples along with plants and roots were immediately 

transported to the CIAT laboratory at the same location where they were pooled into one 

composite sample per subplot. Rhizosphere soil was separated from the bulk soil by gentle 

shaking off the soil not adhering to the root system. Fine fresh roots were hand-picked from the 

soil, washed and stored in ethanol (70%) until analysis of mycorrhizal root colonization. 

Rhizosphere soil was separated from the rest of the roots and sieved (2 mm), a subsample was 

air-dried for the analysis of soil chemical properties at CIAT laboratory. The rest of the soil was 

stored at 4°C until the determination of microbial biomass and enzyme activity in the 

Laboratory of Soil Science in Technical University of Madrid, Madrid, Spain. Plant 

aboveground biomass was cut at 10 cm above the surface level before the first sampling, oven-

dried, weighed and stored for foliar analysis. During the two consecutive samplings, ten newly 

emerging shoots were randomly selected from each subplot, oven-dried and stored for foliar 

analysis. Foliar analysis was performed in the Laboratory of Soil Science in Technical 

University of Madrid, Madrid, Spain.   

0

20

40

60

80

100

120

140

0

5

10

15

20

25

30

35

40

45

50

0-Jan 15-Jan 30-Jan 14-Feb 29-Feb 15-Mar 30-Mar 14-Apr 29-Apr 14-May 29-May 13-Jun 28-Jun

P
re

ci
p

it
at

io
n
 (

m
m

d
ay

-1
)

T
em

p
er

at
u
re

 (
°C

)

Total precipitation (mm)

Maximum temperature (°C)

Minimum temperature (°C)

Sampling Fertilization 



 

37 

 

3.5.2   Soil microbial biomass and phosphomonoesterase activity 

The fumigation-extraction method was used for determining microbial biomass C (MBC) and 

microbial biomass N (MBN) (Vance et al. 1987). Briefly, 15 g of moist soil was fumigated with 

ethanol-free chloroform and organic C was extracted with 0.5 M K2SO4 (1:4) and determined 

colorimetrically by measuring Cr3+ produced by reduction of Cr6+ (578nm) after microwave 

digestion (Speedwave four, Berghof, Eningen, Germany) at 135°C for 30 minutes. The content 

of N was quantified by Kjeldahl digestion of the extracts followed by steam distillation 

(Bremner and Mulvaney 1982). Microbial biomass C and N were calculated as the difference 

between the C and N content in fumigated and non-fumigated samples, divided by 0.38 

(Joergensen, 1996b)  and 0.54  (Brookes et al. 1985), respectively. The values of the control, 

unfumigated, samples of MBC and MBN were used as extractable organic C (EOC) and 

extractable N (EN), respectively.  

For determination of MBP, the content of P was extracted from fumigated samples and 

unfumigated controls with NaHCO3 (1:4 w/v) and determined colorimetrically as described by 

Joergensen (1995). 

The potential activity of acid and alkaline phosphomonoesterase was determined according to 

Tabatabai and Bremner (1969) by incubating fresh soil sample (0.5 g) with p-nitrophenyl 

phosphate and MUB buffer (pH 6.5 and 11, respectively).  

The PNR was estimated by aerobic soil incubation with the methods described by Byrnes et al. 

(2017) and Karwat et al. (2017). The PNR assay has been demonstrated to be a useful method 

to test the BNI activity in soils under different Brachiaria genotypes (Nuñez et al. 2018). 

Briefly, three grams of homogenized air-dried soil (two days drying at room temperature) were 

weighted into 10-ml amber flask with one hole in the cap. Soil was amended with 0.8 ml of 27 

mM ammonium sulphate to adjust the moisture content to 60% of water holding capacity. 

Ammonium and NO3
- contents were extracted with 1M KCl (1:10 w/v) and determined after 4 

and 12 days of incubation using the method described below for NO3
- determination. The PNR 

was expressed as NO3
- production per kilogram of soil per day and was calculated using [1] 

equation. 

 

PNR (mg NO3
- kg-1 day-1) = [(NO3

- t12) – (NO3
- t4)] / days of incubation   [1] 

 

Where NO3
-
t12 is the nitrate N content in the soil after 12 days of incubation and NO3

- t4 the 

nitrate N content after 4 days of aerobic incubation.  
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3.5.3  Mycorrhizal parameters 

Fine roots (at least hundred 1 cm root segments) that were stored in ethanol were washed and 

cleared with 10% KOH for 30 minutes at 85°C and stained using ink-vinegar method 

(Vierheilig et al., 1998) by heating the cleared roots for five minutes at 80°C in ink-vinegar 

solution (5%). Stained roots were observed under microscope and percentage of AMF root 

colonization was calculated based on the 100 views (McGonigle et al., 1990) and the results 

reported as a percentage of AMF colonized root length. AMF spores were extracted from the 

soil using wet-sieving and decanting method followed by sucrose gradient centrifugation 

(Sieverding et al. 1991) and counted under stereomicroscope. 

3.5.4   Soil chemical properties 

The SOC content was calculated following the procedure of Hoogsteen et al. (2015) after 

quantifying the soil organic matter by loss on ignition at 540°C .  Soil pH and electrical 

conductivity were determined in soil suspension (1:2.5 w/v) after one hour shaking. Available 

P was extracted from air-dried soil with Mehlich III (1:10 w/v) (Mehlich, 1984) and determined 

by ICP-OES (THERMO ICAP 6500 DUO).  

Mineral N (Nmin) was extracted with 1M KCl (1:10 w/v) from the fresh-sieved soil right after 

sampling. The content of NH4
+ was determined using sodium salicylate method (Forster 1995) 

and NO3
- was quantified colorimetrically after alkalinization with sodium salicylate as 

described by Karwat et al. (2017). The content of Nmin corresponds to the sum of NH4
+-N and 

NO3
--N.  

3.5.5   Soil phosphorus fractionation 

Soil P was fractionated sequentially following a reduced methodology proposed by Hedley et 

al. (1982) using the following extractants with 0.5g of air-dried soil (<2mm): H2O with anion 

exchange resin, 0.5M NaHCO3 and 0.1M NaOH (Tiessen and Moir, 1993). The inorganic P in 

the extracts was determined using the colorimetric molybdate-ascorbic acid method proposed 

by Murphy and Riley (1962) as described in Tiessen and Moir (1993). Total P in the NaOH and 

NaHCO3 extracts was determined after the digestion of an extract aliquot with 0.6 g of 

potassium persulfate (Bowman, 1989). In the NaOH and NaHCO3 extracts, organic P was 

calculated as the difference between total P and inorganic P. 

3.5.6   Foliar analysis 

Foliar nutrients content was determined by acid digestion of 0.4 g of dried biomass with 

hydrogen peroxide (H2O2) and nitric acid (HNO3) in microwave (Speedwave four, Berghof, 

Eningen, Germany) by heating to 145°C (10 min ramp) for five minutes followed by heating to 
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190°C (five min ramp) for 10 min. Nutrient contents were then analyzed using ICP-OES 

(THERMO ICAP 6500 DUO). Nitrogen content was quantified using Kjeldahl apparatus.  

3.5.7  Stratistical analysis 

Data were analyzed statically using SPSS 22.0 program (IBM SPSS, Inc., Chicago, USA) using 

Linear Mixed Model using plant genotype and sampling days as fixed factors, while each field 

plot was considered as a random factor in which time was nested as a repeated measurement. 

Several models with different covariance structure were carried out and the most appropriate 

fit was selected according to the lowest Akaike’s information criterion. When a significant 

effect was detected (p<0.05), the LSD post-hoc tests (p<0.05) were used to test the differences 

between the different plant genotypes and sampling days. For identification of the main drivers 

of the foliar N, P and N:P contents, separate stepwise regressions were applied for each plant 

genotype separately. The stepping criteria employed for the entry and removal were based on 

the significance level of the F-value and set at 0.05. In addition, multiple stepwise regressions 

were used to analyze the effect of the measured soil parameters on the AMF root colonization, 

spore abundance and both phosphomonoesterase activities. 

 

3.6   ARBUSCULAR MYCORRHIZAE AND NITROGEN CYCLING (Experiment 5)  

3.6.1 Experimental design 

A pot experiment (106 days since the plant sowing until the final harvest) with Brachiaria 

decumbens Stapf. was established in the greenhouse to test the effects of the following factors 

and their interactions: (i) AMF (with and without AMF) and (ii) fertilization (control without 

fertilization, urea and urea+dicyandiamide (DCD)). All pots were distributed in a completely 

randomized block design with eight repetitions per treatment. Fertilizer treatments were applied 

on day 92 of the plant growth and the emissions of N2O and CO2 were determined right before 

fertilizer treatments application and during 14 days after fertilization (between day 92 and 106 

of plant growth) when the N2O emissions dropped to the values close to pre-fertilization values. 

Seven and 14 days after fertilization, four plants were destructively sampled for biomass 

quantification and N content.   

3.6.2 Soil sterilization and microbial inoculation 

The study was performed in a controlled greenhouse at CIAT in Palmira, Colombia. Plastic 

pots (17 cm height, 18 cm diameter) were filled with two kilograms of soil (Vertisol) collected 

from the experimental fields at CIAT. Soil samples were analyzed by the Analytical Services 



 

40 

 

Laborayory at CIAT and contained 152 mg kg-1 of available P (P-BrayII), 1467 mg kg-1 of 

calcium, 469 mg kg-1 of magnesium, and 628 mg kg-1 of available potassium. Field moist soil 

was homogenized and sieved (<5 mm) prior sterilization with autoclave (121° C, 90 min). All 

pots were re-inoculated with a microbial extract of the fresh soil collected within the same area, 

which was filtered to exclude AMF spores and prepared as follows: shaking (30 min) of one 

kilogram of soil with five liters of deionized water, followed by sieving through 125 µm, 40 

µm and 20 µm sieves. The extract was then filtered twice through Whatman 2 filter paper. Fifty 

ml of final filtrate, corresponding to an extract from 5 grams for each kilogram of sterile soil, 

was added to all pots. The moisture content was adjusted to 60% of water-filled pore space 

(WFPS) and pots were placed in the greenhouse (22-28°C) for two weeks for microorganisms 

to utilize the substrate released by soil sterilization and to colonize the whole pot area. Soil 

moisture content was controlled gravimetrically and adjusted every 1-2 days.  

3.6.3 Seeding and inoculation with AMF 

Two weeks after microbial wash application, seeds of Brachiaria decumbens Stapf. were 

surface-sterilized with ethanol (50%, 30s) and bleach (2.5%, 5 min) and washed three times 

with deionized water. Seeds were pre-germinated in sterile Petri dishes for three days and then 

transplanted to sterilized sand. At the two-leaves stage, the plantlets were transplanted to the 

pots and half of the pots was inoculated with commercial AMF inoculum on the same day (day 

one of the experiment). The success of the inoculation was checked two weeks later in the 

additional pots. However, no root colonization or AMF growth was detected. The pots with 

seedling were re-inoculated with native AMF collected from the area of soil collection on day 

14 of the experiment. In brief, AMF spores were extracted from one kg of fresh soil using wet-

sieving and decanting method followed by sucrose centrifugation (Sieverding, 1991). Obtained 

spores were washed, isolated and applied to the pots at a density of approximately 500 spores 

pot-1. As the AMF spores originated from the same soil as the microbial inoculum, no surface 

sterilization of spores was performed.  

A total number of 72 pots was prepared: 24 AMF-inoculated pots (+M), 24 non-AMF (-M) pots 

and 24 additional pots. The additional pots were used to confirm the soil moisture content and 

the presence of AMF by destructive sampling throughout the experiment. Plants were watered 

every one or two days to 60% WFPS. Pots were fertilized twice with a composite fertilizer 

containing 6 mg N, 0.25 mg Mg, 0.25 mg Ca, 5 mg P, 5 mg K, 0.3 mg S and 0.1 mg Zn pot-1 

(corresponding to 4.21, 0.18, 0.18, 3.51, 3.51, 0.21 and 0.07 kg ha-1, respectively) to prevent 

limitation by other soil nutrients than N. The small amount of N was added to stimulate the N 
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cycling. The first fertilization was performed on May 17th (day 83 of the plant growth) and the 

second one on May 26th (day 92 of the plant growth), which was the day of the fertilizer 

treatment application.  

3.6.4 Fertilization treatments 

Two months after AMF inoculation, which corresponds to day 92 after planting urea solution 

(0.117 g N pot-1 corresponding to 82 kg ha-1) was applied to eight +M and eight -M pots (-M/N 

and +M/N, respectively). Similarly, to another eight +M pots and eight -M pots, the same 

amount of urea together with DCD (10% of applied N) were added (-M/DCD and +M/DCD). 

The remaining 16 pots (eight +M and eight -M) were watered with the same amount of water 

(-M/Ctr; +M/Ctr). Four repetitions of each treatment were sampled seven days after fertilization 

(day 99 of plant growth) and another four repetitions at the end of the experiment (14 days after 

fertilization, day 106 of plant growth) for the soil analysis, plant biomass and N uptake. The 

application of nitrification inhibitors, such as dicyandiamide (DCD) in order to suppress NH4
+ 

oxidation has been successfully used in pot and field experiments (Tao et al., 2018) and can 

provide an important insight into the N2O releasing pathways. Nitrification inhibiting 

substances selectively target AOs by deactivating the ammonium monooxygenase enzyme so 

that NH4
+ remains available for AMF, other soil heterotrophs and plants. The reduced mobility 

of N resulting from suppressed NH4
+ oxidation could have implications for the relationship 

between AMF and the host plant towards higher dependency on the symbiosis.    

3.6.5 Measurement of greenhouse gases 

The emissions of N2O and CO2 were measured one day before fertilization treatment 

application and periodically (1-2 measurements per day) for two weeks since the application of 

the fertilization treatments using portable Fourier Transform Infrared Spectroscopy (FTIR) Gas 

Analyzer (Gasmet DX4040, USA) (Fig. 3.6.1.). After this period, N2O emissions were stable 

and close to zero. During each measurement, pots were covered with a non-transparent plastic 

chamber (2.5 l volume), sealed and the gas concentration was determined every 20 seconds for 

ten minutes.  
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Fig. 3.6.1. Measurement of greenhouse gases using portable Fourier Transform Infrared Spectroscopy (FTIR) Gas 

Analyzer (Gasmet DX4040, USA). 

 

3.6.6 Plant growth and nitrogen uptake 

Plant aboveground biomass was cut twice before the fertilization treatments, and again right 

before the fertilization treatments were applied (day 92 of plant growth), and nine days later 

(day 101 of plant growth). All biomass was dried at 70°C until constant weight and weighed. 

Cut biomass was collected during the whole experiment and pooled with the shoot biomass 

obtained during destructive sampling of the same pot.  Seven and 14 days after fertilization, 

four pots from each treatment were destructively sampled and plant roots were manually 

removed from the soil, dried and weighed. The total N content in both shoot and root biomass 

was determined using Kjeldahl digestion followed by steam distillation (Bremner and 

Mulvaney, 1982).   

3.6.7 Mycorrhizal parameters 

Mycorrhizal root colonization was determined in all destructively sampled pots (day seven and 

day 14 after fertilization) from 100 views as a percentage of colonized root segments of total 

segments observed. Fresh fine roots were hand-picked from the soils, washed and cleared with 

10% KOH for 30 minutes in water-bath at 85°C. Cleared roots were  stained during heating  (5 

min, 80°C) with 5% ink-vinegar solution  (Vierheilig et al., 1998). AMF spores were extracted 

from the soil using wet-sieving and decanting method followed by sucrose centrifugation 

(Sieverding, 1991) and counted under stereo-microscope. The roots used for mycorrhizal 

colonization were weighed at the fresh state and a subsample was dried to determine the 

moisture content. The biomass of roots used for mycorrhizal colonization quantification was 

summed up to the total root biomass.  
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3.6.8 Soil carbon and nitrogen pools, potential urease activity and nitrification rate 

In all destructively sampled pots, mineral N was extracted with 1M KCl solution (1:10 w/v) 

and NH4
+-N and NO3

--N contents were determined colorimetrically using the sodium salicylate 

method (Forster JC, 1995) and sulphanilamide and N-(-naphthyl) ethylendiamine 

dihydrochloride method (Miranda et al., 2001), respectively. For the potential urease activity 

determination, a method proposed by (Kandeler and Gerber, 1988) and modified by Kandeler 

et al. (1999) was used and the activity was determined as NH4
+ produced during the incubation 

with urea solution as a substrate.  The rest of the soil was stored (not more than 14 days) at 4 

°C until the analysis of MBC and MBN, by fumigating 15 g of fresh soil with ethanol-free 

chloroform followed by extraction with 0.5M K2SO4 (1:4 w/v) (Vance et al., 1987). The 

concentration of microbial biomass N was determined by Kjeldahl digestion and steam 

distillation (Bremner and Mulvaney, 1982) while MBC was determined colorimetrically (578 

nm) by quantification of Cr3+ produced by reduction of Cr6+ after microwave digestion 

(Speedwave four, Berghog, Eningen, Germany) at 135°C for 30 min. Microbial biomass C and 

N were calculated as the difference between the C and N contents in fumigated and non-

fumigated samples, divided by 0.38 (Joergensen, 1996b) and 0.54 (Brookes et al., 1985), 

respectively. ThePNR was determined with the modified shaken-slurry method (Hart et al., 

1994) using 5 g of fresh sieved soil. Duplicates of soil samples were mixed with 50 ml of 

nitrification potential solution (1 mM potassium phosphate pH 7.2; 0.5 mM ammonium 

sulphate) and agitated at 200 rpm in orbital shaker. One set of samples was taken immediately 

after buffer addition while the other set was agitated for 24 hours before the quantification of 

NO3
- using the same method as in soil extracts.  

3.6.9 DNA extraction and real-time PCR quantification 

Soil DNA was extracted from 0.25 g of fresh soil from destructively sampled pots using DNeasy 

PowerSoil DNA isolation kit (QUIAGEN, Hilden, Germany) according to the manufacturer’s 

instructions. The quantity and purity of the obtained DNA was determined by 260/280 nm and 

260/230 nm measurements using a Nanodrop spectrophotometer (DeNovix, Wilmington, DE, 

USA).  

Quantitative PCR (qPCR) was performed to assess the abundance of the amoA gene of both 

AOA) and AOB (Table 3.4.2.). The qPCR was performed in 10-μL reaction mixtures containing 

the following components: 5 μL of iTaq™ Universal SYBR® Green Supermix (Bio-Rad, 

BioRad Laboratories, Inc., Hercules, CA), 0.5 μM of each primer (Table 3.4.2.) and 1 μL of 

diluted DNA extracts. The optimal dilution of DNA extracts was tested to compensate any 
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reaction inhibition by humic acids co-extracted during DNA isolation (data not shown). All 

qPCR assays were run on an Applied Biosystems ABI 7300 (Applied Biosystems, NJ, USA) 

sequence detection system starting with the initial denaturation step at 95 ºC for 10 minutes, 

followed by amplification cycles specific for each target gene (Table S1 Supporting 

Information). A melting curve analysis was performed after each assay to ensure that only the 

products of the desired melting temperature were generated. The standard curves for 

quantifying gene copy numbers were determined by cloning the PCR products in a plasmid 

using the procedures reported by (Okano et al., 2004). The population sizes of AOA and AOB 

were estimated as the normalized copies per gram of dry soil.  

3.6.10 Calculations and statistical analysis 

The mycorrhizal dependence of selected parameters was calculated according to Hetrick et al. 

(1992). The plant or soil trait for which the effect size is calculated is the percentage increase 

of +M respect to the mean of –M treatments.  

The repeated measurements of GHG were analyzed using SPSS 22.0 program (IBM SPSS, Inc., 

Chicago, USA) using Linear Mixed Model. The presence of AMF, the type of fertilization 

(control, urea or urea+DCD) and time of measurement were used as fixed factors, while each 

pot was considered as a random factor in which time was nested as a repeated measurement. 

Several models with different covariance structure were carried out and Linear Mixed Model 

was selected according to the lowest Akaike’s information criterion. When a significant single 

or interaction effect was detected (p<0.05), the LSD post-hoc tests (p<0.05) were used to test 

the differences between fertilization treatments. The cumulative GHG emissions were 

calculated by linear interpolation between measurements. The measured soil properties, AMF 

parameters, plant biomass and biomass N content were analysed using a linear mixed model 

with presence of AMF, the type of fertilization (control, urea or urea+DCD) and time of 

measurement as fixed and the block as a random factor.  
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4 RESULTS 

4.1  PASTURE DIVERSIFICATION AFFECTS SOIL MACROFAUNA AND 

SOIL BIOPHYSICAL PROPERTES IN TROPICAL (SILVO)PASTORAL 

SYSTEMS (Experiment 1) 

4.1.1 Effect of distance from the tree rows on soil properties in the silvopastoral 

system 

No significant differences in SOM content were detected among the three sampling 

distances within the SPS systems (Table 4.1.1). However, we observed decreasing 

content of POM and TN with distance from the L. diversifolia tree rows, the highest 

content being detected in SPS-0.0 (Table 4.1.1.). The Na content in SPS-0.0 was also 

significantly higher than in the other two sampling distances, while Ca, Mg, K, pH and 

PMN were comparable across distances in the SPS (Table 4.1.1.). 

Table 4.1.1. Soil properties of the three different forage-based systems and distances from the tree rows in 

the silvopastoral system (0-10 cm soil layer). Mean values followed by standard errors in parenthesis (n=12) 

 Pasture system1 

 CP LP SPS-5.5 SPS-1.5 SPS-0.0 

Soil variable       

SOM (g kg-1) 45.8 (0.92)  46.9 (0.56) 47.3 (0.65) 49.4 (1.36) 48.7 (0.95) 

POM (g kg-1) 5.52 (0.32) 6.16 (0.23) 5.91 (0.36) B 6.79 (0.65) AB 7.23 (0.59) A 

TN (g kg-1) 1.16 (0.06) 1.21 (0.04) 1.17 (0.04) B 1.22 (0.06) B 1.37 (0.06) A 

PMN (mg N kg-1) 29.1 (1.71) 32.8 (2.46) 35.2 (2.82) 39.5 (3.27) 34.1 (3.73) 

P (mg kg-1) 21.76 (4.49) 24.29 (6.41) 18.06 (3.97) 21.87 (3.45) 15.82 (3.02) 

Ca (mg kg-1) 2,268 (39) 2,331 (54) 2,237 (37) 2,262 (46) 2,247 (49) 

Mg (mg kg-1) 859 (8.6) 888 (25.2) 869 (8.3) 871 (8.4) 871 (10.7) 

K (mg kg-1) 626 (130) 767 (159.7) 864 (236.4) 888 (134.6) 947 (134.8) 

Na (mg kg-1) 45.9 (3.52) 46.2 (2.18) 46.7 (2.35) B 41.6 (2.02) B 54.00 (1.60) A 

pH 7.40 (0.07) 7.51 (0.10) 7.61 (0.08) 7.49 (0.08) 7.47 (0.09) 

BD (g cm-3) 1.55 (0.02) 1.52 (0.02) 1.51 (0.02) AB 1.46 (0.02) B 1.52 (0.02) A 

PR (kPa) 849 (69.0) 831 (49) 877 (58) 863 (81) 917 (87) 

MWD (mm) 5.56 (0.18) b 5.99 (0.09) a 5.91(0.15) abA 5.30 (0.18) B 4.19 (0.26) C 

MAbio (g kg-1) 479 (42.0) b 654 (38) a 577 (34) abB 698 (28) A 405 (52) C 

MAphys (g kg-1) 349 (48.0) a 183 (48) b 259 (46) abB 178 (28) B 500 (63) A 

MAroot (g kg-1) 87 (27.0) 62 (17) 79 (20) A 21 (4) B 5 (2) C 

SOM, soil organic matter; POM, particulate organic matter; TN, total nitrogen; PMN, potentially 

mineralizable nitrogen; BD, bulk density; PR, penetrometer resistance; MWD, mean weight diameter of 

water-table aggregates; MAbio, biogenic macroaggregates; MAphys, physicogenic macroaggregates; MAroot, 

root-associated macroaggregates 
1 pasture type: CP, conventional pasture of Brachiaria hybrid cv. Cayman monoculture; LP, Brachiaria 

pasture improved by incorporation of Canavalia brasiliensis; SPS, silvopastoral system with Brachiaria, 

Canavalia brasiliensis and Leucaena diversifolia 

Different lowercase letters indicate significant difference (p<0.05) between CP, LP and SPS-5.5. Different 

uppercase letters indicate difference (p<0.05) between the distances from L. diversifolia tree row within 

SPS. 

