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EPIGRAPH 

 

“Imagination is more important than knowledge. For knowledge is limited to all we now 

know and understand, while imagination embraces the entire world, and all there ever will 

be to know and understand.” 

“We are in the position of a little child, entering a huge library whose walls are covered to the 

ceiling with books in many different tongues. The child knows that someone must have 

written those books. It does not know who or how. It does not understand the languages in 

which they are written. The child notes a definite plan in the arrangement of the books, a 

mysterious order, which it does not comprehend, but only dimly suspects. That, it seems to 

me, is the attitude of the human mind, even the greatest and most cultured, toward God. We 

see a universe marvelously arranged, obeying certain laws, but we understand the laws only 

dimly. Our limited minds cannot grasp the mysterious force that sways the constellations.”  

 

Albert Einstein 
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RESUMO 

Parametrização e avaliação de modelos mecanísticos para estimativa da produtividade 

de Urochloa brizantha cv. BRS Piatã a pleno sol e em sistema silvipastoril 

Os sistemas silvipastoris são um tipo de sistema agroflorestal em que 

árvores ou arbustos são combinados com animais e pastagens. Os sistemas 

silvipastoris são importantes para a intensificação de pastagens e para a mitigação 

dos efeitos das mudanças climáticas. Entretanto, poucos estudos vêm sendo 

realizados visando à adaptação de modelos para a simulação desses sistemas. O 

objetivo desse estudo foi parametrizar e testar os modelos mecanísticos APSIM e 

CROPGRO para estimar a produtividade de Urochloa brizantha cv. BRS Piatã a 

pleno sol e em um sistema silvipastoril, avaliar o desempenho dos modelos para 

simular as interações árvore-pastagem e desenvolver ferramentas para aprimorar 

tais simulações. Para isso, foram conduzidos quatro experimentos de campo, a 

pleno sol, para avaliar diferentes manejos da pastagem: corte, em irrigado e 

sequeiro; e pastejo, em sequeiro e com alto ou baixo suprimento de nitrogênio. 

Outro experimento foi conduzido em um sistema silvipastoril com as árvores 

arranjadas em renques simples, com orientação Leste-Oeste, com espaçamento de 

15 m entre renques e 2 m entre plantas nos renques. Esse experimento foi 

conduzido sob pastejo e em sequeiro, com avaliações das variáveis da pastagem, 

microclima e água no solo em quatro distâncias em relação ao renque Norte (0,00 

m; 3,75 m; 7,50 m and 11,25 m). As estimativas de massa de forragem a pleno 

sol, realizadas com o modelo APSIM-Tropical Pasture, apresentaram boa 

concordância entre os dados observados e os estimados (R
2
 entre 0,82 e 0,97, d 

entre 0,92 e 0,98 e NSE de 0,72 a 0,92), enquanto que, as estimativas geradas pelo 

modelo CROPGRO-Perennial Forage alcançaram boa precisão (R
2
 entre 0,65 e 

0,93) e boa exatidão (d entre 0,86 e 0,97 e NSE de 0,60 a 0,90), para os diferentes 

manejos e condições ambientais. Mesmo considerando o desempenho promissor 

de ambos os modelos para simular pastagens a pleno sol, para confirmar a 

acurácia e a eficiência destes, são necessários testes em outros locais, condições 

climáticas, tipos de solo e intensidades de corte ou pastejo. As simulações do 

crescimento da pastagem no sistema silvipastoril indicaram que o modelo 

APSIM-Tropical Pasture, foi eficiente quando somente a competição por radiação 

solar foi considerada (R
2
 de 0,69 a 0,88, d entre 0,90 e 0,96 e NSE de 0,51 a 0,85), 

mas ineficiente quando somente a competição por água no solo foi considerada 

(R
2
 entre 0,58 e 0,85, d entre 0,58 e 0,82 e NSE de -4,07 a -0,14). O modelo 

CROPGRO-Perennial Forage atingiu bom desempenho na simulação do 

crescimento da pastagem para as distâncias 0,00 m, 3,75 m e 7,50 m em relação às 

árvores (R
2
 de 0,75 a 0,90, d entre 0,93 e 0,96, NSE de 0,74 a 0,85). Apesar dos 

bons resultados, ambos os modelos devem ser melhorados para simular todos os 

fatores que afetam o crescimento de pastagens em sistemas silvipastoris. 

Palavras-chave: Agroflorestal; APSIM; CROPGRO; Interações árvore-cultura; 

Radiação solar; Água no solo 
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ABSTRACT 

Parameterization and evaluation of mechanistic crop models for estimating Urochloa 

brizantha cv. BRS Piatã productivity under full sun and in silvopastoral system  

Silvopastoral systems are a kind of agroforestry system in which trees or 

shrubs are combined with animals and pastures. Silvopastoral systems are 

important to intensify pasture production and mitigate climate change effects. 

However, very few studies have been performed to adapt crop models to simulate 

these systems. The aim of this study was to parameterize and test the mechanistic 

crop models APSIM and CROPGRO for estimating Urochloa brizantha cv. BRS 

Piatã productivity under full sun and in a silvopastoral system, to evaluate the 

models’ performance to simulate tree-crop interactions, and to develop tools to 

improve these simulations. For this purpose, four field experiments were 

conducted under full sun to investigate cutting management under irrigated and 

rainfed conditions and grazing management under rainfed conditions with high 

and low N supply. Another experiment was carried out in a silvopastoral system 

with the trees arranged in simple rows, in East-West orientation, with 15 m 

between rows and 2 m between plants in the rows. This experiment was 

conducted under grazing management and rainfed conditions with the pasture 

variables, microclimate and soil water content being assessed at four distances 

from the North row (0.00 m, 3.75 m, 7.50 m and 11.25 m). The forage mass 

simulations for the pasture at full sun, performed using the APSIM-Tropical 

Pasture model, showed good agreement between observed and estimated data (R
2
 

between 0.82 and 0.97, d between 0.92 and 0.98, and NSE ranging from 0.72 to 

0.92), while the simulations with the CROPGRO-Perennial Forage model 

achieved good precision (R
2
 between 0.65 and 0.93) and good accuracy (d from 

0.86 to 0.97, and NSE from 0.60 to 0.90), for the various managements and 

environmental conditions. Even considering the promising performance of both 

models for pastures under full sun, they already needs to be tested in other 

locations, climate conditions, soils, and grazing or cutting intensities, to prove its 

accuracy and reach enough confidence. The pasture growth simulations at the 

silvopastoral system indicated that the APSIM-Tropical Pasture was efficient 

when only competition by solar radiation was considered (R
2
 from 0.69 to 0.88, d 

from 0.90 to 0.96, and NSE between 0.51 and 0.85), but inefficient when 

considering only competition by soil water (R
2
 between 0.58 and 0.85, d between 

0.58 and 0.82, and NSE from -4.07 to -0.14). The CROPGRO-Perennial Forage 

achieved good performance on pasture growth simulation at the distances 0.00 m, 

3.75 m, and 7.50 m from the trees (R
2
 from 0.75 to 0.90, d from 0.93 to 0.96, NSE 

between 0.74 and 0.85). Despite the good results, improvements should be 

performed in both models for simulating all factors that affect forage growth in 

silvopastoral systems. 

Keywords: Agroforestry; APSIM; CROPGRO; Tree-crop interactions; Solar 

radiation; Soil water 
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1. INTRODUCTION 

Agroforestry systems (AFS) are forms of land use where timber trees or fruit trees 

are combined with crops and/or livestock, simultaneously or in a sequence of time, aiming to 

improve ecological interactions and economic returns (Lundgren and Raintree 1982). 

According to Elevitch and Kim (2001), AFS are dynamic systems based on ecological 

management of the natural resources that, through integration between trees and agricultural 

or pastoral systems, diversify and keep good levels of productivity and promote social, 

economic and environmental improvements. 

The main aim of an AFS is to optimize land use (Alao and Shuaibu 2013), 

combining forest and food productions (King 1979), improving the soil conservation 

(Pattanayak and Mercer 1998), and reducing the need for new lands for agriculture (Schroeder 

1994), minimizing pressure for deforestation. For example, areas with secondary vegetation, 

which has no economic and social importance, can be recovered and rationally used through 

agroforestry practices (Vieira et al. 2009). Another important aspect of this kind of system is 

its design which requires less external resources input (Filius 1982). 

Agroforestry systems are also classified as crop-livestock-forest integration systems. 

Systems based on crop-livestock-forest integration are more complex than single crops. In 

these systems, many interactions occur between plants with different height, shape and root 

architecture (trees, shrubs, crops), and between plants and animals, with their intensity 

varying spatially and temporally (Silva 2012). Gillespie et al. (2000) indicated that the 

intensity of such interactions is determined by the resource competition patterns, mainly by 

water, solar radiation, and nutrients. 

In integrated systems, the interactions between their components may be positive, 

neutral or negative (competition). During system planning, the main aim must be that trees 

and the other components interact successfully, optimizing the system productivity 

(Nicodemo et al. 2004). For tropical and subtropical regions, there is not enough knowledge 

about planning and management of integrated systems, mainly for regions with warm and wet 

summer, and dry winter. 

AFS are very important systems for the Brazilian government plan for mitigation and 

adaptation to climatic changes and reduction of greenhouse gases emission from agriculture, 

named ABC Plan, which is divided into seven programs, of which three are related to AFS: a) 

Recovery of degraded pastures; b) Implementation of AFS; c) Adaptation of Brazilian 

agriculture to climate changes (MAPA 2014). 
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Silvopastoral systems (SPS) are a kind of AFS in which pastures and trees are grown 

together interacting with animals. These systems aim to be more sustainable than 

conventional systems, increasing total productivity, diversifying agricultural production and 

improving resources use efficiency (Mijail et al. 2005). Besides that, as already mentioned, 

these systems are a good tool to recover degraded pastures (Nair et al. 2009), to adapt 

agricultural systems, and to mitigate the effects of climate change on plants and animals, with 

several social, economic and environmental benefits (Steinfeld et al. 2006). 

Such kind of integrated system may promote: higher land use efficiency; increase of 

economic returns per hectare; erosion control; improvements on soil fertility by increasing 

nutrient cycling and biological activity; higher forage allowance and quality due to the good 

conditions for pasture growth; flexibility for the trees use (for building, timber, firewood, 

charcoal, honey production, among others); and higher biodiversity, mainly when native 

species are employed (Carvalho et al. 2007). Also, higher carbon sequestration and mitigation 

of the effects of extreme weather conditions can be listed as benefits of SPS. 

SPS may have as main purpose animal production, giving a secondary economic 

importance for trees, which may be used for timber and several other products, or only for 

shading animals, and eventually for animal feeding. The other possible option is when the 

main economic components are the trees, with the animals being employed to graze weeds 

and to reduce the management costs, giving also an additional economic return (Engel 1999). 

In SPS, the shading promoted by the tree canopy changes the solar radiation and soil 

water availability for the understory plants, altering microclimate and, consequently, crop 

growth and development (Menezes et al. 2002). Therefore, the efficiency of these systems 

depends on the use of species that are adapted to these environmental conditions. In the case 

of forage species, they must be tolerant to shading, have good potential yield, and be adapted 

to management and regional soil and climatic conditions (Garcia and Andrade 2001). 

According to Benavides et al. (2009), microclimatic alterations occur in SPS 

independently of the type of tree used, deciduous or perennial; however, the intensity of these 

alterations varies according to the tree species. Benavides et al. (2009) also observed the 

effect of trees on solar radiation, water dynamics, wind speed, and air temperature. Such 

microclimatic changes were also observed in several other studies in the last ten years (Amadi 

et al. 2016; Böhm et al. 2014; Gomes et al. 2016; Karki and Goodman 2015; Oliveira et al. 

2007; Pezzopane et al. 2015; Prasad et al. 2010; Siles et al. 2010; Tamang et al. 2010). 

The microclimate alterations in SPS are very important to determine pasture 

evapotranspiration and soil water availability, affecting the water balance (Feldhake 2009; Lin 
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2010), and reducing pasture productivity when competition by water is important (Bosi et al. 

2014). On the other hand, trees may also improve soil structure, porosity, water holding 

capacity, reduce surface runoff (Benegas et al. 2014), increase infiltrability (Benegas et al. 

2014; Sahin et al. 2016) and improve the water use, mainly from deeper soil layers (Gyenge et 

al. 2002; Pollock et al. 2009). 

For plants, high solar radiation incidence increases leaf temperature. Excessively 

high leaf temperatures can result in stress, reducing photosynthesis (Boyer 1971), affecting 

plant growth and productivity. Therefore, shading promoted by trees in SPS may keep leaf 

temperature within suitable levels. For example, Siles et al. (2010) observed that under full 

sun the leaf temperature of coffee plants was higher than air temperature, while in shaded 

coffee area, leaf temperature was always lower than air temperature. 

For animals, thermal stress occurs when air temperature reaches values higher than 

the thermoneutral range (Armstrong 1994). Such condition causes increase of animals’ body 

temperature, which is determinant to their thermal comfort (Baliscei et al. 2012), which 

affects productivity and reproductive efficiency (Garcia et al. 2010). As consequences of such 

stress, physiological and behavior adaptations occur, like preference for shaded places, 

increases of water intake, peripheral vasodilation, sweating, and respiratory rate (Blackshow 

and Blackshow 1994), and, as consequence, reduction of animal productivity. These problems 

may be minimized by adopting SPS, as confirmed by Baliscei et al. (2013) who found lower 

values of measured black globe temperature, which represents animals’ body temperature, 

inside a SPS. 

According to Valle et al. (2000), the pastures of Urochloa (syn. Brachiaria) genus 

have been of great importance for Brazilian livestock, since they allowed the occupation of 

acid and low fertility soils in the Brazilian savannah (Cerrado biome) with beef cattle farms. 

Currently, Brazilian cultivated pastures are still based on those species. Besides that, such 

genus stimulated the development of pasture seeds production, making Brazil the largest 

exporter of this kind of seed to tropical regions around the world. 

The capacity to feed animals in the Brazilian savannah was almost triplicated with 

the introduction of brachiariagrasses. Native pastures were explored with approximately 0.25 

animals ha
-1

, while molasses grass (Melinis minutiflora) and jaragua grass (Hyparrhenia rufa) 

with 0.3 to 0.6 animals ha
-1

. Brachiariagrasses support between 1.0 and 1.5 animals ha
-1

, in 

average. Therefore, brachiariagrasses are still considered very important for Brazilian 

livestock (Valle et al. 2010). 
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Urochloa brizantha is the most cultivated forage species in Brazil, mainly the 

Marandu cultivar (U. brizantha cv. Marandu) (Miles et al. 2004). This species is 

recommended for wet tropical regions, with total rainfall about 1000 mm year
-1

, being tolerant 

to drought periods with duration between three and six months (Cook et al. 2004). The 

optimal temperatures for Urochloa sp. growth and development are between 30 and 35ºC 

(Miles et al. 2004). 

Piatã cultivar is less productive than the most sowed ones. However, it is still a good 

option for regions with intense water deficit. The main reason for that, according to Santos et 

al. (2013), is its higher control on stomatic conductance. 

Soil moisture, solar radiation, air temperature and daylength are the most important 

factors for determining pastures growth and development (Pedreira 2009). Although solar 

radiation and temperature are of similar importance for biomass production, they have 

different functions under an ecophysiological point of view. Solar radiation is more associated 

to the conversion of radiative energy into chemical energy during photosynthesis (Zhu et al. 

2008), while temperature is associated to the metabolic processes involved in such 

conversion, affecting mainly the biochemical phase of photosynthesis (Bonhomme 2000). 

Due to the great importance of environmental factors to determine forage 

productivity, mathematical models have been developed and used for estimating pasture 

growth, taking into account genetic, soil and climatic factors. These models are employed 

since the 80s of the last century for pasture production dynamics (Andrade et al. 2015). 

Different approaches and studies using models allowed to estimate pasture yield and 

production parameters based only on climatic factors (Fitzpatrick and Nix 1973; Ometto 

1981; Villa Nova et al. 1983). 

Among the several types of crop models, the mechanistic ones are those based on the 

understanding and systematization of the main plant physiological processes and the 

interactions with other processes in the agroecosystem (Andrade et al. 2015). This kind of 

approach has being applied for tropical pastures simulation by the following models: 

ALMANAC (Agricultural Land Management Alternative with Numerical Assessment 

Criteria) (Kiniry et al. 2007), Century (Parton et al. 1993), Orchidee Grassland Management 

(Coltri et al. 2014), CROPGRO Perennial Forage (Alderman 2008; Lara et al. 2012; Pedreira 

et al. 2011; Pequeno et al. 2014; Pequeno et al. 2017; Rymph et al. 2004), APSIM 

(Agricultural production systems simulator) (Araújo et al. 2013), and STICS (Simulateur 

mulTIdisciplinaire pour les Cultures Standard) (Santos 2016), all of them with satisfactory 

performance. 
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Specifically for pastures of U. brizantha, just CROPGRO Perennial Forage model of 

DSSAT (Decision Support System for Agrotechnology Transfer) was adapted for Xaraés 

palisadegrass (U. brizantha cv. Xaraés) (Pedreira et al. 2011) and Marandu palisadegrass (U. 

brizantha cv. Marandu) (Pequeno et al. 2014), and STICS model for Piatã palisadegrass (U. 

brizantha cv. BRS Piatã) (Santos 2016). Therefore, CROPGRO Perennial Forage and APSIM 

were never parameterized for simulating Piatã palisadegrass. 

The APSIM is a farming systems modeling framework that contains interconnected 

models to simulate systems comprising soil, crop, tree, pasture and livestock biophysical 

processes. It is used extensively by researchers to assess on-farm management practices, 

climate risk, climate change and adaptation strategies, mixed pasture/livestock strategies, 

agroforestry resource competition, nutrient leaching under various conditions, gene trait 

expression, among many other applications (Holzworth et al. 2014). 

CROPGRO is a mechanistic model that predicts crop yield and composition based on 

plant, climate, management and soil information. It also simulates water balance, organic 

matter, surface residue dynamics and pests and diseases damages (Rymph 2004). Such model 

is written in FORTRAN programming language and is considered a generic model, being 

used for modeling several crops, which is possible because it has flexibility for changing the 

input files related to species and cultivar characteristics (Lara 2011). 

Modelling crop development and growth in agroforestry systems is much more 

complex than for single crops. This complexity comes from the large heterogeneity caused by 

the association of crops or grasses with trees, which changes mass and energy fluxes among 

themselves, causing interdependence. Thereby, a model to describe these systems behavior 

needs not only to simulate plant´s dynamic processes, but also the changes and interactions 

between their components (Huth et al. 2002). 

Many models have been used to simulate agroforestry systems, taking into account 

the abstraction of the interaction of crops and trees. Zuidema et al. (2005) used the SUCROS-

Cocoa model to estimate cacao productivity, considering light interception and 

photosynthesis, maintenance respiration, biomass accumulation and competition for 

resources, and showed that the model produced realistic outputs for bean yield, standing 

biomass, leaf area and size–age relations. Johnson et al. (2009), combining the models 

ALMANAC and SWAT (Douglas-Mankin et al. 2010), estimated trees and crops yields in an 

agroforestry system and concluded that the model can improve the accuracy of watershed 

scale simulations of plant competition and agroforestry systems, and provide a basis for 

developing improved tropical systems routines. The Yield-SAFE model (Van Der Werf et al. 
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2007) was also applied in agroforestry systems by Graves et al. (2010) to simulate tree and 

crop growth in France and England. These authors showed that this model is able to provide 

useful predictions of yields in silvoarable systems, relative to arable and forestry systems. 

Qi et al. (2001) used the CROPGRO model (Boote et al. 1998) to estimate soybean 

yield under windbreak, while Zamora et al. (2009) applied such model to estimate cotton 

yield under different shading intensities, in an agroforestry system with pecan trees. 

Huth et al. (2002) applied the APSIM model to estimate the yield of eucalyptus and 

chickpea, through a multi-point approach, assessing each point in the field and aiming to find 

a distribution which could represent the whole system. Taking into account this abstraction, it 

was possible to simulate many agroforestry systems with different arrangements, management 

and several combinations of species, representing an enormous advance for understanding this 

kind of production system. 

In the context of several efforts to simulate growth and development of the important 

crops for agriculture and livestock, and in front of the need for planning and understanding 

useful systems for mitigating the effects of climate change, it is important to adapt tools such 

as APSIM and CROPGRO for estimating palisadegrass growth in silvopastoral systems, in 

order to simulate the interactions that occur between pasture, trees and animals, and the 

differences of these systems when compared to single pastures. For this, the hypothesis of this 

study is that the APSIM and CROPGRO models are effective tools for estimating U. 

brizantha cv. BRS Piatã productivity under full sun and in a silvopastoral system. 

 

1.1. Objectives 

1.1.1. General 

The general objective of this study was to parameterize and test the mechanistic crop 

models APSIM and CROPGRO for estimating Urochloa brizantha cv. BRS Piatã 

productivity under full sun and in a silvopastoral system, to evaluate the models’ performance 

to simulate tree-crop interactions, and to develop tools to improve these simulations. 

 

1.1.2. Specific 

a) to assess the microclimate and soil water availability in two pastoral systems, one at a full 

sun pasture system of Urochloa brizantha cv. BRS Piatã and another at a silvopastoral system 
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with the same pasture and rows of Eucalyptus trees, to use these data for the models 

parameterization and test; 

b) to develop a state-of-the-art tropical pasture model in the APSIM Plant Modelling 

Framework and to parameterize and test this model for simulating Piatã palisadegrass growth 

under full sun, with cutting and rotational grazing managements; 

c) to develop a two-dimensional model for simulating solar radiation transmission by 

eucalyptus trees arranged in rows to be implemented in the analysis with APSIM; 

d) to calibrate the CROPGRO-Perennial Forage model for estimating Piatã palisadegrass 

growth under full sun, with cutting and rotational grazing managements. 

e) to test the APSIM-Tropical Pasture and the CROPGRO-Perennial Forage models for 

estimating Piatã palisadegrass growth in a silvopastoral system with eucalyptus, considering 

competition by solar radiation and soil water. 
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2. MICROCLIMATE ALTERATIONS IN A SILVOPASTORAL SYSTEM 

WITH EUCALYPTUS AND ITS POTENTIAL FOR MITIGATING 

CLIMATE CHANGE EFFECTS 

ABSTRACT 

The aim of this study was to assess the microclimate in an open pasture and in a 

silvopastoral system with rows of eucalyptus trees, oriented East-West, and the capacity of 

this system to mitigate climate change effects on agricultural systems. The experiment was 

composed by an open pasture of Piatã Palisadegrass and by an adjacent pasture with 

Eucalyptus rows. The trees were arranged in simple rows, in a near East-West orientation. 

The treatments considered the measurements at 0.00, 3.75, 7.50 and 11.25 m from the trees of 

the North row, and under full sun condition. Weather stations were installed in the open 

pasture and in the silvopastoral system for measuring micrometeorological conditions. The 

results demonstrated that the silvopastoral system caused higher shading in the inter-row, 

when solar declination was high; and higher shading close to trees, when solar declination 

was around -22º. Net radiation was strongly influenced by solar radiation incidence. Soil heat 

flux and soil temperature, were determined by solar radiation, wind speed and by the effect of 

tree canopy reducing radiation losses. Wind speed was always lower in the silvopastoral 

system, due to the windbreak effect of the Eucalyptus. Air temperature and relative humidity 

were not different among treatments. Analyzing the potential of this system to attenuate the 

climate change impacts, the protection from solar radiation may be important for locations 

where cloudiness will be decreased, resulting in reductions of net radiation, wind speed and, 

consequently, evapotranspiration, making the crop water balance less restrictive to plants 

growth. 

 

Keywords: Agroforestry; Shading; Photosynthetically active radiation; Net radiation; Soil 

heat flux; Windbreak 

 

2.1. Introduction 

Agroforestry systems (AFS) are forms of land use where timber or fruit trees are 

combined with crops and/or livestock, simultaneously or in a sequence of time, aiming to 

improve ecological interactions and economic returns (Lundgren and Raintree 1982). 

Therefore silvopastoral systems are a kind of AFS in which trees or shrubs are combined with 

animals and pastures (Nair 1993).  

One of the main aims of an AFS is to optimize the land use (Alao and Shuaibu 

2013), combining forest and food productions (King 1979), improving the soil conservation 

(Pattanayak and Mercer 1998), reducing the need of new lands for agriculture (Schroeder 

1994) and requiring less external inputs (Filius 1982). In this way, areas that have no 

economic and social importance can be recovered and rationally used through agroforestry 



26 
 

practices (Vieira et al. 2009). However, AFS cause microclimatic changes (Monteith et al. 

1991), which is mainly positive, but sometimes negative, if not properly planned. 

Microclimate in AFS depends on the system design, arrangement, orientation, age, 

employed species and their architecture, among others, which interact with macro and meso 

scales. The main alterations in an AFS are caused by the shade promoted by the trees, which 

reduces solar radiation for the crops below the canopy (Pezzopane et al. 2015). The lower 

solar radiation affects microclimatic variables as air and soil temperatures, relative air 

humidity (RH), soil moisture (Pezzopane et al. 2015), evapotranspiration (Lin 2010), what 

results in changes on crop growth (Bosi et al. 2014). Additionally, the trees also reduce wind 

speed, depending on their arrangement, which affects other microclimate variables 

(Pezzopane et al. 2015). 

According to Gomes et al. (2016), AFS can promote microclimate stability for the 

low layer species, reducing soil water losses and avoiding increase of air and soil 

temperatures, which was also observed by Amadi et al. (2016), in Saskatchewan, Canada, 

studying shelterbelts. Considering the capacity of AFS to promote microclimate changes, it 

can be an important strategy to adapt agricultural systems to climate changes (Montagnini et 

al. 2012), increasing the resilience of the agroecosystems and mitigating the risks associated 

to climate variability and change (Nguyen et al. 2013). In this context, the aim of this study 

was to assess the microclimate in an open pasture and in a silvopastoral system with rows of 

Eucalyptus trees, in the east-west orientation, and according to that to evaluate the capacity of 

this system to mitigate climate change effects on agricultural systems.  

 

2.2. Material and methods 

2.2.1. Experimental site 

The experiment was carried out in São Carlos, state of São Paulo, Brazil (lat 22°01’ 

S, long 47°53’ W, alt 860 m), from August 2013 to June 2016. The climate of this location is 

Cwa (Köppen) with a cool and dry season, from April to September (average air temperature 

of 19.9ºC and total rainfall of 250 mm), and another warm and wet, from October to March 

(average air temperature of 23.0ºC and total rainfall of 1100mm) (Alvares et al. 2013). The 

trial was composed by an open pasture of Urochloa (syn. Brachiaria) brizantha (Hochst ex A. 

Rich.) Stapf cv. BRS Piatã, which was the full sun system, and by an adjacent pasture, of the 

same cultivar, with rows of Eucalyptus urograndis (Eucalyptus grandis x Eucalyptus 
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urophylla) of the GG100 clonal, which was the silvopastoral system. The experimental area 

totaled 12 ha, being 6 ha in each system. The trees were planted in April 2011 and arranged in 

simple rows, in a near East-West orientation, with 15 m between rows and 2 m between plants 

in the rows, totaling 333 trees ha
-1

. 

 The full sun pasture was considered a treatment (FS) and in the silvopastoral system 

other four treatments were established. The silvopastoral treatments were settle considering 

the distance from the North row, which was responsible for causing shading in the assessed 

area in the most of the year, due to solar declination. These treatments were: 0.00 m (SP1); 

3.75 m (SP2); 7.50 m (SP3) and 11.25 m (SP4) from the North row (Figure 1). 

 

2.2.2. Weather measurements 

Three weather stations were installed, being one in the open pasture and two in the 

silvopastoral system, to measure photosynthetically active radiation (PAR), net radiation, soil 

heat flux, wind speed, air and soil temperature, and relative air humidity, continuously, in 

each treatment (Figure 1). PAR was measured in all positions, but the other variables were 

measured only at FS, SP1 and SP3. To measure these variables the following sensors were 

used: linear quantum sensor (Apogee, Logan, UT, USA), net radiometer (NR-Lite2, Kipp & 

Zonen, Delft, Netherlands), heat flux plate (HFP01, Hukseflux, Delft, Netherlands), ultrasonic 

anemometer (Windsonic, Gill, Lymington, Hampshire, UK), thermo-hygrometer (HC2-S3, 

Rotronic, Bassersdorf, Swiss) and soil temperature probe (thermistor 107, Campbell 

Scientific, Logan, UT, USA). These sensors were connected to a datalloger (CR3000, 

Campbell Scientific, Logan, UT, USA), configured to take measurements every 5 seconds and 

to record averages every 15 minutes and hour. Daily average, maximum and minimum (air 

temperature, relative air humidity and soil temperature), average and maximum (wind speed) 

and total values (PAR, net radiation and soil heat flux) were also recorded. The sensors were 

installed at 1.7 m height, except for linear quantum sensors, which were installed at 0.6 m 

above the ground, and the heat flux plates and soil temperature probes, which were deployed 

0.05 m depth in the soil. PAR was measured in the whole experimental period (August 2013 

to June 2016), whereas wind speed, air temperature, relative humidity and soil temperature 

were measured from June 2014 to June 2016, and net radiation and soil heat flux from 

December 2014 to June 2016 (Figure 2). 
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Figure 1. Schematic representation of the experimental area indicating where the data were collected 

in the open pasture (left) and in the silvopastoral system (right). FS: full sun, SP1: 0.00 m, SP2: 3.75 

m, SP3: 7.50 m, SP4: 11.25 m from North row. Grey strips illustrate the tree rows. 

 

 

Figure 2. Weather measurements during the three years of experiments. 

 

PAR transmission (PARt) was calculated through the ratio of PAR measured in each 

position of the silvopastoral system and at full sun condition. The potential of the 

silvopastoral system to mitigate climate change effects was considered as the reductions on 

PAR, net radiation, wind speed, air temperature and relative humidity, by comparing SP1 and 

SP3 with full sun condition, for each season of the year. 

 

2.2.3. Statistical analysis 

The experimental design was a completely randomized with repeated measures in 

time. The data were analyzed using the MIXED procedure of SAS (Littel et al. 2006). For the 

analysis of average and maximum wind speed; average, maximum and minimum air 

temperature, relative humidity and soil temperature; the repeated factors were years (2 and 3) 

and seasons of the year, being the comparison between seasons only within each experimental 

year, and each day of a season was considered as a replication (92 replications by season). For 
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net radiation and soil heat flux, the analysis followed the same procedure used for the other 

variables, but the repeated factors were the seasons, comparing only the last six seasons 

(summer and autumn of the year 2 and all seasons of year 3). PAR and PARt were analyzed 

by a similar process, using data from the three years and considering each ten-day period as a 

replication (nine replications per season), which reduced the data variation by improving the 

normal distribution of the dataset. For comparison of means, the Tukey test was used with 

p≥0.05. 