The distance from the tree rows strongly affected physical soil properties. Soil BD was 

lower in SPS-1.5 than in SPS-0.0, while MWD increased with increasing distance from 
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the tree double-row (Table 4.1.1). According to the macroaggregate morphology, in SPS-

5.5 and SPS-1.5 the dominant type was MAbio (58 and 70% of bulk soil, respectively) 

while in SPS-0.0 the MAbio and MAphys were similarly distributed (41 and 50% of bulk 

soil, respectively) (Table 4.1.1). The highest amount of MAphys was detected in the middle 

of the tree double-rows (500 g kg-1) and the highest of MAroot in-between the alleys (Table 

1). The resistance to penetration (RP) was not affected by the distance from the tree rows 

in the 0-10 cm layer, although in the 10-20 cm layer, the RP was higher in SPS-0.0 when 

compared to SPS-1.5 (Table 4.1.2., PR data not shown).  

Table 4.1.2. Soil properties of the three different forage-based systems and distances from the tree rows in 

the silvopastoral system (10-20 cm soil layer). Mean values followed by standard errors in parenthesis 

(n=12) 

 Pasture system 1 

 CP LP 5.5 m 1.5 m 0.0 m 

Soil variable       

SOM (g kg-1) 41.4 (0.53) 42.2 (0.54) 42.2 (0.55) 42.7 (0.60) 42.0 (0.53) 

POM (g kg-1) 2.91 (0.10) b 3.42 (0.17) a 3.11 (0.16) ab 3.44 (0.25) 3.06 (0.17) 

TN (g kg-1) 1.00 (0.03) 1.08 (0.03) 1.05 (0.02) 1.06 (0.05) 1.04 (0.04) 

PMN (mgN kg-1) 21.6 (2.26) b 28.3 (1.83) a 24.6 (1.97) ab 28.2 (2.28) 26.1 (2.16) 

P (mg kg-1) 10.9 (2.44) 14.4 (4.15) 8.58 (1.34) 8.69 (1.52) 7.33 (1.13) 

Ca (mg kg-1) 2,353 (44) 2,442 (52) 2,340 (46) 2,325 (47) 2,384 (47) 

Mg (mg kg-1) 875 (10.4) 897 (24.9) 874 (10.4) B 886 (9.62) AB 906 (8.82) A 

K (mg kg-1) 514 (103) 696 (136) 568 (109) 519 (92) 505 (173) 

Na (mg kg-1) 51.8 (1.92) 49.5 (2.34) 46.6 (2.61) B 46.5 (2.03) B 55.4 (2.08) A 

pH 7.31 (0.08) 7.47 (0.09) 7.34 (0.09) 7.33 (0.08) 7.34 (0.10) 

PR (kPa) 1,217 (108) 1,242 (110) 1,240 (85) AB 1,191 (79) B 1,386 (138) A 

SOM, soil organic matter; POM, particulate organic matter; TN, total nitrogen; PMN, potentially 

mineralizable nitrogen; PR, penetrometer resistance. 
1 pasture type: CP, conventional pasture of Brachiaria hybrid cv. Cayman monoculture; LP, Brachiaria 

pasture improved by incorporation of Canavalia brasiliensis; SPS, silvopastoral system with Brachiaria, 

Canavalia brasiliensis and Leucaena diversifolia 

Different lowercase letters indicate significant difference (p<0.05) between CP, LP and SPS-5.5. Different 

uppercase letters indicate difference (p<0.05) between the distances from L. diversifolia tree row within 

SPS. 

 

4.1.2 Effect of distance from the tree rows on soil macrofauna in SPS 

The soil macrofauna was strongly affected by the distance from the tree double-rows 

(Table 4.1.3.). Within SPS, the highest abundances of most macrofauna groups were 

consistently observed at 1.5 m distance from the tree rows, where a total of 5,859 

individuals m-2 were found in the 0-10 cm layer. Between the tree double-rows and in the 

center of the alley, the total abundance of macrofauna was much lower (1,533 individuals 

m-2 and 2,935 individuals m-2, respectively. The most abundant groups in SPS-1.5 were 

Formicidae. Oligochaeta was significantly higher at 1.5 m when compared to the other 

two distances, while Formicidae, Isopoda, and the total macrofauna richness was higher 
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at 1.5 m than at 0.0 m (Table 4.1.3.). In addition, the larvae abundance was higher at 1.5 

m than at 5.5 m (Table 4.1.3.).  

Table 4.1.3. Soil macrofauna density in three different pastures systems and distances from the tree rows 

in the silvopastoral system (0-10 cm soil layer). Mean values followed by standard errors (n=12) 
 Pasture system 1 

 CP LP SPS-5.5  SPS-1.5 SPS-0.0  

Macrofauna group      

individuals  m-2      

Formicidae (ants) 1,028 (627) 1,707 (629) 2,115 (805) AB 4,240 (1194) A 741 (272) B 

Oligochaeta (earthworms) 65 (30) 60 (19) 117 (40) B 277 (132) A 87 (28) B 

Chilopoda (centipedes) 39 (19) 72 (25) 49 (15) 160 (45) 32 (14) 

Diplopoda (millipedes) 60 (18) b 137 (36) a 125 (43) ab 331 (104) 157 (102) 

Coleoptera (beetles) 43 (15) 92 (22) 117 (38) 181 (34) 155 (21) 

Hemiptera (true bugs) 5 (3) 16 (10) 8 (5) 21 (6) 7 (3) 

Aranea (spiders) 11 (5) 61 (18) 25 (9) 53 (19) 15 (5) 

Dermaptera (earwigs) 21 (9) b 55 (15) b 125 (30) a 155 (36) 72 (17) 

Gastropoda (molluscs) 9 (6) 16 (11) 4 (3) 16 (11) 5 (5) 

Isopoda (woodlice) 31 (12) 69 (20) 59 (18) AB 108 (30) A 17 (5) B 

Blattodea (cockroaches) 3 (2) 11 (5) 23 (7) 21 (6) 12 (7) 

Others  7 (4) b 112 (70) a 40 (14) ab 55 (14) 17 (7) 

Larvae   61 (14) b 103 (30) a 127 (2) a B 240 (50) A 216 (39) AB 

Total abundance 1,383 (657) b 2,511 (685) a 2,935 (834) aAB  5,859 (1308) A 1,533 (137) B 

Richness (S) 7.0 (0.4) b 8.8 (0.7) a 9.4 (0.6) aAB 10.8(0.2) A 8.7 (0.5) B 

1 pasture type: CP, conventional pasture of Brachiaria cv. Cayman monoculture; LP, Brachiaria pasture 

improved by incorporation of Canavalia brasiliensis; SPS, silvopastoral system with Brachiaria, 

Canavalia brasiliensis and Leucaena diversifolia 

Different lower-case letters indicate significant difference (p<0.05) between CP, LP and SPS-5.5. Different 

upper-case letters indicate difference (p<0.05) between the distances from L. diversifolia tree row within 

SPS. 

 

Table 4.1.4. Soil macrofauna density in three different pastures systems and distances from the tree rows 

in the silvopastoral system (10-20 cm soil layer). Mean values followed by standard errors (n=12) 
 Pasture system 1 

 CP LP SPS-5.5 m SPS-1.5 m SPS-0.0 m 

Macrofauna group      
individuals  m-2      

Formicidae (ants) 244 (171) 100 (57) 128 (83) 11 (5) 27 (7) 

Oligochaeta (earthworms) 13 (6) 33 (18) 5 (9) 35 (9) 21 (12) 
Chilopoda (centipedes) 0 (0) 5 (3) 0 (0)B 9 (4)A 3 (2)B 

Diplopoda (millipedes) 12 (5) 37 (17) 32 (20) 91 (52) 139 (102) 

Coleoptera (beetles) 11 (5) 4 (2) 3 (3) 12 (6) 9 (4) 
Hemiptera (true bugs) 0 0 0 0 0 

Aranea (spiders) 0 (0) 3 (2) 0 (0)B 1 (1)B 8 (4)A 

Dermaptera (earwigs) 1 (1) 0 (0) 1(1) 3 (2) 1 (1) 
Gastropoda (molluscs) 0 (0) 3 (3) 1 (1) 0 (0) 0 (0) 

Isopoda (woodlice) 4 (4) 0 (0) 3 (2) 0 (0) 1 (1) 

Blattodea (cockroaches) 0 (0) 0 (0) 0 (0) 0 (0) 3 (2) 
Others  1 (1) 16 (16) 3 (2) 8 (3) 7 (4) 

Larvae   31 (9) 4 (3) 7 (3) 15 (5) 8 (4) 

Total abundance 317 (173) 205 (83) 183 (86) 184 (55) 227 (116) 

Richness (S) 2.92 (0.40) 2.50 (0.62) 1.92 (0.51) B 3.58 (0.53) A 3.33 (0.72) A 
1 pasture type: CP, conventional pasture of Brachiaria cv. Cayman monoculture; LP, Brachiaria pasture 

improved by incorporation of Canavalia brasiliensis; SPS, silvopastoral system with Brachiaria, 

Canavalia brasiliensis and Leucaena diversifolia 

Different lowercase letters indicate significant difference (p<0.05) between CP, LP and SPS-5.5. Different 

upper case letters indicate difference (p<0.05) between the distances from L. diversifolia tree row within 

SPS. 
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The highest abundance of predators was observed in SPS-1.5, and the detritivores were 

also more abundant at SPS-1.5 when compared to SPS-0.0 (Fig. 4.1.3.). No significant 

differences were found in the abundance of herbivores between distances from the trees. 

Data from the 10-20 cm depth can be seen in Table 4.1.4. 

4.1.3 Comparison of grass-herb systems and SPS alleys 

No differences in soil chemical properties were detected between CP, LP and SPS-5.5 

(alley). Nevertheless, considerable differences were found between CP and LP in soil 

structure (Table 4.1.1.). The MAbio and MAphys followed an opposite pattern, where MAbio 

was higher in LP than in CP while MAphys was higher in CP (Table 4.1.1.). The MWD 

was higher in LP than in CP while no differences were found in resistance to penetration 

and bulk density. The SPS-5.5 (alley) did not differ from none of the two treeless systems.  

Higher densities of macrofauna individuals were collected at 0-10 cm in LP (2,511 

individuals m-2) than in the CP system (1,383 individuals m-2) (Table 4.1.3.). In 

comparison, 2,935 individuals m-2 were collected in the alley of the silvopastoral system 

(SPS-5.5). Low densities (lower than 10% of all collected individuals) of macrofauna 

were found at 10-20 cm (Table 4.1.4.). The total soil macrofauna richness was also 

enhanced by legume inclusion. In addition, the density of Diplopoda and others (groups 

including taxa not assigned to other groups due to very low abundance) in LC was 

significantly higher than in CP, while the highest Dermaptera density was found in SPS-

5.5 (Table 4.1.4.).  

From all functional groups, detritivores were the most abundant group in all systems (Fig. 

4.1.1.). The highest herbivores density was found in SPS-5.5 and the lowest detritivores 

density in CP. Finally, the predators density was higher in LC than in CP while the 

herbivores were similar in the three systems. 



 

51 

 

 

Fig. 4.1.1. Functional groups of soil macrofauna in the three (silvo)pastoral system and with different 

distance from the tree lines in SPS. 

CP, conventional pastures of Brachiaria hybrid cv. Cayman; LP, legume-improved pasture of Brachiaria 

with Canavalia brasiliensis; SPS, silvopastoral system of LP with Leucaena diversifolia tree rows. 

Mean (SEM). Different lowercase letters indicate differences (p<0.05) between CP, LP and SPS-5.5; 

different uppercase letter indicate differences (p<0.05) between distances from the tree double-row. 

Herbivores, predators, detritivors and others are grouped according to prevailing feeding habits.  

 

4.1.4 Relationship among studied variables 

The first two components in PCA accounted for a 38.6% of the total variance (Fig. 4.1.2.). 

On the PC1 (explaining 19.60% of total variance) SOM, TN, POM, PMN, and 

monovalent cations (the sum of available Na and K) loaded on the positive side, while 

MWD loaded on negative side (Table 4.1.5.). The macrofauna functional groups 

(detritivors, predators and herbivores), richness and ants abundance loaded on the PC2 

(19.04% of total variance). The aggregate morphological fraction MAbio and BD loaded 

on the positive and negative side of PC2, respectively. When the sampling points were 

plotted in the orthogonal space defined by PC1 and PC2, the highest differences were 

found between SPS-1.5, SPS-0.0 and CP. The samples from SPS-1.5 were plotted on the 

right side of PC1 and the upper side of PC2 (high macrofauna abundance) and positive 

side of the PC1 (high SOM content), while the SPS-0.0 samples were located on the 

positive side of PC1 but on the negative side of PC2. The CP treatment was located in the 

negative side of PC1 and PC2 due to low macrofauna abundance, low SOM and high BD. 

Finally, LP and SPS-5.5 were overlapping both located in the negative side of PC1 and 

slightly positive side of the PC2.   

 



 

52 

 

 

 
 

 

Fig. 4.1.2. PCA loading plots of the collected samples based on SOM, soil organic matter; TN, total 

nitrogen; POM, particulate organic matter; PMN, potentially mineralizable nitrogen; MWD, mean weight 

diameter of soil aggregates; Monovalent, the sum of available K and Na; P, available (Mehlich 3) 

phosphorus; MAphys, soil macroaggregates formed by physical forces; Divalent, the sum of available Ca 

and Mg; Richness, the richness of soil macrofauna taxa; MAbio, soil macroaggregates formed by the activity 

of soil macrofauna; BD, soil bulk density; MAroot, soil macroaggregates formed by plant roots; Resist, 

resistance to penetration. The highest PC1 scores had SOM (0.858), TN (0.757), POM (0.737) and PMN 

(0.717) while the highest PC2 scores had Predators (0.803), Richness (0.775) and Herbivores (0.768). 

Scores of all PC1 and PC2 can be found in Table S-3 (Supplementary material). CP, conventional 

monoculture pasture (grass only); LP, pasture improved by the incorporation of legume; SPS-5.5, SPS-1.5 

and SPS-0.0, silvopastoral system at distance of 5.5 m, 1.5 m and 0.0 m  from the tree rows, respectively. 

Means (n=12) with standard errors of the means.  
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Table 4.1.5. Principle component loadings for measured soil parameters 

Rotated component Matrix 

 

Soil parameter PC1 PC2 

 19.60% 19.04% 

SOM 0.858 0.169 

TN 0.757 0.034 

POM 0.737 0.059 

PMN 0.717 0.294 

MWD -0.511 0.127 

Monovalent 0.476 -0.028 

P 0.460 -0.040 

MAphys 0.436 -0.361 

Divalent -0.033 -0.024 

Predators 0.026 0.803 

Richness 0.052 0.775 

Herbivores 0.017 0.768 

Detritivores 0.346 0.733 

Formicidae -0.217 0.616 

MAbio -0.354 0.468 

BD -0.210 -0.443 

pH -0.271 0.347 

MAroot -0.188 -0.199 

Resist -0.138 -0.150 

SOM, soil organic matter; TN, total nitrogen; POM, particulate organic matter; PMN, potentially 

mineralizable nitrogen; MWD, mean weight diameter of soil aggregates; Monovalent, the sum of available 

K and Na; P, available (Mehlich 3) phosphorus; MAphys, soil macroaggregates formed by physical forces; 

Divalent, the sum of available Ca and Mg; Richness, the richness of soil macrofauna taxa; MAbio, soil 

macroaggregates formed by the activity of soil macrofauna; BD, soil bulk density; MAroot, soil 

macroaggregates formed by plant roots; Resist, resistance to penetration. 
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4.2  INTENSIVE AND SHORT-DURATION ROTATIONAL GRAZING 

ENHANCES CATTLE STOCKING RATES AND POSITIVELY AFFECTS 

SOIL QUALITY WITHIN ONE YEAR AFTER THE ESTABLISHMENT 

IN COLOMBIAN EASTERN PLAINS (Experiment 2) 

4.2.1 Soil properties and enzymatic activity 

The IRG-managed farm in Morichal had a considerably higher SOC content and C/N 

ratio compared to low-density adjacent TM-cont reference (Table 4.2.1.). The TN content 

was higher in both farms managed by IRG than in their respective reference farms (Table 

4.2.1.). Furthermore, soil BD was lower under IRG management when compared to their 

respective reference farms in both study sites (Table 4.2.1.), which was reflected in higher 

soil porosity at IRG-managed farms. Furthermore, soil at both IRG-managed farms had 

higher available water content (data not shown). In general, the differences of soil 

physical properties were most evident in the top layer. Differences in SOC and BD were 

reflected in SOC stocks of the whole 0–20 cm layer in Morichal site (Fig. 4.2.1.) where 

the higher SOC stocks were observed under IRG when compared to the TM-cont 

reference. Nevertheless, due to the higher BD at the reference farm and comparable SOC 

content between IRG and TM-rot, at Villasol site, SOC stocks were higher in the 

reference farm.  
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Table 4.2.1. The effects of management (M) and soil depth (S) on soil moisture content at saturation (SAT), 

field capacity (-33 kPa, FC) and at wilting point (-1500 kPa, WP) and on soil bulk density (BD), soil 

porosity (SP), mean weight diameter (MWD) of water stable aggregates and the soil textural class. Mean 

(SEM) (n=4). 
                                                                                                   SAT FC WP Bulk 

density 

Soil porosity MWD Soil 

texture 

 (%) (g cm-3) (%) (mm)  

Morichal          

0-10 cm        

IRG-Tully 50.03 (4.18) 38.97 (2.41) 30.29 (1.62) 1.12 (0.04) 57.92 (1.69) 6.18 (0.24) L 
IRG-Ruz 53.03 (1.71) 42.29 (0.78) 36.59 (0.99) 1.07 (0.03) 59.65 (1.03) 5.67 (0.36) L 

TM-cont 34.81 (0.75) 31.27 (0.75) 26.32 (1.38) 1.36 (0.01) 48.79 (0.46) 4.74 (0.22) L 

10-20 cm         
IRG-Tully 31.71 (0.49) 25.48 (0.44) 21.41 (0.34) 1.38 (0.02) 47.97 (0.73) 3.82 (0.29) L 

IRG-Ruz 28.29 (0.34) 23.77 (0.48) 19.42 (0.64) 1.45 (0.01) 45.17 (0.46) 3.55 (0.52) L 

TM-cont 28.48 (0.56) 24.08 (0.09) 19.57 (0.37) 1.47 (0.01) 44.61 (0.55) 3.08 (0.10) CL 

Villasol        

0-10 cm         

IRG-Tully 60.16 (3.91) 53.93 (3.81) 46.64 (3.21) 1.02 (0.05) 61.41 (1.73) 5.47 (0.25) L 
IRG-Mar 75.52 (10.7) 63.42 (9.36) 54.41 (9.57) 0.89 (0.08) 66.57 (2.88) 5.78 (0.22) L 

TM-rot 47.33 (1.85) 44.45 (1.60) 39.63 (1.91) 1.14 (0.02) 57.01 (0.82) 5.14 (0.45) L 

10-20 cm         
IRG-Tully 34.80 (1.72) 30.81 (1.42) 26.47 (1.24) 1.41 (0.10) 46.97 (3.67) 3.01 (0.23) SCL 

IRG-Mar 37.25 (5.54) 32.45 (4.14) 27.40 (3.03) 1.35 (0.10) 49.01 (3.88) 3.82 (0.40) L 

TM-rot 29.13 (1.64) 25.37 (1.67) 21.23 (1.07) 1.47 (0.04) 44.66 (1.64) 4.55 (0.20) SCL 

Effects      

M * ** * ** ** n.s.  

S ** *** *** ** ** n.s.  
D *** *** *** *** *** ***  

M x S n.s. n.s. n.s. n.s. n.s. ***  

M x D ** * n.s. * * **  
S x D * ** ** * * n.s.  

MxSxD  n.s. n.s. n.s. n.s. n.s. n.s.  

IRG-Tully, intensive rotational grazing with prevailing B. humidicola cv. Tully; IRG-Ruz, intensive 

rotational grazing with prevailing B. ruziziensis; TM-cont, traditional management consisting of continuous 

grazing; IRG-Mar, intensive rotational grazing with prevailing B. brizantha cv. Marandu; TM-rot, 

traditional management consisting of rotational grazing. L, loam, CL, clay loam; SCL, sandy clay loam.  

*,**, *** indicate significant differences at p<0.05, p<0.01, p<0.001 level, respectively 
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Table 4.2.2. The effects of management (Mn) and soil depth (Dp) on soil chemical properties and enzymatic activity. Mean (SEM) (n=4).  
 SOC TN C/N Pav. pH EC β-gluc 1) Ure 2) Prot 3) Phos 4) 

 (%) (%)  (mg kg-1)  (µS cm-1)    

Morichal             

0-10 cm           

IRG-Tully 2.21 (0.09) 0.27 (0.01) 8.09 (0.15) 6.44 (1.06) 5.10 (0.12) 92.2 (21.6) 0.50 (0.07) 91.7 (8.93) 64.8 (2.26) 6.36 (0.48) 

IRG-Ruz 2.17 (0.06) 0.23 (0.02) 9.61 (0.84) 11.63 (0.58) 5.19 (0.02) 75.2 (2.26) 0.61 (0.07) 56.5 (8.53) 63.3 (0.69) 5.61 (0.32) 

TM-cont 1.51 (0.05) 0.21 (0.01) 7.27 (0.29) 3.72 (0.70) 5.04 (0.05) 59.5 (4.36) 0.25 (0.05) 112 (7.34) 45.9 (2.95) 4.69 (0.24) 

10-20 cm            

IRG-Tully 1.16 (0.05) 0.14 (0.01) 8.23 (0.22) 2.32 (0.27) 4.86 (0.07) 36.5 (2.38) 0.32 (0.07) 30.9 (3.92) 48.4 (4.71) 3.22 (0.15) 

IRG-Ruz 1.03 (0.03) 0.13 (0.00) 7.67 (0.03) 3.36 (0.54) 4.93 (0.07) 36.1 (2.33) 0.20 (0.04) 31.3 (6.18) 47.8 (4.02) 2.69 (0.09) 

TM-rot 0.95 (0.01) 0.13 (0.01) 7.26 (0.69) 1.87 (0.87) 4.79 (0.07) 28.6 (2.52) 0.09 (0.01) 31.7 (4.73) 40.8 (2.95) 2.85 (0.20) 

Villasol           

0-10 cm            

IRG-Tully 2.44 (0.12) 0.34 (0.02) 7.24 (0.25) 6.85 (1.27) 5.07 (0.14) 89.3 (25.7) 0.51 (0.02) 47.7 (0.78) 112 (4.36) 4.93 (0.19) 

IRG-Mar 2.67 (0.16) 0.33 (0.02) 8.08 (0.62) 20.01 (4.58) 5.46 (0.09) 93.6 (7.68) 0.77 (0.15) 59.3 (3.21) 115 (9.38) 4.77 (0.21) 

TM-rot 2.28 (0.08) 0.30 (0.02) 7.72 (0.27) 7.28 (0.24) 5.47 (0.04) 102 (15.4) 0.63 (0.02) 49.1 (2.70) 103 (6.41) 5.57 (0.23) 

10-20 cm            

IRG-Tully 0.99 (0.01) 0.18 (0.00) 5.57 (0.21) 0.83 (0.19) 4.94 (0.09) 22.1 (3.15) 0.20 (0.05) 13.9 (0.87) 67.1 (5.77) 2.82 (0.19) 

IRG-Mar 1.07 (0.18) 0.18 (0.02) 5.97 (0.30) 4.61 (0.54) 4.99 (0.15) 37.7 (3.85) 0.16 (0.08) 20.9 (5.30) 72.4 (10.7) 2.56 (0.40) 

TM-rot 1.14 (0.11) 0.16 (0.02) 7.12 (0.15) 2.39 (0.72) 5.13 (0.15) 36.8 (7.23) 0.21 (0.03) 16.0 (2.47) 71.9 (10.0) 2.70 (0.31) 

Effects        

Mn. *** * n.s. n.s. n.s. n.s. * n.s. * n.s. 