 

2.3. Results 

2.3.1. Solar Radiation dynamics 

During the winter and autumn, PAR at the full sun (FS) was higher than in the 

silvopastoral system (SP positions), except in the winter of year 1, when FS and SP4 were 

similar (Table 1). In these seasons of year, generally, the PAR at all SP positions was not 

different (p<0.05). 

In the spring, PAR incidence was normally higher at FS than at the SP positions, 

except in the spring of year 1, when only SP1 received less PAR (difference of 7.24 MJ m
-2

 

day
-1

). In the summer, PAR at FS was higher to all the SP positions only in the third year, 

being different only to SP1 in the first two years. On average, PAR reduction at SP1 and SP3 

was respectively 5.29 and 3.48 MJ m
-2

 day
-1

 (Table 2). 

When PAR values of the seasons of the year were compared, within each distance, it 

was observed that at the SP1 the values were always similar and comprised between 1.60 and 

3.86 MJ m
-2

 day
-1

, being considered low. At the other SP positions, generally, PAR values 

were higher in the spring and summer. 

PAR transmissions (PARt) in the winter and autumn were similar at all four SP 

positions, except in the first winter, when SP4 had higher PARt (86.6%) than SP2 (22.1%) 

(Figure 3 and Table 3). During the spring and summer, PARt was lower at SP1 than at the 

other positions, with few exceptions. 

The PAR hourly dynamics was different between the three years. In the first year, 

PAR incidence was higher at FS, SP3 and SP4 than at SP1 and SP2, showing that the trees 

caused more shading in these two positions (Figure 4). In the subsequent years, PAR 

decreased at SP3 and SP4, which demonstrated shadow at these positions. 
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Table 1. Photosynthetically active radiation (PAR) incidence at the full sun (FS) and at the four 

positions within the silvopastoral system (SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m 

from the North row), in each season of the three experimental years. 

Year Position 

PAR 

MJ m-2 day-1 

Winter Spring Summer Autumn Average 

1 

FS 8.08 Aab* 8.84 Aab 10.25 Aa 6.76 Ab 8.53 

SP1 3.86 BCa 1.60 Ba 1.97 Ba 2.90 Ba 2.43 

SP2 1.54 Cb 7.01 Aa 7.18 Aa 1.90 Bb 4.74 

SP3 5.16 BCab 7.39 Aa 8.38 Aa 2.16 Bb 5.86 

SP4 7.22 ABa 6.59 Aa 7.50 Aa 3.17 Bb 6.02 

Average 5.17 6.28 7.06 3.38  

2 

FS 7.03 Aa 8.76 Aa 8.77 Aa 6.10 Aa 7.66 

SP1 3.55 Ba 3.03 Ca 2.46 Ba 1.99 Ba 2.78 

SP2 2.07 Bbc 5.07 BCab 5.32 ABa 1.67 Bc 3.58 

SP3 1.72 Bb 6.04 Ba 6.33 Aa 1.67 Bb 3.93 

SP4 3.06 Bbc 5.81 Ba 5.30 ABab 2.10 Bc 4.06 

Average 3.49 5.74 5.64 2.70  

3 

FS 6.24 Aa 8.18 Aa 8.51 Aa 6.50 Aa 7.36 

SP1 2.16 Ba 2.86 Ba 2.27 Ba 1.93 Ba 2.31 

SP2 2.11 Ba 4.15 Ba 4.06 Ba 1.81 Ba 3.05 

SP3 1.86 Bb 5.12 Ba 4.70 Bab 1.75 Bb 3.40 

SP4 1.93 Bb 4.61 Ba 3.97 Bab 1.75 Bb 3.10 

Average 2.86 4.98 4.70 2.75  
*Means followed by the same upper case letter are not different in column, and those followed by the same 

lower case letter are not different in line (P<0.05). 

 

Net radiation (Rn) was higher at FS than at the SP positions, except in the summer of 

year 2 when it was similar between FS and SP3 (11.32 and 10.13 MJ m
-2

 day
-1

, respectively) 

(Table 4). In the comparison between SP1 and SP3, Rn was sometimes similar and sometimes 

higher in SP3. Rn average reduction was 5.17 and 3.08 MJ m
-2

 day
-1

, respectively for SP1 and 

SP3, with the highest reductions occurring in the spring and summer for SP1 and in the winter 

and autumn for SP3 (Table 2). 

Soil heat flux (SHF) was not always higher at FS, being sometimes similar to both 

the SP points and other times to only one of them (Table 4). Analyzing the average hourly Rn 

and SHF variations, in the night time period, the highest radiation and heat losses were 

observed at FS (Figure 5). In the day-time period, Rn and SHF presented the highest values at 

FS, intermediate at SP3 and lowest at SP1. 
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Figure 3. Spatial and temporal photosynthetically active radiation transmission (PARt) in the inter-

row of a silvopastoral system, every ten-day period during three experimental years, from July to June. 

(a) year 1 (starting from August 2013), (b) year 2, and (c) year 3. Interpolation made by the Natural 

Neighbor method. 
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2.3.2. General microclimatic conditions 

Average wind speed (WSavg) was higher at FS than at the SP positions, achieving a 

difference of 1.2 m s
-1

 between SP1 and FS (Table 5). The SP positions had always similar 

WSavg between them. Similar pattern was observed for maximum wind speed (WSmax), 

with reductions of up to 3.85 m s
-1

 at SP positions. The hourly wind speed dynamics 

demonstrated that the wind speed was higher at FS than at SP positions, all day long, with the 

highest difference in the morning (Figure 6a, 6b). On average, there was a substantial 

reduction of wind speed in all seasons, mainly for WSmax, which reached average reduction 

of 3.28 m s
-1

, when comparing the silvopastoral system to the full sun condition (Table 2). 

When weather differences between seasons were compared for each distance, at FS 

there was higher WSavg in the spring, generally, but at the SP positions, WSavg was more 

similar between seasons. WSmax was higher in the spring, decreasing gradually from the 

winter to autumn, at all positions (Table 5). 

Average, maximum and minimum values of air temperature and relative humidity 

were not different (p<0.05) at the three assessed positions, for all seasons of the year, except 

for minimum relative humidity in the summer of year 3, when it was wetter at SP1 than at FS 

(64.8 and 54.9%, respectively) (Table 5). The hourly air temperature and relative humidity 

variations were similar between positions. 

 

Table 2. Mean reductions of photosynthetically active radiation (PAR), net radiation (Rn), average 

wind speed (WSavg), maximum wind speed (WSmax), average air temperature (Tavg) and average 

relative air humidity (RHavg), every season of year, at 0.00 m (SP1) and 7.50 m (SP3) from the North 

row, in a silvopastoral system. 

Variable Position 
Season of year  

Winter Spring Summer Autumn Average 

PAR 

(MJ m-2 day-1) 

SP1 3.93 6.09 6.95 4.18 5.29 

SP3 4.21 2.41 2.71 4.59 3.48 

Rn 

(MJ m-2 day-1) 

SP1 2.87 6.67 7.90 3.25 5.17 

SP3 4.04 1.92 1.95 4.4 3.08 

WSavg 

(m s-1) 

SP1 0.91 1.01 0.80 0.64 0.84 

SP3 0.93 1.00 0.81 0.66 0.85 

WSmax 

(m s-1) 

SP1 3.30 3.59 3.50 2.84 3.30 

SP3 3.28 3.48 3.35 2.98 3.26 

Tavg 

(ºC) 

SP1 0.03 -0.09 0.17 0.13 0.03 

SP3 0.10 -0.22 -0.04 0.29 0.02 

RHavg 

(%) 

SP1 -0.46 -0.12 -2.23 0.41 -0.50 

SP3 -0.84 0.00 -1.79 0.74 -0.36 
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Table 3. Photosynthetically active radiation (PAR) transmission at the four positions within the 

silvopastoral system (SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m from the North row), 

in each season of the three experimental years. 

Year Position 

PAR transmission 

% 

Winter Spring Summer Autumn Average 

1 

SP1 47.1 ABa* 20.5 Bb 20.3 Bb 43.8 Aa 31.3 

SP2 22.1 Bb 75.8 Aa 68.3 Aa 30.6 Ab 52.4 

SP3 62.2 ABab 80.3 Aa 80.4 Aa 32.3 Ab 64.2 

SP4 86.6 Aa 71.8 Aa 72.1 Aa 44.4 Ab 66.9 

Average 54.5 62.1 60.3 37.8  

2 

SP1 48.1 Aa 35.9 Ba 29.4 Ba 30.2 Aa 36.0 

SP2 31.3 Aab 56.4 Aa 56.6 Aa 27.1 Ab 43.3 

SP3 25.0 Ab 66.5 Aa 67.7 Aa 28.8 Ab 47.0 

SP4 41.0 Aab 64.1 Aa 58.3 Aa 32.8 Ab 49.0 

Average 36.3 55.7 53.0 29.7  

3 

SP1 32.7 Aa 35.3 Ba 27.7 Ba 28.8 Aa 31.2 

SP2 34.0 Aab 49.6 Aa 45.1 ABab 27.4 Ab 39.2 

SP3 31.5 Ab 60.1 Aa 52.2 Aab 27.5 Ab 43.3 

SP4 30.1 Aab 54.6 Aa 45.3 ABab 27.8 Ab 39.8 

Average 32.1 49.9 42.6 27.9  
*Means followed by the same upper case letter are not different in column, and those followed by the same 

lower case letter are not different in line (P<0.05). 

 

Average (TSavg), maximum (TSmax) and minimum (TSmin) soil temperature were 

not always higher at FS, being sometimes similar to one or to both the SP points, and hardly 

ever lower than one of the SP points. Average hourly soil temperature variation, in general, 

showed greater differences in the diurnal period, with higher values always at FS (Figure 6c, 

6d). 

 

2.4. Discussion 

2.4.1 Factors that determined microclimate 

The eucalyptus trees arrangement in rows promoted a shadow range projection in the 

silvopastoral area, parallel to the tree rows. The east-west orientation of the tree rows resulted 

in little shadow movement throughout the day, which caused shadow projection on the same 

distance from the tree rows in great part of the day. On the other hand, this orientation 

promoted shadow variation throughout the year, due to the changes in solar declination, 

projecting shadow with different distances from the North row according to the period of the 

year (Figure 3, Table 1 and Table 2). 
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Figure 4. Average hourly photosinthetically active radiation at full sun (FS) and at the four positions 

within a silvopastoral system (SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m from the 

North row), in three experimental years. a: year 1, b: year 2, c: year 3. 
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Table 4. Net radiation and soil heat flux, at full sun (FS) and at two positions within a silvopastoral 

system (SP1: 0.00 m and SP3: 7.50 m from the North row), in six seasons of the year. 

Position 
Season of the year/Year 

Summer/2 Autumn/2 Winter/3 Spring/3 Summer/3 Autumn/3 Average 

 Net Radiation 

 MJ m-2 day-1 

FS 11.32 Aa* 6.25 Ab 5.43 Ab 10.43 Aa 10.60 Aa 6.03 Ab 8.34 

SP1 2.85 Ba 3.00 Ba 2.56 Ba 3.76 Ca 3.27 Ca 2.79 Ba 3.04 

SP3 10.13 Aa 1.74 Bc 1.39 Bc 8.51 Bab 7.90 Bb 1.74 Bc 5.27 

Average 8.10 3.66 3.13 7.57 7.26 3.52  

 Soil Heat Flux 

 MJ m-2 day-1 

FS -0.01 Aa -0.11 Aab 0.13 Aa 0.02 ABa -0.24 Abc -0.42 Ac -0.11 

SP1 -0.13 ABa -0.37 Bc -0.15 Bab -0.07 Ba -0.12 Aa -0.34 Abc -0.19 

SP3 -0.28 Bc -0.27 ABc -0.08 Bb 0.20 Aa -0.07 Ab -0.35 Ac -0.14 

Average -0.14 -0.25 -0.03 0.05 -0.14 -0.37  
*Means followed by the same upper case letter are not different in column, and those followed by the same 

lower case letter are not different in line (P<0.05). 

 

In the winter and autumn, PAR and PARt were not different among the SP positions, 

because the solar declination in these seasons was high (in the north direction), promoting 

high shade at all these positions. This pattern was not true when the trees’ height was still low 

(around 12 m) and the solar declination was not enough to project significant shadow at SP4 

(Table 1 and Table 3). The low tree height in the first year also allowed, in the spring and 

summer, significant shadow only at SP1, but according the trees were growing, the shadow 

increased significantly, mainly in the third year, with the trees’ height around 25 m. This PAR 

dynamics, caused by tree growing, may be observed in the hourly dynamics of each 

experimental year (Figure 4). 

Prasad et al. (2010) found PARt of 40% at 0.5 m from eucalyptus rows, spaced with 

11 m, when the trees were four years old. Oliveira et al. (2007), also in a eucalyptus rows 

based system, spaced with 15 m and 4.5 years old, confirm that PAR was higher in the inter-

rows than below trees canopies, achieving a difference of 762 μmol m
-2

 s
-1

. Siles et al. (2010), 

in Costa Rica, assessed microclimate in a coffee based agroforestry system, shaded by Inga 

densiflora, and observed PARt of about 40% in the dry season and 25% during the wet 

season. 

Net radiation (Rn) was highly influenced by solar radiation incidence, so tree height 

and solar declination were very important to define it. In the winter and autumn, Rn was 

higher at FS due to the high solar declination and lower solar radiation incidence in the 

silvopastoral system. In the spring and summer, the differences were based on the strong 

shading on SP1 and little on SP3. 
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Soil heat flux (SHF) was affected by solar radiation incidence, wind speed and by the 

effect of the trees canopies on radiation losses, reflecting and reemitting long wave radiation 

to the soil. Depending on the position and season of year, each one of these factors assumed 

more or less importance, being solar radiation incidence the most determinant factor. 

 

 

Figure 5. Average hourly net radiation (a) and soil heat flux (b) at full sun (FS) and at two different 

positions within a silvopastoral system (SP1: 0.00 m and SP3: 7.50 m from the North row). 
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Table 5. Mean average (WSavg) and maximum (WSmax) wind speed; average (Tavg), maximum (Tmax) and minimum (Tmin) air temperature; average 

(RHavg), maximum (RHmax) and minimum (RHmin) relative humidity; and average (TSavg), maximum (TSmax) and minimum (TSmin) soil temperature at 

full sun (FS) and at two positions within a silvopastoral system (SP1: 0.00 m and SP3: 7.50 m from the North row), in each season of the year of two 

experimental years. 

Year 
Season 

of year 
Position 

Variable 

WSavg WSmax Tavg Tmax Tmin RHavg RHmax RHmin TSavg TSmax TSmin 

m s-1 m s-1 ºC ºC ºC % % % ºC ºC ºC 

2 

Winter 

FS 2.24 Aab* 8.03 Ab 19.9 Ab 26.8 Ab 14.3 Ad 56.6 Ac 78.8 Ac 33.7 Ac 19.9 Ac 24.9 Ac 16.7 ABd 

SP1 1.13 Ba 4.64 Bb 19.8 Ab 26.8 Ab 14.4 Ad 56.3 Ac 77.5 Ac 33.6 Ab 20.4 Ab 25.8 Aa 17.2 Ad 

SP3 1.12 Bab 4.64 Bb 19.7 Ab 26.7 Ab 14.4 Ad 57.9 Ac 79.4 Ac 34.6 Ab 17.6 Bc 20.6 Bc 15.8 Bd 

Spring 

FS 2.46 Aa 8.82 Aa 22.3 Aa 29.5 Aa 17.1 Ab 68.1 Ab 88.3 Ab 41.0 Abc 24.3 Aa 29.6 Aa 21.0 Ab 

SP1 1.22 Ba 4.97 Ba 22.4 Aa 29.6 Aa 17.4 Ab 67.1 Ab 86.3 Ab 41.2 Ab 22.6 Ba 26.7 Ba 19.9 Bb 

SP3 1.23 Ba 5.07 Ba 22.6 Aa 30.1 Aa 17.4 Ab 68.1 Ab 87.9 Ab 40.8 Ab 24.5 Aa 30.1 Aa 21.3 Ab 

Summer 

FS 1.62 Ac 7.39 Ac 22.9 Aa 29.6 Aa 18.7 Aa 77.7 Aa 95.3 Aa 49.8 Aab 24.3 Aa 26.9 Ab 22.6 ABa 

SP1 0.76 Bb 3.84 Bc 22.9 Aa 28.7 Aa 19.0 Aa 79.3 Aa 94.5 Aa 53.9 Aa 23.5 Aa 26.0 Aa 21.8 Ba 

SP3 0.77 Bc 4.05 Bc 23.0 Aa 29.7 Aa 19.0 Aa 79.2 Aa 95.3 Aa 51.5 Aa 24.5 Aa 26.6 Ab 22.9 Aa 

Autumn 

FS 1.69 Abc 6.49 Ad 19.9 Ab 26.0 Ab 15.6 Ac 77.8 Aa 94.5 Aab 51.7 Aa 21.0 Ab 24.0 Ac 19.1 Ac 

SP1 0.98 Bab 3.65 Bd 19.7 Ab 25.0 Ab 16.1 Ac 80.3 Aa 95.7 Aa 56.3 Aa 20.2 ABb 22.1 Bb 18.9 Ac 

SP3 0.96 Bbc 3.62 Bd 19.8 Ab 25.1 Ab 16.1 Ac 78.4 Aa 93.1 Aab 55.5 Aa 19.7 Bb 21.3 Bc 18.6 Ac 

3 

Winter 

FS 1.93 Aa 7.52 Ab 19.7 Ab 26.1 Ab 14.7 Ab 62.9 Ac 82.1 Ac 39.6 Ab 19.2 Ab 22.9 Ab 16.8 Ad 

SP1 1.21 Ba 4.30 Bb 19.7 Ab 25.6 Ab 15.2 Ab 64.3 Ac 82.4 Ac 42.1 Ac 18.5 ABc 20.2 Bb 17.3 Ac 

SP3 1.18 Ba 4.35 Bb 19.7 Ab 25.7 Ab 15.2 Ab 63.5 Ac 81.1 Ac 41.5 Ab 18.1 Bb 19.5 Bc 17.0 Ab 

Spring 

FS 1.95 Aa 8.26 Aa 23.1 Aa 30.1 Aa 18.3 Aa 73.9 Aab 93.4 Aab 46.1 Aab 23.3 ABa 25.8 Ba 21.6 Ab 

SP1 1.18 Ba 4.93 Ba 23.2 Aa 29.4 Aa 18.6 Aa 75.1 Ab 93.0 Aab 52.8 Ab 23.1 Ba 24.8 Ba 21.7 Aa 

SP3 1.18 Ba 5.05 Ba 23.3 Aa 30.0 Aa 18.7 Aa 73.9 Ab 91.9 Aab 47.7 Ab 24.2 Aa 27.6 Aa 22.1 Aa 

Summer 

FS 1.77 Aab 7.38 Ac 22.8 Aa 29.2 Aa 18.9 Aa 81.9 Aa 97.8 Aa 54.9 Ba 24.0 Aa 25.6 Aa 22.7 Aa 

SP1 1.01 Ba 3.93 Bc 22.5 Aa 28.1 Aa 18.9 Aa 84.7 Aa 97.5 Aa 64.8 Aa 23.3 Aa 24.6 Aa 22.3 Aa 

SP3 1.00 Ba 4.02 Bc 22.8 Aa 28.8 Aa 19.2 Aa 84.2 Aa 97.5 Aa 58.7 ABa 24.0 Aa 25.8 Ab 22.7 Aa 

Autumn 

FS 1.58 Ab 6.62 Ad 20.1 Ab 26.6 Ab 15.5 Ab 73.7 Ab 89.4 Ab 51.7 Aa 20.2 Ab 22.1 Ab 18.8 ABc 

SP1 1.01 Ba 3.78 Bd 20.0 Ab 25.6 Ab 15.7 Ab 70.5 Abc 87.2 Abc 52.5 Ab 20.0 ABb 21.1 ABb 19.1 Ab 

SP3 1.00 Ba 3.51 Bd 19.7 Ab 25.0 Ab 15.6 Ab 71.1 Abc 87.3 Ab 48.1 Ab 19.0 Bb 20.4 Bc 18.0 Bb 
*Means followed by the same upper case letter are not different (P<0.05), comparing positions within each season of the year; and those followed by the same lower case 

letter are not different (P<0.05) in the comparison among seasons of the year. 
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Figure 6. Average hourly wind speed (a, b) and soil temperature (c, d) in the experimental years 2 (a, 

c,) and 3 (b, d,) at different positions: full sun (FS), below row (SP1), and 7.50 m from the North row 

(SP3). 

Wind speed was always lower in the silvopastoral system due to the trees 

arrangement in rows and to the short spacing between plants in the row. Such wind speed 

reduction occurred mainly in the day-time period, especially in the morning, when differences 

of air temperature promoted by solar radiation caused air movement. Tamang et al. (2010) 

demonstrated that average wind speed reduction, in the leeside of Cadaghi (Corymbia 

torelliana syn. Eucalyptus torelliana) windbreaks with 8 m height, was up to 50% of the open 

pasture, mainly when the wind direction was perpendicular to the windbreak. Böhm et al. 

(2014) also showed that wind speed in alley cropping systems, with black locust, decreased 

till 80% in relation to the open area. 

Air temperature and relative humidity were not different between assessed positions, 

since the design of the system and the tree species employed allowed high canopy porosity 

and, consequently, enough air movement to suppress such differences. On the other hand, 

Karki and Goodman (2015) found air temperature 2.3ºC lower in a silvopastoral system with 

mature loblolly-pine when compared to an open pasture. Pezzopane et al. (2015), assessing a 

silvopastoral system with rows of Brazilian native trees, oriented North-South, observed 

higher air temperature in the open area and in the inter-row than at 2 m from tree rows; and 
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lower relative humidity near the trees than at full sun. These results demonstrate that 

microclimatic changes in silvopastoral systems are affected by their design and tree species 

employed. 

Soil temperature was affected by solar radiation incidence, as well as by wind speed 

and tree canopy effect on long wave radiation balance. The results obtained in the present 

study did not agree with those found by Karky and Goodman (2015). These authors observed 

higher soil temperature at open pasture than in the silvopastoral system, in all months of the 

year. Amadi et al. (2016), in Saskatchewan, Canada, observed that soil temperature, at a depth 

of 0.0-0.1 m, was higher in the cropped fields than in the shelterbelts; however it was not true 

for all periods of the year, e.g. in late summer and early autumn, when the cropped fields were 

cooled more quickly, their soil temperature was lower than in the shelterbelts, which 

demonstrates that the local climate affects these relationships. 

 

2.4.2 Potential use of silvopastoral systems to attenuate climate change effects 

According to IPCC (2013), temperature increase and reductions in rainfall will be 

significant in many regions around the world. The protection from solar radiation, in the 

silvopastoral system, may be very important to mitigate climate change effects in locations 

where evapotranspiration will increase as function of higher temperature, and rainfall and 

cloudiness will be decreased. The silvopastoral system design assessed in this study promoted 

significant decrease in solar radiation incidence, mainly in the distances closer to the tree 

rows. These changes were more evident during the spring and summer, when solar radiation 

incidence was higher. In these seasons, high levels of solar radiation, mainly close to noon, 

affect plants and animals. 

Excessively high leaf temperatures can result in stress and in lower photosynthesis 

(Boyer 1971), affecting plant growth and productivity. Siles et al. (2010) observed that in 

open sun coffee leaves leaf temperature was higher than air temperature, while in shaded 

coffee leaf temperature was always lower than air temperature. 

Animals’ body temperature is determinant to their thermal comfort (Baliscei et al. 

2012), productivity and reproductive efficiency (Garcia et al. 2010). Baliscei et al. (2013) 

measured black globe temperature, which is strongly correlated with animals’ body 

temperature, and found lower values in silvopastoral system than in an open area. 
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The reductions in net radiation and in wind speed, observed in the present study, may 

be important to reduce evapotranspiration in the plants within a silvopastoral system, since 

those are factors that affect evapotranspiration (Allen et al 1998). 

On the other hand, the wind speed reductions, found in the assessed silvopastoral 

system, confirm the great capacity of this system to reduce excessive winds or strong gusts, 

which, according to IPCC (2013), can occur more frequently and more intensely as a 

consequence of the increase in extreme events caused by climate change, and may cause 

physical damages to plants (Tamang et al. 2010) and higher stress to animals (Mader et al 

1997). 

Alterations in air temperature and relative humidity were not significant in the 

silvopastoral system assessed, which suggest that it is necessary to study others systems 

designs to protect plants and animals from changes in these variables. 

2.5 Conclusions 

A silvopastoral system with east-west oriented rows causes shadow movement 

throughout the year, which promotes more shading at the inter-row of silvopastoral systems, 

when solar declination is higher; and higher shading at the positions near the trees, when solar 

declination is close to the local latitude. Net radiation is strongly influenced by incoming solar 

radiation, and then depends on the factors that affect the shading. 

Soil heat flux and soil temperature are also affected by incoming solar radiation, but 

wind speed and the effect of the canopy, reducing radiation losses, may be determinant for 

these variables. 

Wind speed was always lower in the silvopastoral system, mainly in the diurnal 

period, due to the trees arrangement in rows and to the short spacing between plants in the 

row, working as a windbreak. 

Air temperature and relative humidity did not differ between open area and 

silvopastoral system, what was caused by the high canopy porosity, which allowed enough air 

movement between the areas. 

Analyzing the potential of the silvopastoral system to attenuate the climate change 

effects, the protection from solar radiation may be very important for locations where rainfall 

and, consequently, cloudiness will be decreased, avoiding stress for plants and animals. The 

reductions of net radiation and wind speed, observed in this study, may be important to reduce 

evapotranspiration in the lower layer plants of a silvopastoral system, making the crop water 
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balance less restrictive to their growth. The wind speed reductions confirmed the great 

capacity of this system to make excessive winds or strong gusts lower. 
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3. RAINFALL DISTRIBUTION AND SOIL WATER AVAILABILITY IN 

A FULL SUN PASTURE AND IN A SILVOPASTORAL SYSTEM WITH 

EUCALYPTUS 

ABSTRACT 

The aim of this study was to assess two pastoral systems: a full sun pasture system of 

Piatã palisadegrass, and a silvopastoral system with the same pasture associated with 

Eucalyptus rows, and their influence on rainfall distribution and soil water availability. The 

tree rows were oriented near East-West, with 15 m spacing. The treatments considered 

measurements at 0.00, 3.75, 7.50 and 11.25 m from the trees of the North row, and under full 

sun. A capacitance probe was used for measuring soil moisture, at all treatments, and three 

rain gauges for measuring rainfall at full sun, 3.75 and 7.5 m positions. Rainfall distribution 

was not different (p<0.05) between the positions, which suggests that there is a compensation 

between the rainfall events with low rain intensity and low wind speed, that reduce rainfall 

below the trees, and the events with high wind speed and wind direction perpendicular to the 

tree rows, that reduce rainfall at inter-rows. During dry periods, soil water availability until 1-

m depth was higher at the inter-row than under the trees, which indicates a faster water uptake 

by the trees, but, when there was shading at the inter-row, it was lower in the open pasture 

than at the inter-row, where shading and the windbreak effect promoted lower 

evapotranspiration. Soil water recharge was higher close to the trees, due to the effect of 

rainfall interception, increasing the amount of water at this position; whereas the soil water 

withdraw was faster below the trees, since their roots increased water uptake. 

 

Keywords: Agroforestry; Urochloa brizantha cv. BRS Piatã; Soil moisture; Water uptake; 

Soil water recharge; Throughfall 

 

3.1 Introduction 

Silvopastoral systems are a kind of agroforestry system (AFS) in which trees or 

shrubs are combined with animals and pastures (Nair 1993). These systems improve several 

aspects for the pasture and animals, such as recovering and sustainability of pasture 

production, ecological status (Carvalho and Botrel 2002), and animals comfort (Baliscei et al. 

2012) and productivity (Garcia et al. 2010). 

The main alterations in an AFS are caused by the shade promoted by the trees, but, 

depending on their arrangement, the trees may also reduce wind speed (Pezzopane et al. 

2015). These factors are very important to determine pasture evapotranspiration and soil water 

availability (Feldhake 2009; Lin 2010). 

Several studies have shown the benefits of trees on agroecosystems. According to 

Nair (1993), the main benefit of an agroforestry system is related to soil conservation, by 

reducing erosion, maintaining or increasing organic matter, and improving soil structure, 
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porosity, and water holding capacity. Trees may also reduce surface runoff (Benegas et al. 

2014), increase infiltrability (Benegas et al. 2014; Sahin et al. 2016); and improve the water 

use, mainly from deeper soil layers (Gyenge et al. 2002; Pollock et al. 2009), which in 

summary may increase total plants water consumption (Pezzopane et al. 2015). 

On the other hand, agroforestry systems also change rainfall distribution, since tree 

canopies intercept rainfall, with part of it remaining stored in the leaves and part being 

redistributed as throughfall and stemflow (Siles et al. 2010). Rainfall interception is affected 

by leaf area index, structure and shape of the canopy, wind speed, rainfall intensity, and 

previous rainfall amount, among others. Higher leaf area index and wind speed tend to 

increase water interception, whereas higher rainfall intensity tends to decrease it (Toba and 

Ohta 2008). 

Considering the capacity of AFS to improve water infiltration, storage, and use, it 

could be an important strategy to attenuate the drought effects on agricultural systems, which, 

as reported by IPCC (2013), may be more frequent in several regions of the world, as a 

function of climate changes. In this context, the aim of this study was to assess two pastoral 

systems, a full sun pasture system of Urochloa brizantha cv. BRS Piatã and a silvopastoral 

system with the same pasture and rows of Eucalyptus trees, and their influence on rainfall 

distribution and soil water availability. 

 

3.2 Material and methods 

3.2.1 Experimental site 

The experiment was carried out in São Carlos, state of São Paulo, Brazil (lat 22°01’ 

S, long 47°53’ W, alt 860 m), from July 2013 to June 2016. The climate of this location is 

Cwa (Köppen) with a cool and dry season, from April to September (average air temperature 

of 19.9ºC and total rainfall of 250 mm), and another warm and wet, from October to March 

(average air temperature of 23.0ºC and total rainfall of 1100 mm) (Alvares et al. 2013). The 

soil of the experimental area is an Oxisol, with sandy loam texture and available water 

capacity, until 1-m depth, between 100 and 110 mm. The trial was composed by an open 

pasture of Urochloa (syn. Brachiaria) brizantha (Hochst ex A. Rich.) Stapf cv. BRS Piatã, 

which was the full sun system, and by an adjacent pasture, of the same cultivar, with rows of 

Eucalyptus urograndis (Eucalyptus grandis x Eucalyptus urophylla) of the GG100 clonal, 

which was the silvopastoral system. The trees were planted in April 2011, on the already 
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established pasture, and arranged in simple rows, in a near East-West orientation, with 15 m 

between rows and 2 m between plants in the rows, totaling 333 trees ha
-1

. The pasture was 

grazed by beef cattle of Canchim breed in a rotational grazing, with the resting period of 30 

days and the period of occupation of six days. The experimental area totaled 6 ha, being 3 ha 

in each system, but the assessments were performed only in one paddock, with 0.5 ha, per 

system. This protocol was adopted because each system was divided into six paddocks, in 

order to attend the rotational grazing schedule, and the soil moisture measurements were done 

in the same pasture regrowth or grazing phase for all replications, aiming to allow uniform 

conditions. 

 The full sun pasture was considered as a treatment (FS) and in the silvopastoral 

system, other four treatments were established. The silvopastoral treatments were settled 

considering the distance from the North row of trees, which was responsible for causing 

shading in the assessed area in the most of the year, due to solar declination. These treatments 

were: 0.00 m (SP1); 3.75 m (SP2); 7.50 m (SP3) and 11.25 m (SP4) from the North row 

(Figure 7). 

 

3.2.2 Rainfall and soil moisture measurements 

Three rain gauges (TB4, Hydrological Services Pty Ltd, Warwick Farm, NSW, 

Australia) were installed in June 2014, at 1.5 m height, being one in the open pasture and two 

in the silvopastoral system, to measure rainfall continuously, at FS, SP1, and SP3 (Figure 7). 

These sensors were connected to a datalogger (CR3000, Campbell Scientific, Logan, UT, 

USA), programmed to record total rainfall every 15 minutes, hour, and day. In this 

experiment, only throughfall was measured with the rain gauges inside the silvopastoral 

system, whereas stemflow was considered as part of rainfall interception loss. 

To soil moisture measurements, 20 plastic tubes were installed vertically, four in 

each treatment (Figure 7), in order to allow the access of a portable capacitance probe 

(Diviner 2000, SENTEK Pty Ltd., Stepney, SA, Australia) to different depths. These 

measurements were done at least once a week, measuring soil moisture at every 0.1 m until 

1.0 m of depth.  

The soil water holding capacity was calculated separately for each position of 

measurement by the difference between field capacity (FC), considered as the highest 

measured soil moisture (excluding excessively high values obtained after intense rainfalls), 

and permanent wilting point (PWP), admitted as the lowest soil moisture after a long period 
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without rainfall. After that, the available soil water was calculated by the difference between 

actual soil moisture and PWP. 

Additionally, measurements of photosynthetically active radiation (PAR), at the five 

treatments; and wind speed and direction, at FS, SP1 and SP3; with linear quantum sensors 

(Apogee, Logan, UT, USA), and with ultrasonic anemometers (Windsonic, Gill, Lymington, 

Hampshire, UK), respectively, were performed (Figure 7). These measurements were used to 

support the discussion about the possible factors that affect rainfall and soil water distribution 

and variations. 

 

 

Figure 7. Schematic representation of the experimental paddocks indicating where the data were 

collected in the open pasture (left) and in the silvopastoral system (right). FS: full sun, SP1: 0.00 m, 

SP2: 3.75 m, SP3: 7.50 m, SP4: 11.25 m from North row. Gray stripes illustrate the tree rows. 

Weather: sites where the meteorological variables were measured. 

 

3.2.3 Data analysis 

Rainfall distribution was analyzed with a completely randomized design, using the 

daily totals and considering each rainy day as a replication. These data were analyzed by three 

methods, the first comparing the positions within each season of the year; the second 

comparing the positions within four rainfall intensity ranges (lower than 10, from 10 to 30, 

from 30 to 50 and higher than 50 mm day
-1

); and the third comparing the positions within 

seven wind speed ranges (lower than 1.5, from 1.5 to 2.0, from 2.0 to 2.5, from 2.5 to 3.0, 

from 3.0 to 3.5, from 3.5 to 4.0 and higher than 4.0 m s
-1

), being the wind speed taken just 

from the periods during the rains. These data were submitted to an analysis of variance and a 
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Tukey test with p≥0.05, for each season or range, using the ANOVA procedure of SAS 

(Schlotzhauer and Littell 1987). 

Additionally, to illustrate cases of rainfall interception in the silvopastoral system, 

five rainfall events (1/31/2015, 2/8/2015, 8/27/2015, 1/23/2016 and 2/29/2016), with wind 

speed higher than 3.0 m s
-1

 and wind direction perpendicular to the tree rows (North or South 

direction), were selected to represent favorable condition for rainfall interception, reducing 

the amount of rain at SP3; and five rainfall events (12/25/2014, 4/14/2015, 10/10/2015, 

10/21/2015 and 10/27/2015), with intensity lower than 3.0 mm day
-1

 and wind speed lower 

than 2.0 m s
-1

, were chosen to represent favorable condition for rainfall interception, reducing 

the amount of rain at SP1. 

For the analysis of soil water availability, the experimental design was a randomized 

complete block with four replications. These data were analyzed as the total profile available 

soil water and divided into three layers (0-30 cm, 30-60 cm and 60-100 cm), in order to 

identify differences in root water uptake between positions in different depths. The dataset 

was submitted to an analysis of variance and a Tukey test (p≥0.05) for each month. To 

support the discussion of this analysis, the climatological water balance proposed by 

Thornthwaite and Mather (1955) was calculated in a ten-day time step for the FS treatment, 

using the reference evapotranspiration calculated by the Penman-Monteith method (Allen et 

al. 1998) and considering a soil water holding capacity of 100 mm. 

Finally, two different soil water conditions (recharge and withdraw) were selected to 

illustrate the soil water dynamics in this system. The water recharge events were between 

7/8/2014 and 7/11/2014, with a low rainfall (8.9 mm) and between 9/25/2015 and 9/28/2015, 

with a high rainfall (38.9 mm). The water withdraw events were between 9/14/2015 and 

9/25/2015, at the end of the dry season and between 3/28/2016 and 4/18/2016, at the 

beginning of the dry season. 

 

3.3 Results 

3.3.1 Rainfall distribution 

Rainfall distribution was not different (p<0.05) between the three assessed positions 

in the silvopastoral system, for all seasons of the two monitored years (Table 6), and for the 

rain (Table 7) and wind speed (Table 8) intensities during the rainfall events. Observing the 

absolute total rainfall, the amounts were higher in FS, mainly when compared to SP3 (72.2 
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mm during 2014/2015 and 181.4 mm during 2015/2016), but not statistically significant 

(Table 6). 

The selected rainfall events showed that, with wind speed higher than 3.0 m s
-1

 and 

wind direction perpendicular to the tree rows, rainfall was higher at SP1 than at SP3 (Table 

9); therefore, with rain intensity lower than 3.0 mm day
-1

 and wind speed lower than 2.0 m s
-1

, 

rainfall was lower at SP1 than at SP3 (Table 10); but in general, due to the great variability of 

the dataset, these conditions did not result in statistical differences. 

 

Table 6. Total rainfall at full sun (FS) and at two positions within a silvopastoral system (SP1: 0.00 m 

and SP3: 7.50 m from the North row), in each season of the year of two experimental years. 

Year Position 

Total rainfall 

mm 

Winter Spring Summer Autumn Total 

2014/2015 

FS 109.0 a* 377.4 a 645.4 a 286.9 a 1418.6 

SP1 117.9 a 400.5 a 619.5 a 236.8 a 1374.7 

SP3 104.4 a 398.5 a 601.0 a 242.6 a 1346.4 

Average 110.4 392.1 621.9 255.4  

2015/2016 

FS 196.1 a 498.2 a 970.5 a 303.8 a 1968.6 

SP1 161.0 a 484.9 a 983.0 a 276.1 a 1905.0 

SP3 175.5 a 445.0 a 890.5 a 276.1 a 1787.2 

Average 177.5 476.0 948.0 285.3  
*Means followed by the same letter are not different in column (P<0.05). 

 

Table 7. Average rainfall at full sun (FS) and at two positions within a silvopastoral system (SP1: 0.00 

m and SP3: 7.50 m from the North row), grouped by four rain intensity ranges (lower than 10, from 10 

to 30, from 30 to 50 and higher than 50 mm day-1). 

Position 

Rain intensity range 

mm day-1 

<10 10-30 30-50 >50 

FS 4.6 a* 17.7 a 36.5 a 84.8 a 

SP1 4.2 a 17.1 a 35.9 a 88.2 a 

SP3 4.2 a 16.2 a 34.7 a 75.6 a 

Average 4.3 17.0 35.7 82.9 
*Means followed by the same letter are not different in column (P<0.05). 
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Table 8. Average rainfall at full sun (FS) and at two positions within a silvopastoral system (SP1: 0.00 

m and SP3: 7.50 m from the North row), grouped by seven wind speed ranges (lower than 1.5, from 

1.5 to 2.0, from 2.0 to 2.5, from 2.5 to 3.0, from 3.0 to 3.5, from 3.5 to 4.0 and higher than 4.0 m s-1). 

Position 

Wind speed range  

m s-1 

<1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 >4.0  

FS 14.6 a* 14.6 a 18.8 a 16.2 a 8.3 a 20.6 a 11.0 a  

SP1 13.3 a 13.6 a 18.0 a 16.8 a 9.2 a 21.4 a 10.6 a  

SP3 14.8 a 13.9 a 17.0 a 14.3 a 7.5 a 18.8 a 8.3 a  

Average 14.3 14.0 17.9 15.7 8.3 20.3 10.0  
*Means followed by the same letter are not different in column (P<0.05). 

 

Table 9. Rainfall at full sun (FS) and at two positions within a silvopastoral system (SP1: 0.00 m and 

SP3: 7.50 m from the North row), in five rainfall events with wind speed higher than 3.0 m s-1 and 

wind direction perpendicular to the tree rows (North or South direction). 

Position 
Date 

1/31/2015 2/8/2015 8/27/2015 1/23/2016 2/29/2016 Average 

FS 8.4 30.2 1.0 7.6 2.3 9.9 

SP1 10.4 31.2 0.8 9.9 3.3 11.1 

SP3 6.9 19.3 0.3 4.6 1.3 6.5 

Average 8.5 26.9 0.7 7.4 2.3  

 

Table 10. Rainfall at full sun (FS) and at two positions within a silvopastoral system (SP1: 0.00 m and 

SP3: 7.50 m from the North row), in five rainfall events with rain intensity lower than 3.0 mm day-1 

and wind speed lower than 2.0 m s-1. 

Position 
Date 

12/25/2014 4/14/2015 10/10/2015 10/21/2015 10/27/2015 Average 

FS 2.5 1.5 1.0 1.5 1.0 2.1 

SP1 0.3 0.3 0.3 0.5 0.3 0.6 

SP3 1.3 1.5 1.3 1.5 1.0 2.0 

Average 1.4 1.1 0.8 1.2 0.8  

 

3.3.2 Available soil water 

Available soil water (ASW) in the whole profile was higher at SP3 than at SP1in 

August 2013; in March, April, May and December 2015; and in April 2016.  It was higher at 

SP3 than at FS in June 2014; higher at SP1, SP2 and SP4 than at FS in August 2015; and 

higher at SP2, SP3 and SP4 than FS in May 2016 (Figure 8a and Table 11). 

At the layer between 0 and 30 cm, ASW was more dynamic. It was lower at SP1 than 

at SP3 from July to October 2013, from March to June 2014, in August and September 2014, 

and from April to July 2015; lower at FS than at SP3, in August 2013, August 2014 and in 

May and June 2015; lower at SP1 than at FS, in July and October 2013, and in January, 

March, April, May, June, September, October and December 2014; lower at FS than at SP2, 
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in August 2015 and May 2016; lower at SP2 than at SP4, in January, February, June, July and 

August 2014; and lower at SP4 than at SP2 in October 2015 (Table 12). 

From 30 to 60 cm depth, ASW was lower at SP1 than at SP3, in March, April and 

December 2015; lower at FS than at SP3, from May to July 2015; and lower at FS than at the 

other positions, in August 2015 (Table 13).  

At the deepest layer (60-100 cm), ASW was lower at SP2 and SP3 than at SP1, in 

December 2014; lower at SP1 than at SP3, in March and April 2015; and lower at FS than at 

SP1, in August and December 2015 (Table 14). 

Observing the selected soil water recharge events, the water reposition was higher at 

SP1 than at the other positions (Figure 9). During the low rainfall event, with 8.9 mm, 

recharge at SP1 was 7.0 mm, followed by SP2 with 4.6 mm, SP3 with 4.1 mm, FS with 3.5 

mm and SP4 with 3.1 mm. On the other hand, during the high rainfall event, with 38.9 mm, 

recharge was 24.9 mm at SP1, 20.6 mm at FS, 18.1 mm at SP4, 16.7 mm at SP2 and 13.4 mm 

at SP3, demonstrating high losses by runoff at all positions. 

The presented soil water withdraw events demonstrated that water uptake was faster 

at SP1 than at the other positions (Figure 10). During the initial period of the first withdraw 

event, between 9/14/2015 and 9/21/2015, it was 43.9 mm at SP1, 26.9 mm at SP2, 24.0 mm at 

SP4, 22.4 mm at FS and 20.3 mm at SP3; therefore, between 9/21/2015 and 9/25/2015 it was 

higher at SP4 (24.0 mm), followed by FS, SP2, SP3, and SP1 (16.6, 16.4, 16.2 and 7.7 mm, 

respectively). Disagreeing with these results, during the first period of the second withdraw 

event, between 3/28/2016 and 4/8/2016, the water uptake was similar between positions, 

varying from 21.0 to 24.0 mm; but between 4/8/2016 and 4/18/2016, it was higher at FS, 

followed by SP2, SP3, SP4 and SP1 (29.4, 21.0, 18.7, 18.1 and 4.3 mm, respectively). 

Additionally, these withdraw events showed that there were no differences related to the 

depth of water uptake between positions, indicating that both pasture and tree roots extracted 

water until 1-m depth easily. 
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Figure 8. (a) Measured available soil water at the full sun (FS) and at the four positions within the silvopastoral system (SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 

m and SP4: 11.25 m from the North row), in three experimental years. (b) Climatological water balance for the experimental site during the experiment, 

considering the full sun position.  
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Table 11. Available soil water from 0 to 1 m depth, at the full sun (FS) and at the four positions within the silvopastoral system (SP1: 0.00 m, SP2: 3.75 m, 

SP3: 7.50 m and SP4: 11.25 m from the North row), in each month of the three experimental years. 

Year Position 

Available soil water 

mm 

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Average 

2013/2014 

FS 62.7 a* 38.3 ab 33.2 a 64.8 a - - 51.3 a 13.0 a 53.2 a 70.5 a 46.3 a 35.4 a 46.9 

SP1 39.0 a 23.9 b 38.3 a 60.2 a - - 35.0 a 23.5 a 36.1 a 33.9 a 21.9 a 17.3 a 32.9 

SP2 72.9 a 47.7 ab 44.4 a 67.5 a - - 30.7 a 6.0 a 37.7 a 39.6 a 17.8 a 12.4 a 37.7 

SP3 76.6 a 66.3 a 60.0 a 73.2 a - - 48.5 a 11.0 a 48.9 a 68.6 a 45.2 a 30.4 a 52.9 

SP4 70.1 a 40.7 ab 36.2 a 64.3 a - - 48.9 a 26.1 a 51.3 a 51.4 a 28.8 a 24.9 a 44.3 

Average 64.3 43.4 42.4 66.0 - - 42.9 15.9 45.4 52.8 32.0 24.1  

2014/2015 

FS 18.2 a 11.2 a 36.2 a 18.9 a 27.8 a 33.9 a 38.3 a 53.7 a 53.5 ab 57.0 ab 44.5 b 33.8 b 35.6 

SP1 20.1 a 11.4 a 22.4 a 15.4 a 34.2 a 36.9 a 30.7 a 47.4 a 33.5 b 38.3 b 42.7 b 38.6 ab 31.0 

SP2 11.0 a 7.9 a 27.6 a 14.3 a 20.3 a 29.0 a 28.2 a 47.1 a 53.2 ab 57.0 ab 48.1 ab 42.5 ab 32.2 

SP3 23.1 a 19.6 a 26.8 a 16.4 a 25.5 a 32.8 a 33.9 a 54.3 a 59.1 a 69.3 a 72.5 a 58.8 a 41.0 

SP4 22.5 a 17.0 a 29.7 a 10.7 a 19.3 a 40.6 a 42.5 a 58.2 a 53.4 ab 61.1 a 60.0 ab 46.8 ab 38.5 

Average 19.0 13.4 28.6 15.1 25.4 34.6 34.7 52.1 50.5 56.6 53.6 44.1  

2015/2016 

FS 34.7 a 11.2 b 47.8 a  26.3 a 77.5 a 77.0 ab 85.6 a 78.8 a 91.2 a 50.5 ab 42.0 b 78.9 a 58.5 

SP1 40.6 a 28.2 a 50.7 a 38.1 a 67.5 a 57.3 b 79.5 a 65.7 a 76.1 a 46.4 b 58.0 ab 71.5 a 56.6 

SP2 44.1 a 27.6 a 53.4 a 35.4 a 72.9 a 71.5 ab 87.9 a 78.4 a 95.3 a 59.2 ab 62.6 a 86.2 a 64.5 

SP3 53.8 a 25.1 ab 53.3 a 29.3 a 79.9 a 80.8 a 91.4 a 83.3 a 97.6 a 66.5 a 64.1 a 89.2 a 67.9 

SP4 49.9 a 25.6 a 48.6 a 27.9 a 80.4 a 74.4 ab 92.6 a 84.7 a 94.3 a 57.7 ab 60.9 a 85.0 a 65.2 

Average 44.6 23.5 50.7 31.4 75.6 72.2 87.4 78.2 90.9 56.1 57.5 82.1  
*Means followed by the same letter are not different in column (P<0.05).  
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Table 12. Available soil water from 0 to 0.3 m depth, at the full sun (FS) and at the four positions within the silvopastoral system (SP1: 0.00 m, SP2: 3.75 m, 

SP3: 7.50 m and SP4: 11.25 m from the North row), in each month of the three experimental years. 

Year Position 

Available soil water 

mm 

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Average 

2013/2014 

FS 26.7 a* 14.2 bc 16.0 ab 25.8 a - - 20.9 a 4.1 ab 24.1 a 27.3 a 17.3 a 14.6 a 19.1 

SP1 14.0 b 5.8 c 12.0 b 17.3 b - - 10.9 b 5.1 ab 11.9 b 12.3 c 5.4 c 3.7 b 9.8 

SP2 31.3 a 19.2 ab 20.4 a 26.8 a - - 11.5 b 2.5 b 18.8 a 18.9 bc 8.1 bc 4.7 b 16.2 

SP3 29.7 a 24.9 a 20.4 a 26.5 a - - 17.7 ab 3.8 ab 20.6 a 27.1 a 17.7 a 12.2 a 20.1 

SP4 32.7 a 17.5 ab 19.4 ab 27.2 a - - 20.8 a 9.4 a 22.9 a 24.0 ab 13.5 ab 11.0 a 19.8 

Average 26.9 16.3 17.7 24.7 - - 16.3 5.0 19.7 21.9 12.4 9.2  

2014/2015 

FS 9.3 ab 3.7 b 18.0 a 9.5 a 18.8 a 17.6 a 15.0 a 22.1 a 21.0 a 20.3 ab 18.3 bc 14.9 b 15.7 

SP1 8.3 ab 1.8 b 7.2 c 4.9 b 16.3 a 12.6 b 12.1 a 21.3 a 14.3 a 14.8 b 14.8 c 13.2 b 11.8 

SP2 6.0 b 2.7 b 12.0 bc 6.4 ab 13.2 a 14.3 ab 12.5 a 22.5 a 20.3 a 20.8 a 21.1 abc 18.5 ab 14.2 

SP3 10.9 ab 7.4 a 12.5 b 6.6 ab 14.7 a 14.6 ab 11.0 a 21.4 a 19.0 a 22.4 a 26.7 a 22.1 a 15.8 

SP4 11.5 a 7.0 a 13.9 ab 4.5 b 11.2 a 17.4 ab 15.8 a 25.6 a 20.7 a 22.2 a 24.6 ab 18.3 ab 16.1 

Average 9.2 4.5 12.7 6.4 14.8 15.3 13.3 22.6 19.1 20.1 21.1 17.4  

2015/2016 

FS 18.2 ab 5.5 b 18.8 a 12.0 ab 27.4 a 27.5 a 28.4 a 28.4 a 31.1 a 13.3 a 14.9 b 24.6 a 20.8 

SP1 12.9 b 7.0 ab 16.6 a 12.8 ab 23.9 a 24.1 a 29.2 a 27.7 a 31.6 a 16.2 a 21.0 ab 25.8 a 20.7 

SP2 19.1 ab 10.3 a 21.8 a 15.4 a 28.3 a 27.8 a 31.4 a 30.9 a 35.0 a 21.4 a 24.8 a 29.8 a 24.7 

SP3 20.8 a 8.2 ab 20.7 a 11.6 ab 27.0 a 28.4 a 30.0 a 28.7 a 32.5 a 19.7 a 21.6 ab 28.2 a 23.1 

SP4 19.8 ab 8.0 ab 19.2 a 10.7 b 27.2 a 27.4 a 31.8 a 30.6 a 32.8 a 18.7 a 20.4 ab 27.8 a 22.9 

Average 18.1 7.8 19.4 12.5 26.8 27.0 30.2 29.3 32.6 17.8 20.5 27.2  
*Means followed by the same letter are not different in column (P<0.05).  
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Table 13. Available soil water from 0.3 to 0.6 m depth, at the full sun (FS) and at the four positions within the silvopastoral system (SP1: 0.00 m, SP2: 3.75 

m, SP3: 7.50 m and SP4: 11.25 m from the North row), in each month of the three experimental years. 

Year Position 

Available soil water 

mm 

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Average 

2013/2014 

FS 18.2 a* 11.2 a 8.7 a 17.9 a - - 13.9 a 2.9 a 15.8 a 20.9 a 13.2 a 9.5 a 13.2 

SP1 11.2 a 9.5 a 14.8 a 19.4 a - - 12.6 a 9.3 a 13.7 a 12.9 a 10.0 a 8.3 a 12.2 

SP2 17.3 a 11.1 a 11.4 a 16.7 a - - 7.5 a 1.4 a 10.6 a 10.9 a 4.9 a 3.5 a 9.5 

SP3 20.5 a 18.0 a 17.3 a 19.9 a - - 14.1 a 3.5 a 14.9 a 18.8 a 11.9 a 8.0 a 14.7 

SP4 16.1 a 9.0 a 7.9 a 16.7 a - - 14.0 a 7.7 a 15.5 a 15.2 a 7.9 a 7.0 a 11.7 

Average 16.7 11.8 12.0 18.1 - - 12.4 4.9 14.1  15.7 9.6 7.3  

2014/2015 

FS 2.9 a 2.5 a 11.7 a 5.0 a 6.9 a 6.7 a 7.4 a 11.4 a 11.5 ab 12.0 ab 7.5 b 5.5 b 7.6 

SP1 7.9 a 6.4 a 10.2 a 6.9 a 12.4 a 8.2 a 6.3 a 11.2 a 7.6 b 9.0 b 9.4 ab 8.2 ab 8.6 

SP2 2.0 a 2.1 a 8.6 a 3.6 a 3.8 a 8.8 a 6.9 a 12.7 a 13.3 ab 13.3 ab 10.3 ab 9.4 ab 7.9 

SP3 5.1 a 5.2 a 7.4 a 4.3 a 6.2 a 9.5 a 9.7 a 17.0 a 18.4 a 19.9 a 20.2 a 16.0 a 11.6 

SP4 5.5 a 4.8 a 9.5 a 3.3 a 6.2 a 10.7 a 10.1 a 13.8 a 14.0 ab 15.4 ab 15.3 ab 11.8 ab 10.0 

Average 4.7 4.2 9.5 4.6 7.1 8.8 8.1 13.2 12.9 13.9 12.5 10.2  

2015/2016 

FS 7.1 b 1.5 b 10.9 a 4.8 a 18.7 a 18.5 ab 21.1 a 19.5 a 23.1 a 12.8 a 10.5 a 19.8 a 14.0 

SP1 9.5 ab 6.2 a 12.9 a 8.9 a 17.1 a 12.8 b 18.6 a 15.7 a 18.1 a 10.1 a 13.5 a 16.7 a 13.3 

SP2 11.0 ab 6.5 a 13.5 a 8.2 a 19.1 a 17.6 ab 21.7 a 20.1 a 24.1 a 14.1 a 15.4 a 21.9 a 16.1 

SP3 15.6 a 6.5 a 14.8 a 7.1 a 22.7 a 22.2 a 25.3 a 23.9 a 27.4 a 18.5 a 17.4 a 24.7 a 18.8 

SP4 14.0 ab 6.9 a 13.2 a 7.1 a 21.5 a 19.2 ab 24.1 a 22.4 a 24.5 a 15.3 a 16.3 a 22.7 a 17.3 

Average 11.4 5.5 13.0 7.2 19.8 18.1 22.2 20.3 23.5 14.2 14.6 21.2  
*Means followed by the same letter are not different in column (P<0.05). 
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Table 14. Available soil water from 0.6 to 1 m depth, at the full sun (FS) and at the four positions within the silvopastoral system (SP1: 0.00 m, SP2: 3.75 m, 

SP3: 7.50 m and SP4: 11.25 m from the North row), in each month of the three experimental years. 

Year Position 

Available soil water 

mm 

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Average 

2013/2014 

FS 17.8 a* 12.9 a 8.4 a 21.1 a - - 16.5 a 6.0 a 13.2 a 22.2 a 15.7 a 11.4 a 14.5 

SP1 13.8 a 8.6 a 11.5 a 23.5 a - - 11.5 a 9.1 a 10.4 a 8.7 a 6.5 a 5.3 a 10.9 

SP2 24.4 a 17.5 a 12.6 a 24.0 a - - 11.7 a 2.1 a 8.3 a 9.9 a 4.8 a 4.2 a 11.9 

SP3 26.4 a 23.4 a 22.2 a 26.8 a - - 16.8 a 3.7 a 13.4 a 22.6 a 15.6 a 10.1 a 18.1 

SP4 21.3 a 14.2 a 8.9 a 20.4 a - - 14.1 a 9.0 a 12.8 a 12.3 a 7.3 a 6.9 a 12.7 

Average 20.7 15.3 12.7 23.2 - - 14.1 6.0 11.6 15.1 10.0 7.6  

2014/2015 

FS 6.0 a 4.9 a 6.5 a 4.4 a 2.1 a 9.6 ab 16.0 a 20.2 a 21.0 ab 24.7 ab 18.7 a 13.5 a 12.3 

SP1 3.9 a 3.2 a 5.0 a 3.6 a 5.6 a 16.1 a 12.2 a 15.0 a 11.5 b 14.6 b 18.4 a 17.2 a 10.5 

SP2 3.1 a 3.1 a 7.0 a 4.3 a 3.2 a 5.9 b 8.9 a 11.9 a 19.6 ab 22.9 ab 16.7 a 14.6 a 10.1 

SP3 7.2 a 7.0 a 6.9 a 5.5 a 4.5 a 8.7 b 13.2 a 15.9 a 21.7 a 27.0 a 25.6 a 20.8 a 13.7 

SP4 5.5 a 5.2 a 6.4 a 2.9 a 1.9 a 12.5 ab 16.6 a 18.7 a 18.7 ab 23.5 ab 20.1 a 16.7 a 12.4 

Average 5.1 4.7 6.4 4.1 3.5 10.6 13.4 16.3 18.5 22.5 19.9 16.5  

2015/2016 

FS 9.4 a 4.1 b 18.0 a 9.5 a 31.5 a 31.0 a 36.1 a 30.9 a 36.9 a 24.5 a 16.6 a 34.5 a 23.6 

SP1 18.3 a 15.0 a 21.2 a 16.4 a 26.5 a 20.3 b 31.6 a 22.3 a 26.4 a 20.1 a 23.6 a 29.0 a 22.6 

SP2 14.0 a 10.9 ab 18.0 a 11.8 a 25.5 a 26.2 ab 34.7 a 27.5 a 36.2 a 23.7 a 22.3 a 34.5 a 23.8 

SP3 17.4 a 10.4 ab 17.8 a 10.5 a 30.2 a 30.2 ab 36.1 a 30.7 a 37.7 a 28.4 a 25.2 a 36.3 a 25.9 

SP4 16.1 a 10.8 ab 16.2 a 10.2 a 31.6 a 27.8 ab 36.8 a 31.7 a 36.9 a 23.6 a 24.2 a 34.5 a 25.0 

Average 15.0 10.2 18.3 11.7 a 29.0 27.1 35.1 28.6 34.8 24.1 22.4 33.8  
*Means followed by the same letter are not different in column (P<0.05). 
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Figure 9. Available soil water at full sun (FS) and at the four positions within the silvopastoral system 

(SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m from the North row) during two water 

recharge events, the first between 7/8/2014 and 7/11/2014 (left), with a low rainfall (8.9 mm); and the 

second between 9/25/2015 and 9/28/2015 (right), with a high rainfall (38.9 mm). 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

7/8/2014

7/11/2014

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

7/8/2014

7/11/2014

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

7/8/2014

7/11/2014

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

7/8/2014

7/11/2014

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

7/8/2014

7/11/2014

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

9/25/2015

9/28/2015

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

9/25/2015

9/28/2015

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

9/25/2015

9/28/2015

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

9/25/2015

9/28/2015

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14

D
ep

th
 (

m
)

Available soil water (mm)

9/25/2015

9/28/2015

Recharge = 3.5 mm Recharge = 20.6 mm

Recharge = 7.0 mm Recharge = 24.9 mm

Recharge = 4.1 mm Recharge = 13.4 mm

Recharge = 3.1 mm Recharge = 18.1 mm

Recharge = 4.6 mm Recharge = 16.7 mm

(FS)

(SP2)

(SP4)

(SP3)

(SP1)

(FS)

(SP2)

(SP4)

(SP3)

(SP1)



59 
 

 

Figure 10. Available soil water at full sun (FS) and at the four positions within the silvopastoral 

system (SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m from the North row) during two 

water withdraw events, the first between 9/14/2015 and 9/25/2015 (left), i.e. end of the dry period; and 

the second between 3/28/2016 and 4/18/2016 (right), i.e. beginning of the dry period. 
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3.4 Discussion 

Rainfall distribution was not different between positions within seasons of the year 

(Table 6), due to the great variability observed in the dataset, probably caused by factors as 

wind speed and direction during the rainfall events, which influenced rain interception in 

several ways and suppressed the possibility of significant differences; however, the numerical 

differences in total annual rainfall (Table 6) must be taken into account, since they can affect 

soil water availability for pasture and trees growth. These results do not agree with those 

observed by Siles et al. (2010), who observed a higher throughfall in a single coffee plantation 

than in an agroforestry system composed by coffee and Inga densiflora, and by Poppenborg 

and Hölscher (2009), who obtained a lower throughfall below a cacao agroforestry system 

than under a single cacao plantation. These differences are mainly caused by the higher 

different canopy structures and densities of these tree species used. 