Site *** *** ** n.s. *** n.s. ** *** *** n.s. 

Depth *** *** ** *** *** *** *** *** *** *** 

M x S ** n.s. ** n.s. n.s. n.s. ** n.s. n.s. ** 

M x D *** n.s. * * n.s. n.s. n.s. * n.s. n.s. 

S x D *** ** n.s. n.s. n.s. n.s. * *** *** n.s. 

MxSxD n.s. n.s. n.s. n.s. n.s. n.s. n.s. ** n.s. ** 

SOC, soil organic carbon; TN, total nitrogen; Pav., available phosphorus 

IRG-Tully, intenstive rotational grazing management with prevailing B. humidicola cv. Tully; IRG-Ruz, intensive rotational grazing with prevailing B. ruziziensis; TM-cont, 

traditional management consisting of continuous grazing; IRG-Mar, intensive rotational grazing with prevailing B. brizantha cv. Marandu; TM-rot, traditional management 

consisting of low-intensity rotational grazing.  

1) Activity of soil β-glucosidase (μmoles saligenin g-1 h-1) 

2) Activity of soil urease (mg NH4
+-N g-1 soil h-1) 

3) Activity of soil protease (mg NH4
+-N g-1 soil h-1) 

4) Activity of soil acid phosphatase(μmoles p-nitrophenol g-1 h-1) 

*,**, *** indicate significant differences at p<0.05, p<0.01, p<0.001 level, respectively; n.s. not significant 

Values in parenthesis are the standard deviation of the mean. 
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The MWD of soil water-stable aggregates was higher under IRG when compared to the 

adjacent reference farm in Morichal (0-10 cm soil layer), but no differences were 

observed in Villasol (Table 4.2.1.). While soil at the IRG-farm at Morichal had higher 

potential activity of soil β-glucosidase, protease and phosphomonoesterase in comparison 

to the TM-cont, only protease activity was higher in IRG than in reference farm at Villasol 

site (Table 4.1.2.). Higher activity of urease was observed in the topsoil layer of IRG 

farms than in their corresponding reference farms.  

 

 

Fig. 4.2.1. Mean (±SEM) of soil organic C stocks (Mg C ha-1) of the different paddocks (0–20 cm soil 

depth) in Morichal and Villasol.  

 

 

4.2.2 Soil macrofauna 

In total, 4576 and 3654 soil macrofauna individuals were collected at Morichal and 

Villasol site, respectively, and the majority of macrofauna individuals was found in the 

upper soil layer (Table 4.2.3., Table 4.2.4.). At both study sites, the most abundant 

macrofauna taxon was ants (Formicidae, 4307 and 1556 individuals m-2 at Morichal and 

Villasol sites, respectively), and termites (Isoptera, 747 and 1785 individuals m-2 at 

Morichal and Villasol sites, respectively).  

 

  

0

5

10

15

20

25

30

35

40

45

50

IRG-Tully

(Morichal)

IRG-Ruz

(Morichal)

TM-cont

(Morichal)

IRG-Tully

(Villasol)

IRG-Mar

(Villasol)

TM-rot

(Villasol)

M
g
 C

 h
a-1

Mn n.s.

Site *

Mn x Site **



 

58 

 

Table 4.2.3. The abundance of soil macrofauna group. Mean (SEM) (n=4)   
 Morichal  Villasol 

 IRG-Tully IRG-Ruz TM-cont  IRG-Tully IRG-Mar TM-rot 

Macrofauna group        

Individuals  m-2        

0-10 cm        

Formicidae 7544 (4236) 1916 (742) 3460 (1380)  604 (247) 3996 (1938) 68 (26) 

Isoptera 72 (72) 1156 (748) 1012 (361)  432 (288) 4876 (3316) 48 (48) 

Oligochaeta ad. 332 (180) 648 (99) 56 (51)  688 (227) 1112 (408) 108 (23) 

Oligochaeta eg.  0 (0) 0 (0) 0 (0)  4 (4) 0 (0) 4 (4) 

Coleoptera ad. 544 (119) 204 (67) 16 (7)  884 (165) 104 (45) 60 (22) 

Coleoptera lv. 316 (72) 104 (34) 40 (21)  56 (23) 80 (43) 60 (27) 

Diplopoda 0 (0) 60 (15) 0 (0)  4 (4) 24 (19) 0 (0) 

Chilopoda  0 (0) 0 (0) 0 (0)  0 (0) 40 (17) 0 (0) 

Araneae  4 (4) 16 (7) 0 (0)  20 (10) 36 (10) 4 (4) 

Hemiptera  24 (5) 92 (87) 12 (12)  20 (20) 4 (4) 0 (0) 

Blattodea  0 (0) 12 (8) 0 (0)  24 (14) 4 (4) 0 (0) 

Dermaptera 0 (0) 0 (0) 0 (0)  16 (11) 64 (44) 0 (0) 

Isopoda  4 (4) 8 (5) 0 (0)  8 (5) 48 (22) 0 (0) 

Total abundance 8852 (4219) 4216 (860) 4612 (1081)  2768 (736) 10420 (5117) 368 (51) 

Richness 11.00 (0.82) 11.50 (0.96) 8.00 (0.91)  13.00 (1.68) 14.50 (1.19) 9.50 (0.5) 

Detritivors 804 (204) 2008 (669) 1124 (401)  1332 (437) 6168 (3336) 232 (69) 

Herbivors 24 (5) 92 (87) 12 (12)  36 (31) 92 (34) 12(12) 

Predators 480 (113) 200 (59) 8 (5)  792 (168) 160 (54) 56 (10) 

10-20 cm         

Formicidae  20 (20) 40 (14) 40 (35)  20 (12) 76 (34) 416 (416) 

Isoptera  0 (0) 100 (100) 0 (0)  0 (0) 228 (0) 0 (0) 

Oligochaeta ad. 4 (4) 108 (63) 4 (4)  0 (0) 192 (130) 0 (0) 

Oligochaeta eg.  60 (39) 120 (19) 0 (0)  0 (0) 24 (14) 84 (73) 

Coleoptera ad. 20 (20) 12 (8) 0 (0)  48 (38) 16 (16) 0 (0) 

Coleoptera lv.  24 (5) 84 (48) 24 (14)  12 (4) 24 (19) 16 (9) 

Diplopoda  0 (0) 8 (8) 0 (0)  0 (0) 0 (0) 0 (0) 

Chilopoda  0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 

Araneae  0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 

Hemiptera  8 (8) 92 (44) 28 (18)  0 (0) 0 (0) 0 (0) 

Blattodea 0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 

Dermaptera  0 (0) 0 (0) 0 (0)  8 (5) 0 (0) 0 (0) 

Isopoda  0 (0) 0 (0) 0 (0)  0 (0) 0 (0) 0 (0) 

Total abundance 80 (49) 444 (175) 100 (29)  92 (50) 536 (369) 432 (411) 

Richness 5.75 (1.18) 7.75 (1.31) 3.25 (1.65)  4.00 (1.41) 4.50 (0.87) 2.75 (0.75) 

Detritivors 88 (35) 420 (105) 28 (16)  12 (4) 472 (335) 100 (79) 

Herbivors 8 (8) 92 (44) 28 (18)  12 (4) 0 (0) 0 (0) 

Predators 20 (20) 12 (8) 0 (0)  48 (38) 12 (12) 0 (0) 

IRG-Tully, intensive rotational grazing with prevailing B. humidicola cv. Tully; IRG-Ruz, intensive 

rotational grazing with prevailing B. ruziziensis; TM-cont, traditional management consisting of continuous 

grazing; IRG-Mar, intensive rotational grazing with prevailing B. brizantha cv. Marandú; TM-rot, 

traditional management consisting of rotational grazing.  

 

The total abundance of macrofauna and ants was higher in the topsoil of IRG than in 

their respective reference farms (Table 4.2.3., Table 4.2.4.). The abundances of 

earthworms (Oligochaeta), spiders (Araneae), beetles (Coleoptera, adults and larvae), 

woodlice (Isopoda) and earwigs (Dermaptera), as well as the total richness of macrofauna 

taxa (determined for each monolith) and the abundance of predators were higher in the 

IRG management than in the respective reference farms in both Morichal and Villasol 

(Table 4.2.3., Table 4.2.4.).  
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Table 4.2.4. The effects of management (M), study site (S) and soil depth (D) on the abundance of 

macrofauna groups, total abundance and richness and functional groups 
 Mn. Site Depth M x S M. x D S x D M x S x D 

 Effects 

Formicidae (ants) n.s. n.s. *** n.s. ** *** * 

Isoptera (termites) n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Oligochaeta ad. (eartworms) * n.s. *** n.s. n.s. n.s. n.s. 

Oligochaeta eg. (earthworms) n.s. ** ** *** n.s. n.s. *** 

Coleoptera ad. (beetles) ** n.s. *** n.s. n.s. n.s. n.s. 

Coleoptera lv. (beetles) * n.s. ** n.s. n.s. n.s. n.s. 

Diplopoda (millipedes) n.s. n.s. * n.s. * n.s. n.s. 

Chilopoda (centipedes) n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Aranea (spiders) * n.s. *** n.s. ** n.s. n.s. 

Hemiptera (true bugs) n.s. *** n.s. n.s. * n.s. n.s. 

Blattodea (cockroaches) n.s. n.s. * n.s. * n.s. n.s. 

Dermaptera (earwigs) *** *** n.s. *** n.s. n.s. n.s 

Isopoda (woodlice) * n.s. *** n.s. ** n.s. n.s 

Total macrofauna n.s. n.s. *** n.s. * *** ** 

Richness *** n.s. *** n.s. n.s. n.s. ** 

Detritivores n.s. n.s. *** n.s. n.s. n.s. ** 

Herbivores n.s. n.s. * n.s. n.s. ** n.s. 

Predators ** n.s. *** n.s. n.s. n.s. n.s. 

*, **, *** indicate significant differences at p<0.05, p<0.01, p<0.001 level, respectively; n.s. not significant 

 

4.2.3 Root density 

Root biomass and root diameter were both higher in Villasol site than in Morichal (Table 

4.2.5.) and in the topsoil (0-10 cm) when compared to 10-20 cm soil layer. Root diameter 

was higher in the 10-20 cm soil layer (Table 4.2.5.). The root length was higher in the 

IRG than in the reference farms but only in the topsoil layer. Root biomass was also 

higher at IRG farm when compared to the references farm in Morichal site. 
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Table 4.2.5. The effects of management (Man) and soil depth on the root density, length and average root 

diameter. Mean (SEM) (n=4). 
 Root density Root length Average root diameter 

 (kg m-3) (cm cm-3) (mm) 

Morichal      

0-10 cm    

IRG-Tully 2.16 (0.47) 7.33 (0.76) 0.69 (0.02) 

IRG-Ruz 2.34 (0.36) 6.36 (0.91) 0.70 (0.01) 

TM-cont 1.08 (0.31) 3.83 (0.69) 0.72 (0.02) 

10-20 cm     

IRG-Tully 0.53 (0.05) 1.55 (0.25) 0.84 (0.03) 

IRG-Ruz 0.24 (0.04) 1.09 (0.16) 0.75 (0.01) 

TM-cont 0.17 (0.07) 0.60 (0.07) 0.84 (0.04) 

Villasol    

0-10 cm     

IRG-Tully 2.00 (0.38) 7.32 (0.94) 0.69 (0.02) 

IRG-Mar 2.76 (0.75) 3.98 (0.65) 0.81 (0.03) 

TM-rot 3.49 (1.12) 4.06 (0.53) 0.86 (0.04) 

10-20 cm     

IRG-Tully 0.73 (0.19) 1.50 (0.22) 0.91 (0.04) 

IRG-Mar 0.47 (0.10) 0.95 (0.23) 0.93 (0.06) 

TM-rot 0.66 (0.26) 0.83 (0.20) 0.97 (0.02) 

Effects    

Mn. n.s. n.s. n.s. 

Site ** n.s. *** 

Depth *** *** *** 

Mn x Site * n.s. n.s. 

Mn x Depth n.s. * n.s. 

Site x Depth n.s. n.s. n.s. 

Mn x Site x Depth n.s. n.s. n.s. 

AMP-Tully, adaptive multi-paddock grazing with prevailing B. humidicola cv. Tully; AMP-Ruz, adaptive 

multi-paddock grazing with prevailing B. ruziziensis; TM-cont, traditional management consisting of 

continuous grazing; AMP-Mar, adaptive, multi-paddock grazing with prevailing B. brizantha cv. Marandu; 

TM-rot, traditional management consisting of rotational grazing.  

*, **, *** indicate significant differences at p<0.05, p<0.01, p<0.001 level, respectively; n.s. not significant 

 

4.2.4 Correlation between soil macrofauna and selected soil properties 

In total, 74% of total variance in the data was explained by the first two principal 

components (Fig. 4.2.2.). Along the PC1 axis (accounting for 54% of data variance), the 

SOC was positively related with MWD, AWC, root length, geometric mean of soil 

enzymes (Gmean) and negatively with BD. The abundance of predators and the richness 

of macrofauna taxa were loaded with PC1 variables. Along the PC2 axis, herbivores, 

detritivores and AWC together contributed with 21% to data variance. The PC1 axis 

clearly distinguished between both soil depths (0-10 cm depth sling points loaded on the 

right side of the axis and 10-20 cm samples loaded on the left side). Furthermore, all IRG-

Tully points (in both IRG farms) were located further to the right along the PC1 respect 

to other management samples, while all IRG-Mar and IRG-Ruz were clearly separated 

by PC2 from other sampling points.   
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Fig. 4.2.2. (a) Ordination of the samples from Morichal (represented by black circles (● and ○ for 0-10 cm 

and 10-20 cm depth, respectively)) and Villasol (represented by red squares (■ and □ for 0-10 cm and 10-

20 cm depth, respectively) in the orthogonal space defined by PC1 and PC2 axis of the PCA. IRG-Tully, 

paddock covered predominantly with B. humidicola cv. Tully managed by intensive rotational grazing; 

IRG-Mar, paddock covered predominantly with B. brizantha cv. Marandú managed by intensive rotational 

grazing; IRG-Ruz, paddock covered predominantly by B. ruzizienzis managed by intensive rotational 

grazing; TM-cont, traditional management consisting of continuous grazing (Morichal area); TM-rot, 

traditional management consisting of rotations with long grazing period and short pasture recovery (Villasol 

area). (b) Loading plots for measured soil parameters in Principal Components Analysis (PCA). SOC, soil 

organic carbon; Gmean, geometric mean of enzymatic activities; MWD, mean weight diameter of soil 

aggregates; BD, bulk density; AWC, available water content. 
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4.3  GROSS NITROGEN TRANSFORMATIONS IN TROPICAL PASTURES 

AS AFFECTED BY UROCHLOA GENOTYPES DIFFERING IN 

BIOLOGICAL NITRIFICATION INHIBITION (BNI) CAPACITY 

(Experiment 3) 

4.3.1  Soil properties at the Palmira study site 

The low-BNI Mulato I hybrid contrasted with both high-BNI genotypes in terms of BD, 

EOC, EN, MBN and PMN, which were all lower under Mulato I (Table 4.3.1., Table 

4.3.3.). On the other hand, soil from Mulato I plots contained the highest NO3
- content 

when compared to the two high-BNI genotypes, although the NO3
- concentration in all 

treatments was below 0.3 mg N kg-1. In addition, soil under high-BNI CIAT-679 

contained more SOC, TN and MBC when compared to Mulato I. The lowest PNR was 

observed under high-BNI CIAT-679 (0.04 ± 0.02 µg NO3
--N g-1 day-1), which is 98 % 

lower than PNR under Mulato I and CIAT-16888, respectively, meanwhile no difference 

between Mulato I and CIAT-16888 was detected. The abundance of AOB was one order 

of magnitude higher than AOA across all genotypes (Table 4.3.3.), but no differences in 

nitrifiers communities, NH4
+ content (Table 4.3.3.) and soil pH (Table 4.3.1.) were 

detected.  

Table 4.3.1. Soil properties at both study sites. Mean±standard error of the mean (n=3) 
 SOC 

g kg-1 

TN 

g kg-1 

pH BD 

kg m-3 

Palmira     
1Low-Mulato 20.7 ± 0.5 b 1.76 ± 0.03 b 6.91 ± 0.18 1172 ± 41 a 

High-CIAT-679 27.6 ± 1.6 a 2.23 ± 0.07 a 6.53 ± 0.02 980 ± 30 b 

High-CIAT-16888 24.5 ± 2.1 ab 1.98 ± 0.10 ab 6.71 ± 0.13 967 ± 43 b 

La Libertad     

Low-Mulato 21.2 ± 1.4 AB 1.50 ± 0.09 5.59 ± 0.02 B 1374 ± 20 A 

Low-CIAT-26146 20.0 ± 0.2 B 1.39 ± 0.02 5.76 ± 0.12 A 1353 ± 13 A 

High-CIAT-679 21.1 ± 1.6 AB 1.45 ± 0.07 5.69 ± 0.08 AB 1285 ± 55 B 

High-CIAT-16888 23.2 ± 2.2 AB 1.50 ± 0.14 5.74 ± 0.04 AB 1232 ± 7 B 

High-Bh08-1149 24.6 ± 0.8 A 1.66 ± 0.07 5.71 ± 0.15 AB 1284 ± 25 B 

SOC, soil organic C; TN, total N; BD, bulk density 

Different lowercase and uppercase letter indicate statistically significant differences (p<0.05) among 

genotypes at Palmira and La Libertad study site, respectively.  
1 The classification as Low- or High-BNI genotypes was done according to previous results found in the 

literature. 
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Table 4.3.2. Aboveground biomass parameters carbon and nitrogen contents for each Urochloa genotype 

studied at Palmira and La Libertad experimental fields. Mean±standard error of the mean (n=3). 
 Plant Carbon Plant Nitrogen Plant C:N 

 %  

Palmira    
1Low-Mulato 39.8 ± 0.10 b 0.94 ± 0.10 43.1 ± 4.47 b 

High-CIAT-679 40.8 ± 0.02 a 0.75 ± 0.04 54.8 ± 3.30 a 

High-CIAT-16888 40.0 ± 0.19 b 0.79 ± 0.04 51.0 ± 2.56 ab 

La Libertad    

Low-Mulato 43.5 ± 0.10 A 0.85 ± 0.06 A 51.8 ± 4.07 B 

Low-CIAT-26146 43.1 ± 0.25 A 0.67 ± 0.03 B 64.3 ± 3.14 A 

High-CIAT-679 43.0 ± 0.11 A 0.71 ± 0.04 AB 61.3 ± 4.08 AB 

High-CIAT-16888 42.3 ± 0.12 B 0.72 ± 0.04 AB 59.6 ± 3.56 AB 

High-Uh08-1149 43.0 ± 0.31 A 0.76 ± 0.07 AB 57.4 ± 5.71 AB 

Different lowercase and uppercase letter indicate statistically significant differences (p<0.05) among 

genotypes at Palmira and La Libertad study site, respectively 
1 The classification as Low- or High-BNI genotypes was done according to previous results found in the 

literature. 

 

The highest (although not significantly) foliar N content was detected in Mulato I which 

resulted in the lowest C:N ratio of Mulato I. aboveground biomass (p<0.05) (Table 

4.3.2.). 

4.3.2   Soil properties at the La Libertad study site 

No consistent trends in biochemical soil properties were detected in La Libertad across 

the previously low-BNI and high-BNI ranked genotypes. Difference between low-BNI 

genotypes was observed in soil pH with Mulato II hybrid having lower values (5.59) when 

compared to low-BNI CIAT-26146 (5.76). Only Bh08-1149 (high-BNI) had significantly 

higher SOC content when compared to the low-BNI CIAT-26146 (24.6 g kg-1 and 20.0 g 

kg-1, respectively) (Table 4.3.1.). The TN content in soil was comparable for all five 

genotypes (Table 4.3.1.). Similarly to the Palmira study site, the BD was lower under 

high-BNI genotypes (1285, 1232 and 1284 kg m-3, in CIAT-679, CIAT-16888 and Uh08-

1149, respectively) than in low-BNI Mulato II (1374 kg m-3) and CIAT-26146 (1353 kg 

m-3).  

The MBN under Mulato II hybrid was significantly higher when compared to CIAT-

16888 and CIAT-26146 (Fig. 4.3.1.). On the other hand, no differences among genotypes 

were observed in MBC, EOC, EN and NH4
+ (Table 4.3.3). The NO3

--N content was 

higher in the low-BNI genotype Mulato II (1.91 ± 0.17 mg N kg-1) than in the other four 

studied genotypes (on average 0.78 mg N kg-1). The PNR of the two low-BNI genotypes 

(Mulato II and CIAT-26146) was significantly higher than in three high-BNI genotypes 
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(Table 3). The PMN of the two high-BNI genotypes CIAT-679 and Uh08-1149 was 

significantly higher than the low-BNI Mulato II (Table 4.3.3.).  

The AOB abundance was higher than AOA in all genotypes, particularly in the high-BNI 

CIAT-679 in which AOB copy number was almost 30 times higher than AOA number of 

copies (Table 4.3.3.). The abundance of AOA community of the low-BNI genotype 

Mulato II was significantly higher than in the three high-BNI genotypes (Table 4.3.3.). 

Furthermore, the AOA of the low-BNI CIAT-26146 was significantly higher than in the 

high BNI genotype Bh08 1149.  

The plant biomass N content and plant C:N was significantly higher in CIAT-26146 than 

in Mulato II, both low-BNI genotypes (Table 4.3.2.). 

 

 

Table 4.3.3. Extractable carbon and nitrogen fractions, the potential nitrification rate and the potentially 

mineralizable N for Palmira and La Libertad experimental fields. Mean±standard error of the mean (n=3). 
 EOC EN NH4

+-N NO3
--N PNR PMN AOA AOB 

 mg kg-1 µg NO3
--N g-1 

day-1 
µg NH4

+-N 
g-1 

Copies g-1 
dry soil 104 

Copies g-1 
dry soil 104 

Palmira         

Mulato I 1 44.8±6.4b 38.1±2.1b 4.83±0.43 0.29±0.07a 1.87±0.73a 30.2±2.7b 0.17±0.11a 1.88±1.33a 

CIAT-679 59.1±3.9ab 49.2±0.4a 4.32±1.29 0.12±0.01b 0.04±0.02b 61.0±10.3a 0.19±0.06a 2.32±1.14a 

CIAT-16888 68.7±4.1a 49.4±2.5a 4.19±0.74 0.14±0.02ab 1.58±0.58a 58.6±11.2a 0.27±0.18a 2.73±1.18a 

La Libertad         

Mulato II 90.1±7.4 40.8±3.9  5.43±0.23 1.91±0.17A 6.96±3.23A 23.9±4.9B 24.7±5.09a 92.0±46.6ab 

CIAT-26146 100±15 52.5±2.3  4.11±0.53 0.98±0.14B 2.44±0.92A 31.7±3.6AB 4.84±1.00b 136±70.6a 

CIAT-679 96.3±16.5  49.1±17  6.67±2.47 0.88±0.33B 0.27±0.05B 35.4±1.9A 6.18±0.56b 22.9±5.49b 

CIAT-16888 87.8±4.1 57.8±6.0  3.53±0.90 0.70±0.06B 0.17±0.16B 31.6±4.7AB 2.49±0.99b 12.6±1.43b 

Bh08-1149 87.8±7.8 54.3±5.8  3.60±0.35 0.54±0.12B 0.35±0.18B 41.2±4.6A 11.1±4.94b 38.8±21.6ab 

EOC, extractable organic C; EN, extractable N; PNR, potential nitrification rate; PMN, potentially 

mineralizable N. 

Different lowercase and uppercase letter indicate statistically significant differences (p<0.05) among 

genotypes at Palmira and La Libertad study site, respectively. 
1 According to previous results found in the literature (Karwat et al., 2018; Nuñez et al., 2018), Mulato I., 

Mulato II. and CIAT-26146 are considered low-BNI genotypes, while CIAT-679, CIAT-16888 and Bh08-

1149 are considered high-BNI genotypes. 

 
 

 

4.3.3 Gross nitrogen transformation rates at the Palmira study site 

Both gross ammonification and gross nitrification rates were significantly higher under 

the high-BNI CIAT-16888 when compared to the other two genotypes. While under 

CIAT-16888, the gross ammonification rate was 7.1 ± 0.4 µg N g-1 day-1, it was only 4.8 

± 0.8 µg N g-1 dws day-1 and 3.5 ± 0.1 µg N g-1 dws day-1 under Mulato I hybrid and 

CIAT-679, respectively (Fig. 4.3.1.). Gross nitrification rate in soil under CIAT-16888 at 

Palmira was 1.5 ± 0.1 µg N g-1 dws day-1, 1.0 ± 0.1 µg N g-1 dws day-1 under Mulato I., 
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and 0.9 ± 0.0 µg N g-1 dws day-1 under CIAT-679, and high-BNI CIAT-16888 was 

significantly higher than the other two genotypes (Fig 4.3.1.).  

The highest immobilization of NH4
+ (8.2 ± 0.9 µg N g-1 soil day-1) and of NO3

- (4.3 ± 0.1 

µg N g-1 dws day-1) were also detected under the high-BNI CIAT-16888 when compared 

to the other two genotypes (Fig. 4.3.1.). The NO3
- immobilization rate as calculated by 

the “reformed difference method” was significantly lower (p<0.05) than using the 

“isotope dilution method” although the relative differences between genotypes were the 

same in both calculation methods (Fig. 4.3.2.). No significant differences between 

calculation methods were found for the NH4
+ immobilization, although the “the reformed 

difference method” was a 30% lower (Fig. 4.3.2.). 

No differences among genotypes were detected in any of the five calculated N 

transformation ratios (Table 4.3.4.). However, the partitioning of NH4
+ consumption was 

slightly higher in the high-BNI CIAT-16888 than in CIAT-679 (p=0.092). 

 

Table 4.3.4. Nitrogen transformation ratios for Palmira and La Libertad experimental fields. 

Mean±standard error of the mean (n=3). 
 NretREL ImmNH4

+ REL ImmNO3
- REL Relative 

nitrification 

NH4
+ partitioning 

Palmira      

Mulato 1 1.38 ± 0.16 0.95 ± 0.17 3.63  ± 0.33 0.21  ± 0.05 4.95  ± 1.47 

CIAT-679 1.38 ± 0.05 0.76 ± 0.06 3.90  ± 0.37 0.25  ± 0.02 3.03  ± 0.31 

CIAT-16888 1.47 ± 0.14 1.18 ± 0.18 2.94  ± 0.23 0.21  ± 0.02 5.55  ± 0.34 

La Libertad      

Mulato 1.30 ± 0.31 0.77 ± 0.31 B 3.35  ± 1.27 0.24  ± 0.03 3.25  ± 1.40 B 

CIAT-26146 2.14 ± 0.46 1.41 ± 0.47 AB 4.19  ± 0.11 0.38  ± 0.07 3.57  ± 0.52 AB 

CIAT-679 2.11 ± 0.45 1.65 ± 0.43 A 3.54  ± 0.35 0.33  ± 0.10 5.68  ± 1.49 AB 

CIAT-16888 1.95 ± 0.08 1.41 ± 0.14 A 3.97  ± 0.54 0.25  ± 0.02 5.65  ± 0.64 AB 

Bh08-1149 1.59 ± 0.05 1.20 ± 0.05 AB 3.67  ± 0.27 0.20  ± 0.05 6.73  ± 1.38 A 

NretREL,relative N retention (the ratio NH4
+ immobilization + NO3

- immobilization to gross N 

mineralization + gross nitrification); ImmNH4
+ REL, relative NH4

+ immobilization (the ratio NH4
+ 

immobilization to gross N mineralization); ImmNO3
- REL, relative NO3

- immobilization (the ratio NO3
- 

immobilization to gross nitrification); Relative nitrification (the ratio gross nitrification to gross N 

mineralization); NH4
+ partitioning (the ration NH4

+ immobilization to gross nitrification) 

Different lowercase and uppercase letter indicate statistically significant differences (p<0.05) among 

genotypes at Palmira and La Libertad study site, respectively 
1 According to previous results found in the literature (Karwat et al., 2018; Nuñez et al., 2018), Mulato I., 

Mulato II. and CIAT-26146 are considered low-BNI genotypes, while CIAT-679, CIAT-16888 and Bh08-

1149 are considered high-BNI genotypes. 

 

4.3.4 Gross nitrogen transformation rates at the La Libertad study site 

The gross ammonification rate in soil under the high-BNI Uh08 1149 (4.4 ± 0.5 µg N g-1 

day-1) was significantly higher than in soil under the two low-BNI genotypes, Mulato II 

(2.9 ± 0.3 µg N g-1 day-1) and CIAT-26146 (2.3 ± 0.4 µg N g-1 day-1). In addition, 
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differences in the gross ammonification between the high-BNI genotypes were observed 

and CIAT-679 (1.7 ± 0.2 µg N g-1 day-1) had lower rates than Bh08 1149 (Fig.4.3.1.). 

Gross nitrification at La Libertad ranged between 0.9 ± 0.2 µg N g-1 day-1 (CIAT-16888) 

and 0.5 ± 0.2 µg N g-1 dws day-1 (CIAT-679) although no significant differences among 

genotypes were detected (Fig 4.3.1.). 

The highest NH4
+ immobilization was detected in the two high-BNI genotypes, CIAT-

16888 (5.3 ± 1.7 µg N g-1 day-1) and Bh08-1149 (5.2 ± 0.7 µg N g-1 day-1), while no 

significant differences in NO3
- immobilization were observed (Fig 4.3.1.) 
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Fig. 4.3.1. Gross N transformation rates and microbial biomass C and N for Palmira and La Libertad 

experimental fields. Bars represent standard error of the mean. Different lowercase and uppercase letter 

indicate statistically significant differences (p<0.05) among genotypes at Palmira and La Libertad study 

site, respectively. 

 

The ImmNH4
+ REL (the ratio NH4

+ immobilization to gross N mineralization) was 

significantly lower in the low-BNI Mulato II than in CIAT-679 and CIAT-16888 at La 

Libertad, while no significant differences were found in ImmNO3
-
REL Relative 

nitrification and NretREL (Table 4.3.4.). The partitioning of NH4
+ consumption (the ratio 

NH4
+ immobilization to gross nitrification) was approximately two times higher in the 

high-BNI Bh08-1149 than in the low-BNI genotypes Mulato II and CIAT-26146, 

although the differences with CIAT-26146 were not significant (p=0.070) (Table 4.3.4.). 

 

 

 

 

 

b

b

a

B B

A

A

B

0

1

2

3

4

5

6

7

8

9

10

Mulato 679 16888 1149 26146

G
ro

ss
 N

H
4
+

im
m

o
b

il
iz

at
io

n
 r

at
e

(µ
g
 N

 g
-1

d
ry

 w
ei

g
h
t 

so
il

 d
ay

-1
) 

b b

a

0

1

2

3

4

5

6

7

8

9

10

Mulato 679 16888 1149 26146

G
ro

ss
 N

O
3

-
im

m
o

b
il

iz
at

io
n
 r

at
e

(µ
g
 N

 g
-1

d
ry

 w
ei

g
h
t 

so
il

 d
ay

-1
) 



 

68 

 

 

 

Fig. 4.3.2. Ammonium and nitrate immobilization rates in Palmira field calculated by the “isotope pool 

dilution method” or by the “reformed difference method”. Bars represent standard error of the mean. 

Different lowercase and uppercase letter indicate statistically significant differences (p<0.05) among 

genotypes if the “isotope pool dilution method” or the “reformed difference method” is used, respectively. 

 

4.3.5 Controls of gross nitrogen transformation rates and other parameters 

The gross ammonification and gross nitrification were negatively associated with the 

aboveground biomass C content according to the stepwise regression analysis (Table 

4.3.5.). Similarly, the abundance of AOB was negatively correlated to inorganic N 

immobilization (Table 4.3.5.).  

In addition, we observed a strong relation between PNR and AOA abundance (R = 0.773, 

p < 0.001) according to bivariate correlation analyses. In contrasts, the gross nitrification 

rate and AOB abundance were negatively correlated (R = -0.540, p = 0.006) (Table 

4.3.6.). 
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Table 4.3.5. Multiple stepwise regression analysis for identification of gross N transformation controls 

 Constant Plant C AOB R2 Sig. 

Gross ammonification  37.04 -0.793 - 0.672 *** 

Gorss nitrification  6.456 -0.133 - 0.621 *** 

NH4
+ immobilization  4.844 - -0.165 0.222 * 

NO3
- immobilization 3.507 - -0.084 0.323 ** 

Discarded parameters were SOC, TN, pH, BD, EOC, EN, NH4
+-N, NO3

--N, PMN, plant nitrogen, plant 

C:N, MBC, MBN and AOA. 

AOB, ammonia oxidation bacteria;  

* p<0.05; ** p<0.01; *** p<0.001; n.s. not significant 

Table 4.3.6. Multiple stepwise regression analysis for identification of potential nitrification rate (PNR) 

and potentially mineralizable nitrogen (PMN) controls 

 Constant.  AOA NretREL pH R2  Sig 

PNR -7.488  0.030 -1.495 1.616 0.783 *** 

Discarded parameters were Gross ammonification, gross nitrification, NH4
+ Immobilization, NO3

- 

Immobilization, ImmNH4
+ REL, ImmNO3

- REL, NH4
+ partitioning, Relative nitrification, EC, SOC, MBC, 

MBN, EOC, EN, NH4
+-N, NO3

—N, plant C, plant N, and AOB. 

*** p<0.001 
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4.4 DIFFERENCES IN ARBUSCULAR MYCORRHIZAL COLONIZATION 

AND PHOSPHORUS ACQUISITION BETWEEN GENOTYPES OF THE 

TROPICAL BRACHIARIA GRASSES: IS THERE A RELATION WITH 

BNI ACTIVITY? (Experiment 4) 

4.4.1 Soil chemical properties 

After thirteen years of the field experiment, different Brachiaria genotypes have had 

significant effects on soil properties. The soil under Brachiaria hybrid cv. Mulato had 

higher soil pH (by 0.7 units) when compared with both Brachiaria humidicola genotypes 

(Table 4.4.1.). On the other hand, the rhizosphere soil of Mulato contained the lowest 

amount of organic C and TN.  

Table 4.4.1. Rhizosphere soil (0-10 cm) chemical properties as influenced by the growth of three different 

Brachiaria grasses that were established in 2004 at Palmira, Colombia (CIAT Headquarters). Mulato 

represents the low-BNI genotype while Bh 679 and Bh 16888 are considered to be the medium-high BNI 

genotypes. 

 pH(H2O) EC SOC TN Pav 

 (µS cm-1) (%) (%) (mg kg-1) 

Mulato 6.26±0.24a 263±49a 2.39±0.26b 0.17±0.01b 57.60±5.70a 

Bh 679 5.54±0.10b 249±12a 3.49±0.22a 0.19±0.01a 44.60±2.73b 

Bh 16888 5.66±0.10b 304±19a 3.75±0.26a 0.22±0.01a 39.78±2.73b 

SOC, soil organic C; TN, total N; Pav, Mehlich III extractable P  

Means±SE. Different letters indicate significant difference (p<0.05). 

 

The prevailing mineral N form under all three genotypes was NH4
+, while NO3

- contents 

remained low throughout the study period (Fig. 4.4.1.) with no significant difference 

among genotypes before the application of N fertilizer. Nevertheless, a significant 

(p<0.05) difference was observed at one week after application of ammonium-based 

fertilizer (March 15th), when soil NH4
+ content under Bh 679 increased to 83.8 mg NH4

+-

N kg-1 and under Mulato to 65.3 mg NH4
+-N kg-1, but remained low (29.9 mg NH4

+-N 

kg-1) under Bh 16888 genotype. Three weeks after fertilization (March 30th), soil NH4
+ 

content under all genotypes was comparable. The NO3
- content remained relatively low 

even after fertilization but was slightly higher in Bh 16888 when compared to Bh 679 or 

Mulato (p<0.05). Potential nitrification rate observed during aerobic incubation with 

(NH4)2SO4 was the highest in the low-BNI Mulato.   
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Fig. 4.4.1. Effects of genotype (G) and sampling date (D) on ammonium (a), nitrate (b), total inorganic N 

content (c), potential nitrification rate (d), extractable organic C (d) and extractable N (f). Mulato represents 

the low-BNI genotype while CIAT-679 and CIAT-16888 are considered to be medium-high BNI 

genotypes. Bars indicate standard error of the mean (n=3). * indicates statistically significant effect at 

p<0.05, ** p<0.01, *** p<0.001.  

 

4.4.2 Soil microbial biomass 

Microbial biomass C was affected by genotype (Table 4.4.2.) and it was significantly 

higher in CIAT-16888 when compared to Mulato or CIAT-679. Although there was no 

significant effect of sampling date, the interaction revealed distinct pattern between all 

three genotypes: while under Mulato and CIAT-679 the MBC content dropped one week 

after fertilization and raised again two weeks later, the MBC in fields under CIAT-16888 

increased slightly after fertilization reaching to values that were twice as high as the other 
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genotypes (Table 4.4.2.). The MBN under Mulato was steadily increasing during the 

study period raising from 73.6 mg kg-1 prior to fertilization to 134.3 mg kg-1 at three 

weeks after fertilization. On the other hand, both high-BNI genotypes followed similar 

trend increasing the values one week after fertilization but dropping the values 

significantly three weeks after NH4
+ application (Table 4.4.2.). Similarly to MBN, the 

content of MBP was only affected by the interaction between genotype and sampling date 

(Table 4.4.2.). While the MBP was slightly decreasing in time under Mulato, in case of 

CIAT-679 and CIAT-16888 it reached the highest values at three weeks after N 

application.  

While the MBC:MBN ratio was affected by genotype (the highest in CIAT-16888) and 

by sampling date (the lowest at one week and the highest at three weeks after fertilization, 

respectively), the ratios of MBC:MBP and MBN:MBP were only affected by the 

interaction (Table 4.4.2.). In both cases, the initial ratios observed were the highest in 

CIAT-679 and the lowest in Mulato. During the study period, the ratios under Mulato 

were increasing continuously while under CIAT-679 they were decreasing. Thus, at three 

weeks after fertilization, both MBC:MBP and MBN:MBP were the highest in Mulato 

fields and were the lowest in CIAT-679 (Table 4.4.2.).  

Table 4.4.2. The effects of plant genotype (G) and sampling date (D) on soil microbial biomass C (MBC), 

microbial biomass N (MBN), microbial biomass P (MBP) and their ratios. Mulato represents the low-BNI 

genotype while Bh 679 and Bh 16888 are considered to be the medium-high BNI genotypes. 

 MBC MBN MBP  MBC:MBN MBC:MBP MBN:MBP 

 (mg kg-1)     

17th February        

Mulato 375.12 73.59 135.18  5.22 3.20 0.66 

679 493.58 85.35 41.57  5.78 15.60 2.77 

16888 551.04 98.75 103.23  6.33 5.96 1.13 

15th March        

Mulato 303.72 107.85 109.81  2.75 2.70 0.98 

679 347.23 105.49 62.67  2.38 5.02 2.04 

16888 678.65 112.33 74.30  6.24 10.98 1.82 

30th March        

Mulato 585.81 134.32 96.20  4.34 7.14 1.55 

679 396.80 44.07 141.05  10.00 2.91 0.33 

16888 588.63 65.60 159.90  11.76 4.01 0.41 

G *** n.s. n.s.  * n.s. n.s. 

D n.s. n.s. n.s.  ** n.s. n.s. 

GxD * * **  n.s. * * 

* indicates difference at p<0.05, ** at p<0.01, *** at p<0.001; n.s. not significant 
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4.4.3 Phosphorus fractionation 

Despite the relatively high available P content in soil, a significant effect of genotype was 

observed in the most available Pi fraction (Resin-Pi), which was decreased under-high 

BNI genotypes and this difference was most evident after N fertilization (Fig. 4.4.2). 

Despite the apparent decreasing trend in the less available Pi fractions (Bic Pi and NaOH-

Pi) in CIAT-679 and CIAT-16888, this effect was not significant. Although there was no 

effect of genotype or sampling date observed in the H2O-extractable P, the two following 

most-labile fractions were significantly higher in high-BNI Brachiaria grasses as well as 

the sum of total Po.   
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Fig. 4.4.2. Effects of genotype (G) and sampling date (D) on water-extractable organic P (a), resin-

extractable inorganic P (b), Na2CO3-extractable organic (c) and inorganic (d) P, NaOH-extractable organic 

(e) and inorganic (f) P and the total sum of organic (g) and inorganic (h) P fractions. Mulato represents the 

low-BNI genotype while Bh 679 and Bh 16888 are considered to be the medium-high BNI genotypes. Bars 

indicate standard error of the mean (n=3). * indicates statistically significant effect at p<0.05, ** p<0.01, 

*** p<0.001.  

 

4.4.4 Foliar nutrient content  

The foliar N content was significantly increased by N fertilization (Fig. 4.4.3.), with the 

highest increase observed with CIAT-679 where fertilization augmented the foliar N 

content from initial 0.86% to 3.36% at one week after fertilization. The foliar N content 

in Mulato and CIAT-16888 increased much less after fertilization and reached values of 

2.51 and 1.85, respectively. Unlike foliar N content, foliar P content was not affected by 

genotype and was significantly increased one week after fertilization, with significant 

positive correlation (r=0.715; p<0.001) between foliar N and P contents. The N:P ratio 

was the highest in CIAT-679 but it was the lowest in CIAT-16888 and it significantly 

increased after the application of N fertilizer being the highest at one week after 

fertilization and the lowest before N fertilizer application (Fig. 4.4.3.). 
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Fig. 4.4.3. Effects of genotype (G) and sampling date (D) on foliar N (a) and P (b) content and N:P ratio 

(c). Mulato represents the low-BNI genotype while Bh 679 and Bh 16888 are considered to be the medium-

high BNI genotypes. indicate standard error of the mean (n=3). * indicates statistically significant effect at 

p<0.05, ** p<0.01, *** p<0.001. 

 

Stepwise variable elimination analysis revealed significant role of mycorrhizal 

parameters in foliar N content of both high-BNI genotypes, explaining 81% and 57% of 

the variability in CIAT-679 and CIAT-16888, respectively (Table 4.4.3.). Similarly, the 

P uptake of CIAT-679 also seemed to be related to spore abundance in soil which 

explained 59% of the variability. On the other hand, the foliar P content of Mulato was 

only negatively related to alkaline phosphomonoesterase activity which explained 54% 

of the variability.  
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Table 4.4.3. Multiple regression analysis for identification of the relationships between foliar P and N 

contents of three Brachiaria genotypes, acid and alkaline phosphomonoesterase activities and mycorrhizae 

parameters. The values are constants or coefficients in the fitted equation Y=a+bx1+cx2+dx3... where Y is 

the foliar nutrient content and x1, x2, x3 …  are the independent variables. Mulato represents the low-BNI 

genotype while Bh 679 and Bh 16888 are considered to be the medium-high BNI genotypes. 

 Constant Root 

Colonization 

Spore 

density 

Acid Alkaline R2 p-value 

(model) phosphomonoesterase 

Foliar P content  

Mulato 4936.35 - - - -630.70 0.54 * 

CIAT-679 20003.20 - 6.71 - - 0.59 * 

CIAT-16888 - - - - - - n.s. 

Foliar N content  

Mulato - - - - - - n.s. 

CIAT-679 -32030.73 491.74 55.79 - - 0.81 ** 

CIAT-16888 -36409.99 704.09 - - - 0.57 * 

Foliar N:P ratio       

Mulato 6.72 - - - -1.54 0.82 *** 

CIAT-679 0.51 - 0.01 - - 0.55 * 

CIAT-16888 -9.47 0.18 - - - 0.54 * 

p<0.05, ** p<0.01, *** p<0.001 

 

4.4.5 Mycorrhizal parameters and phosphomonoesterase activity  

The percentage of root colonization with AMF was influenced by the genotype, with 

higher colonization observed in both high-BNI treatments when compared to the low-

BNI treatment Mulato (Fig. 4.4.4.). Furthermore, this difference was strengthened after 

fertilization, when both high-BNI genotypes increased root colonization of AMF to 

values around 80% while the colonization of Mulato roots remained without significant 

change. The AMF spore abundance was the highest in the soil under CIAT-679 and 

CIAT-16888 and it increased with time in all three genotypes.  

AMF root colonization was positively correlated with spore abundance (r=0.464, p<0.05) 

and with acid phosphomonoesterase activity (r=0.397, p<0.05) and negatively correlated 

with PNR (r= -0.652, p<0.001). Nevertheless, in the stepwise variable elimination 

analysis root colonization was better explained (67%, p<0.001) by soil pH, Bic-Po and 

exchangeable NH4
+ content. Both exchangeable NH4

+ and Bic-Po explained also 60% of 

the variability of spore abundance in the soil (Table 4.4.4.). Acid phosphomonoesterase 

activity was positively correlated to related to soil organic C content and to negatively 

correlated to MBP and PNN (Table 4.4.4.).  
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Fig. 4.4.4. Effects of genotype (G) and sampling date (D) on root mycorrhizal colonization (a), AMF spore 

abundance (b), acid (c) and alkaline (d) phosphomonoesterase activities. PHase, phosphomonoesterase. 

Mulato represents the low-BNI genotype while Bh 679 (CIAT-679) and Bh16888 (CIAT-16888) are 

considered to be the medium-high BNI genotypes. Bars indicate standard error of the mean (n=3). * 

indicates statistically significant effect at p<0.05, ** p<0.01, *** p<0.001.  

 

 

Table 4.4.4. Multiple regression analysis for the identification of the main soil parameters controlling AMF 

root colonization, spore abundance and acid and alkaline phosphatase activity. The values are constants or 

coefficients in the fitted equation Y=a+bx1+cx2+dx3... where Y is the dependent variable and x1, x2, x3 …  

are the independent variables 
 Constant SOC pH Bic-Pi Bic-Po MBP NH4

+ PNN R2 Sig. 

Root Colonization 243.71  -25.85 -1.50   0.21  0.67 *** 

Spore abundance -74.08    14.69  3.22  0.60 *** 

Acid PHase 2.67 0.65    -0.01  -3.51 0.79 *** 

Alkaline PHase         - n.s. 

Discarded parameters (p<0.05) were MBC, MBN, EOC, EN, NO3
-, Nt, H2O-Po, Resin-Pi, NaOH-Po and 

NaOH-Pi. 

SOC Soil organic matter (Loss of ignition at 540ºC); Bic-Pi bicarbonate-extractable inorganic P; Bic-Po 

bicarbonate extractable organic P; MBP microbial biomass P; PNN potential nitrification rate; PHase 

phophomonoesterase activity. p<0.05, ** p<0.01, *** p<0.001, n.s. not significant.  
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4.5  NATIVE ARBUSCULAR MYCORRHIZAL FUNGI INCRESASE THE 

ABUNDANCE OF AMMONIA-OXIDIZING BACTERIA, BUT SUPPRESS 

NITROUS OXIDE EMISSIONS SHORTLY AFTER UREA APPLICATION 

The native AMF successfully colonized all inoculated plants with a mean root 

colonization of 71%, while all the -M pots remained without colonization (Fig. 4.5.1.). 

Similarly, the spore density was high in all +M treatments (3600 spores 100 g-1 soil) and 

negligible in -M pots (2.8 spores 100 g-1 soil). No significant differences in mycorrhizal 

parameters (root colonization and AMF spore density) were found between the three 

fertilizer treatments applied (data not shown). Pots were periodically weighted during the 

experiment to detect possible difference in evapotranspiration between mycorrhizal and 

non-mycorrhizal treatments and no differences were detected. Therefore, the same 

amount of water was applied to all pots in order to reach the same moisture content.  