Rainfall intensity also was not a determining factor for water interception by 

eucalyptus trees, even under low rain intensity (Table 7). However, rainfall of low intensity (< 

3.0 mm day
-1

) and wind speed lower than 2.0 m s
-1

, when combined, showed to be important 

to reduce rainfall amounts below the trees (Table 10). Even with such evidence, more detailed 

studies are required to confirm it, as done by Toba and Ohta (2008), who assessed an artificial 

forest with simulated rainfall, in order to determine the influences of forest structure and 

rainfall conditions on interception loss. 

Analyzing wind speed influence on rainfall distribution, the results allowed to 

observe that this factor isolated was not important (Table 8), but when more focus is given to 

wind speed higher than 3.0 m s
-1

 and direction perpendicular to the eucalyptus rows, the 

results indicated decrease in rainfall amounts at the inter-row (Table 9). This influence was 

exemplified by Poppenborg and Hölscher (2009), who observed higher throughfall at the 

canopy side exposed to prevailing winds, in a cacao agroforest, demonstrating that most of the 

water was intercepted by the leaves at this side, reducing rainfall at the opposite side. 

Therefore more studies about the influence of wind speed associated with wind direction must 

be carried out to explain in detail these relationships for trees arranged in rows. 

In general, ASW was lower at SP1 than at SP3 (Tables 11, 12, 13 and 14) when 

drying periods occurred (Figure 8), which were important for faster water uptake at SP1. This 

faster water uptake near the trees was also observed by Pezzopane et al. (2015), in a 

silvopastoral system with Urochloa decumbens and Brazilian native trees, by Wilson (1998), 
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in a green panic pasture arborized with Eucalyptus argophloia, and by Tian et al. (2017), in an 

intercropping system with loblolly pine and switchgrass. 

When lower ASW was observed at FS than at SP3 (Tables 11, 12, 13 and 14), the 

most determinant factor was the highest pasture evapotranspiration at FS, which was 

determined by the higher solar radiation and wind speed at this position than within the 

silvopastoral system. This lower evapotranspiration within agroforestry systems was also 

observed by Lin (2010), in an arborized coffee plantation, and by Feldhake (2009), in a 

silvopastoral system. These authors attributed these alterations mainly to the differences in the 

incoming solar radiation, however, Feldhake (2009) also observed influence of wind speed on 

evapotranspiration when pasture was exposed to prevailing winds. 

Specifically at the first layer (0-30 cm), ASW was more dynamic due to the faster 

water uptake by the plants, in the first days of a drying period, and the easier water recharge, 

even with low rainfall. When SP1 reached lower ASW than FS, intense drying periods 

occurred, which increased the importance of the trees water uptake, despite the higher pasture 

evapotranspiration at FS (Table 12 and Figure 8). In August 2015 and May 2016, ASW was 

lower at FS than at SP2 due to intense drying periods, combined with higher incoming solar 

radiation at FS, increasing water consumption by the pasture. When differences were 

observed between SP2 and SP4, rainfall interception or higher solar radiation at one or at the 

other positions were the main factors, since the root depth and density should be the same at 

both positions in the inter-row. 

During the selected soil water recharge events, recharge was higher at SP1 due to the 

rainfall perpendicular to the rows (near South direction), with high wind speed, and its 

interception by the tree canopy, increasing rainfall at SP1 and decreasing it at the other 

silvopastoral positions (Figure 9). In the low rainfall event, recharge was 3.5 mm at FS due to 

the rainfall interception by the pasture (Figure 9), which had more biomass than at the 

silvopastoral positions. During the high rainfall event, rainfall interception was more 

important, since the wind speed was high (4.6 m s
-1

) and the wind direction was perpendicular 

to the rows, effects that were confirmed by the measured throughfall, which was 45.2 mm at 

SP1 and 35.3 mm at SP3. These increases on recharge at SP1 may also be a consequence of 

improvements on soil structure and porosity, caused by tree roots, which can promote higher 

water infiltration and lower runoff. Pezzopane et al. (2015) also observed higher soil water 

recharge at the position below the trees than at the inter-row positions, with recharge until 70 

cm depth, at the first one, and until 60 cm depth at the other positions, after a rainfall event of 

90 mm. 
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During the soil water withdraw events, water consumption was faster at SP1 (Figure 

10) due to the effect of the tree roots, which increased total root density at this position and, 

consequently, root water uptake, as also showed by Pezzopane et al. (2015). In the first 

withdraw event, this relationship was more evident, since the initial water content was similar 

at all positions, but in the second withdraw event, the soil at SP1 had lower initial water 

content, which promoted similar water consumption between 3/28/2016 and 4/8/2016 (Figure 

10), due to the higher difficulty for water absorption at SP1, caused by the higher pressure of 

water retention at this position. 

 

3.5 Conclusions 

Silvopastoral systems promote alterations on rainfall distribution and soil water 

availability due to the rainfall interception and water uptake by the trees. 

Throughfall amounts are reduced below the trees, under rainfall of low intensity and 

low wind speed; and reduced at the inter-row, under rainfall with high wind speed and wind 

direction perpendicular to the tree rows. 

Available soil water until 1-m depth is affected by water uptake by the trees, 

decreasing it near the trees, and by shading and the windbreak effect, reducing 

evapotranspiration within the silvopastoral system. 

Soil water recharge tends to be higher close to the trees, mainly when rainfall 

interception increases throughfall at this position or due to improvements on soil structure and 

porosity, which increase water infiltration and decrease runoff. 

Soil water withdraw is faster below the trees, which is caused by the higher roots 

density and, consequently, more water absorption at this position. 
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4. APSIM NEXT GENERATION TROPICAL PASTURE MODEL AND 

ITS PARAMETERIZATION FOR PIATÃ PALISADEGRASS  

ABSTRACT 

The APSIM modelling framework has some deficiencies for simulating tropical 

pastures, which requires improvements in this model for simulating such species. The aim of 

this study was to develop a state-of-the-art tropical pasture model in the APSIM modeling 

framework and to parameterize and test it for simulating Piatã palisadegrass growth, under 

cutting and rotational grazing managements. For this purpose, four field experiments were 

conducted to investigate cutting management under irrigated and rainfed conditions and 

grazing management under rainfed conditions with high and low N supply. Two experiments 

were used for the model parameterization and with the remaining two used for its testing. The 

forage mass simulations performed in this study showed good agreement between observed 

and estimated data (R
2
 between 0.82 and 0.97, d between 0.92 and 0.98, and NSE ranging 

from 0.72 to 0.92) for the various managements and environmental conditions. Important 

aspects of the APSIM-Tropical Pasture required to simulate the experimental data included 

initial growth simulations after pasture sowing, growth partitioning and senescence during 

flowering, and the reallocation and retranslocation of plant dry matter and nitrogen. The 

simulations for grazing systems were important in identifying the main needs for estimating 

their related processes and interactions such as to account for biomass losses during and after 

grazing due to the damage caused by animals. Even considering the promising performance of 

the APSIM-Tropical Pasture, it already needs to be tested in other locations, climate 

conditions, soils, and grazing or cutting intensities, to prove its accuracy and reach enough 

confidence. 

 

Keywords: Urochloa brizantha cv. Piatã; Forage; Management; Cutting; Rotational grazing; 

Tropical grass 

 

4.1. Introduction 

Grasslands comprise about 80% of the agricultural lands around the world, 

representing a great range of ecosystems (Steinfeld et al. 2006; Wright et al. 2006). In Brazil, 

around 196 million hectares are occupied by pastures (FAO 2014). Tropical grasses are used 

as summer season forage in subtropical areas and as perennial forage in tropical regions, 

mainly due to their high yields (Tsuruta et al. 2015). The majority of cultivated pasture areas 

in Brazil is currently established with grasses of the Urochloa (syn Brachiaria) genus, which 

has shown excellent adaptation to most of the Brazilian environmental conditions, promoted 

by their C4 metabolism. 

Crop models are highly useful tools for understanding the agricultural systems and 

the interactions between their components, such as weather, soil, genotypes, among others. 

Specifically for pastures, crop modeling may assist in forage management, production, and 
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efficiency (Lara et al. 2012). Forage simulation models may also allow better control over the 

feed demand and supply at the farm level, and help farmers to plan activities and make 

decisions (Barioni et al. 2003). Among the several types of crop models, the mechanistic ones 

are those based on the understanding and systematization of the main plant physiological 

processes and the interactions with other processes in the agroecosystem (Andrade et al. 

2015). This kind of approach has being applied for tropical pastures simulation by the 

following models: ALMANAC (Agricultural Land Management Alternative with Numerical 

Assessment Criteria), Century, Orchidee Grassland Management, CROPGRO Perennial 

Forage, APSIM (Agricultural production systems simulator), and STICS (Simulateur 

mulTIdisciplinaire pour les Cultures Standard), all of them with satisfactory performance.  

The ALMANAC model was used by Kiniry et al. (2007) for simulating growth and 

yield of bermudagrass (Cynodon dactylon) and bahiagrass (Paspalum notatum); Century was 

used for simulating several tropical grasslands (Parton et al. 1993); Orchidee was tested for 

Panicum maximum (Coltri et al. 2014); the CROPGRO Perennial Forage model of DSSAT 

(Decision Support System for Agrotechnology Transfer) was created for bahiagrass (Rymph 

et al. 2004) and adapted for bermudagrass (Alderman 2008), Xaraés palisadegrass (Urochloa 

brizantha cv. Xaraés) (Pedreira et al. 2011), Tanzânia guineagrass (Panicum maximum cv. 

Tanzânia) (Lara et al. 2012), Marandu palisadegrass (U. brizantha cv. Marandu) (Pequeno et 

al. 2014) and Convert HD 364 brachiariagrass (U. hybrid cv. Mulato II) (Pequeno et al. 2017); 

the APSIM was initially parameterized for Panicum coloratum cv. Bambatsi, and Araújo et 

al. (2013)  adapted it for Panicum maximum cv. Mombaça; and recently, the STICS model 

was used for simulating Piatã palisadegrass (U. brizantha cv. Piatã) growth under continuous 

stocking (Santos 2016). 

The APSIM modelling framework consists of a mechanistic model composed of 

modules developed to simulate biophysical processes in agroecosystems (Keating et al. 2003; 

Holzworth et al. 2014). APSIM provides models for over thirty crops, pastures and tree 

species through its plant modules, as well as soil processes related to water (SoilWat), N and 

soil organic matter (SoilN), and surface organic matter (SurfaceOM) (Probert et al. 1998), 

while also providing a flexible agricultural management capability that enables the user to set 

crop rotations and management (Moore et al. 2014). The APSIM modules available for 

simulating pasture growth and yield are the AgPasture model (Johnson et al. 2008), which 

simulates mixed pastures of C3 and C4 grasses and legumes; Lucerne (Robertson et al. 2002), 

which is employed to simulate lucerne (Medicago sativa) and recently was adapted by Ojeda 
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et al. (2016) for simulating switchgrass; and Growth, which simulates trees and tropical 

pastures growth. 

The APSIM-Growth has some deficiencies for simulating tropical pastures, which 

are mainly related to the absence of capability to change partitioning and senescence between 

phenological phases, the specific leaf area that cannot be calculated considering 

environmental factors, and the absence of a storage organ. Then, improvements are required 

in this model for simulating these species. However, the first adaptation of a mechanistic 

model for grazing systems was performed by Santos (2016), however, these models never 

were adapted for tropical grasses under rotational grazing. In this context, the aim of this 

study was to develop a state-of-the-art tropical pasture model in the APSIM Plant Modelling 

Framework and to parameterize and test this model for simulating Piatã palisadegrass growth 

under cutting and rotational grazing management. 

 

4.2. Material and methods 

4.2.1. Model structure 

The APSIM-Tropical Pasture model described here was developed for APSIM Next 

Generation (Holzworth et al. 2014; Holzworth et al. 2015) using the APSIM Plant Modelling 

Framework, described by Brown et al. (2014), which allows the model developer to choose, 

from a library of commonly-used functions or algorithms for plant modeling. The model is 

then built with the calculations necessary for the crop of interest and configured into a model 

description using the eXtensible Markup Language (XML). The role of the APSIM-Tropical 

Pasture in an APSIM simulation is to perform the calculations of growth, resource use and 

organic matter flows for the pasture and to send their results to the other models within the 

simulation. 

APSIM-Tropical Pasture aims to be a generic pasture model that may be used for 

simulating the growth of all tropical grass species including the effects of cutting or grazing 

based managements on the pasture growth and productivity, needing few adjustments and a 

calibration of its parameters for each species or cultivar. The main equation for growth within 

APSIM-Tropical Pasture is: 

                                                          (1) 
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where: G is the daily pasture growth (g m
-2

), RUE is the whole plant´s solar radiation use 

efficiency (g MJ
-1

), which represents the ratio between dry matter accumulation (root + shoot 

growth) and total incoming solar radiation intercepted, RI (MJ). RI is calculated through the 

Beer-Lambert law, using the leaf area index (LAI) estimated by the model and an extinction 

coefficient (k). Ft is the temperature factor, which is determined by the cardinal temperatures, 

varying linearly from 0 to 1 between the minimum base temperature (Tb) and the first 

optimum temperature (TO1), remaining constant (= 1) between the TO1 and the second 

optimum temperature (TO2), and then decreasing linearly from 1 to 0 between TO2 and the 

maximum base temperature (TB). Fn is the nitrogen factor, which is determined by a linear 

interpolation from the minimum (LNCmin) to the optimum (LNCopt) leaf nitrogen 

concentration. Fvpd is the vapor pressure deficit (VPD) factor, which works similarly to Fn, 

and Fw is the water stress factor determined by the ratio between water supply and plant 

water demand. Specifically, Ft, Fn, and Fvpd are regulated by a minimum function, which 

imposes the Liebig’s minimum law, meaning that only the most limiting factor is used for the 

growth calculations. 

APSIM-Tropical Pasture considers four sub-models related to the following plant 

organs: leaf, stem, root and storage organ. The leaf sub-model calculates specific leaf area 

(SLA), LAI (multiplying SLA by leaf mass), RI and photosynthesis (Equation 1), which will 

estimate the dry matter (DM) to be partitioned among the organs. Additionally, this sub-

model has a leaf kill function for frost, regulated by daily minimum temperature; and the leaf 

senescence and leaf detachment (addition of dead leaves to surface organic matter) 

calculations. The stem, root, and storage organ sub-models also have their senescence and 

detachment calculations, such as the leaf sub-model, and have a N demand to assimilate the 

DM provided during partitioning. The root sub-model calculates root depth, starting from the 

sowing depth and then considering a fixed root front velocity until a given value of maximum 

root depth is achieved; root length density for each soil layer, based on root depth, root 

biomass and a specific root density provided by the user; and has capabilities that allow to 

determine maximum daily N uptake and modify water uptake, based on LAI, and N uptake, 

based on root length density and soil water. The storage organ sub-model describes the crown 

of bunch grasses, but may consider stolon or rhizome for species that have these organs. 

APSIM-Tropical Pasture also has a DM and N arbitrator which calculates 

partitioning of DM and N within the plant. The four organ sub-models calculate demands for 

structural and non-structural biomass and N which is partitioned by the arbitrator from daily 

growth and N uptake. Non-structural N is reallocated from senescening parts of organs to 
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satisfy unmet demands. The root and storage organ sub-models have another capability that 

allows DM and N retranslocation, i.e. both can work as storage organs and provide non-

structural DM and N to supply the demand of other organs. Furthermore, the organs provide 

functions to modify partitioning, senescence, reallocation and retranslocation based on several 

factors, such as plant age, daylength, among others, which may be associated with 

phenological phases; and SLA calculations that take into account water deficit and shading 

effects. 

Additionally, APSIM-Tropical Pasture has a cutting management capability, which 

allows the user to set the residual leaf and stem mass after a cutting or a grazing event using a 

management scripting language (Moore et al. 2014). 

The rest of the calculations required to simulate a pasture system are provided by the 

APSIM modeling framework. The simulations of water, N, and surface organic matter 

processes are performed using the standard SoilWat, SoilN and SurfaceOM modules of 

APSIM (Probert et al. 1998), and potential evapotranspiration is calculated by the 

MicroClimate module (Snow and Huth 2004), using the Penman-Monteith equation (Allen et 

al. 1998). 

 

4.2.2. Parameterization for Piatã palisadegrass 

The data used to parameterize the model were collected in two field experiments 

carried out at Embrapa Pecuária Sudeste, in São Carlos, state of São Paulo, Brazil (21°57'42" 

S, 47°50'28" W, 860 m), in pastures of Urochloa (syn. Brachiaria) brizantha (Hochst ex A. 

Rich.) Stapf cv. BRS Piatã. The climate of this site is Cwa (Köppen) with a cool and dry 

season from April to September (average air temperature of 19.9ºC and total rainfall of 250 

mm), and a warm and wet season from October to March (average air temperature of 23.0ºC 

and total rainfall of 1100 mm) (Alvares et al. 2013). 

 

4.2.2.1. Experiment 1: 

This experiment was conducted under cutting management with both irrigated and 

rainfed conditions. Sowing was in February 2011 (after soil preparation and corrections of 

chemical attributes) in 5 x 5 m plots, with four replications. Nine growth cycles were 

performed from April 2011 to July 2012. For every cycle the final forage was assessed, with 
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the grass uniformly cut down to 0.2 m above the soil surface (stubble height). Each plot was 

fertilized with 30 kg ha
-1

 of N at the beginning of each cycle, totaling approximately 240 kg 

ha
-1

 per year. Growth cycles ranged from 35 days in the summer to 55 days in the winter, 

according to the meteorological conditions of each cycle, which are presented in Table 15. 

 

Table 15. Average air temperature (Tavg), average incoming solar radiation (SR), and total rainfall 

(RF), during each cycle of the experiments used in the APSIM-Tropical Pasture model 

parameterization and test.  

 Weather Cycle 

 variable 1 2 3 4 5 6 7 8 9 10 11 

Exp. 1 

Tavg (ºC) 17.2 17.7 20.7 20.3 22.0 21.7 22.5 19.8 17.4 - - 

SR (MJ m-2 d-1) 14.0 14.0 18.2 20.9 21.5 18.8 19.4 15.1 11.8 - - 

RF (mm cycle-1) 75.0 12.4 63.6 176.0 299.0 450.6 81.8 238.0 236.0 - - 

Exp. 2 

Tavg (ºC) 25.0 22.5 21.1 20.2 19.5 17.9 20.4 22.4 23.3 22.6 22.3 

SR (MJ m-2 d-1) 24.5 19.4 14.0 15.0 12.7 11.3 17.1 16.3 18.9 17.8 16.4 

RF (mm cycle-1) 176.0 226.8 283.8 59.4 63.6 60.5 5.3 175.5 184.2 236.3 603.7 

Exp. 3 

Tavg (ºC) 19.1 15.8 18.7 19.0 20.8 23.3 22.1 22.9 24.6 - - 

SR (MJ m-2 d-1) 15.7 12.7 14.4 16.2 18.1 22.2 17.9 18.6 19.9 - - 

RF (mm cycle-1) 36.6 26.4 61.6 220.0 115.8 164.0 336.2 313.0 272.2 - - 

Exp. 4 

Tavg (ºC) 23.8 22.6 22.2 17.9 - - - - - - - 

SR (MJ m-2 d-1) 20.9 18.4 19.0 11.4 - - - - - - - 

RF (mm cycle
-1

) 148.3 213.6 7.1 249.4 - - - - - - - 

 

Sprinkler irrigation was applied, with a variable irrigation schedule, taking into 

account the accumulated difference between reference evapotranspiration (ETo) and rainfall. 

Irrigation was commenced when the readily available water (RAW) was completely 

consumed and ceased when soil moisture reached  field capacity. The RAW considered was 

20 mm, representing 33.3% of the soil water holding capacity (SWHC) to 0.6 m depth. 

Photosynthetically active radiation (PAR) interception in the irrigated plots was 

measured at least eight times per cycle, using a ceptometer (AccuPAR LP-80, Decagon 

Devices, Pullman, WA, USA), which recorded incoming PAR above pasture canopy and 

transmitted PAR at 0.2 m above the soil surface (stubble height).  

During each growth cycle, four forage collections were performed, being taken two 

subsamples per plot for quantifying the biomass accumulation (above 20 cm), using a 0.25 m
2
 

(0.5 x 0.5 m) quadrat. The forage collected was immediately weighed and subsamples of each 

plot were mixed. From this two ~0.2 kg green mass samples were taken, one sample designed 

to perform morphological separation (leaf, stem and dead material) and another to determine 

the dry matter (DM). The percentage of DM from the morphological fractions was calculated 

by weighing both subsamples before and after drying them in an oven at 65ºC until they 

reached a constant weight. Having the weight of the green mass harvested in 0.25 m
2
, the 
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pasture DM productivity was estimated from the fractions in this area, and then extrapolated 

to 1 ha (kg ha
-1

). 

Once the morphological separation was performed, the fractions representing the 

leaves were used to determine the leaf area with a leaf area meter, model LI-3100C (Li-Cor, 

Lincoln, Nebraska, USA). Using leaf area and the area of ground from where forage was 

harvested (0.25 m
2
), the leaf area index (LAI) was determined. 

As stubble mass and its morphological composition were not assessed in this 

experiment, these data were taken from an irrigated experiment carried out between 2009 and 

2010 in the same area (Cruz 2010), described in the model test section as experiment 3. For 

the irrigated plots the same stubble values were considered for the corresponding period, but 

for the rainfed plots, these data were estimated considering null accumulation during the dry 

period, and the same accumulation of the irrigated plots in the wet periods. Crown mass was 

determined by dividing the stubble stem mass by 2, so it was considered as the stem mass 

below 10 cm. 

 

4.2.2.2. Experiment 2: 

This experiment was conducted under grazing management and rainfed conditions, 

during 11 growth cycles, from December 2014 to January 2016. The pasture was grazed by 

beef cattle in rotational grazing. The resting period was 30 days and the period of occupation 

was six days. Soil fertilization comprised as the application of 50 kg ha
-1

 of N in the 1
st
, 2

nd
, 

3
rd

, and 4
th

 cycles, immediately after grazing. The meteorological conditions of each growth 

cycle are presented in Table 15. 

Each growth cycle had five pasture assessments at approximately 0, 9, 16, 23 and 30 

days after grazing. These assessments were obtained by cutting the forage at 10 cm above the 

ground. To determine the forage biomass and biometric characteristics below 10 cm, four 

assessments were done, one in each season of the year, cutting the pasture until the ground 

level. Additionally, to determine the reproductive and the vegetative periods, apical meristems 

were analyzed at the end of each resting period, being collected 10 representative tillers per 

plot, cut longitudinally and observed with a magnifying glass to be classified as vegetative or 

reproductive, so, when there was at least one reproductive tiller per plot, the period was 

considered reproductive. 
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In each harvesting, leaf mass, stem mass, dead material mass, LAI, and SLA were 

quantified, following the same procedures above described for the experiment 1. Crown mass 

was considered as the measured stem mass below 10 cm. 

 

4.2.2.3. Parameterization process 

The first step of the model parameterization process determined the minimum base 

temperature (Tb), k, RUE, and standard SLA, using the data from the irrigated plots of 

experiment 1. 

Tb was determined using Arnold’s (1959) least variability method. For this method, 

degree-days were accumulated (ADD) for each growth cycle, considering the period from a 

cut until when PAR interception reached 95% (Moreno et al. 2014), with Tb ranging from 0 

to 20
o
C, and calculations for each 0.1

o
C increase. The temperature that minimized the cycle 

deviation (SDday), in days, was considered as the pasture’s Tb. Based on this criterion five 

growth cycles were used (cycles 1, 2, 3, 5 and 6).  

The total degree-days accumulated (ADD) during the growth period was calculated 

based on daily degree-days (DDi) obtained by the following equations (Pereira et al. 2002): 

)
2
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DD ii

i 


                        for Tmin > Tb    (2) 
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                            for Tb > Tmin    (3) 

where: Tmaxi is the daily maximum air temperature and Tmini the daily minimum air 

temperature, in 
o
C.  

Once this study was conducted under field conditions where the maximum mean 

temperature was 23.7
o
C, it was not possible to determine the optimal (TO1 and TO2) and the 

maximum base temperatures (TB), therefore, these values were taken from Pequeno et al. 

(2014), who obtained TO1 = 30.2ºC, TO2 = 40ºC and TB = 45ºC for Urochloa brizantha cv. 

Marandu. 

Light extinction coefficient and PAR use efficiency were determined using the 

pasture growth data from the irrigated plots of the first experiment and only from periods 

when growth and partitioning were not affected by initial plant development or flowering (the 

end of the cycle 3, the whole cycles 4 and 8, and the beginning of the cycles 5 and 6). 

Light extinction coefficient (k), for each pasture assessment, was determined by 

adapting the Beer-Lambert law: 
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where: I is the radiation interception (%) and LAI is the leaf area index, both measured at the 

stubble height. 

PAR use efficiency was determined as the slope of the linear regression between 

forage dry mass and the corrected amount of PAR intercepted (ParIcorr), which was calculated 

by: 

ParIcorr = ParI  Ft                                                   (5) 

where: ParI is the amount of PAR intercepted and Ft a temperature factor calculated using the 

four cardinal temperatures.  

As PAR interception was measured at the stubble height (20 cm), it was necessary to 

do a correction for the interception by the leaves below this height. For that the Beer-Lambert 

law was applied: 

                                                                      (6) 

where: Io’ is the PAR transmitted by the canopy above the stubble height, LAI’ is the LAI 

below the stubble height and k is the same extinction coefficient previously determined for 

the canopy above the stubble height. 

To determine the aboveground RUE, as only PAR interception was measured, PAR 

use efficiency was multiplied by 0.5, considering that the proportion of PAR from the total 

incoming radiation was 50%. To calculate the whole plant RUE, the aboveground RUE was 

divided by 0.8, considering that 20% of total accumulation was used for root growth. 

Standard SLA was calculated as the average of the SLA values (ratio between LAI 

and leaf mass) obtained from the irrigated plots of the Experiment 1 and only from periods 

when the growth and partitioning were not affected by initial plant development or flowering. 

The second parameterization step added the pasture management operations (sowing, 

fertilization, irrigation and cutting events) into the APSIM-Tropical Pasture. The management 

practices were specified using a specific scripting language (Moore et al., 2014). Sowing was 

performed considering a population of 225 plants m
-2

, with a sowing depth of 10 cm and row 

spacing of 20 cm. 

The third parameterization step was to adjust the parameters of the growth 

simulations for each organ under cutting management, and subsequently, changing the 

partitioning and senescence parameters for the grazing management experiment. 

Specifically, in pastures under grazing, there are forage mass losses after a grazing 

event which occur due to physical damage caused by the animals. Therefore, it was necessary 
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to use the cutting management capability to set the biomass losses after grazing. The losses 

were set on the first day after grazing and their values were adjusted to achieve the best 

simulation for the last productivity data of each cycle. 

Concomitantly with this process, the soil water and nitrogen simulations were 

calibrated. For soil water, assessments were obtained twice a week, in the two 

parameterization experiments, using a portable capacitance probe (Diviner 2000, SENTEK 

Pty Ltd., Stepney, SA, Australia) to measure soil moisture at every 0.1 m until 1.0 m of depth. 

These were used to adjust all the SoilWat model parameters for each experiment. Soil 

nitrogen content was not measured during the experiments. Adjustments were done based on 

the effect of simulated soil nitrogen on pasture growth calculations, being necessary to create 

a Leaching Control Tool to decrease NO3 leaching in 95% from the value simulated by the 

model, since the SoilWat model overestimated leaching for the soil of the experimental site, 

which showed to be inadequate to the pasture growth. 

Initial nitrate, ammonium, organic carbon contents and soil pH were assumed to be 

the same for all the experiments. Initial nitrate content was 86.5 kg ha
-1

, initial ammonium 

content was 59.6 kg ha
-1

, initial organic carbon was 13.8 kg m
-2

 in which 7.7 kg m
-2

 were 

inert, and soil pH ranged from 5.5 in the surface layer to 6.3 in the deeper layer. Initial surface 

organic matter was different between experiments: Experiments 1 and 3 had 10 kg ha
-1

, due to 

the soil tillage performed before sowing; Experiment 2 had 1000 kg ha
-1

, as it had an 

established pasture; Experiment 4 had a value equal to the last one of the simulation of 

Experiment 2 as they were conducted sub sequentially in the same area. 

The daily meteorological data used for the simulations (incoming solar radiation, 

maximum and minimum air temperatures, rainfall, wind speed and relative humidity) were 

taken from an automatic weather station installed near the experiments, under standard 

conditions (Allen et al. 1998). 

 

4.2.3. Model testing 

Data of forage mass obtained from two experiments with Piatã palisadegrass, 

conducted in the same location where the parameterization experiments were carried out, 

were used to test the model efficiency to simulate the pasture growth. 
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4.2.3.1. Experiment 3 

This experiment was carried out in the same area of the Experiment 1, from February 

2009 to March 2010. Sowing was in February 2009 in 5 x 2 m plots, with four replications. 

From April 2009 to March 2010, nine growth cycles were performed, lasting from 28 to 36 

days and with forage collection at the final day. Every cycle, after the forage assessment, the 

plots had the grass uniformly cut down to the stubble height (0.25 m), when a new growth 

cycle was initiated, with each plot being fertilized with 30 kg ha
-1

 of N, totaling 

approximately 300 kg ha
-1

 per year. The meteorological conditions of each cycle are 

presented in Table 15. 

Sprinkler irrigation was applied in this experiment with a variable irrigation schedule 

taking into account the soil moisture measured with a capacitance probe. Irrigation was 

commenced when 25% of the soil water holding capacity (SWHC) to 0.6 m depth was 

consumed and was applied to return the soil moisture to field capacity. 

The forage collections were performed using samples above the stubble height, to 

quantify canopy mass; and samples below the stubble height until the ground level, to assess 

stubble mass. These samples were submitted to the same procedures considered in the 

Experiment 1. 

 

4.2.3.2. Experiment 4 

This experiment was conducted under grazing management and rainfed conditions, 

in the same area used for Experiment 2 and comprised four growth cycles, from January to 

June 2016. In this experiment, forage assessments were taken only at 0 and 30 days after 

grazing. The pasture management and forage collection procedures were the same of 

Experiment 2. Soil fertilization was applied only in the 3
rd

 cycle, with 50 kg ha
-1

 of N, 

immediately after grazing. The meteorological conditions of each cycle are presented in the 

Table 15. 