  
Fig. 4.5.1. Stained roots of non-mycorrhizal plants (left) and plants inoculated with AMF (right) 

 

4.5.1 Greenhouse gases emissions 

The N2O emission rates during the first 14 days after fertilization were affected by 

fertilization (F=43.57, p<0.001) and reduced by the inoculation with AMF (F=8.736, 

P<0.01). However, the differences between the +M and -M treatments were significant 

only in case of urea application without DCD, with N2O emissions being 46% lower in 

the +M than in the -M pots (Fig 4.5.2.). The highest N2O emission rates and the highest 

differences between -M and +M treatments were observed between 36 and 84 hours after 

initiation of the fertilization treatments (Fig. 4.5.2.). The emissions of N2O were increased 

by AMF in the control treatment, but decreased in the case of urea addition when 

compared to –M. Unlike the N2O, the CO2 emissions were not affected by the AMF 

treatment (Fig. 4.5.2.) and were increased by both urea and urea+DCD application 

(F=40.65, p<0.001).  
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Fig. 4.5.2. N2O (A) and CO2 (B) emission rates from pots planted with B.decumbens. Vertical dotted lines 

indicate times of destructive sampling.  Error bars indicate standard errors (n=6). –M/Ctr no mycorrhiza 

control; -M/N no mycorrhiza and urea application; -M/DCD no mycorrhiza and urea with DCD application; 

+M/Ctr arbuscular mycorrhiza control; +M/N arbuscular mycorrhiza and urea application; +M/DCD 

arbuscular mycorrhiza and urea with DCD application. M effect of mycorrhizal inoculation; F effect of 

fertilizer. *,**,*** indicate statistically significant differences (Linear Mixed Model) at p<0.05, p<0.01 

and p<0.001, respectivelly,  n.s. not significant.  

 

4.5.2 Plant growth and nitrogen uptake  

The inoculation with AMF reduced the shoot biomass but increased the root biomass of 

the Brachiaria decumbens Stapf. plants (Table 4.5.1.). Furthermore, the biomass was 

significantly higher in the treatments fertilized with urea and urea+DCD (Table 4.5.1.). 
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The positive effect of AMF on root biomass was detected only when plants were fertilized 

with urea or urea+DCD (Table 4.5.1.). The N content of plant shoots was significantly 

lower in the plants colonized by AMF while the N content of plant roots was increased 

by the AMF root colonization (Table 4.5.1.). The fertilizer application increased 

significantly the shoot N content without differences between urea and urea+DCD (LSD, 

p<0.05). The negative impact of AMF on the shoot N content was only evident when urea 

or urea+DCD were applied.  

The total amount of N in the shoot biomass was higher in the -M pots, particularly when 

plants were fertilized with urea or urea+DCD (Table 4.5.1.). However, the root N uptake 

was higher in the +M pots (Table 4.5.1.). In addition, no significant differences between 

urea or urea+DCD (LSD, p<0.05) were found neither in the shoot nor in the root N uptake.   

Table 4.5.1. Plant biomass production, N content and N uptake. Means are followed by standard error 

between parentheses (n=4). The outputs Linear Mixed Model are shown at the bottom of the table. 
  Shoot 

biomass 

Root biomass  

 

Shoot N 

content 

Root N 

content 

 Shoot N 

uptake 

Root N 

uptake 

 (g pot-1)  (%)  (mg pot -1) 

day 7         

-M/Ctr 15.10 (0.40) 1.67 (0.14)  1.16 (0.04) 1.35 (0.18)  173.9 (2.8) 22.31 (3.20) 

-M/N 15.11 (0.50) 1.56 (0.22)  2.37 (0.09) 1.24 (0.06)  357.3 (15.1) 19.33 (3.04) 

-M/DCD 14.20 (0.18) 1.23 (0.13)  2.23 (0.11) 1.38 (0.03)  315.2 (12.4) 17.07 (1.84) 

+M/Ctr 13.16 (0.10) 1.16 (0.14)  1.24 (0.04) 1.57 (0.08)  163.1 (5.9) 18.37 (2.90) 

+M/N 12.50 (1.09) 1.70 (0.12)  2.07 (0.08) 1.44 (0.07)  259.0 (29.1) 24.35 (1.68) 

+M/DCD 13.81 (1.07) 1.94 (0.12)  1.89 (0.17) 1.63 (0.07)  264.7 (41.8) 31.37 (0.72) 

day 14         

-M/Ctr 15.96 (0.12) 1.67 (0.15)  1.05 (0.05) 1.10 (0.09)  167.1 (7.7) 17.99 (0.35) 

-M/N 16.31 (0.42) 1.40 (0.11)  2.29 (0.07) 1.22 (0.08)  372.8 (7.9) 17.12 (1.75) 

-M/DCD 16.55 (0.99) 1.80 (0.17)  2.36 (0.05) 1.15 (0.03)  390.2 (22.2) 20.51 (1.93) 

+M/Ctr 13.24 (0.48) 1.38 (0.12)  1.31 (0.11) 1.36 (0.03)  171.4 (9.6) 18.83 (1.60) 

+M/N 16.08 (0.55) 2.15 (0.20)  2.14 (0.12) 1.42 (0.11)  343.5 (23.0) 30.26 (2.77) 

+M/DCD 14.52 (0.31) 1.96 (0.28)  2.03 (0.02) 1.41 (0.14)  294.7 (8.8) 27.31 (3.57) 

Effects 

F-value (p-value) 

       

M 21.48 (***) 4.641 (*)  6.673 (*) 18.51 (***)  18.26 (***) 27.47 (***) 

F 1.068 (n.s.) 4.771 (*)  167.6 (***) 0.490 (n.s.)  91.23 (***) 5.578 (**) 

T 16.85 (***) 5.874 (*)  0.607 (n.s.) 8.647 (**)  9.949 (**) 0.020 (n.s.) 

MxF 0.926 (n.s.) 13.63 (***)  9.252 (***) 0.105 (n.s.)  4.016 (*) 11.59 (***) 

MxT 0.000 (n.s.) 0.401 (n.s.)  1.154 (n.s.) 0.019 (n.s.)  0.355 (n.s) 0.392 (n.s.) 

FxT 2.425 (n.s.) 0.527 (n.s.)  1.037 (n.s.) 1.710 (n.s.)  2.379 (n.s.) 0.518 (n.s.) 

MxFxT 2.924 (n.s.) 4.975 (*)  0.267 (n.s.) 0.011 (n.s.)  2.273 (n.s.) 4.425 (*) 

 -M/Ctr no mycorrhiza control; -M/N no mycorrhiza and urea application; -M/DCD no mycorrhiza and urea 

with DCD application; +M/Ctr arbuscular mycorrhiza control; +M/N arbuscular mycorrhiza and urea 

application; +M/DCD arbuscular mycorrhiza and urea with DCD application. M mycorrhiza; F fertilizer; 

T time 

*, **, *** indicate p<0.05, p<0.01 and p<0.001, respectively  

 

4.5.3 Soil properties and microbial parameters 

The presence of AMF did not affect the NH4
+ in soil but reduced the content of NO3

- 

(Table 4.5.2.). However, the mineral N contents were strongly affected by the type of 
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fertilizer: the highest content of NH4
+ was found when urea was applied in combination 

with DCD while the highest concentration of NO3
- was detected when urea was applied 

without nitrification inhibitor. In both cases, higher contents were found after seven days 

than after 14 days. Furthermore, reduced amount of NO3- was found in mycorrhizal 

treatment amended with DCD when compared the control pots with DCD (Table 4.5.2.). 

Urease activity was only affected by sampling time with higher activity after 14 days than 

after seven days (Table 4.5.2.). 

The MBN was higher in +M than in the -M pots while the MBC was not affected by the 

presence of AMF (Table 4.5.2.). However, in urea-amended pots, the MBC was higher 

in the +M/N than in –M/N. Urea application increased the PNR in the –M/N treatment 

respect to +M/N (Fig. 4.5.3.).  

Table 4.5.2. Potential urease activity, NH4
+-N and NO3

--N content, microbial biomass C (MBC) and 

microbial biomass N (MBN). Means are followed by standard error between parentheses (n=4). The outputs 

of general linear model are shown at the bottom of the table. 
 Urease* NH4

+-N NO3
--N Nmin MBC MBN 

  (mg kg-1) 

day 7   

-M/Ctr 7.09 (1.08) 1.81 (0.54) 1.04 (0.60) 2.85 (0.78) 90.56 (20.53) 17.32 (2.73) 

-M/N 9.24 (0.30) 1.97 (0.64) 18.19 (2.73) 20.16 (2.11) 76.87 (19.77) 16.51 (4.93) 

-M/DCD 11.49 (1.65) 15.77 (1.20) 2.04 (0.84) 17.81 (1.67) 101.67 (8.06) 27.16 (3.32) 

+M/Ctr 7.81 (0.62) 2.43 (0.84) 1.02 (0.25) 3.45 (0.93) 73.14 (9.71) 25.18 (5.52) 

+M/N 8.34 (1.14) 7.39 (2.63) 19.78 (3.63) 27.16 (4.39) 109.0 (17.83) 25.80 (0.27) 

+M/DCD 6.66 (1.90) 21.57 (5.34) 0.02 (0.01) 21.60 (5.33) 82.27 (15.75) 28.53 (3.86) 

day 14       

-M/Ctr 10.08 (1.25) 2.24 (0.53) 2.59 (1.15) 4.84 (1.39) 95.83 (0.83) 16.47 (6.70) 

-M/N 12.03 (2.59) 0.80 (0.36) 5.36 (2.29) 6.16 (2.11) 70.73 (17.46) 20.04 (4.08) 

-M/DCD 8.90 (0.47) 5.71 (2.87) 4.41 (0.07) 10.12 (2.90) 103.4 (20.56) 27.31 (5.89) 

+M/Ctr 9.76 (0.22) 4.57 (2.62) 0.23 (0.16) 4.80 (2.61) 90.62 (16.47) 24.90 (5.86) 

+M/N 12.05 (1.19) 1.74 (0.37) 9.06 (1.78) 10.79 (2.03) 139.17 (8.00) 39.16 (10.78) 

+M/DCD 13.22 (2.61) 2.98 (1.21) 1.30 (0.38) 4.28 (1.47) 150.3 (25.28) 18.29 (5.62) 

Factor 

F-value (p-value)  

  

  

M 0.037 (n.s.) 2.371 (n.s.) 6.195 (*) 0.000 (n.s.) 3.432 (n.s) 4.294 (*) 

F 1.549 (n.s.) 13.82 (***) 73.38 (***) 21.16 (***) 1.770 (n.s.) 1.286 (n.s.) 

T 9.129 (***) 13.55 (***) 0.410 (n.s.) 12.87 (***) 4.187 (*) 0.176 (n.s.) 

MxF 0.051 (n.s.) 1.428 (n.s.) 7.997 (***) 2.058 (n.s.) 3.553 (*) 3.126 (n.s.) 

MxT 3.138 (n.s.) 0.531 (n.s.) 0.250 (n.s.) 1.080 (n.s.) 4.073 (*) 0.051 (n.s.) 

FxT 0.189 (n.s.) 8.243 (***) 14.88 (***) 7.514 (**) 0.661 (n.s.) 1.705 (n.s.) 

MxFxT 3.366 (*) 0.443 (n.s.) 3.378 (n.s.) 1.399 (n.s.) 0.681 (n.s.) 0.536 (n.s.) 
* Potential urease activity (mg NH4

+-N g-1 h-1) 

-M/Ctr no mycorrhiza control; -M/N no mycorrhiza and urea application; -M/DCD no mycorrhiza and urea 

with DCD application; +M/Ctr arbuscular mycorrhiza control; +M/N arbuscular mycorrhiza and urea 

application; +M/DCD arbuscular mycorrhiza and urea with DCD application. M mycorrhiza; F fertilizer; 

T time 

*, **, *** indicate p<0.05, p<0.01 and p<0.001, respectively  

 

4.5.4 Functional genes abundance 

The quantification of amoA gene copies revealed a higher abundance of AOA than AOB 

(5.4x105 number of copies g-1 soil of AOB vs. 2.87x109 number of copies g-1 soil of AOA). 



 

82 

 

The amoA-AOA copy numbers were unaffected by the three studied factors (AMF, 

fertilization and time) while the abundance of amoA-AOB was significantly increased by 

the AMF inoculation and by the application of urea (LSD, p<0.05) (Fig. 4.5.3.).  

 

 
Fig. 4.5.3. The amoA gene abundance of AOB (A) and the potential nitrification rate (PNR) (B). Bars 

represent standard error of the mean (n=4). –M/Ctr no mycorrhiza control; -M/N no mycorrhiza and urea 

application; -M/DCD no mycorrhiza and urea with DCD application; +M/Ctr arbuscular mycorrhiza 

without fertilization (control); +M/N arbuscular mycorrhiza and urea application; +M/DCD arbuscular 

mycorrhiza and urea with DCD application. M effect of mycorrhizal inoculation; F effect of fertilizer. 

*,**,*** inidicate statistically significant differences (Linear Mixed Model) at p<0.05, p<0.01 and p<0.001, 

respectivelly, n.s. not significant.
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5 DISCUSSION 

5.1 PASTURE DIVERSIFICATION AFFECTS SOIL MACROFAUNA AND 

SOIL BIOPHYSICAL PROPERTIES IN TROPICAL (SILVO)PASTORAL 

SYSTEMS (Experiment 1) 

5.1.1 Differences in carrying capacity due to pasture diversification 

Many studies have confirmed strong relationship between vegetation and soil biota 

(Bardgett et al., 2005; Wardle et al., 2004), but causal effects of plant biomass and species 

composition  on soil macrofauna remain poorly understood. Although the quantification 

of plant biomass was not the specific objective of the present study, enhanced plant 

productivity due to pasture diversification and/or legume inclusion permitted higher 

stocking rates and higher animal productivity in terms of meat production in the same 

experiment as described in previous studies (Durango et al., 2017; Enciso et al., 2019). 

Since the establishment of the experiment, the carrying capacity of pastures was adapted 

to pasture productivity and cattle stocking rates were increased to four bulls in SPS (when 

compared to three bulls in CP and LP). Although this increase of pasture carrying capacity 

could potentially hinder the positive effects of pasture diversification and/or the presence 

of leguminous herbs (and hence, higher biomass productivity) on soil properties, it 

resembles real situation on farm where stocking rates are continuously being adjusted to 

forage production.   

5.1.2 Spatial heterogoneity of soil properties and macrofauna in the silvopastoral 

system  

Two main drivers of soil heterogeneity can be expected with the incorporation of legume 

trees into pastures: (i) the increased input of resources from the litterfall, root exudation 

and turnover forming “fertility islands” around trees (Avendaño-Yáñez et al., 2018; 

Scholes and Archer, 1997; Van Miegroet et al., 2000); and (ii) alterations of animal 

behavior leading to gradients in soil compaction and nutrient accumulation (Taboada et 

al., 2011), which were confirmed by the differences in soil properties and biodiversity 

parameters within SPS in the present study.  

The so-called “fertility islands” with high SOC and nutrients contents around trees have 

been observed and described by several authors (Avendaño-Yáñez et al., 2018; Van 

Miegroet et al., 2000). Beside its N-fixing capacity, L. diversifolia can influence nutrient 

availability also by the transfer of nutrients from deeper zones (Rowe et al., 1998) to 
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aboveground plant parts and their deposition on soil surface followed by decomposition 

by soil macroinvertebrates and soil microbes. Both sampling points located near the trees 

(SPS-1.5 and SPS-0.0) differed considerably from other treatments and sampling points 

in several soil chemical properties as observed in PCA. The higher richness of soil 

macrofauna taxa and the abundance of detritivores, predators and herbivores at SPS-1.5 

translated into lower soil BD and the content of MAphys confirming the key role of soil 

macrofauna in soil structure formation via bioturbation. 

Furthermore, shade-providing trees can have direct impact on soil moisture content and 

soil temperature, which are among the key abiotic variables affecting soil biological 

activity and, therefore, the release of nutrients from SOM (Breshears, 2006). We observed 

decreasing content of POM with increasing distance from the L. diversifolia tree rows, 

indicating a positive influence of tree litter inputs on soil labile C content. The POM 

consists mainly of partly decomposed organic tissues from above and belowground plant 

litter which has been fragmented and partially decomposed by soil organisms (Lavallee 

et al., 2020). The POM fraction has been found to be a valuable early indicator of soil 

fertility and land use changes due to its low protection to decomposition and faster 

accumulation rates in comparison with mineral-associated C and total SOM (Lajtha et al., 

2014; Lavallee et al., 2020). The faster accumulation rate of POM (when compared to 

SOM) likely explains the observed differences in POM in early stages of the experiment 

but only a slight (not significant) trend of increasing SOM. For this reason, SOM fractions 

such as POM or permanganate oxidizable C are more useful indicators of pasture 

management effects on soil organic matter dynamics (Webster et al., 2019). The increase 

of SOM content in the proximity of  L. diversifolia tree rows could be expected in the 

long-term as a result of  high-quality litter from the legumes which may lead to an 

accumulation of C in a mineral-associated form (Cotrufo et al., 2013).  

In the SPS, soil properties and biomass production are also strongly affected by livestock  

activity and movement (Taboada et al., 2011), which likely influenced soil BD and 

biodiversity of macroinvertebrates. The introduction of palatable and protein-rich legume 

trees in Brachiaria pastures may influence animal behavior due to the changes in diet 

(preference of the tree fodder over grass) and due to the animal preference for shade 

(Broom et al., 2013; Dubeux Junior et al., 2017; Murgueitio et al., 2011) (see Fig. 3.2.2.). 

Lower radiant thermal load in agroforestry systems compared to open grasslands, has 

been linked to increased animal comfort (Pezzopane et al. (2019). If livestock spends 
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more time in double rows of L. diversifolia, higher input of animal urine and dung and 

accumulation of nutrients can be expected in those areas (Dahlin et al.,2005). A change 

in behavior of cattle (see Fig. 3.2.2.), together with the N-fixing capacity of legume tree, 

could explain the higher TN content between the double-rows of L. diversifolia than in 

the middle of the alley and at 1.5 m distance from the trees. The higher Na content 

between the tree double-rows also suggests a concentration of animal deposition in the 

understory (Haynes and Willisms, 1992; Taboada et al., 2011). Animal-derived nutrient 

depositions could increase the abundance of soil burrowing macrofauna and lead to 

enhanced soil physical properties (Herrick and Lal, 1995). Nevertheless, in the present 

study, we observed deterioration of soil physical properties under the trees, probably due 

to cattle trampling causing soil compaction (Paciullo et al., 2010) and/or reduction of 

grass cover (and grass fine roots) in the shaded area (visual observation) due to light or 

water competition in the understory (Breshears, 2006; Podwojewski et al., 2014), which 

was further aggravated by higher cattle stocking rate in SPS.  

Localized soil compaction was also confirmed by higher resistance to penetration in the 

10-20 cm layer at SPS-0.0 and the observed frequent waterlogging after rainfall events 

indicating poor water drainage (data not shown). It is plausible that the resistance to 

penetration was strongly affected by soil moisture content, which differ between studied 

treatments and could thus hinder the differences in soil compaction. The differences in 

soil resistance to penetration should be evaluated by repetitive measurements to 

disentangle the influence of soil compaction from changes in soil moisture.  

Lower MWD of soil aggregates and higher proportion of MAphys was detected in the 

vicinity to the tree-rows (SPS-0.0). Reduced MWD of water-stable aggregates could 

indicate the disruption of larger aggregates during the drier months by trampling 

(Taboada et al., 2011; Warren et al., 1986). Nevertheless, this reduction could be also 

linked to lower soil macrofauna and root density of grasses between the tree-double rows 

(Fonte et al., 2012; Podwojewski et al., 2014) and is likely related to the reduction of the 

abundance of MAbio which tend to have higher stability than MAphys (Jouquet et al., 2009, 

2008) as confirmed by PCA in the present study. In addition, the PCA revealed a negative 

relation between monovalent cations and MWD. The higher urine deposition in the 

double rows of L. diversifolia likely increased the Na content which could promote a 

dispersion of soil aggregates (Guo et al., 2019). Hence, the combined effect of dispersive 

monovalent cations (Na), higher intensity of trampling and lower abundance of soil 
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macrofauna and grass fine roots, could have a stronger (negative) impact on soil 

aggregation when compared to (not significant) effect of SOM in the proximity to the tree 

rows. Furthermore, the methodology of MWD evaluation including the pre-analysis 

treatment can have a strong impact on the results. Under tropical conditions where strong 

rainfall events are common, rapid rewetting of soil aggregates could better mimic the 

slacking conditions likely occurring on the field when compared to slow re-wetting of 

aggregates by capillarity.  However, in soils with high aggregate stability, such as the 

Vertisol under study, the different pre-treatments lead to a  comparable MWD (Le 

Bissonnais, 1996). We can thus consider our results reliable.  

Soil macrofauna abundance (and diversity) was hypothesized to be higher close to the 

tree lines due to higher organic matter input under the tree canopy. Nevertheless, the 

highest abundance and richness was found at 1.5 m distance from the center of the tree 

lines. This is likely explained by colonization of this area of both shade-thriving species 

(under the tree canopy) and species more commonly found on the open grasslands (alley) 

which together enhance the biodiversity as described by the “edge effects theory” (Harris, 

1988). This theory is also confirmed by the PCA analysis (Fig. 3) where SPS-1.5 m is 

positively defined by macrofaunal taxa richness and abundance as well as by MAbio. The 

higher soil macrofauna in SPS-1.5 than in SPS-0.0, (mainly ants in the present study) can 

explain the lower BD at 1.5 m than at in the middle of the double-tree row. The spatial 

arrangements of trees within SPS can thus influence the overall impact of land-use change 

on soil properties and soil macrofauna diversity through effects on the behavior of grazing 

animals and resources diversity and allocation. 

5.1.3 Comparison of open pasture systems and SPS alleys 

While no differences in soil chemical properties were observed among open pasture 

systems, considerable differences in soil structure were found between pastures with 

legumes (LP and SPS-5.5) and grass only pastures (CP) in soil structure. While soil under 

LP had higher MWD of water stable aggregates and content of MAbio, CP soil constituted 

predominantly of MAphys, indicating higher biological activity (and hence, formation of 

biostructures) in diversified systems and negative impact of animal trampling on soil 

macrofauna.   

High heterogeneity in tree-based systems makes comparison between land-use types 

challenging. While trees have clearly the strongest impact on soil and understory 
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vegetation in the near vicinity, the open areas outside the tree canopies often cover 

proportionally larger areas. The overlap in soil properties between SPS-5.5m (alley) and 

LP in the PCA indicate that soil properties and macrofauna at 5.5 m distance from the 

center of the tree lines (alley) are not affected by the presence of the trees in the SPS 

system, nor by the higher cattle stocking rate.  

Laossi et al. (2008) found a positive relation between biomass production of herbaceous 

legumes and soil macrofauna abundance, which indicates the importance of this key plant 

functional group. In the present study, the inclusion of legumes in open pasture systems 

positively affected the taxonomic richness and total abundance of soil macrofauna and 

the abundance of beetle larvae, all being lower in CP when compared to LP and SPS-5.5, 

even in relatively young systems. The higher abundance of herbivorous macrofauna in 

legume-containing pastures can be linked either with enhanced biomass production or 

with diversification of substrate and/or habitat. Similarly, the increase in LP and SPS-5.5 

of detritivores (represented mainly by cockroaches, millipedes, woodlice and 

earthworms) which participate in fragmentation of organic matter and nutrient recycling 

within the systems, are likely linked with higher organic matter input and quality after 

legume inclusion (Velásquez et al., 2012).   

Despite generally low impact of forage diversification on soil macrofauna (Laossi et al., 

2008; Wardle et al., 2006), in the present study, soil macrofauna resulted to be a suitable 

predictor of system productivity even at the early stage of development. Nevertheless, the 

effect of forage diversification (legume inclusion) cannot be distinguished from effects 

of enhanced biomass production (described by Enciso et al., 2019), which corresponds to 

legume-bearing treatments.  

5.1.4 Implications for sustainable intensification 

Although no significant differences were observed in the majority of soil chemical and 

physical properties between SPS-5.5 (alleys) and CP or LP, improvements of soil 

parameters and biodiversity with decreasing distance from tree rows within SPS suggest 

a positive effect of tree inclusion at the system level. While increased biomass 

productivity and higher stocking rates in SPS may underlay the idea of sustainable 

intensification, the prevention of possible localized soil structure damage should remain 

the priority. This suggests a negative impact of grazing intensification, a finding that 

could not have been detected in the studies without cattle. The majority of studies 
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considered the effects of pasture diversity on soil parameters ignoring the grazing 

dimension, which can lead to biased conclusions on sustainable intensification.  This 

study is one of very few that allowed to evaluate the effect of SPS adoption on soil 

properties including cattle grazing, and especially when cattle grazing is adapted to the 

carrying capacity of the system (based on available forage biomass) as modified by 

pasture system design resembling real farm conditions. It is therefore recommended that 

in future studies of silvopastoral systems, more detailed soil sampling schemes are used 

to grasp the high soil spatial variability, including the areas more vulnerable to soil 

degradation. 

5.2  INTENSIVE SHORT-DURATION ROTATIONAL GRAZING 

ENHANCES CATTLE STOCKING RATOIL QUALITY WITHIN ONE 

YEAR AFTER ESTABLISHEMTN IN COLOMBIA (Experiment 2) 

5.2.1 Relevance of the study and experimental design 

Scientific evidence of positive impacts of locally applied grazing strategies on soil 

properties and functions is essential to guide policies that support the adoption of 

sustainable grazing management practices (Tapasco et al., 2019) and hence, contribute to 

the goal of the Bonn Challenge to bring 150 and 350 million hectares of the worlds 

deforested and degraded land into restoration by 2020 and 2030, respectively (UNEP, 

2011).  However, high economic costs of running cattle-grazing experiments have led to 

a lack of studies proving empirical evidence (Teague et al., 2011), particularly in tropical 

regions. To overcome this limitation, the paired comparison of farms managed by IRG 

with traditionally managed farms in their vicinity has been proposed (Alfaro-Arguello et 

al., 2010; Ferguson et al., 2013). In such studies the farms are managed by farmers 

themselves, which makes the collected data directly applicable and relevant to real 

commercial farms. In our study, we compared two farms managed by IRG with two 

adjacent reference farms in their vicinity, managed by farmers’ practices. The near 

proximity of each IRG farm with its corresponding reference farm within a rather 

homogeneous landscape setting in both study areas indicate that the dramatic difference 

in cattle stocking rates between IRG and reference farms are the result of different grazing 

management, rather than landscape variability. This is also confirmed by comparable 

stocking rates between IRG and reference farms before the IRG management adoption 

(personal communication, farmers Nelson Velasquez and Dinesney Baquero). Moreover, 

the current weight gain of grazing cattle at IRG farms (without receiving fertilization) of 
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570 ± 157 g animal-1 day-1  (unpublished data) exceeds the average animal weight gain in 

pastures of B. humidicola cv. Llanero without fertilization (484 ± 148 g animal-1 day-1) 

and the mean animal weight gain of the area (325 ± 106 g animal-1 g-1) (Rincón et al., 

2018). We experienced significant trade-offs in the design of the study, trying to 

maximize the relevance and representativeness on the one hand, and (independent) 

statistical replication and consequent robustness of interpretation of treatment effects on 

the other hand. Despite these challenges we obtained results that are the first evidence of 

the potential of IRG establishment in Colombian Eastern Plains, results which are highly 

relevant given that IRG management in the study area is being promoted and implemented 

by farmers in response to the critically low pasture productivity and the need for 

sustainable intensification in the study area.  

5.2.2 Pasture carrying capacity and changes in pasture composition after IRG 

implementation  

Intensive, short duration rotational grazing management is an agricultural approach for 

increasing resource use efficiency while reducing negative environmental impacts, thus 

considered a regenerative grazing strategy. While the traditional management with low 

pasture carrying capacity (<1 LU ha-1 in the present study) leads to pasture and soil 

degradation and consequently to the loss of ecosystem services due to the selective 

grazing of preferred palatable species and their proportional disappearance from the 

pastures, the IRG grazing management leads to a more evenly distributed grazing 

pressure over large areas (Teague et al., 2013, 2011). The distribution of short-term 

grazing pressure over all pasture species, together with long pasture recovery periods, 

increases the farm forage productivity and hence, the pasture carrying capacity (Teague 

et al., 2013) as observed in the increase of animal stocking rates to over 4 LU ha-1 in both 

study sites. Within small paddocks, all forage species are grazed and allowed to recover 

after each grazing event, which considerably modified the plant community structure by 

allowing more palatable and productive grasses (B. ruziziensis, Marandú grass) to 

establish as also pointed out previously by Teague et al. (2013, 2011).  

In our study, despite the repeated sowing of the improved grass species/varieties by the 

farmers in the study area, plant community diversity remained low and dominated by B. 

humidicola cv. Llanero as long as the pastures were being continuously grazed (TM-cont 

in Morichal) or rest periods were too short for pasture recovery (TM-rot in Villasol), as 

was the case before the IRG adoption (personal communication, farmers Nelson 
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Velasquez and Disney Baquero). On the other hand, shortly after the IRG adoption, the 

areas with different forage species/varieties (Brachiaria humidicola cv. Tully in the lower 

parts which are prone to inundation, Marandú grass and Brachiaria ruziziensis in the 

upper well-drained parts of the pastures) could be clearly distinguished. The development 

of patches with improved forage and/or with superior biomass production, such as patches 

covered with Marandú grass (Guenni et al., 2002) likely lead to the improvement of soil 

properties and to higher substrate supply and availability of habitats for soil macrofauna 

(Laossi et al., 2008) while providing high amount of nutritious forage. Higher primary 

pasture productivity, together with the use of Palmix (a local product composed mainly 

of a mixture of waste materials from palm oil production) as a feed supplement at IRG 

farm in Morichal site conincided with a higher animal weight gains of the grazing cattle 

(unpublished data). Altogether, regardless the nutritional supplements, the stocking rate 

was increased more than four times since the IRG management adoption and when 

compared to adjacent farms, which confirms the capacity of IRG management to intensify 

the productivity of pastures per unit land area as in other studies (Lerner et al., 2017; 

Murgueitio et al., 2011).  

5.2.3 Effect of grazing management on soil physical, chemical and 

microbiological properties  

Grazing management can play a crucial role in determination of soil physical, chemical 

and biological properties affecting the long-term pasture productivity and ecosystem 

services. The implementation of IRG management can affect soil properties in two ways: 

through increased stocking rates, or by modifying pasture vegetation (composition and 

amount of biomass produced and decomposition rates).  

Our study showed that higher stocking rates under IRG did not result in soil compaction 

risk and instead, led to lower soil bulk density in the upper 10 cm of the  soil, despite the 

four times higher stocking rates under IRG grazing management (4.2 LU ha-1) compared 

to <1 LU ha-1 under traditional grazing (continuous grazing or rotational grazing with 

long grazing period and insufficient time for pasture recovery). This further coincided 

with a higher water retention capacity under IRG, similarly to findings of Teague et al. 

(2011). Reduced soil compaction and available water content are of particular interest in 

this region with bimodal climate where higher soil water storage capacity can reduce the 

waterlogging during the wet season while increasing water availability during the dry 

periods. The improvement of soil physical properties correlated with the higher SOC and 
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higher soil coverage by plant biomass which reduces the trampling impact on soil surface 

(Beukes and Cowling, 2003; Teague et al., 2011). Similarly, the lower bulk density and 

higher water storage under IRG is likely caused by higher root biomass and root length 

of the improved plant genotypes. In fact, we observed a higher water retention capacity 

in the IRG-Mar and IRG-Ruz farm sections when compared to the IRG-Tully, which 

indicates either positive impact of these forages on soil, or the possibility of Marandú and 

B. ruziziensis establishement only after the improvement fo soil properties due to their 

higher sensitivity to water-logging when compared to B. humidicola cv. Tully.  

The impact of root growth and turnover, and the architecture of the root systems of 

different forage species on the accumulation of SOC, soil physical properties and 

biological activity is well known (Amezquita et al., 2004). The IRG management 

enhanced forage heterogeneity and led to the establishment of Brachiaria 

cultivars/species such as Marandú or B.ruziziensis, which are known to develop denser 

and deeper root systems compared to B. humidicola cv. Llanero, similarly to  the 

observations of Guenni et al. (2002). A clear link between root length and SOC stocks 

has been observed in the present study, which confirmed the crucial role of plants in SOC 

accumulation in soil. Nevertheless, while clear changes in dominant forages could be 

observed in both study sites, changes in soil properties were much less conspicuous in 

Villasol, where no differences in SOC stocks were detected. Hence, it could be speculated 

that continuous grazing may be more detrimental to soil properties when compared to 

rotational grazing regardless the intensity of rotations, which warrant future studies.  

Soil functioning is largely determined by soil structure. The formation of soil aggregates, 

a common indicator of soil structure (Six et al., 2000), is mediated by SOC content and 

the soil biological activity, which in turn determines the SOC sequestration potential. The 

positive effect of IRG at Morichal is therefore likely linked to higher SOC stocks and to 

the higher root biomass, which are often well correlated with MWD of soil aggregates 

(Rillig et al., 2002), as was also observed in this study in the form of a strong positive 

correlation between SOC, MWD of soil aggregates and soil enzymatic activity. Dense 

root systems generally supports higher abundance of soil microbiota, including arbuscular 

mycorrhizal fungi contributing to the stabilization of soil aggregates (Caravaca et al., 

2002; Denef et al., 2001). The positive effect of IRG on microbial activity at Morichal 

was also confirmed by higher potential activity of soil enzymes, which resulted to be 
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useful indicators of nutrient transformations reflecting higher mineralization of C, N and 

P under IRG management.   

The climate change mitigation potential of regenerative agriculture has been the subject 

of discussions recently. Despite the short period since the IRG implementation, we 

observed higher SOC and TN content at IRG farm than at the reference farm in Morichal 

site, which confirms the results of Teague et al. (2011), Sanjari et al. (2008) and Waters 

et al. (2017). The higher SOC under IRG could be related with the factors above 

mentioned, however, the short period since the IRG establishment suggests the 

involvement of other factors. The increasing SOC stocks at Morichal and the lack of effect 

at Villasol could be related with the use of Palmix supplementation. In general, cattle 

retain in their body approximately 30% of the consumed nutrients, while the other 70% 

are deposited as dung and urine (Vendramini et al., 2007) which could explain the higher 

TN at Morichal compared to the adjacent farm managed by continuous grazing without 

any supplementation. Such a higher carbon and nutrient input could also contribute to the 

higher activity of soil microbes and soil macrofauna and thus, to the improvement of soil 

structure, particularly in the upper (20 cm) soil layer. The role of animal supplementation 

with organic residues in combination with different grazing strategies would be required 

to confirm such a hypothesis of its impact on soil quality. In order to assess co-benefits 

or trade-offs in terms of environmental impact of IRG, in particular the effects on animal-

borne greenhouse gases emissions (CH4) with increasing herd numbers, or soil-borne 

emissions (N2O) from increased concentration of dung and urine in a smaller area 

compared to dung and urine patches sparse in a bigger area, either per unit of area or per 

unit of product, requires further study.  Nevertheless, the strong positive impact on pasture 

productivity (hence potentially reduced need of further deforestation) indicate an overall 

positive impact of such practices not only on soil health but also on C sequestration, as 

suggested globally for regenerative agriculture practices (Paustian et al. 2020), 

contributing to the GHG emissions reduction in the livestock sector in Latin America 

(Arango et al., 2020) 

5.2.4 Soil macrofauna as an early indicator of grazing management  

We observed strong differences in soil macrofauna abundance and richness between the 

different grazing management systems. The abundance of earthworms, spiders, beetles, 

woodlice and earwigs was higher in the IRG-managed farms than in the reference farms, 

which may partly explain the positive impact of IRG on soil physical and chemical soil 
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properties and enzyme activitiesor vice versa, i.e. reduced soil compaction under IRG 

management may stimulate soil fauna activity, or both. (Lavelle et al 2006). Previous 

studies have demonstrated the positive effect of grazing intensification on soil 

macrofauna in tropical savannas and natural pastures (Decaëns et al., 2004; Webster et 

al., 2019). Such effect have been related with the increase of dung and urine inputs to soil 

or the root decay after grazing events which supply a huge amount of organic matter 

which stimulates the soil macrofauna development (Decaëns et al., 2004). Other factors 

affecting soil macrofauna abundance and diversity is the plant biomass growth and 

nutrient quality of the forage (Flegel and Schrader, 2000; Laossi et al., 2008). In our study, 

we observed a clear differentiation in PCA plot along the PC2 axis between IRG-Ruz and 

IRG-Mar from IRG-Tully which supports the crucial impact of forage identity on the soil 

macrofauna. The observed better soil physical and chemical properties under B. 

humidicola cv. Tully when compared to other forages (either caused by the establishment 

of different forage species or permitting for B. humidicola cv. Tully establishment), were 

characterized by higher abundance of predators, which seemed to benefit from higher root 

length and/or improved soil condition. On the other hand, both IRG-Ruz and IRG-Mar 

pastures had higher abundance of herbivores and detritivores, which indicates the positive 

impact of higher nutritional value of these forages on litter-decomposing invertebrates.  

Furthermore, the higher MWD observed in IRG in Morichal site could be related with the 

higher abundance of earthworms which play a key role in soil aggregation and soil C 

stabilization within aggregates (Ayuke et al., 2011).  In addition, the observed higher 

enzymatic activities could be related with soil macrofauna because the biogenic structures 

could act as an incubator of microbial activity leading to a higher soil organic matter 

decomposition (Lavelle et al., 2006). Finally, the higher abundance of predators in IRG 

could be interpreted as a sign of higher ecosystem complexity and stability (Ruiz-Cobo 

et al. 2010; Vasconcellos et al. 2013), which confirms the high potential of IRG 

management for sustainable intensification. Our study confirmed that soil macrofauna 

serves as an early and easy-to-measure indicator of land-use change due to their rapid 

response to changing conditions including grazing management (Webster et al., 2019). 
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5.3  GROSS NITROGEN TRANSFORMATIONS IN TROPICAL PASTURES 

AS AFFECTED BY BRACHIARIA GENOTYPES DIFFERING IN 

BIOLOGICAL NITRIFICATION INHIBITION (BNI) CAPACITY 

(Experiment 3) 

The BNI capacity of Brachiaria pastures has been well documented (Ishikawa et al., 

2003; Nuñez et al., 2018; Subbarao et al., 2007a, 2009) and several studies have 

confirmed its potential to create low-NO3
- environments and reduce N2O emissions 

derived from synthetic N fertilizers or urine application (Byrnes et al., 2017; Subbarao et 

al., 2009). Unlike hypothesized in the present study, our results based on the 15N pool 

dilution technique using intact soil cores did not reveal differences in gross nitrification 

rates under Brachiaria genotypes differing in BNI capacity. Instead, we detected 

significant differences in gross ammonification and immobilization rates between 

genotypes at both study sites, which could present another explanation of the low NO3
- 

levels observed in high-BNI Brachiaria genotypes (Sylvester‐Bradley et al., 1988). These 

findings suggest that other mechanisms may underlie commonly observed low net 

nitrification rates under some Brachiaria pastures and that, possibly, the mechanisms 

leading to low NO3
- content in soil may depend on genotypes both directly (inherent plant 

properties such as root density, exudation, or higher affinity and efficiency for NH4 uptake 

etc.) or indirectly (by modification of soil properties).  

5.3.1   Gross nitrification rate as an indicator of BNI capacity  

Although the present study confirmed the classification to low- and high-BNI genotypes 

of previous studies (Karwat et al., 2018; Nuñez et al., 2018; Subbarao et al., 2009) based 

on PNR,  no suppression of the gross nitrification rates was observed in the high-BNI 

Brachiaria genotypes when compared to low-BNI genotypes in either of the experimental 

sites. All gross nitrification rates were below 1.5 µg N g-1 day-1 in Palmira and below 1 

µg N g-1 day-1 in La Libertad, i.e., about 3-5 times lower than gross ammonification rates. 

Such low values are comparable to those observed in Brazilian pastures dominated by 

Brachiaria brizantha [Hochst] Stapf. mixed with Megathyrsus maximus [Rendle] 

Schweick, (Neill et al., 1999), both being tropical pastures with low-BNI capacity 

(Subbarao et al., 2007a). According to the data summarized by Gerschlauer et al. (2016), 

the gross nitrification rates observed in the present study even under low-BNI genotypes 

were slightly lower compared to semi-natural tropical savannas (1.7 µg N g-1 day-1),. In 

Palmira, the highest gross nitrification rates were found under the supposedly high-BNI 
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CIAT-16888, where the values significantly exceeded those observed under low-BNI 

Mulato I. Therefore, our main hypothesis that high BNI genotypes suppress the gross 

nitrification could be rejected. Instead, our results indicate that other mechanism such as 

lower N mineralization and/or increased microbial N immobilization contribute to the 

commonly described low soil NO3
- contents and low net nitrification.  

Nevertheless, although the gross nitrification rates were comparable across high- and low-

BNI genotypes, irrespective of the study site, significantly higher nitrifier gene abundance 

was detected under low-BNI genotypes, confirming previous studies (Byrnes et al., 2017; 

Moreta et al., 2014; Nuñez et al., 2018; Subbarao et al., 2009). The lack of significant 

differences in Palmira site could be explained by long-term accumulation of BNI 

compounds even in soil under low-BNI genotypes over time (>10 years since the 

experiment establishment) since high net PNR have been observed in the adjacent nearby 

bare soil plots with no history of BNI-inducing plants (Subbarao et al., 2009). The PNR 

was strongly correlated with AOA abundance, which is in agreement with Byrnes et al. 

(2017) and Nuñez et al. (2018) who found a strong relationship between the AOA 

suppression in high-BNI genotypes and the net nitrification rates. In addition, the negative 

correlation between NretREL (the ratio of N immobilization to gross mineralization + gross 

nitrification) with PNR indicates a link between the studied gross N transformation rates 

and the PNR as higher inorganic N immobilization relative to inorganic N production 

leads to a reduction of PNR. This points at the importance of inorganic N immobilization 

in the PNR quantification despite of the NH4
+ surplus applied during the PNR 

quantification assay, because microbial immobilization of inorganic N is not C limited, 

but limited by N. A high C environment in the studied soils is confirmed by the high 

extractable C concentrations, that exceed soil mineral N by more than an order of 

magnitude. Furthermore, the relatively high microbial immobilization rates in the 15N 

assays indicate a stimulation of immobilization by label-N addition despite the low 

addition rates.  

Consequently, the discrepancy between PNR and gross nitrification could be caused by 

the availability of substrate for nitrifiers: while the PNR method is based on the incubation 

of soil samples fertilized with high amounts of NH4
+, gross nitrification rates were 

determined without previous fertilization of N-limited pasture soil. Similarly, previous 

studies reporting considerable reduction of PNR and N2O emissions were performed after 

fertilization with high amounts of nitrogen (Subbarao et al., 2009) or urine (Byrnes et al., 
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2017). In the present study, the lack of fertilization reduced the NH4
+ availability, thereby 

leading to low gross nitrification even in the low-BNI genotypes, much lower than gross 

nitrification in  other tropical ecosystems (Gerschlauer et al., 2016), as nitrifiers were 

likely limited by substrate availability because of strongly competing heterotrophic NH4
+ 

immobilization rather than by reduced abundance or activity. Considering BNI a plants’ 

strategy to increase N availability in low-nutrient pastures (Subbarao et al., 2007a), and 

brachialactone release upon plant root contact with NH4
+, the development of full BNI 

potential in cases of temporal high N availability could be expected. Determination of 

gross N transformation rates after N fertilization and/or urine deposition are needed to 

help to elucidate this discrepancy between the PNR and gross nitrification and the 

influence of N availability.  

Previous studies have suggested high microbial N immobilization of high-BNI genotypes 

as a mechanism contributing to the low net nitrification rates (Karwat et al., 2017; 

Teutscherova et al., 2019b), but to our best knowledge, no study aimed at disentangling 

the mechanisms involved in mineral N production and consumption. Indeed, the 

immobilization of inorganic NH4
+, being of a comparable magnitude as NH4

+ production 

via gross ammonification, may contribute to the low PNR commonly observed in soil 

from high-BNI genotypes (Byrnes et al., 2017; Karwat et al., 2017; Moreta et al., 2014; 

Subbarao et al., 2009). The higher NH4
+ immobilization reduces the substrate availability 

to nitrification which is reflected in lower N2O and NO3
- production during nitrification 

reducing the risk of NO3
- losses and increasing N retention and N use efficiency through 

internal recycling (Booth et al., 2005; Kuzyakov and Xu, 2013) thus explaining the low 

NO3
- commonly observed in high-BNI fields (Byrnes et al., 2017; Sylvester‐Bradley et 

al., 1988). Similarly, high NO3
- immobilization could also explain the observed lower 

PNR of the high-BNI genotypes. 

The degree to which autotrophic nitrification is limited by N immobilization by 

heterotrophic microbes is reflected in NH4
+ partitioning (the ratio NH4

+ immobilization 

to gross nitrification), and can be expected to increase with increasing  labile C 

availability (Dannenmann et al., 2006; Gütlein et al., 2017; Lang et al., 2016; Verchot et 

al., 2002). The higher inorganic N immobilization of some of the high-BNI genotypes 

and high N partitioning ratio could be explained by the higher accumulation of fresh SOC 

inputs from above and belowground litter and root exudates by these genotypes, as 

indicated by our findings showing in general, higher EOC, MBC and SOC in the high-
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BNI genotypes. In addition, the extremely higher root length observed in the high-BNI 

genotypes suggests a higher root exudation and microbial activity in the high-BNI 

rhizospheres promoting the microbial N immobilization. In fact, the stepwise regression 

revealed a negative correlation between NH4
+ immobilization and the AOB abundance, 

which may suggest that heterotrophic NH4
+ immobilization outcompetes the autotrophic 

nitrification reducing the size of this group of nitrifier populations which are generally 

considered to be weak competitors for NH4
+ (Storer et al., 2018).   

The NO3
- immobilization exceeded more than three times the gross nitrification rates in 

both study sites. Similarly, the NH4
+ consumption (as the sum of gross nitrification and 

NH4
+ immobilization) exceeded the gross ammonification by 20% and 48% in Palmira 

and La Libertad study sites, respectively. The low inorganic N content of these high 

productivity tropical pastures and the proportionally high 15N label application (roughly 

doubling inorganic N background values) likely caused ther stimulation of inorganic N 

immobilization and overestimation, that is typical for low N environments. In addition, 

the N immobilization rates could have been stimulated by starting root decay within the 

soil cores. However, when the immobilization rates were calculated by the “reformed 

difference method” in the Palmira site (Fig. 4.3.2.) the production and consumption rates 

of NH4
+ and NO3

- were very close. These observations suggest that the labelling with 15N 

stimulated the inorganic N immobilization and caused an overestimation of 

immobilization rates using the “isotope dilution method” similarly as described by Hu et 

al. (2019). Future research in pastures with BNI should calculate the immobilization using 

the “reformed difference method” which seems to be more robust in low inorganic N soils 

(Hu et al., 2019) as the evaluated Brachiaria fields in order to estimate the baseline gross 

N transformation rates. 

5.3.2   Soil biochemical properties and gross ammonification rates 

As a consequence of often described variation in net nitrification rates, Brachiaria 

genotypes may differ in productivity, biomass C partitioning between above- and 

belowground biomass, litter composition, and root exudates quantity and quality; 

properties which can all exert strong influence on SOM content and decomposition rates 

(Dubeux et al., 2007), hence, warrant attention in the future studies. The differences 

among genotypes in SOC, TN and MBC found previously (Horrocks et al., 2019; 

Teutscherova et al., 2019b) and also observed in this study (particularly in the Palmira 

field) can affect the gross ammonification rates (Booth et al., 2005) and therefore, the 
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production of NH4
+as the substrate for gross nitrification. In both study sites low-BNI 

genotypes had generally lower gross ammonification rates than high-BNI genotypes, with 

a notable exception of CIAT-679, which had the lowest gross ammonification rates at 

both sites, despite the highest PMN content in CIAT-679. Nevertheless, the gross 

ammonification rates under high-BNI CIAT-679 were comparable to gross 

ammonification rates under low-BNI genotypes. Since the NH4
+ release from SOM can 

be repressed by high NH4
+ content (Geisseler and Horwath, 2008), it could be speculated 

that reduced gross ammonification may be caused by lower NH4
+ consumption in CIAT-

679 leading to a relative accumulation of NH4
+ in the soil. Therefore, the lower gross 

ammonification could be the bottleneck which downregulates the gross nitrification and 

explains the commonly described low net nitrification of high-BNI CIAT-679 (Byrnes et 

al., 2017; Nuñez et al., 2018). 