 

4.2.4. Statistical analysis of model performance 

Several statistical indexes were used to evaluate the model performance for 

estimating pasture growth in relation to the environmental conditions observed throughout the 

field experiments, previously described. These statistics were: 
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a) linear regression between observed (O) and estimated (E) values of each variable, and the 

respective coefficient of determination (R
2
); 

b) Willmott (1981) agreement index (d), which quantifies model´s accuracy: 

    
∑        

  
   

∑  |    ̅| |    ̅|   
   

                                                  (7) 

c) Nash-Sutcliffe efficiency (NSE), which describes the model accuracy and, as suggested by 

Moriasi et al. (2007), means satisfactory model performance when its values are higher than 

0.5, and good performance when greater than 0.65: 
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d) Mean error (ME), as an indicator of bias in the simulations 
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e) Mean absolute error (MAE) 

    (
 

 
)∑ |     |

 
                                                    (10) 

 

f) Root mean square error (RMSE) 

     √*(
 

 
)∑        

  
   +                                           (11) 

 

4.3. Results 

4.3.1. APSIM-Tropical Pasture Parameterization  

The minimum base temperature (Tb) found for Piatã palisadegrass was 8.9ºC, the 

light extinction coefficient (k) was 0.65, the standard SLA was 0.02 m
2
 g

-1
, and the PAR use 

efficiency was 2.31 g MJ
-1

 (Figure 11), which resulted in whole plant radiation use efficiency 

(RUE) of 1.44 g MJ
-1

. 

The APSIM-Tropical Pasture calibration for Piatã palisadegrass resulted in a range of 

parameters (Tables 16, 17, 18, 19 and 20) that optimized growth predictions considering all 

managements (irrigated and rainfed, low and high nitrogen supply, cutting and grazing) and 

environmental conditions (dry and wet seasons, warm and cool periods) assessed in the two 

parameterization experiments. Among the leaf sub-model parameters (Table 16); k (0.65), 

RUE (1.44 g MJ
-1

), Ft, Fn (with LNCopt = 0.021 g g
-1

 and LNCmin = 0.005 g g
-1

), Fw, standard 
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SLA (0.02 m
2
 g

-1
) and its age and water factors are the most important for growth 

calculations. The main parameters for root growth were root front velocity (20 mm day
-1

), 

root senescence rate (0.001 day
-1

), the maximum and minimum root N concentrations (0.003 

and 0.001 g g
-1

, respectively), and specific root length (100 m g
-1

) (Table 17). The most 

important parameters for stem and crown growth were maximum and minimum N 

concentrations (0.003 and 0.001 g g
-1

, respectively) (Table 18). Additionally, partitioning and 

senescence parameters also were essential for growth simulations, mainly to show the 

differences caused by pasture development and management (Tables 19 and 20). 

 

 

Figure 11. Linear regression between forage accumulation and intercepted PAR corrected by 

temperature (ParIcorr), in order to determine PAR use efficiency (regression slope). 

 

Dry matter partitioning was considered the same for cut and grazed pasture during 

the initial growth period, since initial growth was not assessed in the experiment with grazing 

(Table 19). These values were regulated by pasture age, from sowing to when the pasture was 

0.71 years old, with the partitioning fractions varying to age 0.7 years. Partitioning of dry 

matter production to root growth was 33% for early growth to build the root system but this 

decreased from 0.2 years until the age 0.71 years, when the pasture was considered 

completely established and partitioning values were equal to those obtained for adult plants 

(Table 19). Partitioning during vegetative and reproductive periods (after the age 0.71 years) 

was regulated by daylength (Table 19). The assessments of apical meristems performed in the 

Experiment 2 indicated that meristems were induced to flowering when daylength was 

increased to 13 h and remained flowering until daylength was reduced to 11 h. Partitioning 

into root was suppressed during this reproductive period, since the stem elongation during 

flowering increased the dry matter demand for stem and crown growth. However, analysis of 
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the effects of cutting and grazing management on partitioning demonstrated that the cut 

pasture presented more dry matter going to crown than the grazed pasture, which was a 

consequence of the higher senescence resulting from the removal of the majority of the apical 

meristems and the consequent death of tillers under cutting management. For grazed pasture, 

in vegetative periods after a dry season, when a great part of the crown tissues died, there was 

more dry matter going to crown and less to leaf (Table 19), in order to grow new tillers. 

Senescence was differentiated between pasture management systems for 

aboveground organs, but it was the same for the root system (Table 20). For the pasture under 

cutting management, senescence of leaf, stem, and crown was increased during the 

reproductive phase (Table 20). For pasture under grazing, senescence of all organs remained 

the same during all the phenological phases (Table 20), since the animals tend to do not 

remove a great part of the apical meristems, avoiding a massive death of tillers. 

 

Table 16. Leaf sub-model parameters calibrated for Piatã palisadegrass. 

Parameter Unit Value 

Initial plant weight g plant-1 0.01 

Initial plant leaf mass g plant
-1

 0.01 

Leaf structural fraction 0-1 0.9 

Light extinction coefficient (k) - 0.65 

Leaf maximum N concentration g g-1 0.021 

Leaf minimum N concentration g g-1 0.005 

Leaf N reallocation factor day-1 0.5 

Leaf detachment time days 30 

Whole plant rad. use effic. (RUE) g MJ-1 1.44 

Temperature factor (Ft) x: temperature (ºC) 

y: Ft value 

x: 8.9, 30.2, 40.0, 45.0 

y: 0.0, 1.0, 1.0, 0.0  

Vapour press. def. factor (Fvpd) x: VPD (kPa) 

y: Fvpd value 

x: 0.0, 10.0, 50.0 

y: 1.0, 1.0, 1.0  

Nitrogen factor (Fn) x: N conc. (g g-1) 

y: Fn value 

x: 0.005, 0.021 

y: 0.0, 1.0  

Water deficit factor (Fw) x: supply/demand 

y: Fw value 

x: 0.0, 1.0 

y: 0.0, 1.0  

Leaf kill function for frost x: min. temp. (ºC) 

y: factor value 

x: 0.0, 2.0 

y: 0.0, 1.0  

Standard SLA m2 g-1 0.020 

Age factor on SLA x: pasture age (years) 

y: SLA (m2 g-1) 

x: 0.0, 0.3, 0.7 

y: 0.015, 0.018, 0.020  

Water factor on SLA x: Fw 

y: factor value 

x: 0.0, 0.8, 1.0 

y: 0.0, 0.4, 1.0  

 

The values of forage mass losses after grazing adjusted for each cycle of the 

experiment with pasture under grazing, considered only losses of leaf and stem, assuming that 

crown (stem below 10 cm) did not loss biomass due to grazing damages. The biomass losses 
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tended to be higher in the summer cycles, when forage mass was higher (Table 21). These 

values ranged from 200 kg ha
-1

 in the 9
th

 cycle to 1800 kg ha
-1

 in the 2
nd

 cycle, whereas leaf 

mass losses ranged from 100 kg ha
-1

 in the 9
th

 cycle to 800 kg ha
-1

 in the 1
st
 cycle, and stem 

mass losses from 100 kg ha
-1

 in the 4
th

 and 9
th

 cycles to 1500 kg ha
-1

 in the 2
nd

 cycle (Table 

21). 

 

Table 17. Root sub-model parameters calibrated for Piatã palisadegrass. 

Parameter Unit Value 

Root front velocity mm day-1 20 

Root senescence rate Fraction (0-1) day-1 0.001 

Root maximum N concentration g g-1 0.003 

Root minimum N concentration g g-1 0.001 

Maximum daily N uptake g plant-1 6.0 

Maximum root depth mm 10000 

Root structural fraction 0-1 0.8 

Water uptake (KL) modifier x: LAI x: 0.0, 3.0, 10.0 

 y: factor value y: 1.0, 1.0, 1.0 

NO3 uptake modifier (KNO3) x: Root length dens. x: 0.0, 0.003 

 y: NO3 uptake y: 0.03, 0.03 

NH4 uptake modifier (KNH4) x: Root length dens. x: 0.0, 0.003 

 y: NH4 uptake y: 0.0, 0.0 

N uptake soil water factor x: Root.RWC x: 0.0, 0.5, 1.0 

 y: factor value y: 1.0, 1.0, 1.0 

Initial root mass g plant-1 0.02 

Specific root length m g-1 100 

Root nitrogen demand switch (0-1) 1.0 

 

Table 18. Stem and crown sub-models parameters calibrated for Piatã palisadegrass. 

Parameter Unit Value 

Stem N reallocation factor 0-1 0.0 

Stem N retranslocation factor 0-1 0.0 

Stem DM retranslocation factor 0-1 0.0 

Stem maximum N concentration g g-1 0.003 

Stem minimum N concentration g g-1 0.001 

Initial stem mass g m-2 0.0 

Stem structural fraction 0-1 1.0 

Stem detachment rate Fraction (0-1) day-1 0.01 

Stem DM conversion efficiency 0-1 1.0 

Stem nitrogen demand switch (0-1) 1.0 

Crown N reallocation factor 0-1 0.0 

Crown maximum N concentration g g-1 0.003 

Crown minimum N concentration g g
-1

 0.001 

Initial crown mass g m-2 0.0 

Crown structural fraction 0-1 0.5 

Crown detachment rate Fraction (0-1) day-1 0.01 

Crown DM conversion efficiency 0-1 1.0 

Crown nitrogen demand switch (0-1) 1.0 
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Table 19. Dry matter partitioning between organs for Piatã palisadegrass under cutting and grazing 

managements, in different pasture ages, daylength values and phenological phases. 

Age 

(years) 

Daylength 

(hours) 

Phenological 

phase 

Partitioning 

fraction (0-1) 

Cutting  Grazing 

Leaf Root Stem Crown  Leaf Root Stem Crown 

0.00  

Initial growth 

0.50 0.33 0.09 0.08  - - - - 

0.20  0.50 0.33 0.09 0.08  - - - - 

0.30  0.55 0.25 0.10 0.10  - - - - 

0.40  0.55 0.25 0.10 0.10  - - - - 

0.71  0.55 0.20 0.15 0.10  - - - - 

> 0.71  Vegetative 0.55 0.20 0.15 0.10  0.55 0.20 0.25 0.00 

> 0.71  Vegetative* - - - -  0.35 0.20 0.25 0.20 

> 0.71 13.0 
Reproductive 

0.55 0.00 0.25 0.20  0.55 0.00 0.43 0.02 

> 0.71 12.5 0.55 0.00 0.25 0.20  0.55 0.00 0.43 0.02 

> 0.71 12.5 
Reproductive 

0.55 0.00 0.35 0.10  0.55 0.00 0.43 0.02 

> 0.71 11.0 0.55 0.00 0.35 0.10  0.55 0.00 0.43 0.02 

> 0.71  Vegetative 0.55 0.20 0.15 0.10  0.55 0.20 0.25 0.00 

> 0.71  Vegetative* - - - -  0.35 0.20 0.25 0.20 
* Regrowth after a dry period when part of the crown tissues died. 

 

Table 20. Senescence parameters for Piatã palisadegrass under cutting and grazing managements, in 

different daylength values and phenological phases.  

Daylength 

(hours) 

Phenological 

phase 

 

Cutting   Grazing  

Senescence Rate (d
-1

)  Senescence Rate (d
-1

) 

LRT*(d) Root Stem Crown  LRT*(d) Root Stem Crown 

10.6 
Vegetative 

80 0.001 0.005 0.005  80 0.001 0.005 0.005 

13.0 80 0.001 0.005 0.005  80 0.001 0.005 0.005 

13.0 
Reproductive 

80 0.001 0.005 0.005  80 0.001 0.005 0.005 

11.4 80 0.001 0.005 0.005  80 0.001 0.005 0.005 

11.4 
Reproductive 

56 0.001 0.015 0.015  80 0.001 0.005 0.005 

11.0 56 0.001 0.015 0.015  80 0.001 0.005 0.005 

11.0 
Vegetative 

56 0.001 0.015 0.015  80 0.001 0.005 0.005 

10.7 56 0.001 0.015 0.015  80 0.001 0.005 0.005 

10.7 
Vegetative 

80 0.001 0.005 0.005  80 0.001 0.005 0.005 

10.6 80 0.001 0.005 0.005  80 0.001 0.005 0.005 
* Leaf senescence is calculated using a leaf residence time (LRT) in days. 

 

Good agreement between observed and estimated data was observed for all 

vegetative variables in all the assessed pasture managements (Table 22). Forage live mass 

simulations presented good precision (R
2
 between 0.82 and 0.93), good accuracy (d between 

0.92 and 0.98, and NSE from 0.72 to 0.91) and low errors (Table 22 and Figure 13). Dry 

matter partitioning between the aboveground organs also was satisfactorily simulated, with 

good precision and accuracy between observed and estimated data (R
2
 between 0.72 and 0.97, 

d between 0.89 and 0.99, and NSE from 0.65 to 0.94) in most of the managements, except for 
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crown growth in the Experiment 2, which even in this case presented a reasonable 

performance (R
2
 = 0.64, d = 0.86, and NSE = 0.53) (Table 22). LAI simulations were efficient 

mainly for irrigated pasture under cutting management (R
2
 = 0.78, d = 0.89, and NSE = 0.55) 

and for rainfed pasture under grazing (R
2
 = 0.81, d = 0.93, and NSE = 0.70); however for 

rainfed pasture under cutting management the model´s performance was only regular (R
2
 = 

0.62, d = 0.88, and NSE = 0.48) (Table 22), what in the end did not affect substantially forage 

mass simulations. The SLA simulations presented a regular precision and accuracy (R
2
 

between 0.47 and 0.66, d between 0.82 and 0.90, and NSE from 0.39 to 0.61) (Table 22), 

which was caused by the great variability of SLA data; however the time series of SLA 

showed that this approach was able to capture the environment effects on SLA satisfactorily, 

both for cut and grazed pastures (Figure 14). 

 

Table 21. Forage mass losses after grazing adjusted for each cycle of the Experiment 2 used for the 

APSIM-Tropical Pasture parameterization for Piatã palisadegrass under grazing and rainfed 

conditions. 

 

Grazing end date 

Forage mass losses after grazing (kg ha
-1

) 

Cycle  

 Leaf Stem Total 

1 12/26/2014 800 100 900 

2 1/30/2015 300 1500 1800 

3 3/6/2015 200 1000 1200 

4 4/14/2015 300 100 400 

5 5/19/2015 300 600 900 

6 6/23/2015 300 500 800 

7 7/29/2015 300 400 700 

8 9/3/2015 200 300 500 

9 10/9/2015 100 100 200 

10 11/13/2015 500 500 1000 

11 12/21/2015 600 800 1400 

 

Time series of observed and estimated data are shown for the parameterization 

experiments, under cutting management and irrigated (Figure 12a) or rainfed (Figure 12b) 

conditions, and under grazing management and rainfed conditions (Figure 12c). The model 

was able to capture several trends across all conditions. Growth differences during initial 

development were satisfactorily simulated under cutting management and irrigated and 

rainfed conditions, as presented in the first three growth cycles of the Experiment 1 (Figure 

12a and 12b). The effect of reproductive periods on pasture growth was also well represented 

by the model as showed in the simulations for the cycles 5, 6, 7 and 8 of the Experiment 1 

(Figure 12a and 12b) and 1, 2, 3, 10 and 11 of the Experiment 2 (Figure 12c). Similarly, the 
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simulations followed the impact of water deficit on pasture growth, as showed mainly in the 

cycles 2 and 3 of the Experiment 1 (Figure 12a and 12b) and in the cycles 6 and 7 of the 

Experiment 2 (Figure 12c). Nitrogen effects on growth were well captured by the model, with 

good simulations for high N supply (cycles 1, 2, 3, 4 of the Experiment 2) and low N supply 

(from the 5
th

 to the 11
th

 cycle of the Experiment 2) (Figure 12c), despite the uncertainties in 

initial N content and organic matter pools and in N leaching. The assumed values of forage 

mass losses after grazing allowed good growth simulations under grazing, mainly for the last 

forage mass value of each cycle, therefore the observed values of the first three assessments 

after cutting suggest that the speed of these losses was higher in the cycles conducted during 

the warm and wet seasons (e.g. cycles 1 and 2) and lower in those conducted during the cool 

and dry seasons (e.g. cycles 5, 6 and 7) (Figure 12c), showing that these losses do not occur in 

the first days after grazing for all environmental conditions. 

 

4.3.2. APSIM-Tropical Pasture Test 

The test of APSIM-Tropical Pasture for growth simulations for the Experiment 3, 

where pastures were irrigated and with cutting management, resulted in very good 

performance (Figure 15a and 16a), with R
2 
= 0.94, d = 0.98, NSE = 0.92, ME = 328.1 kg ha

-1
, 

MAE = 542.8 kg ha
-1

 and RMSE = 724.4 kg ha
-1

, confirming the capability of this model to 

simulate this kind of system. The results of the comparison between observed and estimated 

forage live mass for pasture grown under rainfed conditions and grazing were also very good, 

considering the great variability and difficulties to assess grazed pastures (Figure 15b and 

16b). The statistical results prove such performance, as follows: R
2 

= 0.97, d = 0.97, NSE = 

0.88, ME = -395.2 kg ha
-1

, MAE = 395.2 kg ha
-1

 and RMSE = 494.3 kg ha
-1

. 
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Figure 12. Time series of observed and estimated forage live mass for the experiments used in the 

APSIM-Tropical Pasture parameterization for Piatã palisadegrass under cutting management and 

irrigated (a) and rainfed (b) conditions; and under grazing management and rainfed (c). 
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Table 22. Statistical indexes for the simulations of forage live mass (FLM), leaf mass (Leaf), stem 

mass (Stem) and crown mass (Crown) (kg ha-1); and of leaf area index (LAI) and specific leaf area 

(SLA) (m2 g-1), for the two experiments used in the APSIM-Tropical Pasture parameterization for 

Piatã palisadegrass and its comparison with observed data. R
2
 = coefficient of determination, d = 

agreement index, NSE = Nash-Sutcliffe efficiency, ME = mean error (kg ha-1), MAE = mean absolute 

error (kg ha-1), RMSE = root mean square error (kg ha-1). 

Variable 
Experiment 1 (Cutting management and irrigated) 

R
2
 d NSE ME MAE RMSE 

FLM 0.93 0.98 0.91 277.7 495.8 620.3 

Leaf 0.83 0.94 0.77 221.1 373.4 440.3 

Stem 0.90 0.97 0.89 51.1 179.1 288.2 

Crown 0.94 0.98 0.94 5.5 122.3 151.6 

LAI 0.78 0.89 0.55 0.6 0.7 0.9 

SLA - - - - - - 

 Experiment 1 (Cutting management and rainfed) 

 R
2
 d NSE ME MAE RMSE 

FLM 0.89 0.97 0.88 45.8 493.2 632.2 

Leaf 0.72 0.92 0.69 12.5 390.4 467.0 

Stem 0.88 0.97 0.88 20.3 168.1 245.3 

Crown 0.97 0.99 0.96 12.9 67.7 103.3 

LAI 0.62 0.88 0.48 0.2 0.7 0.9 

SLA 0.66 0.90 0.61 0.4 1.7 2.1 

 Experiment 2 (Grazing management and rainfed) 

 R
2
 d NSE ME MAE RMSE 

FLM 0.82 0.92 0.72 -458.3 623.7 771.3 

Leaf 0.85 0.94 0.73 -116.4 232.7 297.8 

Stem 0.73 0.89 0.65 -236.7 365.0 503.5 

Crown 0.64 0.86 0.53 -107.4 177.4 226.5 

LAI 0.81 0.93 0.70 -0.1 0.5 0.6 

SLA 0.47 0.82 0.39 -0.1 1.3 1.7 

 

4.4. Discussion 

The APSIM-Tropical Pasture model showed to be able to simulate tropical pastures 

growth in several managements and environmental conditions, such as with or without 

irrigation, low and high nitrogen supply, cutting and grazing managements, dry and wet 

seasons, warm and cool periods. This capacity must allow many future parameterizations for 

several tropical pasture species with high importance for livestock and production of energy 

from biomass. Therefore the model can be improved in many aspects to simulate with better 

accuracy the pastoral systems composed by these species and their interactions with the 

managements employed, mainly grazing, which promotes a range of new interactions between 

animals and pasture; and must be tested in several locations, for different tropical pasture 

species, and with a wider range of climates, soils and management practices. 
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Figure 13. Relationships between observed and estimated forage live mass for the experiments used in 

the APSIM-Tropical Pasture parameterization for Piatã palisadegrass under cutting management, 

irrigated (a) and rainfed (b), and under grazing management and rainfed conditions (c). 

 

The Piatã palisadegrass forage mass simulations showed a good agreement between 

observed and estimated data, achieving statistical results similar to the best parameterizations 

for tropical pastures available in the literature (Lara et al. 2012; Pedreira et al. 2011; Pequeno 

et al. 2014; Pequeno et al. 2017), confirming the model efficacy. The results for irrigated 
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= 0.93 and 0.94, d = 0.98, NSE = 0.91 and 0.92, ME = 
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-1
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-1

 and RMSE = 620.3 and 724.4 kg ha
-

1
) where similar to the those obtained by Pedreira et al. (2011) for Xaraés palisadegrass (d = 

0.84 and RMSE = 538 kg ha
-1

), by Lara et al. (2012) for Tanzânia guineagrass (d = 0.98 and 

RMSE = 494.2 kg ha
-1

), by Pequeno et al. (2014) for Marandu palisadegrass (d = 0.91 and 

0.96 and RMSE = 464 and 523 kg ha
-1

) and by Pequeno et al. (2017) for Convert HD 364 

brachiariagrass (d = 0.88 and 0.96 and RMSE = 619 and 532 kg ha
-1

), all of them using the 

CROPGRO-Perennial Forage model for simulations. On the other hand, the results for rainfed 
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pasture under cutting management (R
2 

= 0.89, d = 0.97, NSE = 0.88, ME = 45.8 kg ha
-1

, MAE 

= 493.2 kg ha
-1

 and RMSE = 632.2 kg ha
-1

) were also similar to those obtained by Pequeno et 

al. (2014) for Marandu palisadegrass (d = 0.93 and 0.96 and RMSE = 526 and 501 kg ha
-1

) 

and by Pequeno et al. (2017) for Convert HD 364 brachiariagrass (d = 0.89 and 0.93 and 

RMSE = 571 and 738 kg ha
-1

), also using the CROPGRO-Perennial Forage model.  

 

 

Figure 14. Time series of observed and estimated specific leaf area for the experiments used in the 

APSIM-Tropical Pasture parameterization for Piatã palisadegrass under cutting (a) or grazing (b) 

management and under rainfed conditions. 
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simulations for the same species under rotational grazing resulted in R
2 

= 0.82 and 0.97, d = 

0.92 and 0.97, NSE = 0.72 and 0.98, ME = -458.3 and -395.2 kg ha
-1

, MAE = 623.7 and 395.2 

kg ha
-1

 and RMSE = 771.3 and 494.3 kg ha
-1

. Comparing the results observed in this study 

with those from Araújo et al. (2013), who simulated Mombaça guineagrass using the APSIM-

Growth model, it is possible to confirm that the APSIM-Tropical Pasture model improved the 

simulations of tropical pastures in the APSIM modelling framework. 

 

 

Figure 15. Time series of observed and estimated forage live mass for the experiments used in the 

APSIM-Tropical Pasture testing for Piatã palisadegrass under cutting management and irrigated (a), 

and under grazing management and rainfed (b). 
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simulations of growth partitioning and senescence considering the effects of flowering, which 

was never before implemented in a tropical pasture model; and N reallocation and 

retranslocation simulations. The simulations for grazing systems also were an important 

initiative to identify the main needs for simulating its related processes and interactions, 

clarifying some calculations that must be implemented in tropical pasture models and 

encouraging future studies to improve the understanding of these systems. 

Partitioning and senescence were strongly influenced by management and 

phenological phases, so they need good estimates of the beginning and ending of the 

reproductive period and of the flowering effects on these processes. For Piatã palisadegrass, 

the environmental factors that determine the induction of meristems to flowering are not 

completely clear, so in this study was assumed that daylength regulated this process, but more 

studies should be carried out to make the simulation of this process more precise. 

Additionally, more detailed experiments should be performed to assess the variation of apical 

meristems height during different pasture development phases and the removal of these 

meristems by cutting or grazing in different stubble heights or stubble mass amounts, in order 

to explain better the tiller death dynamics and its effect on partitioning and senescence. 

 

 

Figure 16. Relationships between observed and estimated forage live mass for the experiments used in 

the APSIM-Tropical Pasture testing for Piatã palisadegrass under irrigated cutting management (a) and 

under rainfed grazing management (b). 
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retranslocation, as well as calculations that allow controlling to where the DM and N recycled 

from senescent organs will be reallocated, and the DM and N coming from storage organs 

will be translocated. New studies about source/sink relationships during different 

phenological phases will help to explain these processes for tropical pastures. The simulations 

for the cycles 10 and 11 of the Experiment 2 (Figure 12c) highlighted the need of a good 

capability for DM retranslocation, since they were not accurate probably due to the need of 

some DM retranslocation from the storage organs to attend the demand for stem elongation 

during flowering, which seems to be an effect of the low N supply during these cycles. 

Currently, the stubble mass and morphology are not simulated by APSIM-Tropical 

Pasture, since the cutting management capability allows setting the amounts of leaf, stem, and 

crown in the stubble remained after each cut or grazing event. It seems to be a good tool for 

tropical pastures simulation, but efforts must be done for developing studies about stubble 

dynamics throughout the pasture development and ways to simulate it under cutting and 

grazing managements. Specifically for pastures under grazing, forage mass losses during and 

after grazing, caused by animals physical damages, are very important for the success of 

simulations, so it is important to develop tools to simulate these losses, based on factors such 

as: forage mass during grazing, stocking rate, among others. Such tool must be able to transfer 

lost forage mass to the surface organic matter and to calculate the speed of the losses after 

grazing, which, as suggested by the observed values from Experiment 2, may be higher during 

the warm and wet season and lower during the cool and dry season (Figure 12c). 

Improvements must be performed in the N leaching and surface organic matter 

simulations, since these variables were not well simulated for the soil conditions under study. 

Therefore, more studies should be carried out for explaining these processes for tropical soils 

and for supporting new improvements in the model. 

 

4.5. Conclusions 

The APSIM-Tropical Pasture model is able to simulate tropical pasture growth under 

various management and environmental conditions, such as drought and good water supply, 

low and high nitrogen fertilization, and cutting and grazing systems. 

Several requirements for future work have been identified during this study. The 

environmental factors that induce flowering are not completely clear for Piatã palisadegrass, 

so this presents a problem for applying a model for this species at a large scale. 
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The pasture simulations under grazing must be improved to account for biomass 

losses during and after grazing due to the damage caused by animals. Finally, the model must 

be tested for more locations, climate conditions, soils, and grazing or cutting intensities, in 

order to improve its accuracy and achieve enough confidence to be applied for planning and 

decision-making in pastoral systems. 
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5. TWO-DIMENSIONAL MODEL FOR ESTIMATING SOLAR 

RADIATION TRANSMISSION IN SILVOPASTORAL SYSTEM WITH 

EUCALYPTUS IN ROWS 

ABSTRACT 

Models for simulating radiation transmission by eucalyptus trees in agroforestry 

systems are not available in literature, which is a main concern when the purpose is to 

simulate plants growth in an intercropping system. Based on that, the aim of this study was to 

develop a two-dimensional model for simulating radiation transmission by eucalyptus trees 

arranged in rows in a silvopastoral system. This radiation transmission model is applicable for 

trees arranged in rows, considering the row as a wall, without significant spaces between tree 

canopies; and its calculations are based on a view point and its relationships with the sun and 

the row. Such model comprises three sub-models: shading model, which calculates the sun 

positioning, the relationships sun-row-view point and determines if there is shading on the 

point of interest; LAI distribution model, which calculates the LAI in four vertical layers and 

in six horizontal layers and give as result the LAI that is projecting shade; and radiation 

transmission calculations. For the model testing, quantum sensors were installed in four 

positions within the silvopastoral system (0.00, 3.75, 7.50 and 11.25 m from the North row) 

and at full sun to measure PAR from December 2014 to June 2016. The model developed in 

this study was efficient (R
2 

between 0.61 and 0.92, d from 0.87 to 0.97, NSE between 0.48 

and 0.88) for estimating PAR transmission. The model can be improved in future studies by 

estimating the distance crossed by the light beam within the canopy and by refining the leaf 

area distribution in the canopy. Tests should be performed in several locations, for different 

latitudes and agroforestry arrangements. 

 

Keywords: Agroforestry; Photosynthetically active radiation; Solar radiation interception; 

Tree canopy; Shading; Leaf area index 

 

5.1. Introduction 

Since the classic study of Monsi and Saeki (1953), many models have been proposed 

for estimating solar radiation transmission through canopies. Such models were developed 

initially for estimating solar radiation transmission in homogeneous crops or forestry 

canopies, and more recently for discontinuous canopies (intercropping, agroforestry or forest 

systems), isolated tree crowns, crops arranged in rows, among others (Abraha and Savage 

2010; Annandale et al. 2004; Chen et al. 1994; Dupraz 2012; Duursma and Mäkelä 2007; 

Oyarzun et al. 2007; Sinoquet and Bonhomme 1992; Talbot and Forrester 2014; Wang and 

Jarvis 1990; Zhao et al. 2003). 

In general, these approaches have taken into account calculations of solar radiation 

beam angle, canopy shape, leaf area density, radiation extinction coefficient, leaf angle 

distribution, canopy reflectivity and measurements or estimates of incoming solar radiation as 
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reference data (Monsi and Saeki 1953; Oyarzun et al. 2007; Sinoquet and Bonhomme 1992; 

Wang and Jarvis 1990). 

Monsi and Saeki (1953) proposed that the solar radiation intensity decreases 

exponentially through the leaf layers. Wang and Jarvis (1990) developed the MAESTRO 

model, recently incorporated to MAESPA (Duursma and Medlyn 2012), to calculate solar 

radiation absorption, photosynthesis and transpiration of tree crowns, using as reference the 

model of Norman and Welles (1983) and the model of Grace et al. (1987). MAESTRO is 

divided into seven submodels, with four of them describing solar radiation interception by 

tree canopies. The first submodel calculates the sun position and, consequently, the hour angle 

and the azimuthal angles of the sun during the day and the daylength. The second model 

partitions the incoming solar radiation into PAR and NIR fractions and determines sky 

cloudiness and hourly fractions of sunshine duration. The third submodel calculates the mean 

leaf area density and the fractions of the leaf area in different angles at each grid point in the 

tree crown, the sub-volume at each grid point and the diffuse radiation extinction coefficients 

for them. Finally, the fourth submodel calculates the hourly and daily amounts of PAR, NIR 

and thermal radiation absorbed by the target tree. Charbonnier et al. (2013) also employed 

MAESTRO to simulate competition for light in a coffee agroforestry system. 