The higher gross ammonification in soil of high-BNI CIAT-16888 genotype at Palmira 

could explain the higher gross nitrification due to enhanced substrate availability. 

Nevertheless, the higher gross ammonification of high-BNI CIAT-16888 and Bh08-1149 

in La Libertad was not reflected in higher gross nitrification, which could be explained 

by the observed higher gross NH4
+ immobilization in CIAT 16888 and Bh08-1149, 

suggesting that inorganic N immobilization is limited by inorganic N production. 

Altogether, these results suggest that BNI phenomenon seems to be the result of a mixture 

of mechanisms including the gross mineralization and inorganic N immobilization, rather 

than nitrification inhibition alone, that together generate a conservative N cycle and 

increase the N availability for high-BNI Brachiaria plants in these tropical low N 

environments.  

5.4  DIFFERENCES IN ARBUSCULAR MYCORRHIZAL COLONIZATION 

AND PHOSPHORUS ACQUISITION BETWEEN GENOTYPES OF THE 

TROPICAL BRACHIARIA GRASSES: IS THERE A RELATION WITH 

BNI ACTIVITY? (Experiment 4) 

5.4.1  Potential nitrification rate and soil nitrogen dynamics 

In agreement with previous studies (Byrnes et al., 2017; Karwat et al., 2017; Nuñez et al., 

2018; Subbarao et al., 2009) the potential net nitrification rate was strongly suppressed 

by both Brachiaria genotypes resulting in negative values, indicating slight 

immobilization of NO3
- or losses due to denitrification. Considering the preference of soil 

microorganisms for NH4
+ over NO3

- and high availability of exchangeable NH4
+ in the N 
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fertilized soil, immobilization of NO3
- is less likely but could possibly occur in microsites 

where NH4
+ was exhausted. Nevertheless, soil under both CIAT-679 and CIAT-16888 

contained significantly higher total organic C content as well as EOC, suggesting that 

immobilization of N due to increased availability of C-rich substrate for heterotrophs 

could be an additional mechanism of these tropical grasses to lower N losses and to 

improve N-use efficiency by increasing organic matter input to the soil and root 

exudation. In field, rapid immobilization of 15N in applied fertilizer in Brachiaria pastures 

has been observed and the potential role of higher organic C content in Brachiaria fields 

in the stimulation of denitrification activity has recently been suggested (Karwat et al., 

2017). Despite the rapidly increasing body of literature focusing on BNI impact on 

nitrifiers, other groups affecting the N balance and N losses in the soil, such as denitrifiers 

or immobilizing heterotrophs, have received less attention.  

One week after the field fertilization with ammonium sulphate, higher exchangeable 

NH4
+ content in high-BNI plots was expected along with low amount of NO3

-, which was, 

however, not detected. The content of exchangeable NH4
+ and NO3

- in plots under CIAT-

679 was more similar to contents under Mulato, the low-BNI genotype. Such a 

discrepancy between NO3
- production under laboratory conditions and field observations 

could be the result of the direct effect of plant roots, which can have significant impact 

on dynamic N transformations in the rhizosphere through preferential uptake of N from 

NO3
- or NH4

+ forms or root exudates of variable nature. The exchangeable NH4
+ content 

in the rhizosphere soil of CIAT-16888 before fertilization was slightly but significantly 

higher when compared to CIAT-679. As the release of BNI compounds is triggered by 

root contact with NH4
+, more exudation of such compounds from roots of CIAT-16888 

could be expected, which is in line with previous studies (Subbarao et al., 2009). 

Furthermore, the rhizosphere of CIAT-16888 contained considerably larger pool of both 

EOC and MBC, which are considered labile C pools. Rapid microbial turnover and active 

microbial biomass in the rhizosphere could serve as a temporal sink of N. Indeed, the 

microbial immobilization of applied N seemed to be higher in CIAT-16888 when 

compared to other Brachiaria genotypes as reflected in higher MBN at one week after 

fertilization. Thus, maintaining higher microbial biomass in the rhizosphere of CIAT-

16888 may be an additional strategy to enhance nutrient uptake due to the maintenance 

of a microbial ‘safety-net’ for capturing and temporal storage of N in the root zone.  

The foliar N content of all three Brachiaria grasses increased rapidly after the fertilization 

suggesting a strong limitation of plant growth due to low N availability before 
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fertilization. Furthermore, the N content in the aboveground biomass strongly correlated 

(r=0.766; p<0.001) with the exchangeable NH4
+ content of soil, indicating preferential 

uptake of NH4
+ over NO3

- by Brachiaria grasses. The highest relative increase of foliar 

N content was observed in CIAT-679 at one week after fertilization when N content in 

the leaves of CIAT-16888 was detected to be the lowest of all three genotypes, which 

could be at least partly explained by temporal N immobilization in the rhizosphere of 

CIAT-16888. Clearly, differences in other traits (besides BNI capacity) and their direct 

or indirect impacts on nutrient transformations deserve more attention as certain 

discrepancies between genotypes were detected.  

5.4.2   AMF colonization as an indicator of higher P and/or N requirements 

Although the AMF root colonization may fluctuate in time due seasonal changes 

(increasing precipitation after N fertilization), the root colonization of low-BNI Mulato 

did not change in time while the colonization of both high-BNI genotypes increased 

between the first and the second sampling. Thus, the differences between genotypes could 

be observed based on the different responses to N application under the same 

environmental conditions. Thus, at least under the circumstances (after N fertilization 

accompanied by increased rainfall) and within the time frame of our short-duration 

experiment, higher AMF colonization of both high-BNI genotypes confirms our 

hypothesis of higher AMF symbiosis of high-BNI genotypes.  

AMF root colonization has been widely used as an indicator of enhanced P requirements 

of plants. The outcome of the symbiosis between higher plants and AMF depends on large 

amount of both biotic and abiotic variables (Yang et al., 2016) with N:P stoichiometry 

being the key factor determining the benefit of exchange between both symbionts 

(Johnson et al., 2015). While BNI is considered a plants strategy to increase N 

availability, enhanced demand for other nutrients could be expected in high-BNI plants. 

Both high-BNI genotypes of B. humidicola presented higher AMF root colonization when 

compared to low-BNI Mulato. Nevertheless, the evaluation of biomass production of all 

genotypes should be included in the future studies to determine whether enhanced P 

requirements originate from improved N use efficiency or from higher biomass 

production, which was not determined in the present study due to the limitation of the 

short duration of the experiment. Nevertheless, no significant differences in annual 

biomass production among different genotypes have been observed in the long-term 

evaluation of the same field trial (data reported in the Material and Methods section).  
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The increased P requirements of high-BNI genotypes manifested in higher AMF 

colonization, was also reflected in relative depletion of labile P pools in the rhizosphere 

of high-BNI genotypes when compared to low-BNI Mulato. Although the amounts of the 

most labile inorganic P pool (Pi-resin) and total Pi pool were comparable in all three 

genotypes in the first sampling, significant differences between (low-BNI) Mulato and 

high-BNI genotypes were detected in the subsequent samplings, which could indicate 

higher P uptake by high-BNI plants.  

Significant correlation (r=0.553, p<0.001) was also found between foliar N content and 

AMF spore abundance in the soil. Although the extension of AMF in the soil and its 

capacity to reach to zones that are more remote from the plant roots depends rather on the 

extent of mycelium growth, the spore abundance could serve as a proxy of fungal biomass 

to some extent. On the other hand, intensive sporulation could be a sign of stressful 

conditions. In many tropical grasslands, the nutrients are scarce and in the majority of 

cases these are applied in the form of cattle urine/dung depositions in high concentrations 

in small patches. We observed the increase of spore abundance under all three genotypes 

in time, which could be related to temporal competition for nutrients between plant roots 

and AMF. Enhanced sporulation could also be an adaptive strategy of AMF as higher 

number of AMF propagules in soils may offer the fungi faster reaction to the subsequent 

N additions. The uptake of NH4
+ (with low mobility) in the soil could therefore be 

mediated by the mycorrhizal symbiosis, as already suggested (Corrêa et al., 2015). 

Indeed, mycorrhizal parameters explained 81% and 57% of foliar N content variability in 

CIAT-679 and CIAT-16888, respectively. Higher importance of mycorrhizal symbiosis 

in N rather than P uptake has been suggested (Atul-Nayyar et al., 2009) and N deficiency 

has been found to promote symbiosis even in P-rich soils (Blanke et al., 2005). 

Nevertheless, in the Mulato genotype no such effect was detected and mycorrhizal 

symbiosis seems to have had a lower effect on nutrient uptake by low-BNI Mulato.  

On the other hand, higher abundance of AMF in the rhizosphere of high-BNI genotypes 

could also affect the abundance and activity of other soil biota, including NH4
+-oxidizers 

(Amora-Lazcano et al., 1998; Cavagnaro et al., 2007; Veresoglou et al., 2011). It has been 

speculated that AMF preference for NH4
+ could lead to a reduction of the abundance of 

less-competitive AO (Bollmann et al., 2002). Thus, lower NO3
- production rates observed 

previously (Byrnes et al., 2017; Subbarao et al., 2009) as well as in the present study 

could be caused by BNI capacitiy and/or by the abundance of AMF being an important 

NH4
+ sink.  
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In agreement with our hypothesis, higher AMF root colonization was found in high-BNI 

genotypes when compared to low-BNI Mulato, where soil PNR was much higher. 

Furthermore, the positive correlation between the foliar N content and mycorrhizal root 

colonization of high-BNI genotypes indicates increased availability of N as a result of 

BNI and uptake of NH4
+ by AMF followed by transfer of N to the host plant and/or 

enhanced P demand as a result of enhanced N uptake and the role of AMF in P nutrition 

even in soils relatively high in P.  

5.4.3  Soil phosphomonoesterase as an indicator of P requirements 

Soil phosphomonoesterases origin from wide range of sources ranging from root 

exudation or are produced by soil biota in order to hydrolyse ester-phosphate bonds for 

releasing phosphate available to plants and soil microorganisms (Quiquampoix and 

Mousain, 2005). Thus, the phosphomonoesterase activities in soil could be used as an 

indicator of P requirement of plants or associated soil biota.  

On the other hand, alkaline phosphomonoesterase has not been observed to be released 

by plant roots (Joner and Jakobsen, 1995) and is therefore considered to be produced by 

soil bacteria and other soil microorganisms. Unlike in high-BNI Brachiaria genoytpes, 

the P foliar content of low-BNI Mulato could only be statistically explained by alkaline 

phosphomonoesterase (54%, p<0.05). Nevertheless, the correlation between foliar P 

content and the activity of alkaline phosphomonoesterase was negative, suggesting that P 

stress did not reflect in enhanced P uptake by plant roots. Under some circumstances 

microbial communities could compete with the plant for P in the rhizosphere as a strong 

negative correlation (r= -0.686, p<0.05) was found between alkaline 

phosphomonoesterase activity and bicarbonate-extractable inorganic P, which is the 

second most available inorganic P fraction.  

Although generally considered being dependent on soil pH (Acosta-Martínez and 

Tabatabai, 2000), we found strong effects of soil organic C content, MBP and PNN, 

which together explained 79% of acid phosphomonoesterase variability in the stepwise 

regression analysis. The dependence of acid phosphomonoesterase on  organic C content 

has been observed previously (Margalef et al., 2017) as well as its relation with the type 

of root exudate stimulating microbial activity (Nannipieri et al., 2008; Renella et al., 

2007). The higher activity of acid phosphomonoesterase confirms our hypothesis related 

to enhanced P requirement of high-BNI genotypes as a consequence of improved N 

uptake.  
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Due to the lack of established BNI trials with a wider range of Brachiaria genotypes, only 

three genotypes could be included in the present study. Nevertheless, the obtained results 

indicate high dependency of Brachiaria on AMF which could play a crucial role in N and 

P management with implications for nutrient losses reduction, regardless of the soil P 

content. Furthermore, the differences between the two selected high-BNI genotypes 

indicate that the variability in other traits (besides BNI ability) among Brachiaria 

genotypes deserves further attention in the future BNI studies.  

5.5  NATIVE ARBUSCULAR MYCORRHIZAL FUNGI INCREASE THE 

ABUNDANCE OF AMMONIA-OXIDIZING BACTERIA, BUT SUPPRESS 

NITROUS OXIDE EMISSIONS SHORTLY AFTER UREA APPLICATION 

(Experiment 5) 

In this part, it was demonstrated that the presence of AMF can have a substantial impact 

on N2O emissions from tropical grasslands at least shortly after fertilization. Although 

the effect of AMF on N2O emissions has been addressed in earlier studies, the majority 

of researchers focused on N2O production under rather anaerobic conditions (Bender et 

al., 2014; Lazcano et al., 2014) while few suggested that the reduced N2O production 

rates could be related to the out-competition of slow-growing nitrifiers by AMF hyphae 

(Storer et al., 2017). In this study, we evaluated the impact of native AMF of tropical 

grass on N2O emissions after the application of urea. We hypothesized that the inoculation 

of B. decumbens by AMF would reduce the N2O release from soil due to reduced amounts 

of NH4
+ directly available to AOs and consequent reduced growth of both AOA and AOB.  

5.5.1 Nitrous oxide production pathways 

The majority of N2O is released during nitrification and denitrification processes 

(Butterbach-Bahl et al., 2013). While denitrification is the dominant N2O-producing 

process under oxygen-limited condition (i.e. high moisture content), nitrification can be 

highly relevant under aerobic conditions (Dobbie et al., 1999). Furthermore, two 

nitrification-related pathways could be responsible for N2O emissions: (i) the ammonia 

oxidation with the importance increasing with raising O2 concentrations, and (ii) nitrifier 

denitrification taking place under lower O2 concentrations (Zhu et al., 2013). 

Nevertheless, the N2O production in soil is subject to fluctuations and spatial variability 

and both processes likely occur simultaneously. Under some circumstances, both 

nitrification-related pathways can account for important amounts of produced N2O. For 

example, nitrification produced between 83 and 95% of total released N2O in soils 
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ranging between 45 and 50% of WFPS (Huang et al., 2014) while nitrifier denitrification 

was responsible for 34-50% of total N2O at lower O2 concentrations (Zhu et al., 2013), 

despite being not considered a strictly anaerobic process (Shaw et al., 2006).  

The application of urea had the strongest effect on N2O production rates whereas the N2O 

production after urea+DCD application remained comparable to N2O production rates in 

control soil without fertilization. Furthermore, in the urea-amended pots, the AMF 

strongly suppressed the cumulative N2O emissions (by 46%). Several studies have 

demonstrated that AMF interact with soil biota and can influence the N2O production in 

the soil (Bender et al., 2014; Lazcano et al., 2014; Storer et al., 2017) and reduce leaching 

losses (Martínez-García et al., 2017). Under elevated water content, N2O emission rates 

were reduced by AMF (when compared to non-mycorrhizal plants) in the study of Bender 

et al. (2014) and of Lazcano et al. (2014), which the authors related to the reduced 

abundance of denitrifiers and denitrification rates, and to higher water uptake of AMF 

plants, respectively. On the other hand, Storer et al. (2017) did not observe any effect of 

NO3
- application on N2O production and strong effect of NH4

+, indicating that N2O 

emissions were released during nitrification, rather than denitrification. In the present 

study, we observed increased emissions after fertilization with urea and no increase of 

N2O production when urea was applied together with DCD, indicating that DCD-

suppressed nitrification was the direct reason of lower N2O emissions, or that lack of NO3
- 

in soil solution prevented N2O release by soil denitrifiers. Storer et al. (2017) suggested 

that the reduction of N2O emissions is linked to the reduced abundance of AOs resulting 

from the superiority of AMF in NH4
+ uptake and low competitive capacity of AOB 

(Verhagen et al., 1995).  

5.5.2 The abundance of ammonia oxidizers 

Contrary to our hypothesis, the number of amoA-AOB gene copies increased in the 

presence of AMF after urea application while no change was observed in case of AOA, 

which, however, outnumbered the abundance of AOB by three orders. Similar positive 

effect of AMF on AOs has been observed also by Amora-Lazcano et al. (1998). Although 

AOA and AOB share the amoA gene responsible for oxidation of ammonia, it remains 

unclear whether AOA share the genes required for nitrifier denitrification as in case of 

AOB (Stieglmeier et al., 2014). Furthermore, it should be pointed out that soil N 

transformation processes can occur simultaneously and functionally different microbial 

groups can share by-products (Hu et al., 2015), which makes separation between N2O-
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forming pathways challenging. Thus, the increased AOB abundance could lead to 

increased nitrifier denitrification followed by N2O reduction by heterotrophic microbes 

in anaerobic microsites releasing N2 rather than N2O. Such situation may occur inside of 

soil aggregates with high microbial activity resulting from input of high amount of easily 

decomposable C originated from hyphae exudation or decomposing senescence AMF 

hyphae. A similar mechanism has also been proposed by Storer et al. (2017) suggesting 

that reduced N2O emissions are not necessarily reflected in reduced abundance of AOs or 

PNR activity, but could be caused by increased N2O consumption as indicated by 

Domeignoz-Horta et al. (2017). Furthermore, the variations of the N2O emissions has 

been identified to be dependent on both the activity and diversity of one clade of nosZ 

(nosZII) encoding the nitrous oxide reductase, the only known N2O consuming 

mechanism (Domeignoz-Horta et al., 2017).  Thus, especially in a short-term experiment 

such as the present one, the total abundance of genes is less relevant in N2O production 

when compared to the gene expression and the abundance of active nitrifying and 

denitrifying populations.  

5.5.3 Soil moisture content and nitrification rate 

Mycorrhizal hyphae are well known to play a pivotal role in stabilization of soil 

aggregates (Rillig, 2004) which in turn affects soil-water relations. AMF thin and dense 

mycelium can penetrate to smaller soil pores which can substantially increase the water 

uptake of the host plants which can reduce anaerobic conditions  (Ruiz-Lozano and 

Azcon, 1995). Furthermore, in case of positive mycorrhizal effect, plant water uptake can 

be increased due to higher biomass production. Mycorrhizal effect on water removal from 

the pots and increasing availability of O2 was suggested by Bender et al. (2014). Also in 

the study of Lazcano et al. (2014) the emissions of N2O were decreased by AMF and this 

drop seemed to be more related to increased use of water than improved N uptake, as 

AMF plants showed higher photosynthesis and stomatal conductance compared to non-

mycorrhizal tomatoes. The changes in soil moisture have substantial effect on greenhouse 

gases emissions especially at high soil-water content and low O2 concentrations (Hu et 

al., 2015). Nevertheless, we did not observe any difference between the moisture of +M 

and -M pots, possibly due to lower biomass production of AMF-infected plants. 

5.5.4 Short-term plant-microbe competition and nitrogen immobilization 

Nitrification, and, consequently, the N2O production, depend not only on the abundance 

and activity of AOs, but also on the supply of NH4
+ which can be reduced as a result of 
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the AMF and plant N uptake. The role of AMF in plant nutrition has been repeatedly 

demonstrated (Hodge et al., 2010; Hodge and Storer, 2014) and seems to be dependent 

on the amount of soil N content. Thus, the presence of the extensive extraradical 

mycelium of AMF can reduce N2O emissions by direct immobilization of N within AMF 

biomass as well as by improved plant N nutrition resulting from N transfer from fungus 

to the host root. The increased content of MBN in AMF pots and its role in N2O emissions 

reduction indicate that short-term immobilization could be the key mechanism of the 

suppression of N2O production. Most of the plant growth/nutrient parameters were 

negatively affected by AMF presence, suggesting that reduced N2O emissions could be 

caused by N immobilization in the AMF mycelium rather than in plant biomass, 

especially during the first week after the fertilization, when the majority of N2O was 

released. The competition-related stress could also explain the plant biomass partitioning 

towards increased production of roots when compared to aboveground biomass. 

Furthermore, the percentage of the root colonization with mycorrhizal arbuscules, which 

are the exchange sites between the host plants and AMF (Gianinazzi et al., 1979) and 

indicators of actively functioning mycorrhizae, was rather low accounting only for 8.5% 

of the root area, while the percentage of root colonization by AMF vesicles was 29.7%. 

Vesicles serve as storage organs where AMF accumulate lipids and glycolipids, which 

could be considered beneficial only to the fungal partner. This high occurrence of vesicles 

and rather low abundance of arbuscules within the host plant roots can indicate 

unidirectional benefits, confirming the stress of plants resulting from the competition for 

N. Although the ability of both plant and fungal partner to up- or down-regulate the 

intensity of the symbiosis has been observed in vitro (Kiers et al., 2011), our 

understanding of such regulation under realistic field conditions remains limited. 

Nevertheless, plants may have gained other benefits from the symbiosis even at the cost 

of slightly reduced biomass production. Long-term studies are required in order to 

understand the outcome of symbiosis and the implications of the benefits gained by both 

partners in the long-run for the plant production, N use efficiency and N2O emissions, as 

short-term immobilization could result in enhanced N2O emissions after the senescence 

of the hyphae.  

The allometric biomass allocation has been observed in several studies to be affected by 

AMF infection, especially in non-stressed plants grown from seeds (Veresoglou et al., 

2012) where increased allocation to shoots can be viewed as a sign of improved nutrition 
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resulting from improved nutrient uptake by AMF mycelium. In our case, on the contrary, 

only root biomass production was increased by AMF infection, suggesting that plants 

were submitted to stress originating from increased N competition after N amendment, 

regardless the DCD application. On the other hand, a positive AMF effect (difference in 

plant N uptake by AMF-plants compared to non-AMF plants) could be expected when 

AMF are C-limited and plant is N- (or other nutrient) limited (Corrêa et al., 2015). Thus, 

after N application to N-limited soils, rapid uptake of N by AMF and growth of mycelium 

could be expected, but only until C-limitation of fungi. We did not observe any effect of 

on AMF on root biomass in control treatments (without N fertilization) probably because 

AMF growth remained N limited and did not induce physiological changes in plants.  

Nevertheless, besides microbial N immobilization, the increased root N uptake seemed 

to be an important driver of N2O production mitigation. Nevertheless, it has been 

observed that while plant roots are more successful in acquisition of mineral N in the 

long-term, soil microorganisms, including AMF, often outcompete plants in the short-

term (Kuzyakov and Xu, 2013). Thus, the N immobilization by microbes and AMF may 

be temporal and plant roots may gain the advantage in the long-run as they compete for 

the same N each time the microbes and fungi die. Furthermore, the potential improvement 

of plant nutrition by AMF in the long-term may result in enhanced N uptake by plants 

and increased biomass production which can contribute to the reduction of N2O 

emissions.  

5.6   GENERAL DISCUSSION 

5.6.1 THE FULFILLMENT OF TESTED HYPOTHESES  

5.6.1.1 Objective 1 (Experiment 1) 

The evaluation of the effects of pasture diversification with legume herbs and/or trees on 

(i) soil biological, chemical and physical properties; and (ii) the heterogeneity of SPS 

combining legume tree species (Leucaena divesifolia) with mix of herbaceous grass 

(Brachiaria hybrid cv. Cayman) and herbaceous legume species (Canavalia brasiliensis).  

H1a: The soil properties and macrofauna distribution is heterogeneous in SPS with the 

highest macrofauna abundance found under the tree canopy. 

✓ Soil properties and macrofauna distribution are heterogeneous in SPS.  

 The highest macrofauna abundance was found under the edge of the tree canopy, 

not under the tree. 
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H1b: Soil properties and macrofauna found in the allies of SPS are comparable to LP 

(without trees) and different from CP. 

 No significant diffenreces were found in most of soil physical and chemical 

properties between SPS-5.5 (alley) and CP or LP. 

✓ Several soil macrofauna taxa were higher in LP and SPS-5.5 when compared to 

CP. 

H1c: Increased soil macrofauna abundance and diversity correlates positively with 

improved soil physical properties and SOM accumulations. 

✓ Macrofauna abundance and diversity correlated with soil physical properties. 

 Macrofauna abundance and diversity did not correlate with SOM content, which 

was the highest under the tree canopy where soil compaction by animal movement 

resulted in low biological activity. 

All three hypotheses tested in the Experiment 1 were only partially accurated. Within 

SPS, soil properties and soil macrofauna were heterogeneous as predicted in H1a, but the 

highest macrofauna abunandace was not detected right under the trees as predicted, but 

under the canopy edge at the distance of 1 m from the trees. The hypotheses were formed 

based on an exhaustive literature review of published literature. Since most of the 

published experiements is either excludes grazing cattle (hence, do not evaluate the 

crucial impact of animal behavior on soil properites and biodiversity) or compare SPS 

with other systems without detailed sampling of particular areas within SPS.  

Similarly, H1b was also partially fulfilled and while several taxa of soil macrofauna were 

more abundance in LP and SPS-5.5 (centre of the alley), it was not reflected in soil 

properties which were comparable between all three open grassland systems. This finding 

may highlight the critical role of the presence of grazing animals in the evaluation of the 

results. While no difference in soil properties may be seen as limited or no effect of tree 

presence in the alleys, considering higher stocking rate in SPS, the SPS can be seen as a 

sustainable intensification strategy which directly enhances forage and animal production 

without compromising soil-based ecosystem services, with crucial implications for 

climate change mitigation, water retention, erosion prevention or nutrient cycling.  

The correlation between soil physical properties and soil macrofauna was generally 

confirmed by the present results as postulated in H1c., but no correlation was found 
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between macrofauna and SOM content. The differences in SOM between systems and 

different distances from the trees within SPS were not observed, likely due to a short time 

since the experient establishment which was not sufficient for the SOM accumulation in 

the proximity of the trees. Nevertheless, differences were detected in POM, which has 

been argued to be more responsive to land-use change when compared to SOM. 

Nevertheless, while POM accumulated between the tree double rows, it did not correlate 

with soil macrofauna, which was likely reduced by animal trampling, shading, or reduced 

grass coverage.  

5.6.1.2 Objective 2 (Experiment 2) 

The elucidation of the effects of contrasting grazing management on soil properties while 

focusing on farm-level comparisons. This objective was addressed in Experiment 2 of the 

thesis.  

H2a: IRG grazing will improve soil physico-chemical properties and soil macrofauna 

parameters due to an expected increase in above and belowground biomass 

production and reduced soil compaction. 

✓ Soil physico-chemical properties and soil macrofauna parameters were higher in 

IRG when compared with traditionally managed farms.  

H2b:  Soil macrofauna will respond clearly to changes in grazing management while 

being positively correlated with the changes in soil physical and chemical 

properties.   

✓ Positive relationship between macrofauna and soil physical properties was found, 

but the causal links could not be ruled out in the present experiment. 

In Experiment 2, both formulated hypotheses were fulfilled and the adoption of IRG 

resulted in improved soil properties (H2a) and higher abundance and diversity of soil 

macrofauna (H2b) while supporting higher animal stocking rates. While higher biomass 

production under IRG could be expected due to higher animal stocking rates, the impact 

of the effect of higher biomass production from the effect of the alteration of forage 

composition could not be separated. Different dominant forage species/genotypes under 

IRG when compared to the reference farms were apparent in both study sites.  
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5.6.1.3 Objective 3 (Experiment 3) 

The quantification of gross N transformation rates in soil under Brachiaria genotypes 

differing in their BNI capacity in two independent field trials in Colombia.   

H3a: The oxidation of NH4
+ to NO3

- (gross nitrification) is suppressed by BNI in high-

BNI genotypes. 

 No differences between plant genotypes were observed in gross nitrification rates 

H3b: Gross ammonification rates are higher in high-BNI genotypes due to the higher 

SOM content.  

✓ Gross ammonification rates were not consistently higher in high-BNI genotypes 

across both study sites but seemed to be the case in La Libertad site. 

H3c:  Higher N mineralization in high-BNI genotypes leads to higher gross N 

immobilization.  

✓ Higher N immobilization seemed to drive gross N immobilization, particularly 

the immobilization of NH4
+ 

H3d: These trends will be consistent across two different edaphoclimatic environments 

under study.    

✓ The main trends were consistent in both study sites except gross ammonification 

which was lower in high-BNI CIAT-679 than in low-BNI Mulato. 

The Experiment 3 revealed no apparent link between BNI capacity and gross nitrification 

rate, which contradicts the hypothesis H3a and the concept of BNI phenomenon. Instead, 

the commonly found low nitrate environements under Brachiaria pastures seems to be 

the result of N immobilization, which is likely promoted by higher content of C in the 

rhizospheric soils. Furthermore, the immobilization of NH4
+ in N-limited pastures seems 

to be directly dependent of NH4
+ release (gross ammonification).  

5.6.1.4 Objective 4 (Experiment 4) 

To evaluate the differences among three Brachiaria genotypes in a long-term experiment 

(14 years-old) in BNI, AMF root colonization and spore abundance, acid and alkaline 

phosphomonoesterase activity, foliar and soil nutrient content and microbial biomass 

before and after N fertilization. 

H4a: Brachiaria genotypes differ in key variables related to P acquisition.  
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✓ Plant genotypes differed in both studied P acquisition mechanisms (activity of soil 

phosphatase and AMF). 

H4b: There is a positive correlation between AMF root colonization, P uptake and BNI 

activity. 

✓ Higher AMF root colonization was observed in high-BNI genotypes. 

H4c: There is a positive corerelation between the activity of acid and alkaline 

phosphomonoesterase and BNI performance. 

✓ Higher activity of acid phosphatase was observed under high-BNI genotypes  

All three tested hypotheses of Experiment 4 were confirmed by the experimental results 

and high-BNI genotypes had significantly higher activity of soil phosphatase (acid 

phosphomonoesterase) and root colonization by AMF, clearly indicating higher 

investment in P acquisition mechanisms when compared to low-BNI genotypes.   

5.6.1.5 Objective 5 (Experiment 5) 

The quantification of the effect of AMF in a Brachiaria grassland soil on N2O emissions 

under aerobic conditions after urea application. To obtain insight into the mechanisms 

that can explain AMF-induced changes, N uptake by plant and microbial biomass were 

quantified as well as functional amoA gene involved in NH4
+ oxidation.  

H5a: The presence of AMF reduces N2O emissions after urea application. 

✓ The N2O emissions were reduced by 46% in the presence of AMF. 

H5b:  This effect can be attributed to the negative effect of AMF on the abundance of 

AO as a result of competition for NH4
+, and to an overall reduction of mineral N in 

soil due to increased plant N uptake and microbial N immobilization in the presence 

of AMF. 

 As the abundance of AOB was increased and plant growth reduced in the presence 

of AMF, the reduction of N2O emissions culd be attributed to the changes of AOB 

activity (rather than abundance) or to changes in N2O reduction.  

While N2O emissions were reduced by AMF inoculation a hypothesized (H5a), this 

reduction could not be attributed either to the higher N uptake by plants or to the reduced 

abundance of AO (H5b). As there is a limited amount of studies focusing on the impact 

of AMF on N2O emissions in general and the majority of them is performed under rather 
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anaerobic conditions, the results of the present study contribute to our understanding of 

the importance of AMF in shaping N cycling in grasslands under aerobic conditions.  

5.6.2 THE IMPLICATIONS OF OBTAINED RESULTS AND FUTURE 

STUDIES RECOMMENDATIONS 

5.6.2.1 Grazing patterns and forage composition  

Both pastures diversification and IRG resulted to have a great impact on animal 

productivity in terms of increased stocking rates. In pasture diversification experiemnts, 

particularly those with palatable woody perenials (commonly legumes), the separation of 

the effects of trees from those of grazing cattle are challenging and, to my best knowledge, 

has not been attempted experimentally. Nevertheless, the incorporation of trees providing 

both shade and nutritious forage for the grazing animals lead to heterogeneous 

distribution of grazing pressure with direct implications for soil compaction, nutrient 

cycling and soil biological activity and diversity, as clearly observed in the Experiment 

1. As the grazing patterns are affected by the presence of tree, the separation of SPS on 

soil-based ecosystem services remains challenging and mechanistic studies focusing on 

the separation of direct impact of trees (litter input, root turnover and exudation, shading, 

uptake of water and nutrients, competition with surrounding plants, allelopathy, etc.) from 

indirect inpacts driven by grazing animals (soil compaction by trampling and urine/dung 

deposition, both affecting soil macrofauna and nutrient cycling) are missing.  

Similar results were observed in the Experiment 2, where grazing management had a 

crucial impact on forage production and composition while improving soil properties and 

increasing the abundance of soil macrofauna. As soil macrofauna can be the mediator of 

soil properties improvement via bioturbation and SOM fragmentation, it can also be the 

result of reduced soil bulk density (and the improvement of other soil paramenters) 

allowed due to changes in forage composition and biomass production.  

Clearly, all three dimensions of grazed pastures (forage, grazing animals, soil) are 

interconnected and their dependence on the other is mediated by the environment, which 

warrants future studies to understand the causal links among them.  

In Colombia, similarly to many other parts of the world, the critically low stocking rates 

and progressing soil degradation under traditional management of the pastures require 

urgent attention. Since grassland expansion induced by deforestation is no longer an 

option for increasing animal production, sustainable intensification of livestock-based 
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agricultural systems is particularly important in the area that suffers from extreme 

conditions. The experiments 1 and 2 of the present study should contribute to sustainable 

intensification options applied alone particularly in combinations.  

5.6.2.2 Forage selection and implications for nutrient cycling 

Forage selection is of a crucial importance in determining pasture and animal 

producitivity. Brachiaria species and genotypes differ not only in their growth habit, 

resistance to diseases and stresses, nutritional quality and productivity, but also in their 

effect on N cycling (as observed in Experiment 3) and phosphorus acquisition (as 

observed in Experiment 4). The low-nitrate environments, which are commonly observed 

under high-BNI Brachiaria genotypes, have been up to date considered the result of 

nitrification inhibition, which allows for a more efficient use of N by reducing N losses 

via gaseous emissions or leaching. As observed in the Experiment 3, nitrification 

reduction is unlikely the cause of low PNR as the low content of NO3
- in the soil is likely 

driven by several mechanisms with microbial immobilization playing an importante role. 

Indeed, higher microbial biomass in soil of high-BNI genotypes was also observed in 

Experiment 4. Nevertheless, regardless the mechanisms, the low-nitrate environments are 

less prone to N losses as the majority of N is rapidly taken up by plants, microbes or is 

maintained in NH4
+ form with low mobility. In turn, reduced losses are reflected in higher 

N availability to plants and their associated microorganisms, which therefore, can invest 

more N in the acquisition of other nutrients that might be limiting to meet their nutritional 

equilibria as clearly seen in Experiment 4. The higher colonization of plant roots with 

AMF in Experiment 4 can be explaind either by AMF-mediated uptake of P, which is 

required to use up the available N. Alternatively, AMF may facilitate plants uptake of 

NH4
+ with low mobility due to the better competitiveness of AMF when compared to 

plant roots. The role of AMF in N uptake as affected by N mobility and availability 

required more attention in the future studies.  

Since lower N2O emissions as well we higher abundance of AMF have both been 

observed in field with high-BNI genotypes when compared to those with low-BNI 

capacity, it is plausible that AMF may directly impact N cycling. Indeed, in Experiment 

5, I observed a strong effect of AMF on N2O emissions, which were reduced by 46% after 

the inoculation with AMF. Therefore, if the emissions reduction in high-BNI plants is a 

direct result of BNI or indirect result of higher dependency on AMF remains to be 

evaluated by future studies.  
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Alltogether, plants possessing both BNI and AMF (regardless the relationship between 

BNI and AMF), seem to have an advantage in the uptake of both N and P, which are the 

most commonly limiting nutrients. Furthermore, more efficient use of nutrients has not 

only economical benefits by reducing the amounts of applied fertilizers, but also 

environemental benefits by reducing nutrient losses and contamination of the ecosystems. 

This is the first study of BNI looking beyond N cycling and focusing on different aspects 

of plant-soil interactions. Although the causal links could not be assessed by this 

experimental design, the clear links between BNI and AMF have been observed which 

calls for more interdisciplinary studies.  Future studies should focus on the impacts of 

BNI on rhizosphere microbiota of different forages with a special emphasis on AMF. 

These studies should use a combination of stable isotope techniqes and molecular 

approaches to reveal the key  microbial taxa immobilizing N  as well as their function. 
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6 CONCLUSIONS 

6.1 PASTURES DIVERSIFICATION (Experiment 1) 

Experiment 1 of the thesis confirms a clear positive impact of diversification of grazed 

pastures via incorporation of legume herbs and/or trees on key soil properties and the 

abundance and diversity of soil macroinvertebrates. The incorporation of legume trees 

grown in double-rows resulted in a spatial heterogeneity of SPS with high fertility zones 

on the edge of tree canopy (1.5 m from the trees, distinguished by enhanced SOM and 

nutrient content) and zones with elevated compaction risk (between the double-rows, 

characterized by high content of MAphys and high BD). The taxonomic abundance and 

functional diversity of soil macrofauna were found to be responsive to both (i) legume 

herbs/trees inclusion (particularly under the edge of the tree canopy) and (ii) cattle 

trampling causing localized soil compaction within the silvopastoral system. The results 

of Experiment 1 clearly indicate the great opportunities for improvement of soil properties 

and soil biodiversity in grass-legume systems and in SPS in particular, while allowing for 

increased cattle stocking rates under SPS thus providing a promising strategy for 

sustainable intensification of pastoral systems. Nevertheless, the increased stocking rates 

and changing grazing patterns in SPS need to be carefully accounted for to avoid possible 

negative impacts on soil quality and other effects such as GHG emissions. Therefore, 

trade-offs between positive (biodiversity, soil properties etc.) and negative effects 

(possible soil compaction resulting from locally high stocking rates) need to be carefully 

evaluated.  

6.2 GRAZING MANAGEMENT (Experiment 2) 

The adoption of IRG grazing management improved pasture and animal productivity and 

allowed for animal stocking rates seven-fold higher (4.2 LU ha-1) than the national 

average (0.6 LU ha-1). Furthermore, while considerably increasing animal stocking rates 

(and thus, higher animal excreta input), IRG influenced pasture composition with higher 

proportion of improved forage species/genotypes, whose development was impeded, 

likely due to the selective grazing (beyond recovery capacity) of these more nutritious 

and palatable forages under continuous or longer duration rotational grazing. 

Furthermore, patches of different forages adapted to different conditions become clearly 

distinguishable as early as nine months since the change of management: while in lower 

located areas the pastures were dominated by B. humidicola cv. Tully (tolerant to 

waterlogging), in the upper well-drained zones the most common forages were 
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B.ruziziensis (Morichal study site) and B. brizantha cv. Marandú (Villasol study site). As 

a result of direct (i.e. long-term pasture recovery, higher and more uniform distribution 

of animal dung and urine) and indirect (changes of pasture composition, stimulation of 

soil macrofauna) impacts of IRG management, soil properties were improved in 

comparison to nearby reference farm, particularly in Morichal. Soil macrofauna resulted 

to be a useful early indicator of land-use change and clearly responded to differences in 

pasture species and to changing environmental conditions. Especially earthworms and 

beetles responded positively to IRG in both study sites, mainly in B. ruzizienses and 

Marandú patches. Predators, considered indicators of ecosystems’ stability, were the most 

abundant in B. humidicola cv. Tully patches under IRG.  

Given the higher pasture and animal productivity and the positive impacts on soil quality, 

IRG management can be considered a suitable sustainable intensification approach, 

increasing resource use efficiency and output per unit of land area, without additional 

inputs. To provide more robust results, more independent replicates in form of paired 

farms network and long-term evaluations are recommended, without losing focus on the 

representability of the farming systems and the importance of scale. Lastly, the 

environmental impacts of IRG systems integrating impacts on deforestation, animal- and 

soil-borne GHG emissions and SOC sequestration potential require more attention in the 

future studies.  

6.3 FORAGE SELECTION AND NITROGEN CYCLING (Experiment 3) 

To my best knowledge, Experiment 3 presents the first study experimentally addressing 

the effect of BNI on gross N transformations rates in Brachiaria genotypes with 

contrasting BNI capacity based on previous classification by potential (net) nitrification 

rate (PNR). Our results confirm lower PNR in the high-BNI genotypes, but do not support 

the hypothesis of gross nitrification suppression by BNI under low N environment. 

Instead, a higher inorganic N immobilization by microbes, seemed to be the main 

mechanism explaining the lower net nitrification in the high-BNI genotypes CIAT-16888 

and Uh08-1149. This interpretation was further supported by a higher content of SOC 

and MBC and the higher plant biomass C:N indicative for the residue inputs of these high-

BNI genotypes. Furthermore, the lower gross ammonification could be the bottleneck 

which downregulates the gross nitrification of high-BNI CIAT-679. Therefore, the BNI 

phenomenon seems to be the result of a mixture of mechanisms, rather than nitrification 

inhibition alone, that together generate a conservative N cycle and low NO3
- 
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environments. Future research should evaluate the gross nitrification rates after 

fertilization or urine application (when the BNI activity is stimulated) in order to 

overcome a possible NH4
+ limitation that could have prevented direct BNI effects on 

gross nitrification in the present study. Besides that, the assessment of BNI effects on 

gross N turnover processes in intact plant-soil-microbe systems, i.e., in presence of active 

plants, is highly desirable for future studies.  

 

6.4 FORAGE SELECTION AND PHOSPHORUS CYCLING (Experiment 4) 

Experiment 4 aimed to reveal, for the first time, possible relationships between BNI by 

tropical Brachiaria pasture grasses and arbuscular mycorrhizal fungi in the rhizosphere 

as well as to understand the relative underlying mechanisms. We observed high 

mycorrhization of high-BNI Brachiaria grasses in P-rich soil, which was further 

stimulated by the application of ammonium-based fertilizer. Such an increase of root 

colonization (only in high-BNI genotypes, no difference observed with low-BNI Mulato) 

seemed to be related to enhanced uptake of both N and P from the rhizosphere. 

Furthermore, the mycorrhizal symbiosis in Brachiaria humidicola, known for its strong 

suppressive effect on nitrification in soil, seemed to be driven by N limitations rather than 

P limitations, at least in the soil type under study. Since NH4
+ is the primary N source of 

Brachiaira grasses, the possible role of AMF in the uptake of rather immobile NH4
+ 

deserves more attention. In addition, the rhizosphere of highly mycorrhizal high-BNI 

genotypes had higher acid phosphomonoesterase activity and reduced the most available 

P fractions, which could be interpreted as increased uptake requirements of plant-microbe 

associations when compared to low-BNI Mulato. The potential impacts on nutrient use 

efficiencies in agroecosystems deserve more attention in the future studies. Selection of 

a wider range of soil types including more P limited soils and inclusion of more genotypes 

is needed to gain a better insight into the relationship between BNI and AMF symbiosis. 

Furthermore, this study reveals patterns which need further and more robust confirmation 

by testing a wider range of low- and high-BNI germplasm accessions and hybrids in order 

to identify other possible traits (besides BNI ability) which influence Brachiaria-AMF 

interactions.  
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6.5 ARBUSCULAR MYCORRHIZAE AND NITROGEN CYCLING 

(Experiment 5) 

The interactive effect of native arbuscular mycorrhizal fungi and urea application on N2O 

emissions, plant growth and the abundance of AO were investigated in the Experiment 5. 

Furthermore, using DCD nitrification inhibitor we could identify nitrification-related 

pathway as the source of N2O emissions in this experiment. The production of N2O was 

increased by urea application without DCD and AM pots released only 54% of the N2O 

produced in non-AMF pots over a period of two weeks. The negative plant growth 

response to AMF presence indicated the competition between plants and AMF, which is 

further confirmed by higher MBN content in AMF pots. Nevertheless, the abundance of 

amoA gene of AOB was higher in mycorrhizal pots when compared to control. Such a 

short-term immobilization of N in the AMF mycelium and other soil biota can clearly 

reduce the N supply available for nitrification and subsequent N2O production. 

Nevertheless, this N will likely be released after the senescence of the AMF hyphae and 

become remobilized and potentially taken up by plants or used by soil microorganisms. 

Considering the increase of abundance of AOB in AMF-inoculated treatments, the 

possibility of increased N2O emissions and the possible changes in competitive ability of 

mycorrhizal plants in later stages after fertilization or after repeated N addition deserve 

attention in future experiments.  

6.6   FINAL CONCLUSIONS 

The main conclusions of the present thesis are:  

C1:  Diversification of tropical pastures improved soil structure and increased the 

abundance of soil macrofauna. Both diversified systems (pasture with legume 

herbs and silvopasture) are suitable alternatives to conventional pastures. 

C2: High spatial heterogeneity of soil properties under silvopastures warrant careful 

evaluation as the ares in the near proximity to the trees was found to be compacted 

from frequent animal trampling. 

C3: The adoption of IRG resulted in improved soil quality despite the higher stocking 

rate compared to traditionally managed reference farms in the vicinity. 

C4:  Changes in soil properties are likely related to the changes in forage species 

composition of pastures, which modified by grazing management 



 

118 

 

C5: Soil macrofauna was a suitable indicator of soil quality improvement in tropical 

grasslands.  

C6:  Despite lower PNR, no difference between contrasting BNI Brachiaria genotypes 

was observed in gross nitrification rates.  

C7:  High N immobilization could explain low NO3
- environement in high-BNI 

genotypes. The often observed low-N environements in Brachiaria pastures seem 

to be result of several mechanisms rather than a consequence of simple nitrification 

inhibition. 

C8: Nitrogen conservation processes of high-BNI genotypes allowed for higher 

acquisition of P. Higher dependence of high-BNI genotypes on AMF is driven by 

AMF-mediated uptake of P or NH4
+ which are both of low mobility in soil. 

C9:  AMF reduced N2O emissions but increased the abundance of AOB after 

fertilization of urea. Plant growth was slightly reduced in the presence of AMF 

while MBN was increased.    

6.7 CONCLUSIONES FINALES 

Las principales conclusiones de la presente tesis son: 

C1:  La diversificación de los pastos tropicales mejoró la estructura del suelo y aumentó 

la abundancia de macrofauna del suelo. Ambos sistemas diversificados (pastos con 

leguminosas y sistemas silvopastorales) son alternativas adecuadas a los pastos 

convencionales. 

C2:  La alta heterogeneidad espacial de las propiedades del suelo bajo sistemas 

silvopastorales requiere una evaluación cuidadosa, ya que se encontró que las áreas 

cercanas a los árboles estaban compactadas por el pisoteo frecuente del ganado. 

C3:  La adopción de IRG resultó en una mejor calidad del suelo a pesar de la mayor 

carga ganadera en comparación con las fincas de referencia manejadas 

tradicionalmente en los alrededores. 

C4:  Los cambios en las propiedades del suelo probablemente estuvieron relacionados 

con los cambios en la composición de especies forrajeras de los pastos, lo cual se 

modificó por el manejo del pasto. 
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C5:  La macrofauna del suelo fue un indicador adecuado del mejoramiento de la calidad 

del suelo bajo pastos tropicales. 

C6:  A pesar de un PNR más bajo, entre los genotipos de Brachiaria con BNI 

contrastante evaluados no se observaron diferencias en las tasas brutas de 

nitrificación. 

C7:  La alta inmovilización N podría explicar el bajo contenido en NO3
- observado bajo 

los genotipos de alto BNI. El bajo contenido en N que se observa a menudo en los 

pastos de Brachiaria podría ser el resultado de varios mecanismos más que una 

simple consecuencia de la inhibición de la nitrificación. 

C8:  Los procesos de conservación de N de los genotipos de alto-BNI permitieron una 

mayor adquisición de P. La mayor dependencia de los genotipos de alto-BNI en 

AMF puede deberse al rol de AMF en la absorción de P o de NH4
+, ambos de baja 

movilidad en el suelo. 

C9:  AMF redujo las emisiones de N2O pero aumentó la abundancia de AOB después de 

la fertilización con urea. El crecimiento de la planta se redujo ligeramente en 

presencia de AMF mientras que se incrementó la MBN. 
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