Sinoquet and Bonhomme (1992) developed a two-dimensional model to estimate 

radiative transfer through crop canopies in mixed and row intercropping systems. This model 

describes canopy structure, radiation interception within mixed zones, radiation course within 

the canopy, incoming solar radiation interception, radiation scattering and radiation balance. 

Chen et al. (1994) used an approach based on fractal geometry for modeling the 

canopy, which allows the simulation of the three-dimensional radiation regime in a 

heterogeneous canopy. 

Oyarzun et al. (2007) proposed a simple model to estimate radiation interception by 

fruit-tree orchards. The model considers trees as prismatic-shaped porous bodies and the 

intercepted solar radiation by the orchard is computed based on geometric relationships 

between the stand structure, the sun position, and the length of the shadow cast by the trees, 

taking daily incoming solar radiation as reference. Similarly, Zhao et al. (2003) created a 

model to estimate the shortwave radiation distribution in an agroforestry system planted in 

regular arrays, but they assumed trees with spherical crowns. 

These references demonstrate that there are many efforts for describing solar 

radiation transmission and absorption by plant canopies for both conventional agricultural and 

agroforestry systems, but it is still necessary to clarify several aspects related for many 
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different plant associations or system arrangements to incorporate such knowledge to crop 

simulation models. In this context, models were not developed specifically for estimating 

radiation transmission by eucalyptus trees in agroforestry systems, so the aim of this study 

was to develop a two-dimensional model for simulating radiation transmission by eucalyptus 

trees arranged in rows in a silvopastoral system. 

 

5.2. Material and methods 

5.2.1. Model development 

The new radiation transmission model is applicable only for systems with trees 

arranged in rows; with trees spacing, in the row, short enough to suppress spaces between the 

tree canopies, working as a wall; and its calculations are based on a view point and its 

relationships with the sun and the row (Figure 17). For this model, the canopy shape does not 

matter, but the base of the canopy must be its widest part. Such model comprises three sub-

models: shading model, LAI distribution model and radiation transmission calculations. 

 

 

Figure 17. Schematic representation of the model´s assumptions: longitudinal canopy view, without 

spaces, working as a wall (left) and transversal canopy view in relation to the position of the sun 

(right). 

 

5.2.1.1. Shading model 

The shading sub-model calculates the sun positioning, the relationships sun-row-

view point and determines if there is shading on the point of interest. The input data for this 

View point
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sub-model are: day of year (DY), local hour, latitude (φ) and longitude (λ), in decimal, time-

zone standard meridian (Tm), distance from the North row (DR), row spacing (RS), tree 

height (TH), canopy beginning height (Cbh), canopy width (CW), canopy width to North 

(CWN), row orientation (RO) in degrees (ranging from 90º to -89.9º, being that 0º is E-W, 90º 

is N-S, 45º is NW-SE and -45º is NE-SW), ground slope (GS) in degrees, slope orientation 

(SO) in degrees (ranging from 90º to -90º and following the same distribution rule of RO), 

and slope direction (Sd) in degrees (ranging from 180º to -180º, being that 0º is N, -90º is E, 

90º is W and 180º is S). 

The equations from Equation 1 to Equation 9 were used for determining sun 

positioning. For this, local hour correction (Eq. 12), solar declination (δ) (Eq. 13), hour angle 

(h) (Eq. 14), zenith angle (z) (Eq. 15), hour angle at sunrise (hs) (Eq. 16), zenith angle at noon 

(z12) (Eq. 17), solar elevation angle (ê) (Eq. 18), solar azimuth from North (αN) (Eq. 19) and 

solar azimuth from South (αS) (Eq. 20) were calculated. 

 

If  λ > Tm then               *
 |    | 

  
+                                     (12) 

                                    If  λ  ≤ Tm then               *
 |    | 

  
+                                          

 

           *
   

   
        +                                              (13) 

 

                                                                     (14) 

 

                                                            (15) 

 

                                                                (16) 

 

    |   |                                                             (17) 

 

 ̂                                                                     (18) 
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        *
                

           
+                                              (19) 

If z12<0 then αN = 180º 

If  h=0 then  

If z12≥0 then αN = 0º 

If h<0 then αN = negative 

If  h≠0 then  

If h≥0 then αN = positive 

 

        *
              

           
+                                              (20) 

If z12<0 then αS = 0º 

If  h=0 then  

If z12≥0 then αS = 180º 

If h<0 then αS = negative 

If  h≠0 then  

If h≥0 then αS = positive 

 

The equations between Eq. 21 and Eq. 24 were used for calculating the sun-row-view 

point relationships, which consist in determine where the radiation beam, coming from the 

sun, is crossing the canopy to reach the view point. For this, the following calculations were 

performed: lateral displacement angle (  ̂) (Eq. 21), which means the angle between the 

transect line and the light beam line (Figure 18); lateral displacement (dl) (Eq. 22), which 

represents the distance between the transect line and the light beam line, on the row line and 

in the horizontal level (Figure 19), considering DRNcorr and DRScorr as the distances from the 

North and the South rows, respectively, corrected by ground slope; distance from the row on 

the light beam line (DRlb) (Eq. 23), which consists in the distance between the view point and 

the row on the light beam line, in the horizontal level (Figure 20); and tree height projecting 

shade (THshade) (Eq. 24), which calculates the canopy height that is projecting shade on the 

view point (Figure 21). 

 

North row:   ̂                                                    (21) 

                                                       South row:   ̂                      

 



100 
 

 

Figure 18. Schematic representation of a superior view of an inter-row with the angle between the 

transect line and the light beam line (  ̂). Gray strips represent tree rows. 

 

If |  ̂ | ≤ 90º then          ̂                                      (22) 

                                             If |  ̂ | > 90º then          ̂                 

 

 

Figure 19. Schematic representation of a superior view of an inter-row with the lateral displacement 

(dl) from the transect line to the light beam line, on the row line. Gray strips represent tree rows. 

 

If |  ̂ | ≤ 90º then       √           
                             (23) 

                                          If |  ̂ | > 90º then      √           
   

Transect line

Row line

View point

Light beam line

Transect line

Row line

View point

Light beam line

dl



101 
 

 

Figure 20. Schematic representation of a superior view of an inter-row with the distance between the 

view point and the row line, on the light beam line (DRlb). Gray strips represent tree rows. 

 

            ̂                                                 (24)  

 

Figure 21. Schematic representation of a tree row indicating the height where the light beam crosses 

the canopy (THshade). 

 

Additionally, it was necessary to do corrections for ground slope, calculating the row 

with lower ground level or row at the slope direction (Eq. 25), slope variation by each degree 

of the azimuth angle (SV) (Eq. 26), slope at light beam line (Slbl) (Eq. 27), slope parallel to 

the rows (Sp) (Eq. 28), slope at transect line (St) (Eq. 29), distance from the North row 

corrected for slope (DRNcorr) (Eq. 30), row spacing corrected for slope (RScorr) (Eq. 31), 

distance from the South row corrected for slope (DRScorr) (Eq. 32), light beam angle 

(horizontal) at which slope effect on tree height is inverted (  ̂   ) (Eq. 33), additional tree 

Transect line

Row line

View point

Light beam line

dl
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height caused for slope (THadd) (Eq. 34) (Figure 22), tree height corrected for ground slope 

(THcorr) (Eq. 35), and tree height projecting shade corrected for slope (THshadecorr) (Eq. 36). 

 

 

Figure 22. Schematic representation of two rows, one with a positive additional height (THadd) (left) 

and the other with a negative additional height (right), caused by ground slope. 

 

If  |       | > 90º then South row                                       (14) 

                                               If  |       | ≤ 90º then North row                 

 

   
  

  
                                                           (15) 

 

     |[ |  |  |  |    ]|                                         (16) 

 

   |[ |  |           ]|                                      (17) 

 

                                                           (18) 

 

                                                           (19) 

 

                                                            (20) 

 

                                                           (21) 
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If  Sd < 0 then    ̂                                              (22) 

           If  Sd ≥ 0 then    ̂          

 

            |  |                                           (23) 

If |  | >   ̂    then THadd is positive 

If Row lower ground level = North then  

If  |  | ≤   ̂    then THadd is negative 

If  |  | >   ̂    then THadd is negative 

If Row lower ground level = South then  

If  |  | ≤   ̂    then THadd is positive 

 

                                                          (24) 

 

                                                          (25) 

 

When the corrections for ground slope were done, it was necessary to do the 

corrections for canopy beginning height (Cbh) and canopy width (CW), being the first 

important when the light beam is crossing the row above the canopy beginning height, and the 

last when the light beam misses the canopy vertical line, but is intercepted by the lateral 

branches (Figure 23). These corrections are for shade coming from the row ahead (Figure 24) 

or from the back row (Figure 25). 

 

 

Figure 23. Schematic representation of the row ahead and the back row, defined by the sun position. 

 

Cbh

Back row Row ahead
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Figure 24. Schematic representation of two sun positions with shading from the lateral branches of the 

row ahead. 

 

 

Figure 25. Schematic representation of a sun position with shading coming from the back row. 

 

The calculations necessaries for these corrections were: canopy beginning height 

corrected by slope (Cbhcorr) (Eq. 37), distance from the position (or view point) to the point 

where the light beam reaches the Cbhcorr (Dposi-pointahead) (Eq. 38) (Figure 26), distance from the 

row ahead to the point where light beam reaches Cbhcorr  (Drowahead-pointahead) (Eq. 39), width 

projecting shade from row ahead (TWshadeahead) (Eq. 40), distance from the position to the 

canopy boundary of the back row (Dposi-bound) (Eq. 41), distance from the back row to its 

boundary (Dbackrow-bound) (Eq. 42), distance from the back row to the position (Dbackrow-posi) (Eq. 

43), distance from the position to the point where light beam line reaches Cbhcorr (Dposi-

pointback) (Eq. 44), distance from the back row to the point where light beam line reaches 

Back row Row ahead

Back row Row ahead
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Cbhcorr (Dbackrow-pointback) (Eq. 45), and width projecting shade from the back row 

(TWshadeback) (Eq. 46). 

 

 

Figure 26. Schematic representation of a condition when the light beam reaches the canopy beginning 

line out of the canopy, i.e., without shading. 

 

                                                            (37) 

 

                 
       

    ̂
                                          (38) 

 

                                                                  (39) 

 

If |  ̂ | > 90º then                                          ̂           (40) 

                    If |  ̂ | ≤ 90º then                                          ̂   

 

If |  ̂ | > 90º then               
             

     ̂ 
                        (41) 

                                         If |  ̂ | ≤ 90º then               
                    

     ̂ 
   

 

If |  ̂ | > 90º then                  
   

     ̂ 
                        (42) 

                 If |  ̂ | ≤ 90º then                  
   

     ̂ 
  

 

                                                             (43) 

 

                
   

    ̂
                                         (44) 

Dposi-pointahead

Cbhcorr

Drowahead-pointahead
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                                                              (45) 

 

If |  ̂ | > 90º then                                       ̂        (46) 

                             If |  ̂ | ≤ 90º then                                        ̂   

 

Finally, having THshadecorr, TWshadeahead and TWshadeback, it was possible to do the 

final test for shading, which is comprised of 4 subtests: for height projecting shade (Eq. 47), 

for sunset and sunrise (Eq. 48), for lateral branches from the row ahead (Eq. 49) and for 

lateral branches from the back row (Eq. 50).  

 

If  THshadecorr < Cbhcorr then 0 

If  THshadecorr > THcorr then 0                                     (47) 

If  THshadecorr ≥ Cbhcorr then                       

If  THshadecorr ≤ THcorr then 1 

 

If  | | > hs then 1 

If THshadecorr < 0 then 1                                                                     (48) 

If  | | ≤ hs then  

If  THshadecorr ≥ 0 then 0 

 

If |            | > CWS then 0 

 If |  ̂ | > 90º then  

If |            | ≤ CWS then 1 

If  TWshadeahead < 0 then  

If |            | > CWN then 0 

 If |  ̂ | ≤ 90º then  

If |            | ≤ CWN then 1 

 (49) 
If |            | > CWN then 0 

 If |  ̂ | > 90º then  

If |            | ≤ CWN then 1 

If  TWshadeahead ≥ 0 then  

If |            | > CWS then 0 

 If |  ̂ | ≤ 90º then  

If |            | ≤ CWS then 1 
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If |           | > CWS then 0 

If |  ̂ | > 90º then  

If |           | ≤ CWS then 1 

(50) 

If |           | > CWN then 0 

If |  ̂ | ≤ 90º then  

If |           | ≤ CWN then 1 

 

After these calculations, if the sum of the four results is 0 there is no shade, and if the 

sum is ≥ 1 there is shade. 

 

5.2.1.2. LAI distribution model 

The LAI distribution sub-model calculates the LAI in four vertical layers (Figure 27) 

and in six horizontal layers (Figure 28) and give as result the LAI that is projecting shade, 

using the THshadecorr, TWshadeahead and TWshadeback, calculated by the shading model. The 

input data for this sub-model are the average LAI considering the canopy projection area, and 

the fraction of leaf area in each vertical or horizontal layer (f). 

The vertical LAI distribution is determined by leaf area per linear meter of row (LA) 

(Eq. 51); average LAI by vertical canopy area (LAv) (Eq. 52), which represents the LA 

equally distributed in the area that is seen when the canopy is observed laterally; LAI in the 

low layer (LAIlow) (Eq. 53), considering the inferior 1/3 of the canopy; LAI in the 

intermediate layer (LAIint) (Eq. 54), considering the middle 1/3 of the canopy; LAI in the high 

layer (LAIhigh) (Eq. 55), considering the superior 1/3 of the canopy minus the top layer; LAI 

in the top layer (LAItop) (Eq. 56), considering the 5% superior of the canopy; and LAI at the 

height projecting shade (LAITH), which is determined matching the height projecting shade 

with its correspondent LAI (Eq. 57). A top layer is considered due to the conic format of the 

canopy at this layer, which promotes spaces without leaves and decrease in the total LAI. 

Additionally, as the present model is two-dimensional, a correction by the lateral 

displacement angle (  ̂) is necessary, since as higher is this angle as higher will be the 

distance that the radiation beam must cross trough the canopy (Figure 28). For this, LAI 

correction factor by lateral displacement (fdlh) (Eq. 58) and LAI corrected by lateral 

displacement (LAIcorrTH) (Eq. 59) must be calculated. 
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Figure 27. Schematic representation of the four vertical layers of the tree canopy. 

 

 

Figure 28. Schematic representation of the effect of lateral displacement on the distance that light 

beam must cross through the canopy. 
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*
        

  
+
                                                (56) 

 

If THshadecorr < Cbhcorr or THshadecorr > THcorr then no shade                                             (57) 

If THshadecorr > Cbhcorr and THshadecorr < THcorr then match with its correspondent LAI      

 

If |  ̂ | > 90º then       |(|  ̂ |    )
     

|                        (58) 

                If |  ̂ | ≤ 90º then       |(|  ̂ |    )
     

|  

 

          
     

    
                                               (59) 

 

The horizontal LAI distribution is determined calculating the LAI fraction in each 

horizontal layer (f) (Eq. 60) (Figure 29), and the LAI at the canopy width projecting shade 

(LAITW) (Eq. 61). A correction factor for lateral displacement (fdlw) (Eq. 62) and for zenith 

angle must be performed (fz) (Eq. 63), this last one because, when the zenith angle increases, 

the distance that the light beam must cross within the canopy decreases (Figure 30). Finally, 

the LAI corrected by lateral displacement and zenith angle (LAIcorrTW) is calculated (Eq. 64). 

 

 

Figure 29. Schematic representation of the six horizontal layers of a row. 
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Figure 30. Schematic representation of the zenith angle effect on the distance that light beam must 

cross through the canopy. 
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If TWshade > CW of the correspondent side, then no shade.                                                (61) 

If TWshade < CW of the correspondent side, then matches with its correspondent LAI. 

 

                                            For the external layer:            

For the middle layer:                                                         (62) 

                                            For the internal layer:            

 

If |  ̂ | > 90º then       |(|  ̂ |    )
    

|                                    (63) 

                                  If |  ̂ | ≤ 90º then       |(|  ̂ |    )
    

|  

 

          
          

    
                                                     (64) 

 

All the calculations above are done for the row 1, but to calculate the total LAI 

projecting shade, it is necessary also to consider the shading coming from the adjacent rows 

(rows 2 and 3) (Figure 31). For this, all the calculations by shading and LAI distribution sub-

models must be repeated, for each adjacent row, only changing the input data: distance from 

the row (DR) and row spacing (RO) (Eq. 65, 66, 67 and 68). After that, LAI projecting shade 

for each row (LAIshade) (Eq. 69), considering the horizontal LAI distribution only when there 
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is no shading promoted by the canopy vertical line, and the total LAI projecting shade 

(LAIshadeTotal) (Eq. 70) are calculated. 

 

 

Figure 31. Schematic representation of the distance from the row (DR) and the spacing of the rows 1, 

2 and 3. 

 

                                                          (65) 

 

                                                           (66) 

 

                                                        (67) 

 

                                                           (68) 

 

If light beam crosses the vertical canopy line then                                             (69) 
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5.2.1.3. Radiation transmission calculations 

The calculations of radiation transmission are done using as input data the x 

coefficient for leaf angle distribution and measured data of external daily total incoming 

radiation (MJ m
-2

 day
-1

), which is distributed for every 15 minutes based on the extra-
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terrestrial radiation curve. For this, the following calculations are required: daylength (N), in 

hours (Eq. 71); extra-terrestrial solar radiation for every 15 minutes (Qo), in W m
-2

 (Eq. 72); 

average Q0 in the diurnal period (Qoavg), in W m
-2

 (Eq. 73); multiplier for Qg distribution 

along the day (multQo) (Eq. 74); average external radiation along the day (Qgextavg), in W m
-2 

(Eq. 75); external solar radiation (Qgext), in W m
-2 

(Eq. 76); fraction of diffuse radiation at full 

sun (fdifext) (Eq. 77); external diffuse radiation (Qdifext), in W m
-2

 (Eq. 78); diffuse radiation 

transmissivity (tdif), determined through the model of Gou et al. (2017), using an extinction 

coefficient for z = 45º, and the LAI from the average LAI vertical; transmitted diffuse 

radiation (Qdift), in W m
-2

 (Eq. 79); extinction coefficient for ellipsoidal leaf angle 

distribution (k) (Eq. 80), based on Campbell and Norman (1998); direct radiation 

transmissivity (tdir) (Eq. 81); external direct radiation (Qdirext), in W m
-2 

(Eq. 82); transmitted 

direct radiation (Qdirt), in W m
-2

 (Eq. 83); transmitted radiation at every 15 minutes (Qt), in 

W m
-2

 (Eq. 84) and, finally, daily total transmitted radiation (Qtday), in MJ m
-2

 day
-1

 (Eq. 85). 
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5.2.2. Model testing 

5.2.2.1. Experimental data 

For the model testing, an experiment was carried out in São Carlos, state of São 

Paulo, Brazil (lat 22°01’ S, long 47°53’ W, alt 860 m), from December 2014 to June 2016. 

The climate of this location is Cwa (Köppen) with a cool and dry season, from April to 

September (average air temperature of 19.9ºC and total rainfall of 250 mm), and another 

warm and wet, from October to March (average air temperature of 23.0ºC and total rainfall of 

1100mm) (Alvares et al., 2013). The trial was composed by an open pasture of Urochloa 

(syn. Brachiaria) brizantha (Hochst ex A. Rich.) Stapf cv. BRS Piatã, which was the full sun 

system, and by an adjacent pasture, of the same cultivar, with rows of Eucalyptus urograndis 

(Eucalyptus grandis x Eucalyptus urophylla) of the GG100 clonal, which was the 

silvopastoral system. The experimental area totaled 12 ha, being 6 ha in each system. The 
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trees were planted in April 2011 and arranged in simple rows, in a near East-West orientation, 

with 15 m between rows and 2 m between plants in the rows, totaling 333 trees ha
-1

. 

The full sun pasture was considered a treatment (FS) and in the silvopastoral system 

other four treatments were established. The silvopastoral treatments were settle considering 

the distance from the North row, which was responsible for causing shading in the assessed 

area in the most of the year, due to solar declination. These treatments were: 0.00 m (SP1); 

3.75 m (SP2); 7.50 m (SP3) and 11.25 m (SP4) from the North row (Figure 32). 

Five linear quantum sensors (Apogee, Logan, UT, USA) were installed at 0.6 m 

above the ground, being one in the open pasture and four in the silvopastoral system, to 

measure photosynthetically active radiation (PAR) in all the specified positions (Figure 32). 

These sensors were connected to a datalogger (CR3000, Campbell Scientific, Logan, UT, 

USA), configured to take measurements every 5 seconds and to record averages every 15 

minutes and hour, and total values every day. 

 

 

Figure 32. Schematic representation of the experimental area indicating where the photosynthetically 

active radiation data were collected in the open pasture (left) and in the silvopastoral system (right). 

FS: full sun, SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m, SP4: 11.25 m from North row. Grey strips 

illustrate the tree rows. 

 

During the experimental period, trees assessments were performed six times 

(12/26/2014, 02/03/2015, 05/26/2015, 10/01/2015, 01/27/2016, and 06/02/2016), consisting in 

measurements of tree height and canopy beginning height, with a clinometer; and canopy 

width and canopy width to North (considering the distance from the stem to the extremity of 

the wider branch at the North direction), with a metric tape. 
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FS SP4 SP3 SP2 SP1

• • • • •
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In February 2015, the average leaf angle of 20 trees was measured with a LAI-2000 

canopy analyzer (Li-Cor, Lincoln, Nebraska, USA), maintaining the fish-eye glass oriented to 

take measurements only from the canopy, excluding the stem. For this, a cap with 45º 

openness was used, requiring eight measurements to integrate the whole canopy 

circumference. 

In July 2016, 10 trees were cut in order to measure their total leaf area. All the leaves 

of each tree were separated and weighed to determine the green biomass. Subsequently, a 

subsample of 0.2 kg was taken to determine its leaf area with a leaf area meter, model LI-

3100C (Li-Cor, Lincoln, Nebraska, USA) and driven in an oven at 65ºC, until constant 

weight. The specific leaf area (SLA) was determined by dividing the leaf area of the 

subsample by its dry mass. The total leaf area was calculated multiplying the SLA by the total 

leaf biomass. 

 

5.2.2.2. Testing process 

The first step of the testing process was the shading sub-model calculations, 

considering Tm = -45º, RS = 15 m, RO = -7.28, GS = 1.35º, SO = 90º and Sd = 0º. The values 

of TH, Cbh, CW and CWN (Table 23) were taken from the trees assessments and their 

variations were performed by a linear interpolation between the values of the previous and the 

next assessment. 

 

Table 23. Average tree height (TH), canopy beginning height (Cbh), canopy width (CW) and canopy 

width to North (CWN) of Eucalyptus trees cultivated in a silvopastoral systems. 

Date 
TH Cbh CW CWN 

m 

12/26/2014 24.05 5.93 7.16 3.68 

02/03/2015 23.01 5.27 7.54 4.06 

05/26/2015 23.15 5.50 6.53 3.38 

10/01/2015 25.40 6.58 8.09 4.13 

01/27/2016 26.73 6.72 8.96 4.38 

06/02/2016 29.40 9.26 8.07 4.61 

 

For the LAI distribution calculations, the total leaf area of the trees, measured during 

the experiment, was multiplied by the population of trees (0.0333 trees m
-2

), resulting in the 

LAI for the total area (1.97). This value was divided by the fraction of the total area covered 

by tree canopy (0.6) in order to obtain the average LAI considering the canopy projection area 
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(3.28), required as input by the model. This value was assumed to be the same in all the 

experimental period, considering that the leaf area variation was not significant. 

As leaf area was not measured separated for each canopy layer specified in the 

model, the fraction of leaf area in each vertical or horizontal layer (f) was adjusted to achieve 

the best simulations of PAR transmission (Table 24). 

 

Table 24. Fraction of leaf area in each vertical and horizontal layer calibrated for the PAR 

transmission simulations. 

Vertical  Horizontal 

Layer Fraction  Layer Fraction 

Low 0.150  Internal North 0.370 

Intermediate 0.430  Middle North 0.240 

High 0.380  External North 0.060 

Top 0.040  Internal South 0.275 

   Middle South 0.050 

   External South 0.005 

 

Finally, the radiation transmission calculations were performed using the x 

coefficient calculated through the equation 75 (0.70), for an ellipsoidal leaf angle distribution 

(Campbell and Norman 1998), considering the average leaf angle (ALA) measured during the 

experiment (66.5º). The measured data of external daily total incoming PAR (MJ m
-2

 day
-1

) 

also were employed in these calculations. The diffuse PAR transmission was calculated 

through the model of Gou et al. (2017), using as input data a k = 0.67, calculated for a zenith 

angle of 45º, considering the Campbell and Norman (1998) approach (Eq. 80), and LAV of the 

row 1, canopy width, row spacing and tree height. 

             (
         

   
)                                         (86) 

 

5.2.3. Statistical evaluation of the model 

Several statistical indexes were used to evaluate the model capacity for estimating 

PAR transmission. These statistics were: 

a) Linear regression between the observed (O) and the predicted (P) values of each variable, 

and the coefficient of determination (R
2
) about this regression. 
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b) Agreement index (d) of Willmott (1981), which calculates the model accuracy: 

    
∑        

  
   

∑  |    ̅| |    ̅|   
   

                                                  (87) 

c) Nash-Sutcliffe efficiency (NSE), which describes the model accuracy and, as suggested by 

Moriasi et al. (2007), means satisfactory model performance when its values are higher than 

0.5, and good performance when greater than 0.65: 

      
∑        

  
   

∑      ̅   
   

                                                    (88) 

d) Mean error (ME). 

   (
 

 
)∑        

 
                                                     (89) 

e) Mean absolute error (MAE). 

    (
 

 
)∑ |     |

 
                                                    (90) 

 

f) Root mean square error (RMSE). 

     √*(
 

 
)∑        

  
   +                                           (91) 

 

5.3. Results 

Good agreement between observed and estimated data was achieved for PAR 

transmission in all the assessed positions (Figure 33 and Table 25). The simulations at the 

position 0.00 m achieved good precision (R
2
 = 0.61), regular accuracy (d = 0.87 and NSE = 

0.48) and low errors (ME = 0.31 MJ m
-2

 day
-1

, MAE = 0.70 MJ m
-2

 day
-1

 and RMSE = 0.90 

MJ m
-2

 day
-1

) (Table 25). PAR transmission at 3.75 m from the North row also was 

satisfactorily simulated, achieving good agreement (R
2
 = 0.83, d = 0.95, NSE = 0.77, ME = 

0.40 MJ m
-2

 day
-1

, MAE = 0.92 MJ m
-2

 day
-1

 and RMSE = 1.15 MJ m
-2

 day
-1

) (Table 25). The 

simulations at the position 7.50 m presented good agreement (R
2
 = 0.92, d = 0.97, NSE = 

0.88, ME = 0.52 MJ m
-2

 day
-1

, MAE = 0.76 MJ m
-2

 day
-1

 and RMSE = 0.93 MJ m
-2

 day
-1

), 

such as at the 11.25 m from the North row (R
2
 = 0.88, d = 0.96, NSE = 0.87, ME = 0.25 MJ 

m
-2

 day
-1

, MAE = 0.68 MJ m
-2

 day
-1

 and RMSE = 0.84 MJ m
-2

 day
-1

) (Table 25). 

Time series of observed and estimated data are shown for the positions 0.00 m 

(Figure 34a), 3.75 m (Figure 34b), 7.50 m (Figure 34c) and 11.25 m (Figure 34d) from the 

North row. The model was able to capture several trends across all conditions. Some 

simulation problems were identified mainly during the transition between periods under 
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intense shading and periods with high transmissivity, mainly for the positions 3.75 and 7.50 m 

from the North row. In the position 0.00 m, a PAR transmission underestimation occurred 

between September and October 2015 (Figure 34). 

 

 

Figure 33. Relationship between estimated and observed daily PAR transmissions at 0.0 m (a), 3.75 m 

(b), 7.50 m (c) and 11.25 m (d) from the North row in a silvopastoral system. 

 

Table 25. Statistical indexes for the simulations of photosynthetically active radiation transmission at 

0.0 m, 3.75 m, 7.50 m and 11.25 m from the North row in a silvopastoral system. R2 = coefficient of 

determination, d = agreement index, NSE = Nash-Sutcliffe efficiency, ME = mean error (MJ m-2 day-

1), MAE = mean absolute error (MJ m-2 day-1), RMSE = root mean square error (MJ m-2 day-1). 

Position 
Statistical index 

R
2
 d NSE ME MAE RMSE 

0.00 0.61 0.87 0.48 0.31 0.70 0.90 

3.75 0.83 0.95 0.77 0.40 0.92 1.15 

7.50 0.92 0.97 0.88 0.52 0.76 0.93 

11.25 0.88 0.96 0.87 0.25 0.68 0.84 
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Figure 34. Time series of estimated and observed daily photosynthetically active radiation 

transmissions at 0.0 m (a), 3.75 m (b), 7.50 m (c) and 11.25 m (d) from the North row in a 

silvopastoral system. 
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5.4. Discussion 

The model developed in this study showed to be able to simulate solar radiation 

transmission in agroforestry systems with eucalyptus arranged in rows and without significant 

spaces between the canopies in the rows. The results confirmed the efficiency of the model 

for estimating PAR transmission in several distances from the tree rows, different zenith 

angles, in all the seasons of the year, and under high or low shading. This capacity must allow 

future adaptations for several tree species in agroforestry systems and the use of such model 

to help in simulations of crop and pastures growth in understory of these systems. Therefore 

the model can be improved in many aspects to simulate with better accuracy the interactions 

between solar radiation and tree canopy, mainly estimating the distance crossed by the light 

beam within the canopy, and refining the leaf area distribution in the different canopy parts; 

and must be tested in several locations, for different latitudes and agroforestry arrangements. 

The PAR transmission simulations showed a good agreement between observed and 

estimated data, achieving statistical results similar to several good studies available in the 

literature (Abraha and Savage 2010; Annandale et al. 2004; Charbonnier et al. 2013; Oyarzun 

et al. 2007), confirming the model efficacy. The results reached in the present study (R
2 

between 0.61 and 0.92, d from 0.87 to 0.97, NSE between 0.48 and 0.88, ME from 0.25 to 

0.52 MJ m
-2

 day
-1

, MAE from 0.68 to 0.92 MJ m
-2

 day
-1

 and RMSE between 0.84 and 1.15 

MJ m
-2

 day
-1

) where similar to those obtained by Annandale et al. (2004) (R
2 

between 0.62 

and 0.99, d from 0.22 to 0.98 and RMSE between 0.60 and 5.90 MJ m
-2

 day
-1

), Charbonnier et 

al. (2013) (R
2 

= 0.88 and RRMSE = 30%), Oyarzun et al. (2007) (d from 0.65 to 0.92), and 

Abraha and Savage (2010) (R
2 

= 0.91 and d = 0.96) for solar radiation transmission or 

interception. 

The simulations at the position 0.00 m were less efficient due to the great variability 

of the distribution of lateral branches, which projected shade on this position in great part of 

the year. In systems with pruning of this non-uniform part of the canopy or low layer, this 

problem may be reduced. Another factor that influenced the model performance was the 

allocation of the quantum sensors, which were maintained at the same position all the time 

and without replications, promoting a great susceptibility of the measurements to differences 

in individual tree dimensions. Probably, this factor influenced the efficiency of the estimates 

during the transition between periods under intense shading and periods with high 

transmissivity, due to individual variations of tree height and canopy width. Experimental 
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designs with replications of stationary sensors or the utilization of portable sensors that allow 

drawing grids of measurement throughout the system may help to solve these uncertainties. 

The diffuse/direct radiation ratio may be different depending on the location and 

conditions (Dervishi and Mahdavi 2012). The partitioning between incoming direct and 

diffuse radiation (Eq. 77 and 78) was estimated empirically in the present study with an 

equation developed specifically for the experimental site, being necessary to test this equation 

for other locations and adapt it if necessary. 

 

5.5. Conclusions 

The model developed in this study was efficient for estimating PAR transmission in 

several distances from the tree rows, different zenith angles, in all the seasons of the year, and 

under high or low shading. This capacity must allow future adaptations for several tree 

species in agroforestry systems and the use of such model to help in simulations of crop and 

pastures growth in understory of these systems. 

The model can be improved in many aspects to simulate with better accuracy the 

interactions between solar radiation and tree canopy, mainly estimating the distance crossed 

by the light beam within the canopy, and refining the leaf area distribution in the different 

canopy parts. Tests should be performed in several locations, for different latitudes and 

agroforestry arrangements. 

The simulations were affected negatively by factors such as the great variability of 

the distribution of lateral branches and the allocation of the quantum sensors, which were 

maintained at the same position all the time and without replications, increasing the 

susceptibility of the measurements to differences in individual tree dimensions. 
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6. APSIM-TROPICAL PASTURE AND CROPGRO-PERENNIAL 

FORAGE PERFORMANCES FOR SIMULATING PIATÃ 

PALISADEGRASS GROWTH IN A SILVOPASTORAL SYSTEM 

ABSTRACT 

Silvopastoral systems are important to intensify pasture production and mitigate 

climate change effects. However, very few studies were performed to adapt crop models to 

simulate these systems. The aim of this study was to test the APSIM-Tropical Pasture and the 

CROPGRO-Perennial Forage models for estimating Piatã palisadegrass growth in a 

silvopastoral system with eucalyptus. For this, a field experiment was carried out from 

December 2014 to January 2016, in a silvopastoral system with the trees arranged in simple 

rows, in East-West orientation, with 15 m between rows and 2 m between plants in the rows. 

This experiment was conducted under grazing management and rainfed conditions, during 11 

growth cycles, with the pasture variables being assessed at four distances from the North row 

(SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m). APSIM testing was performed by 

three methods: considering only the soil water competition, by using the current silvopastoral 

simulation capability, and considering only the solar radiation competition, by using the 

measured data of solar radiation or by using data of radiation transmission estimated by a 

specific model. CROPGRO testing was performed based on the competition for solar 

radiation, using the measured data of this variable. The APSIM-Tropical Pasture was efficient 

to simulate pasture growth when competition by solar radiation was considered (R
2
 from 0.69 

to 0.88, d from 0.90 to 0.96, and NSE between 0.51 and 0.85), but inefficient when 

considering only competition by soil water (R
2
 between 0.58 and 0.85, d between 0.58 and 

0.82, and NSE from -4.07 to -0.14). The CROPGRO-Perennial Forage achieved good 

performance on pasture growth simulation at the positions SP1, SP2 and SP3 (R
2
 from 0.75 to 

0.90, d from 0.93 to 0.96, NSE between 0.74 and 0.85), but low agreement between observed 

and estimated growth at SP4 (R
2 
= 0.38, d = 0.74 and NSE = -0.34). Despite the good results, 

improvements should be performed in both models for simulating all factors that affect forage 

growth in silvopastoral systems. 

 

Keywords: Agroforestry; DSSAT; Grazing; Tree-crop interactions; Solar radiation; Soil water 

 

6.1. Introduction 

Modeling of crop growth and development in agroforestry systems is much more 

complex than for single crops. This complexity comes from the heterogeneity caused by the 

interactions between crops and trees, changing mass and energy fluxes between them and 

promoting a huge interdependence of these two systems. Therefore, a crop model for 

simulating these two systems will require, besides the simulation of the dynamic processes of 

each of them, to describe the changes caused by their interactions (Huth et al. 2002). 

Many models employed for simulating agroforestry systems are based on this 

abstraction of the interaction between crop and tree. The WaNulCAS (Water, Nutrient and 
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Light Capture in Agroforestry systems) model (Van Noordwijk and Lusiana 1999), for 

example, uses a series of soil zones to calculate subsuperficial competition between trees and 

crops in several distances from the tree component. This model was used by Pinto et al. 

(2005) for estimating sugarcane productivity in an agroforestry system with eucalyptus. In a 

similar way, the SBELTS model (Qi et al. 2001) simulates crop yield according to several 

points under windbreaks, in order to calculate the effect of wind speed reduction on crop 

performance. In both cases, there are only studies about the system performance, but not of all 

the components that affect yield. 

Matthews and Lawson (1997) combined the tree model HYBRID (Friend et al. 1997) 

with the cassava model GUMCAS (Matthews and Hunt 1994) aiming to evaluate several 

agroforestry management options. The HYBRID model also was incorporated into the 

HyPAR model, using the tropical crop model PARCH (Fry and Lungu 1996) to simulate 

crops growth. 

Zuidema et al. (2005) used the SUCROS-Cocoa model for estimating cacao yield, 

taking into account solar radiation interception and photosynthesis, maintenance respiration, 

biomass accumulation and competition between plants, such as shading by trees. Balandier et 

al. (2003) evaluated the capacity of the ALWAYS model (Auclair 1996) to describe the 

interactions in silvopastoral systems, considering trees, pasture and animals. Brisson et al. 

(2004) adapted the STICS-CA model for integrated systems. Johnson et al. (2009) combined 

the ALMANAC (Kiniry et al. 1992) and SWAT models for estimating the yield of trees and 

understory crops. 

Oijen et al. (2010) developed a simple model for estimating coffee yield in 

agroforestry systems, in Central America, taking into account vegetative and reproductive 

growth fisiology under several environmental conditions. The Yield-SAFE model (Van Der 

Werf et al. 2007) was also applied for agroforestry systems. This model was used by Kessman 

et al. (2007) for simulating crops growth and productivity in these systems, whereas Palma et 

al. (2007) and Graves et al. (2010) employed it for simulating crops and trees growth. 

Gregory (1996), in a review about approaches for modeling water and nutrients 

uptake in agroforestry systems, mentioned that the basic principles that define the ability of 

roots to uptake water and nutrients from the soil were, respectively, first outlined by Bray 

(1954) and by Gardner (1960). These authors observed that the ability to uptake water and 

nutrients from the soil was not only dependent of the amount of each of them but also of their 

mobility in relation to the architecture of the root system. This means that the zone of 



127 
 

competition between roots for water and mobile nutrients such as nitrate is much larger than 

that for immobile nutrients such as phosphate. 

According to Celette et al. (2010), there are several models to estimate the 

partitioning of soil resources in intercropped systems (Lafolie et al. 1999; Ozier-Lafontaine et 

al. 1998; Van Noordwijk and Lusiana 1999). Most of them are fairly complex as they were 

designed to test hypotheses about the mechanisms of intercropped systems interactions 

(Malezieux et al. 2008). However, such kind of model should be kept simple, with few 

parameters and inputs, incorporating the main features relevant to the problem to be solved. 

The Agricultural Production Systems Simulator (APSIM) (Holzworth et al. 2014; 

Keating et al. 2003) was applied sometimes for agroforestry systems (Huth et al. 2002; 

Smethurst et al. 2017), but never for silvopastoral systems. Huth et al. (2002) simulated the 

yield of eucalypt and chickpea associated, using a multipoint capability, modeling each point 

separately and aiming a distribution that promotes a good representation of the entire system. 

Smethurst et al. (2017) estimated maize yield in an agroforestry system with gliricidia. On the 

other hand, the CROPGRO model (Boote et al. 1998), available on the Decision Support 

System for Agrotechnology Transfer (DSSAT) platform, is not used frequently for 

agroforestry systems, since its platform does not have tree models. However, it was employed 

by Qi et al. (2001) to simulate soybean yield under windbreak systems, and by Zamora et al. 

(2009), for simulating cotton yield under several shading levels, in an agroforestry system 

with pecan nut. More specifically, the CROPGRO-Perennial Forage model was employed by 

Pedreira et al. (2011) and Pequeno et al. (2014) for Urochloa brizantha under full sun, but 

never in silvopastoral systems. 

Considering that silvopastoral systems are of great importance to recover degraded 

pastures (Nair et al. 2009) and are tools for adapting agricultural systems and mitigating 

climate change effects (Steinfeld et al. 2006), the hypothesis of this study is that both APSIM-

Tropical Pasture and CROPGRO-Perennial Forage can be adapted to simulate pasture growth 

in a silvopastoral system. Therefore, the aim of this study was to test the APSIM-Tropical 

Pasture and the CROPGRO-Perennial Forage models for estimating Piatã palisadegrass 

growth in a silvopastoral system with eucalyptus, considering different interaction conditions. 
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6.2. Material and methods 

6.2.1. Experimental data 

The data used to test the models were collected in a field experiment carried out in 

São Carlos, SP, Brazil (21°57'42" S, 47°50'28" W, 860 m), in a pasture of Urochloa (sin. 

Brachiaria) brizantha cv. BRS Piatã associated with rows of eucalypt (Eucalyptus grandis x 

Eucalyptus urophylla)  (GG100 clonal), planted in April of 2011 and arranged in simple rows, 

in East-West orientation, with 15 m between rows and  2 m between plants in the rows. This 

experiment was conducted under grazing management and rainfed conditions during 11 

growth cycles, from December 2014 to January 2016, totaling 44 pasture productivity data, 

with the pasture variables being assessed at four distances from the eucalypt North row (SP1: 

0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m) (Figure 35). The pasture was grazed by 

beef cattle of Canchim breed in rotational grazing. The resting period was 30 days and the 

period of occupation was six days. Fertiliser was applied as 50 kg N ha
-1

 in the 1
st
, 2

nd
, 3

rd
 and 

4
th

 cycles, immediately after grazing. The meteorological conditions of each growth cycle, for 

the positions above described, are presented in Table 26. 

During each cycle, five pasture assessments were performed at approximately 0, 9, 

16, 23 and 30 days after grazing. These assessments were obtained by cutting the forage at 10 

cm above the ground, being taken two subsamples per plot for quantifying the biomass 

accumulation (above 20 cm), using a 0.25 m
2
 (0.5 x 0.5 m) quadrat. The forage collected was 

immediately weighed, and subsequently, both subsamples of each plot were mixed, from 

which two ~0.2 kg green mass samples were taken: one sample designed to perform 

morphological separation (leaf, stem and dead material) and another to determine the dry 

matter (DM). The percentage of dry matter from the morphological fractions was calculated 

by weighing both subsamples before and after drying them in an oven at 65ºC until they 

reached a constant weight. Having the weight of the green mass harvested in 0.25 m
2
, the 

productivity of DM was estimated from the fractions in this area, and then extrapolated to 1 

ha (kg ha
-1

). 
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Figure 35. Schematic representation of the experimental area indicating where the pasture data were 

collected in the silvopastoral system. SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m, SP4: 11.25 m from 

North row. Grey strips illustrate the eucalypt rows. 

 

Table 26. Average air temperature (Tavg), average photosynthetically active radiation (PAR), and 

total rainfall (RF), during each cycle of the experiment at the positions SP1: 0.00 m, SP2: 3.75 m, SP3: 

7.50 m, SP4: 11.25 m from eucalypt North row in the silvopastoral system.  

 Weather Cycle 

 variable 1 2 3 4 5 6 7 8 9 10 11 

SP1 

Tavg (ºC) 24.9 22.4 21.1 20.2 18.6 17.8 20.4 22.6 23.6 22.4 22.1 

PAR (MJ m-2 d-1) 7.9 6.6 6.9 7.5 3.1 3.3 6.5 10.8 7.7 6.0 5.2 

RF (mm cycle-1) 167.6 218.4 272.1 49.5 26.4 41.1 5.8 166.9 168.9 239.5 616.2 

SP2 

Tavg (ºC) 24.9 22.4 21.1 20.2 18.6 17.8 20.4 22.6 23.6 22.4 22.1 

PAR (MJ m-2 d-1) 7.9 4.1 1.5 2.0 0.9 1.0 2.8 2.1 3.2 4.7 3.9 

RF (mm cycle-1) 167.6 218.4 272.1 49.5 26.4 41.1 5.8 166.9 168.9 239.5 616.2 

SP3 

Tavg (ºC) 25.1 22.6 21.1 20.1 19.2 17.8 20.4 22.5 23.7 22.6 22.4 

PAR (MJ m-2 d-1) 7.7 5.9 2.2 1.3 1.5 1.5 1.9 2.3 5.4 4.5 3.7 

RF (mm cycle-1) 160.3 212.8 260.4 58.2 35.3 51.6 4.8 161.8 167.4 210.3 541.8 

SP4 

Tavg (ºC) 25.1 22.6 21.1 20.1 19.2 17.8 20.4 22.5 23.7 22.6 22.4 

PAR (MJ m-2 d-1) 5.4 5.2 3.4 1.3 0.9 1.0 1.1 4.3 5.0 3.1 2.3 

RF (mm cycle-1) 160.3 212.8 260.4 58.2 35.3 51.6 4.8 161.8 167.4 210.3 541.8 

 

Once the morphological separation was performed, the fractions representing the 

leaves were used to determine the leaf area with a leaf area meter, model LI-3100C (Li-Cor, 

Lincoln, Nebraska, USA). With leaf area and the area from where forage was harvested (0.25 

m
2
), the leaf area index (LAI) was determined. The specific leaf area (SLA) was determined 

by dividing the leaf area of the samples by its dry weight. 

To determine the forage biomass and biometric characteristics below 10 cm, four 

assessments were done, one in each season of the year, cutting the pasture until the ground 

SP4 SP3 SP2 SP1

• • • •

3.75 m

7.50 m

11.25 m

15 m
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level and submitting the samples to the same procedure above described. Crown mass was 

considered as the measured stem mass below 10 cm. 

In July 2016, 10 trees were cut in order to measure their total leaf area. All the leaves 

of each tree were separated and weighed to determine the green biomass. Subsequently, a 

subsample of 0.2 kg was taken to determine its leaf area with a leaf area meter, model LI-

3100C, and driven in an oven at 65ºC, until constant weight. The SLA was determined by 

dividing the leaf area of the subsample by its dry mass. The total leaf area of an individual 

tree was calculated multiplying the SLA by the total leaf biomass. This total leaf area was 

multiplied by the population of trees (0.0333 trees m
-2

), resulting in the LAI for the total area 

(1.97). This value was divided by the fraction of the total area covered by tree canopy (0.6) in 

order to obtain the average LAI considering the canopy projection area (3.28), required as 

input by the model. 

 

6.2.2. APSIM model testing 

For the APSIM-Tropical Pasture test for pasture under grazing and in a silvopastoral 

system, it was necessary to add a function to change SLA by solar radiation incidence, 

assuming that SLA is changed when the daily total incoming radiation is lower than 15 MJ m
-

2 
day

-1
 for several consecutive days, increasing linearly while incoming radiation decreases, 

achieving a maximum SLA increase of 40% at 0 MJ m
-2 

day
-1

. 

Specifically, in pastures under grazing, there are forage mass losses after a grazing 

event, which occur due to physical damages caused by the animals during grazing. Therefore, 

it was necessary to use the cutting management capability of the APSIM-Tropical Pasture to 

set the after grazing biomass losses. The losses were considered to occur at the first day after 

grazing and their values were assumed to be different for each position of the silvopastoral 

system, as specified in Table 27. 

For the simulations, sowing was performed considering a population of 225 plants m
-

2
, with a sowing depth of 10 cm and space between rows of 20 cm. Initial nitrate content was 

86.5 kg ha
-1

, initial ammonium content was 59.6 kg ha
-1

, initial organic carbon was 13.8 kg m
-

2
 in which 7.7 kg m

-2
 were inert, and soil pH ranged from 5.5 in the surface layer to 6.3 in the 

deeper layer. The initial surface organic matter was considered as 1000 kg ha
-1

. 

As the APSIM modelling framework still has not a complete model to simulate 

silvopastoral systems, this testing process was performed by adopting three methods: a) 

considering only the soil water competition, by using the current silvopastoral simulation 
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capability; b) considering only the solar radiation competition, by using the measured data of 

photosynthetically active radiation; and c) considering only the solar radiation competition, 

but using data of total solar radiation estimated by the model described in Chapter 5. 

 

Table 27. Forage mass losses after grazing assumed for each cycle of the experiment in four positions 

(SP1: 0.00 m, SP2: 3.75 m, SP3: 7.50 m and SP4: 11.25 m from the North row) of a silvopastoral 

system, during the testing of APSIM-Tropical pasture to estimate forage growth in such system. 

 

Grazing end date 

Forage mass losses after grazing (kg ha-1) 

Cycle     

 SP1 SP2 SP3 SP4 

1 12/26/2014 160 1000 1000 1000 

2 1/30/2015 150 300 500 900 

3 3/6/2015 50 0 0 400 

4 4/14/2015 50 0 0 0 

5 5/19/2015 50 0 0 0 

6 6/23/2015 0 0 0 0 

7 7/29/2015 0 200 0 0 

8 9/3/2015 0 0 0 0 

9 10/9/2015 130 0 300 300 

10 11/13/2015 0 330 300 0 

11 12/21/2015 0 400 300 300 

 

6.2.2.1. Simulations with soil water competition 

The current silvopastoral simulation capability, built for APSIM Next Generation 

(Holzworth et al. 2014; Holzworth et al. 2015) is composed by: the pasture module; the soil 

water competition capability, composed by the APSIM SoilWat module (Probert et al. 1998), 

with a multi-root-zones approach; the Slurp module, which represents the tree component and 

allows setting a total tree root mass and length, and a leaf area index to calculate transpiration; 

and a simple approach for simulating radiation transmission by tree canopies. 

The soil water competition capability allows to divide an agroforestry simulation into 

zones of influence, being the first zone composed by the tree and the crop together, and the 

others only by the crop, but allowing to add some tree root mass to compete by water and 

sending this water to be used by the trees. 

The current APSIM’s tool for simulating radiation transmission by tree canopies in 

these systems calculates the radiation transmission through the Beer-Lambert law but 

considers that all the shading is projected on the first zone (below the trees), which causes 

wrong radiation distribution and transpiration estimates. Besides that, the pasture growth in 

the first zone is being calculated using the solar radiation intercepted by the pasture plus the 
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intercepted by the trees, resulting in growth overestimations. The tree LAI used for the 

radiation transmission calculations was the measured in July 2016, assuming that it was the 

same during all the experimental period. 

In order to test the model performance for estimating competition by soil water, the 

data of soil moisture for the considered positions, measured in the experiment described in 

Chapter 3, were used. 

 

6.2.2.2. Simulations with measured solar radiation transmission 

The simulations that considered only solar radiation competition were performed 

using the APSIM-Tropical Pasture model and changing the weather files by adding the solar 

radiation transmission measured in each position of the silvopastoral system. As only the PAR 

transmission was measured, as described in Chapter 2, data of daily total incoming solar 

radiation, measured under standard conditions, were used to calculate the total solar radiation 

transmission, by multiplying the incoming solar radiation at full sun by the transmissivity for 

each assessed position. 

 

6.2.2.3. Simulations with estimated solar radiation transmission 

In this case, the simulations were performed similarly to that described above, but 

using total solar radiation transmission data estimated by the model presented in Chapter 5. 

For this, the input data of incoming solar radiation under full sun were the same collected at 

full sun and in the standard conditions (Allen et al. 1998). 

 

6.2.3. CROPGRO model testing 

As the CROPGRO-Perennial Forage model was never before adapted for Piatã 

palisadegrass, the first step was to calibrate it for simulating this cultivar under full sun. For 

this, the parameterization of Pequeno et al. (2014) for Marandu palisadegrass (Urochloa 

brizantha cv. Marandu) was used as a reference. Taking into account that the two cultivars 

belong to the same species, the species and ecotype coefficients were kept the same, and only 

the cultivar coefficients were adjusted. 
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For the calibration process, the data collected in the Experiment 1, described in 

Chapter 4, were used. The first adjustment was to add the value of SLA under standard 

growth conditions (SLAVR), 200 cm
2
 g

-1
, correspondent to the average of the SLA values 

obtained from the irrigated plots of the Experiment 1 and only from periods when the growth 

and partitioning were not affected by initial plant development or flowering (the end of the 

cycle 3, the whole cycles 4 and 8, and the beginning of the cycles 5 and 6). The second 

adjustment was performed by calibrating the Maximum leaf photosynthesis rate (at 30ºC, 350 

ppm CO2, and high solar radiation incidence) (LFMAX), in mg CO2 m
-2

 s
-1

, aiming to achieve 

the best pasture growth simulations, compared to the values from the same periods used for 

the SLAVR adjustment. The calibrated value of LFMAX was 2.2 mg CO2 m
-2

 s
-1

. The rest of 

the cultivar coefficients were kept as determined by Pequeno et al. (2014). 

The second step was to test the efficiency of the calibrated model for estimating Piatã 

palisadegrass growth under full sun and grazing, using the pasture data collected in the 

Experiment 2, described in Chapter 4. 

Finally, the model was tested for estimating pasture growth at the four positions of 

the silvopastoral system above described. As CROPGRO has not the capability to simulate 

competition for soil water, the simulations were based on the competition for solar radiation. 

CROPGRO also has not models for simulating trees or radiation transmission by their 

canopies in agroforestry systems, so the simulations were performed using the CROPGRO-

Perennial Forage model and changing the weather files by adding the solar radiation 

transmission measured in each position of the silvopastoral system. As only the PAR 

transmission was measured, as described in Chapter 2, data of daily total incoming solar 

radiation, measured under standard conditions, were used to calculate the total solar radiation 

transmission, by multiplying the incoming solar radiation at full sun by the transmissivity for 

each assessed position. 

 

6.2.4. Models performance assessment 

Several statistical indexes were used to assess the performance of the models for 

estimating pasture growth in relation to the environmental conditions and managements above 

described. These statistics were: 

a) Linear regression between observed (O) and estimated (E) values of each variable, and the 

respective coefficient of determination (R
2
); 
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b) Willmott (1981) agreement index (d), which quantifies model´s accuracy: 
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c) Nash-Sutcliffe efficiency (NSE), which describes model´s accuracy: 
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d) Mean error (ME) 
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e) Mean absolute error (MAE) 
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f) Root mean square error (RMSE) 
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6.3. Results 

6.3.1. APSIM-Tropical Pasture 

6.3.1.1. Simulations with soil water competition 

The agreement between observed and estimated data of pasture variables was 

unsatisfactory when the current APSIM silvopastoral capability was used. Forage live mass 

simulations presented regular precision (R
2
 between 0.58 and 0.85), low accuracy (d between 

0.58 and 0.82, and NSE from -4.07 to -0.14) and regular errors (Table 28 and Figure 36). Dry 

matter partitioning between the aboveground organs also was not satisfactorily simulated, 

with low precision and accuracy between observed and estimated data (R
2
 between 0.20 and 

0.87, d between 0.34 and 0.90, and NSE from -11.53 to 0.67) (Table 28). LAI simulations 

were efficient for the positions SP2, SP3 and SP4 (R
2
 between 0.78 and 0.86, d from 0.94 to 

0.95, and NSE between 0.77 and 0.84), however for the position SP1 the model performed 

unsatisfactorily (R
2
 = 0.59, d = 0.80, and NSE = -0.19) (Table 28). The SLA simulations 

presented low precision and accuracy (R
2
 between 0.02 and 0.18, d between 0.37 and 0.45, 

and NSE from -5.41 to -1.74) (Table 28). 
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Good performance was achieved for the simulations of soil water for the positions 

SP2, SP3 and SP4, but for the position SP1 the agreement between observed and estimated 

values was poor, due to the model deficiencies for simulating solar radiation transmission, 

affecting the transpiration. The simulations at the position SP1 achieved low precision (R
2
 = 

0.48), low accuracy (d = 0.62 and NSE = -1.27) and high errors (ME = 30.3 mm, MAE = 30.7 

mm and RMSE = 34.6 mm) (Table 29). Soil water at SP2 was satisfactorily simulated, 

achieving good agreement (R
2
 = 0.79, d = 0.94, NSE = 0.77, ME = 1.5 mm, MAE = 9.0 mm 

and RMSE = 11.8 mm) (Table 29). The simulations at the position SP3 presented good 

precision and accuracy and small errors (R
2
 = 0.69, d = 0.91, NSE = 0.59, ME = 0.9 mm, 

MAE = 11.1 mm and RMSE = 14.3 mm), such as at the SP4 (R
2
 = 0.76, d = 0.93, NSE = 

0.72, ME = 1.1 mm, MAE = 9.5 mm and RMSE = 12.5 mm) (Table 29). 

Time series of observed and estimated soil water content are presented for the 

positions SP1, SP2, SP3 and SP4 in Figure 37. The model was able to simulate satisfactorily 

the soil water variations for several conditions. For the position SP1, the simulations 

presented higher errors, since the model estimated shading excessively for this position, what 

promoted underestimations of pasture transpiration and, consequently, overestimations of soil 

water. For the other positions, some problems were identified during periods when natural 

shading occurred in some conditions (between April and May for SP2, April and August for 

SP3 and from April to June for SP4). As the model assumes that shading did not occur at 

these positions, it promotes overestimation of pasture transpiration and underestimation of 

soil water content (Figure 37). Other problems occurred during intense rainfall events in June, 

July and September 2015, when the model overestimated soil water recharges. 

6.3.1.2. Simulations with measured solar radiation transmission 

The simulations that considered only competition by solar radiation, using the 

measured data of PAR transmission at each position of the silvopastoral system, achieved 

good agreement between observed and estimated data of pasture variables. Forage live mass 

simulations reached good precision (R
2
 from 0.69 to 0.86), good accuracy (d from 0.90 to 

0.96, and NSE between 0.51 and 0.85) and regular errors (Table 30 and Figure 38). Dry 

matter partitioning between the aboveground organs also was well simulated, with regular 

precision and accuracy between observed and estimated data (R
2
 from 0.41 to 0.88, d ranging 

from 0.78 to 0.95, and NSE between 0.09 to 0.82) (Table 30), except for the crown mass 

simulations that presented performance ranging from low to regular (R
2
 between 0.09 and 

0.88, d between 0.45 and 0.86, and NSE from -2.91 to 0.68). LAI simulations were regular to 
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good (R
2
 from 0.65 to 0.82, d ranging between 0.81 and 0.89, and NSE from 0.38 to 0.67) 

(Table 30). The SLA simulations presented low precision and accuracy (R
2
 from 0.01 to 0.07, 

d from 0.30 to 0.33, and NSE ranging from -2.00 to -0.65) (Table 30). 

 

Table 28. Statistical indexes for the simulations of forage live mass (FLM), leaf mass (Leaf), stem 

mass (Stem) and crown mass (Crown) (kg ha-1); and of leaf area index (LAI) and specific leaf area 

(SLA) (m2 g-1), at 0.0 m (SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt 

North row in a silvopastoral system, using the current APSIM silvopastoral simulation capability and 

the APSIM-Tropical Pasture model. R2 = coefficient of determination, d = agreement index, NSE = 

Nash-Sutcliffe efficiency, ME = mean error (kg ha-1), MAE = mean absolute error (kg ha-1), RMSE = 

root mean square error (kg ha-1). 

Variable 
SP1 

R2 d NSE ME MAE RMSE 

FLM 0.58 0.58 -4.07 946.84 954.5 1349.0 

Leaf 0.67 0.63 -3.58 561.4 578.3 806.0 

Stem 0.20 0.34 -11.53 348.5 360.2 551.7 

Crown 0.85 0.90 0.67 50.1 58.0 71.5 

LAI 0.59 0.80 -0.19 0.5 0.7 1.2 

SLA 0.02 0.42 -1.74 -5.0 5.5 6.3 

 SP2 

 R2 d NSE ME MAE RMSE 

FLM 0.85 0.81 -0.31 801.20 813.9 1036.6 

Leaf 0.87 0.90 0.44 294.6 340.1 428.3 

Stem 0.54 0.66 -1.82 382.0 406.8 538.6 

Crown 0.65 0.77 -0.17 138.4 162.9 180.0 

LAI 0.86 0.95 0.84 -0.2 0.5 0.6 

SLA 0.18 0.45 -1.91 -6.6 6.6 7.7 

 SP3 

 R2 d NSE ME MAE RMSE 

FLM 0.80 0.82 -0.14 773.42 793.3 997.0 

Leaf 0.78 0.88 0.35 284.4 333.7 440.8 

Stem 0.58 0.76 -0.46 296.5 355.8 467.3 

Crown 0.72 0.61 -1.93 203.6 203.6 225.5 

LAI 0.78 0.94 0.77 -0.1 0.5 0.6 

SLA 0.18 0.40 -4.70 -6.6 6.6 7.1 

 SP4 

 R2 d NSE ME MAE RMSE 

FLM 0.76 0.80 -0.43 735.32 810.5 1083.9 

Leaf 0.84 0.85 -0.04 354.7 411.9 556.9 

Stem 0.42 0.65 -1.56 302.5 368.2 490.4 

Crown 0.76 0.86 0.48 90.7 100.2 124.5 

LAI 0.84 0.95 0.82 -0.2 0.5 0.6 

SLA 0.02 0.37 -5.41 -7.7 7.7 8.5 
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Figure 36. Relationships between observed and estimated forage live mass, using the current APSIM 

silvopastoral simulation capability and the APSIM-Tropical Pasture model, for the positions 0.0 m 

(SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt North row in a silvopastoral 

system. 

 

Table 29. Statistical indexes for the simulations of soil water until 1-m depth at 0.0 m (SP1), 3.75 m 

(SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt North row in a silvopastoral system, using 

the current APSIM silvopastoral simulation capability associated to the APSIM-Tropical Pasture 

model. R2 = coefficient of determination, d = agreement index, NSE = Nash-Sutcliffe efficiency, ME 

= mean error (mm), MAE = mean absolute error (mm), RMSE = root mean square error (mm). 

Position 
Statistical index 

R2 d NSE ME MAE RMSE 

SP1 0.48 0.62 -1.27 30.3 30.7 34.6 

SP2 0.79 0.94 0.77 1.5 9.0 11.8 

SP3 0.69 0.91 0.59 0.9 11.1 14.3 

SP4 0.76 0.93 0.72 1.1 9.5 12.5 
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Figure 37. Time series of observed and estimated soil water content until 1-m depth, using the current 

APSIM silvopastoral simulation capability associated with the APSIM-Tropical Pasture model, for the 

positions 0.0 m (SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt north row in a 

silvopastoral system. 

 

Time series of observed and estimated data of forage mass for these simulations with 

estimated solar radiation transmission are presented in Figure 39. The model was able to 

capture several trends related to the effect of environmental conditions on pasture growth. The 

simulations achieved good results, even considering only competition by solar radiation, since 

it was the most determinant factor once water deficit was not very intense during the 

experimental period, except in the cycle 7 (Figure 39). During the 7
th

 cycle the model 

overestimated pasture growth since the water uptake by the tree roots was important to 
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determine pasture growth (Figure 39). The assumed values of forage mass losses after grazing 

allowed good growth simulations, despite the uncertainties of these values. 

 

Table 30. Statistical indexes for the simulations of forage live mass (FLM), leaf mass (Leaf), stem 

mass (Stem) and crown mass (Crown) (kg ha-1), leaf area index (LAI) and specific leaf area (SLA) (m2 

g-1) at 0.0 m (SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt north row in a 

silvopastoral system, considering only competition by solar radiation, using the measured data of PAR 

transmission at each position and the APSIM-Tropical Pasture model. R2 = coefficient of 

determination, d = agreement index, NSE = Nash-Sutcliffe efficiency, ME = mean error (kg ha-1), 

MAE = mean absolute error (kg ha-1), RMSE = root mean square error (kg ha-1). 

Variable 
SP1 

R2 d NSE ME MAE RMSE 

FLM 0.86 0.96 0.85 -17.8 179.5 229.6 

Leaf 0.88 0.95 0.82 -92.1 126.3 160.7 

Stem 0.49 0.80 0.09 67.1 110.1 149.0 

Crown 0.86 0.86 0.68 12.3 55.1 70.5 

LAI 0.82 0.89 0.67 -0.4 0.4 0.6 

SLA 0.07 0.30 -0.65 -2.4 3.7 4.9 

 SP2 

 R2 d NSE ME MAE RMSE 

FLM 0.75 0.91 0.58 -200.9 481.8 586.5 

Leaf 0.71 0.88 0.45 -228.9 324.0 421.4 

Stem 0.47 0.82 0.18 -59.0 245.8 289.7 

Crown 0.09 0.45 -0.33 90.6 161.7 191.8 

LAI 0.71 0.81 0.38 -0.8 0.9 1.2 

SLA 0.02 0.31 -0.80 -2.7 4.4 6.1 

 SP3 

 R2 d NSE ME MAE RMSE 

FLM 0.69 0.90 0.51 -37.1 531.0 651.8 

Leaf 0.63 0.87 0.36 -133.2 324.2 435.5 

Stem 0.44 0.78 0.18 -138.7 307.2 350.6 

Crown 0.61 0.48 -2.91 245.4 245.4 260.4 

LAI 0.65 0.84 0.41 -0.6 0.7 1.0 

SLA 0.01 0.30 -1.96 -3.0 4.3 5.2 

 SP4 

 R2 d NSE ME MAE RMSE 

FLM 0.77 0.93 0.71 -63.6 396.6 484.6 

Leaf 0.81 0.92 0.67 -179.2 263.6 314.4 

Stem 0.41 0.80 0.19 -57.9 228.3 275.8 

Crown 0.88 0.69 -0.32 187.9 187.9 199.2 

LAI 0.80 0.83 0.46 -0.8 0.9 1.1 

SLA 0.03 0.33 -2.00 -3.8 4.7 5.8 
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Figure 38. Relationships between observed and estimated forage live mass, considering only 

competition by solar radiation and using the measured data of PAR transmission at each position and 

the APSIM-Tropical Pasture model, for the positions 0.0 m (SP1), 3.75 m (SP2), 7.50 m (SP3) and 

11.25 m (SP4) from the eucalypt north row in a silvopastoral system. 

 

6.3.1.3. Simulations with estimated solar radiation transmission 

The simulations that considered only competition by solar radiation, using data of 

radiation transmission estimated by the model described in Chapter 5, also reached a good 

agreement between observed and estimated data of pasture variables (Table 31 and Figure 

40). Forage live mass simulations presented good precision (R
2
 between 0.76 and 0.88), good 

accuracy (d between 0.91 and 0.96, and NSE from 0.56 to 0.83) and regular errors (Table 31 

and Figure 40). Dry matter partitioning between the aboveground organs also was well 

simulated, with good precision (R
2
 between 0.50 and 0.90) and regular accuracy between 

observed and estimated data (d between 0.73 and 0.97, and NSE from 0.28 to 0.87) (Table 

31), except for the stem mass simulations for SP1 and SP2 (d = 0.80, and NSE from -0.10 to -
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0.09) and crown mass for SP3 (d = 0.55, and NSE = -2.48), which presented low accuracy. 

LAI simulations showed good performance (R
2
 between 0.70 and 0.90, d from 0.87 to 0.93, 

and NSE between 0.63 and 0.79 (Table 31), whereas SLA simulations presented low 

precision and accuracy (R
2
 between 0.01 and 0.07, d between 0.22 and 0.33, and NSE from -

2.30 to -0.18) (Table 31). 

 

 

Figure 39. Time series of observed and estimated forage live mass, considering only competition by 

solar radiation and using the measured data of PAR transmission at each position and the APSIM-

Tropical Pasture model, for the positions 0.0 m (SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) 

from the eucalypt north row in a silvopastoral system. 
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Table 31. Statistical indexes for the simulations of forage live mass (FLM), leaf mass (Leaf), stem 

mass (Stem) and crown mass (Crown) (kg ha-1); and of leaf area index (LAI) and specific leaf area 

(SLA) (m2 g-1) at 0.0 m (SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt north 

row in a silvopastoral system, considering only competition by solar radiation, using data of radiation 

transmission estimated by the model described in Chapter 5 and the APSIM-Tropical Pasture model. 

R2 = coefficient of determination, d = agreement index, NSE = Nash-Sutcliffe efficiency, ME = mean 

error (kg ha-1), MAE = mean absolute error (kg ha-1), RMSE = root mean square error (kg ha-1). 

Variable 
SP1 

R2 d NSE ME MAE RMSE 

FLM 0.76 0.92 0.68 -84.1 255.3 336.7 

Leaf 0.78 0.92 0.69 -91.5 160.2 210.7 

Stem 0.55 0.80 -0.09 57.5 105.7 162.7 

Crown 0.56 0.73 0.34 -44.9 85.7 101.1 

LAI 0.71 0.88 0.63 -0.3 0.5 0.7 

SLA 0.01 0.25 -0.18 -1.1 3.0 4.1 

 SP2 

 R2 d NSE ME MAE RMSE 

FLM 0.88 0.94 0.69 201.6 372.9 503.3 

Leaf 0.90 0.97 0.84 -60.4 177.4 227.6 

Stem 0.56 0.80 -0.10 171.0 244.0 336.3 

Crown 0.62 0.79 0.25 102.3 130.3 144.5 

LAI 0.90 0.93 0.79 -0.4 0.5 0.7 

SLA 0.07 0.22 -1.04 -1.8 5.0 6.5 

 SP3 

 R2 d NSE ME MAE RMSE 

FLM 0.78 0.91 0.56 327.7 463.6 619.9 

Leaf 0.70 0.91 0.64 -8.9 250.3 329.1 

Stem 0.61 0.86 0.37 117.3 234.2 307.3 

Crown 0.76 0.55 -2.48 233.6 233.6 245.8 

LAI 0.70 0.87 0.63 -0.3 0.5 0.8 

SLA 0.04 0.27 -2.30 -2.7 4.5 5.4 

 SP4 

 R2 d NSE ME MAE RMSE 

FLM 0.85 0.96 0.83 59.8 293.8 373.1 

Leaf 0.90 0.97 0.87 -81.3 154.7 196.7 

Stem 0.50 0.83 0.43 23.1 174.5 230.6 

Crown 0.87 0.80 0.28 129.8 129.8 146.7 

LAI 0.89 0.92 0.75 -0.5 0.6 0.7 

SLA 0.02 0.33 -1.32 -2.8 4.0 5.1 
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Figure 40. Relationships between observed and estimated forage live mass, considering only 

competition by solar radiation, using data of radiation transmission estimated by the model described 

in Chapter 5 and the APSIM-Tropical Pasture model, for the positions 0.0 m (SP1), 3.75 m (SP2), 7.50 

m (SP3) and 11.25 m (SP4) from the eucalypt north row in a silvopastoral system. 

 

6.3.2. CROPGRO-Perennial Forage 
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2
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0.90, d between 0.89 and 0.96, and NSE from 0.69 to 0.87). LAI simulations were efficient 

for both irrigated and rainfed systems (R
2
 = 0.82 and 0.69, d = 0.94 and 0.87, and NSE = 0.81 

and 0.44 (Table 32). The SLA simulations presented a regular precision and accuracy (R
2
 = 

0.10 and 0.02, d = 0.30 and 0.44, and NSE = -0.46 and -0.64) (Table 32), showing the limited 

performance of the model to simulate this variable. However, the errors in SLA did not 

influence substantially the forage mass simulations. 

 

Table 32. Statistical indexes for the simulations of forage live mass (FLM), leaf mass (Leaf), and stem 

mass (Stem) (kg ha-1); and of leaf area index (LAI) and specific leaf area (SLA) (m2 g-1), for the 

Experiment 1, used in the CROPGRO-Perennial Forage model calibration for Piatã palisadegrass 

under cutting management and full sun. R2 = coefficient of determination, d = agreement index, NSE 

= Nash-Sutcliffe efficiency, ME = mean error (kg ha-1), MAE = mean absolute error (kg ha-1), RMSE 

= root mean square error (kg ha-1). 

Variable 
Irrigated 

R2 d NSE ME MAE RMSE 

FLM 0.86 0.91 0.75 -494.6 646.1 1025.8 

Leaf 0.73 0.89 0.70 -112.3 342.8 505.0 

Stem 0.76 0.90 0.69 -382.4 547.7 805.6 

LAI 0.82 0.94 0.81 0.1 0.5 0.6 

SLA 0.10 0.30 -0.46 1.3 2.6 3.3 

 Rainfed 

 R2 d NSE ME MAE RMSE 

FLM 0.93 0.97 0.90 -136.5 446.7 587.7 

Leaf 0.79 0.94 0.79 12.7 309.6 382.1 

Stem 0.90 0.96 0.87 -149.2 280.8 412.2 

LAI 0.69 0.87 0.44 0.5 0.7 1.0 

SLA 0.02 0.44 -0.64 2.6 3.3 4.2 

 

6.3.2.2. Model testing for Piatã palisadegrass under grazing and full sun 

The comparison between observed and estimated forage live mass for pasture grown 

under rainfed conditions, full sun and grazing were good, even considering the great 

variability and difficulties to assess grazed pastures (Table 33 and Figure 42). The results 

prove such performance, as follows: R
2 

= 0.65, d = 0.86, NSE = 0.60, ME = -289.3 kg ha
-1

, 

MAE = 677.5 kg ha
-1

 and RMSE = 919.4 kg ha
-1

. The leaf mass simulations were very good 

(R
2 
= 0.79, d = 0.93, NSE = 0.75) but the stem mass presented low performance (R

2 
= 0.45, d 

= 0.78, NSE = 0.29). The model was efficient to simulate LAI (R
2 

= 0.77, d = 0.92, NSE = 

0.68), but inefficient to simulate SLA (R
2 

= 0.37, d = 0.52, NSE = 0.19). 
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Figure 41. Relationships between observed and estimated forage live mass for the Experiment 1, used 

in the CROPGRO-Perennial Forage model calibration for Piatã palisadegrass under cutting 

management and full sun, irrigated (a) and rainfed (b). 

 

Table 33. Statistical indexes for the simulations of forage live mass (FLM), leaf mass (Leaf), and stem 

mass (Stem) (kg ha-1); and of leaf area index (LAI) and specific leaf area (SLA) (m2 g-1), for the 

Experiment 2, used in the CROPGRO-Perennial Forage model testing for Piatã palisadegrass under 

grazing management and full sun. R2 = coefficient of determination, d = agreement index, NSE = 

Nash-Sutcliffe efficiency, ME = mean error (kg ha-1), MAE = mean absolute error (kg ha-1), RMSE = 

root mean square error (kg ha-1). 

Variable 
Statistical index 

R2 d NSE ME MAE RMSE 

FLM 0.65 0.86 0.60 -289.3 677.5 919.4 

Leaf 0.79 0.93 0.75 96.1 225.5 281.1 

Stem 0.45 0.78 0.29 -385.5 587.5 871.6 

LAI 0.77 0.92 0.68 0.3 0.5 0.6 

SLA 0.37 0.52 0.19 0.6 1.6 2.0 

 

6.3.2.3. Model testing for Piatã palisadegrass in silvopastoral system 

The simulations of pasture variables with the CROPGRO-Perennial Forage model, 

which considered only competition by solar radiation, using the measured data of PAR 

transmission at each position of the silvopastoral system, presented regular to good 

performance, except for the position SP4, and for SLA simulations at all positions. Taking 

into account the simulations for the positions SP1, SP2 and SP3, forage live mass simulations 

achieved good precision (R
2
 from 0.75 to 0.90), good accuracy (d from 0.93 to 0.96, and NSE 

between 0.74 and 0.85) and regular errors (Table 34 and Figure 43). Dry matter partitioning 

between leaf and stem also was well simulated, with regular to good precision and accuracy 

(R
2
 from 0.48 to 0.90, d ranging from 0.83 to 0.97, and NSE between 0.32 to 0.88) (Table 
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34). LAI simulations were good (R
2
 from 0.57 to 0.90, d ranging between 0.86 and 0.97, and 

NSE from 0.55 to 0.90) (Table 34). On the other hand, the simulations related to the position 

SP4 presented low performance, with R
2 

= 0.38, d = 0.74 and NSE = -0.34 for forage live 

mass; R
2
 between 0.27 and 0.54, d between 0.69 and 0.82, NSE between -0.61 and 0.17 for 

partitioning between leaf and stem, and R
2 

= 0.15, d = 0.63 and NSE = -0.51 for LAI (Table 

34). The SLA simulations presented low precision and accuracy (R
2
 from 0.01 to 0.18, d from 

0.32 to 0.64, and NSE ranging from -0.68 to -0.09), as reported in Table 34. 

 

 

Figure 42. Relationships between observed and estimated forage live mass for the Experiment 2, used 

in the CROPGRO-Perennial Forage model testing for Piatã palisadegrass under grazing management 

and full sun. 

 

Time series of estimated and observed data of forage live mass are presented for the 

simulations with the CROPGRO-Perennial Forage model for the four positions of the 

silvopastoral system in Figure 44. The results showed that the model was able to simulate the 

pasture growth in all experimental period, except in the 7
th

 cycle for the positions SP1, SP2 

and SP3; and for the 8
th

, 9
th

, 10
th

 and 11
th

 cycles for the position SP4. During the 7
th

 cycle a 

very intense water deficit occurred, reducing forage productivity. Therefore, during this cycle 

only competition by solar radiation was not enough to explain pasture growth. For the 

simulations in the position SP4, factors such as low stubble mass, low N supply and high 

water deficit in the 7
th

 cycle promoted the pasture death, reducing forage accumulation in the 

subsequent cycles (Figure 44). 
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Table 34. Statistical indexes for the simulations of forage live mass (FLM), leaf mass (Leaf) and stem 

mass (Stem) (kg ha-1); and of leaf area index (LAI) and specific leaf area (SLA) (m2 g-1) at 0.0 m 

(SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt north row in a silvopastoral 

system, considering only competition by solar radiation, using the CROPGRO-Perennial Forage 

model. R2 = coefficient of determination, d = agreement index, NSE = Nash-Sutcliffe efficiency, ME 

= mean error (kg ha-1), MAE = mean absolute error (kg ha-1), RMSE = root mean square error (kg ha-

1). 

Variable 
SP1 

R2 d NSE ME MAE RMSE 

FLM 0.90 0.95 0.85 -123.1 182.2 233.2 

Leaf 0.90 0.97 0.88 -51.7 103.9 132.0 

Stem 0.70 0.87 0.61 -71.4 110.2 150.9 

LAI 0.90 0.97 0.90 0.0 0.3 0.4 

SLA 0.18 0.58 -0.09 1.9 3.3 4.0 

 SP2 

 R2 d NSE ME MAE RMSE 

FLM 0.84 0.96 0.83 -61.7 305.1 377.0 

Leaf 0.71 0.91 0.60 -5.7 264.9 360.6 

Stem 0.86 0.95 0.83 -55.9 122.9 160.8 

LAI 0.71 0.91 0.71 -0.1 0.5 0.8 

SLA 0.01 0.32 -0.22 0.7 3.9 5.0 

 SP3 

 R2 d NSE ME MAE RMSE 

FLM 0.75 0.93 0.74 -32.7 351.2 478.6 

Leaf 0.48 0.83 0.32 17.9 333.5 451.2 

Stem 0.88 0.96 0.86 -50.7 124.1 164.8 

LAI 0.57 0.86 0.55 -0.1 0.6 0.9 

SLA 0.01 0.36 -0.68 -0.1 3.3 3.9 

 SP4 

 R2 d NSE ME MAE RMSE 

FLM 0.38 0.74 -0.34 -569.0 699.4 1048.8 

Leaf 0.27 0.69 -0.61 -382.4 475.8 693.5 

Stem 0.54 0.82 0.17 -186.8 251.8 372.4 

LAI 0.15 0.63 -0.51 -1.0 1.1 1.8 

SLA 0.15 0.64 -0.43 1.5 3.1 4.0 

 

6.4. Discussion 

The APSIM-Tropical Pasture and CROPGRO-Perennial Forage models showed to be 

able to simulate Piatã palisadegrass growth in silvopastoral systems under diverse 

environmental conditions, such as rainfed, low and high nitrogen supply, grazing 

managements, wet periods, and warm and cool seasons, mainly when the competition by solar 

radiation was the main limiting factor for pasture growth. Such performance will allow that 

many studies about pasture growth in silvopastoral systems could be conducted under the 

above described conditions. Therefore, the models can be improved in many ways to simulate 

with better accuracy silvopastoral systems and the interactions between trees, pasture, and 
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animals, mainly if competition by soil moisture and forage mass damages caused by animals 

during grazing could be considered on pasture growth. 

 

 

Figure 43. Relationships between observed and estimated forage live mass, considering only 

competition by solar radiation, using the CROPGRO-Perennial Forage model, for the positions 0.0 m 

(SP1), 3.75 m (SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt north row in a silvopastoral 

system. 

 

The simulations of forage mass with the APSIM-Tropical Pasture model showed a 

good performance when pasture growth was simulated considering only competition by solar 

radiation. These simulations were similar to those obtained by employing the APSIM 

modeling framework for simulating agroforestry systems by Smethurst et al. (2017) and Dilla 

et al. (2017). The results of the simulations with competition by solar radiation using the data 

of PAR measured (R
2
 from 0.69 to 0.86, d from 0.90 to 0.96, and NSE between 0.51 and 

0.85) and using the radiation transmission estimated by the model described in Chapter 5 (R
2
 

between 0.76 and 0.88, d between 0.91 and 0.96, and NSE from 0.56 to 0.83) were worse than 
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those obtained by Smethurtst et al. (2017) (R
2
 between 0.73 and 0.99, d between 0.90 and 

1.00, and NSE from 0.67 to 0.98), simulating maize yields in an agroforestry system with 

gliricidia, and by Dilla et al. (2017) (R
2
 between 0.94 and 0.95), for simulations of maize 

biomass under several artificial shading levels, but were still suitable taking into account the 

difficulties to simulate pasture growth in silvopastoral systems with grazing. On the other 

hand, the results for the simulations using the current APSIM silvopastoral capability were the 

worst obtained in this study (R
2
 between 0.58 and 0.85, d between 0.58 and 0.82, and NSE 

from -4.07 to -0.14). 

The APSIM silvopastoral simulation capability presented several problems, such as 

the inefficiency to simulate solar radiation transmission across the field transect between two 

rows of trees in the silvopastoral system, which resulted in difficulties to simulate pasture 

transpiration and, consequently, soil moisture. This problem may be corrected by adding a 

good solar radiation transmission model into the APSIM framework, for simulating with 

accuracy solar radiation incidence in any position of the system. The model described in 

Chapter 5 is a good alternative to solve this issue for silvopastoral systems with eucalyptus, 

such as shown by the results above discussed. Another deficiency of the silvopastoral 

capability was the simulation of pasture growth at the first zone, with trees and pasture 

together, in which it was calculated using the radiation intercepted by the pasture plus the 

intercepted by the trees, resulting in overestimation of forage accumulation. This problem 

should be fixed by changing the codes used for calculating radiation interception. Finally, the 

model must be improved to simulate automatically the tree root growth and its distribution in 

each zone of the silvopastoral system and soil layer. This improvement will be possible by 

coupling a eucalypt model in the APSIM silvopastoral simulation capability of the APSIM 

Next Generation platform, and by adding calculations that distribute the tree root growth 

estimated by the tree model horizontally and vertically in the soil, following a predetermined 

pattern related to the tree species. 

Specifically for silvopastoral systems under grazing, the simulations should be 

improved by developing tools to simulate forage mass losses during and after grazing, caused 

by animals physical damages, since they are very important to estimate pasture growth in 

these conditions. SLA calculations also should be improved by changing and calibrating the 

relationships between shading and SLA increase, but more detailed experiments are required 

for that. 
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Figure 44. Time series of observed and estimated forage live mass, considering only competition by 

solar radiation, using the CROPGRO-Perennial Forage model, for the positions 0.0 m (SP1), 3.75 m 

(SP2), 7.50 m (SP3) and 11.25 m (SP4) from the eucalypt north row in a silvopastoral system. 

 

The forage mass simulations for Piatã palisadegrass, under cutting management and 

full sun, with the CROPGRO-Perennial Forage model, showed a good performance, 

achieving results similar to the best parameterizations of such model for Urochloa brizantha 

available in the literature (Pedreira et al. 2011; Pequeno et al. 2014), confirming the model 

efficacy. The results for irrigated pasture under cutting management (R
2 

= 0.86, d = 0.91, NSE 

= 0.75, ME = -494.6 kg ha
-1

, MAE = 646.1 kg ha
-1

 and RMSE = 1025.8 kg ha
-1

) where similar 

to those obtained by Pedreira et al. (2011) for Xaraés palisadegrass (d = 0.84 and RMSE = 

538 kg ha
-1

) and by Pequeno et al. (2014) for Marandu palisadegrass (d = 0.91 and 0.96 and 
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RMSE = 464 and 523 kg ha
-1

). In the same way, the results for rainfed pasture under cutting 

management (R
2 

= 0.93, d = 0.97, NSE = 0.90, ME = -136.5 kg ha
-1

, MAE = 446.7 kg ha
-1

 

and RMSE = 587.7 kg ha
-1

) were similar to those obtained by Pequeno et al. (2014) for 

Marandu palisadegrass (d = 0.93 and 0.96 and RMSE = 526 and 501 kg ha
-1

). 

The results for the forage mass simulations with the CROPGRO-Perennial Forage 

model for rainfed pasture, under grazing management and full sun (R
2 
= 0.65, d = 0.86, NSE 

= 0.60, ME = -289.3 kg ha
-1

, MAE = 677.5 kg ha
-1

 and RMSE = 919.4 kg ha
-1

) were also 

similar to those results obtained by Pequeno et al. (2014). Santos (2016), simulating Piatã 

palisadegrass growth under continuous stocking with the STICS model, obtained R
2
 = 0.48 

and RMSE = 1020 kg ha
-1

. 

The CROPGRO-Perennial Forage model forage mass simulations, for the 

silvopastoral system, presented good results at the positions SP1, SP2 and SP3 (R
2
 from 0.75 

to 0.90, d from 0.93 to 0.96, NSE between 0.74 and 0.85, and RMSE = 919.4 kg ha
-1

), similar 

to those obtained by Pequeno et al. (2014) at full sun, and to those obtained by Zamora et al. 

(2009) (d between 0.94 and 0.98 and RMSE between 235 and 512 kg ha
-1

) simulating cotton 

biomass with the CROPGRO-Cotton model, in an agroforestry system with pecan trees, 

considering only competition by solar radiation, such as in the present study. The forage mass 

estimations at SP4 were affected by the pasture death during the 7
th

 cycle, probably promoted 

by the association between low N supply, low stubble mass, high shading and high water 

stress. However, more detailed studies should be carried out to evaluate the effects of these 

conditions on pasture growth and death. 

The simulations of pasture growth with the CROPGRO-Perennial Forage model may 

be improved by adding calculations that take into account the differences of growth 

partitioning and senescence during flowering. Specifically for pastures under grazing, such 

model should be adapted to consider the forage mass losses during and after grazing, caused 

by animals physical damages, but for this, more detailed studies should be conducted to 

identify the specific factors that affect such losses. 

Simulations of agroforestry systems in the DSSAT platform are very limited, since 

the models allow simulating only the competition by solar radiation, needing measurements 

of solar radiation at each position to be simulated, and do not have tree models. The good 

performance of CROPGRO-Perennial Forage model in the present study for the silvopastoral 

simulations are mainly due to the higher importance of solar radiation competition to 

determine pasture growth than competition by soil water. Therefore, when water deficit 

becomes more important to define pasture growth than solar radiation, the model will fail. 
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These problems could be solved in this platform by creating tree models and capabilities to 

simulate the interactions between trees and crops satisfactorily. 

6.5. Conclusions 

The APSIM-Tropical Pasture model was efficient to simulate pasture growth when 

only competition by solar radiation is considered, but when the simulations are performed 

with the current APSIM silvopastoral capability and considering competition by soil water, 

the model was inefficient. 

The APSIM silvopastoral simulation capability presented several problems, such as: 

the inefficiency to simulate solar radiation transmission across a transect, affecting pasture 

transpiration and water balance; pasture growth simulations at the first zone is calculated 

using the radiation intercepted by the pasture plus the intercepted by the trees, resulting in 

overestimations of forage accumulation; and the model does not simulate the tree root growth 

automatically, neither its horizontal and vertical distribution. Therefore, this capability is a 

promissing tool for estimating soil water competition in integrated systems. 

The CROPGRO-Perennial Forage model was efficient to simulate Piatã 

palisadegrass growth at full sun, under irrigated and rainfed conditions, and cutting and 

grazing management, except during flowering periods and when high forage mass losses after 

grazing occur. 

The simulations of pasture growth in silvopastoral systems with the CROPGRO-

Perennial Forage model were efficient when the competition by solar radiation is the only 

determining factor for pasture growth, however when soil water competition assumes a higher 

importance, the model is not efficient. 
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7. GENERAL CONCLUSIONS 

Based on the results obtained in this study and answering the aims proposed, it is 

possible to conclude that: 

- A silvopastoral system with east-west oriented rows caused shadow movement 

throughout the year, which promoted more shading at the inter-row when solar declination is 

higher; and higher shading at the positions near the trees, when solar declination is close to 

the local latitude. Air temperature and relative humidity did not differ between the open area 

and silvopastoral system, what was caused by the high canopy porosity, which allowed 

enough air movement between these areas; 

- Silvopastoral system promoted alterations on rainfall distribution and soil water 

availability due to the rainfall interception and water uptake by the trees. Available soil water 

until 1-m depth was affected by water uptake by the trees, decreasing it near them, and by 

shading and the windbreak effect, reducing evapotranspiration within the silvopastoral 

system; 

- Soil water recharge was higher close to the trees, mainly when rainfall interception 

increased throughfall at this position or due to improvements on soil structure and porosity, 

which increase water infiltration and decrease runoff. Soil water withdraw is faster below the 

trees, which is caused by the higher roots density and, consequently, more water absorption at 

this position; 

- The APSIM-Tropical Pasture model was able to simulate tropical pasture growth 

under various management and environmental conditions, such as drought and good water 

supply, low and high nitrogen fertilization, and cutting and grazing systems. Several 

requirements for future work have been identified during this study. The environmental 

factors that induce flowering are not completely clear for Piatã palisadegrass, so this presents 

a problem for applying a model for this species at a large scale. The pasture simulations under 

grazing must be improved to account for biomass losses during and after grazing due to the 

damage caused by animals. Finally, the model should be tested in other locations, climate 

conditions, soils, and grazing or cutting intensities, in order to improve its accuracy and 

achieve enough confidence to be applied for planning and decision-making in pastoral 

systems; 

- The two-dimensional radiation transmission model developed in this study was 

efficient for estimating PAR transmission in several distances from the tree rows, different 

zenith angles, in all the seasons of the year, and under high or low shading. This capacity 
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must allow future adaptations for several tree species in agroforestry systems and the use of 

such model to help in simulations of crop and pastures growth in understory of these systems. 

However, tests should be performed with such model in several locations, for different 

latitudes and agroforestry arrangements. 

- The CROPGRO-Perennial Forage model was efficient to simulate Piatã 

palisadegrass growth at full sun, under irrigated and rainfed conditions, and cutting and 

grazing management, except during flowering periods and when high forage mass losses after 

grazing occurred; 

- The APSIM-Tropical Pasture model was efficient to simulate pasture growth in the 

silvopastoral system when only competition by solar radiation is considered, but when the 

simulations are performed with the current APSIM silvopastoral capability and considering 

competition by soil water, the model was inefficient; 

- The APSIM silvopastoral simulation capability presented several problems, such 

as: the inefficiency to simulate solar radiation transmission across a transect, affecting pasture 

transpiration and water balance; pasture growth simulations at the first zone was calculated 

using the radiation intercepted by the pasture plus the intercepted by the trees, resulting in 

overestimations of forage accumulation; and the model does not simulate the tree root growth 

automatically, neither its horizontal and vertical distribution. Therefore, this capability is a 

promising tool for estimating soil water competition in integrated systems; 

- The simulations of pasture growth in silvopastoral systems with the CROPGRO-

Perennial Forage model were efficient when the competition by solar radiation is the only 

determining factor for pasture growth, however, when soil water competition assumes a 

higher importance, the model is not efficient. 




