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RESUMEN 

Los modelos de simulación de cultivos permiten analizar varias combinaciones de 

laboreo-rotación y explorar escenarios de manejo. El modelo DSSAT fue evaluado 

bajo condiciones de secano en un experimento de campo de 16 años en la semiárida 

España central. Se evaluó el efecto del sistema de laboreo y las rotaciones basadas 

en cereales de invierno, en el rendimiento del cultivo y la calidad del suelo. Los 

modelos CERES y CROPGRO se utilizaron para simular el crecimiento y rendimiento 

del cultivo, mientras que el modelo DSSAT CENTURY se utilizó en las simulaciones 

de SOC y SN. Tanto las observaciones de campo como las simulaciones con CERES-

Barley, mostraron que el rendimiento en grano de la cebada era mas bajo para el 

cereal continuo (BB) que para las rotaciones de veza (VB) y barbecho (FB) en ambos 

sistemas de laboreo. El modelo predijo más nitrógeno disponible en el laboreo 

convencional (CT) que en el no laboreo (NT) conduciendo a un mayor rendimiento en 

el CT. El SOC y el SN en la capa superficial del suelo, fueron mayores en NT que en 

CT, y disminuyeron con la profundidad en los valores tanto observados como 

simulados. Las mejores combinaciones para las condiciones de secano estudiadas 

fueron CT-VB y CT-FB, pero CT presentó menor contenido en SN y SOC que NT. El 

efecto beneficioso del NT en SOC y SN bajo condiciones Mediterráneas semiáridas 

puede ser identificado por observaciones de campo y por simulaciones de modelos de 

cultivos. 

La simulación del balance de agua en sistemas de cultivo es una herramienta útil para 

estudiar como el agua puede ser utilizado eficientemente. La comparación del balance 

de agua de DSSAT , con una simple aproximación “tipping bucket”, con el modelo 

WAVE más mecanicista, el cual integra la ecuación de Richard , es un potente método 

para valorar el funcionamiento del modelo. Los parámetros de suelo fueron calibrados 

usando el método de optimización global Simulated Annealing (SA). Un lisímetro 

continuo de pesada en suelo desnudo suministró los valores observados de drenaje y 

evapotranspiración (ET) mientras que el contenido de agua en el suelo (SW) fue 

suministrado por sensores de capacitancia. Ambos modelos funcionaron bien después 

de la optimización de los parámetros de suelo con SA, simulando el balance de agua 

en el suelo para el período de calibración. Para el período de validación, los modelos 
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optimizados predijeron bien el contenido de agua en el suelo y la evaporación del 

suelo a lo largo del tiempo. Sin embargo, el drenaje fue predicho mejor con WAVE que 

con DSSAT, el cual presentó mayores errores en los valores acumulados. Esto podría 

ser debido a la naturaleza mecanicista de WAVE frente a la naturaleza más funcional 

de DSSAT. Los buenos resultados de WAVE indican que, después de la calibración, 

este puede ser utilizado como "benchmark" para otros modelos para periodos en los 

que no haya medidas de campo del drenaje.  

El funcionamiento de DSSAT-CENTURY en la simulación de SOC y N depende 

fuertemente del proceso de inicialización. Se propuso como método alternativo (Met.2) 

la inicialización de las fracciones de SOC a partir de medidas de mineralización 

aparente del suelo (Napmin). El Met.2 se comparó con el método de inicialización de 

Basso et al. (2011) (Met.1), aplicando ambos métodos a un experimento de campo de 

4 años en un área en regadío de España central. Nmin y Napmin fueron sobreestimados 

con el Met.1, ya que la fracción estable obtenida (SOC3) en las capas superficiales del 

suelo fue más baja que con Met.2. El N lixiviado simulado fue similar en los dos 

métodos, con buenos resultados en los tratamientos de barbecho y cebada. El Met.1 

subestimó el SOC en la capa superficial del suelo cuando se comparó con una serie 

observada de 12 años. El crecimiento y rendimiento del cultivo fueron adecuadamente 

simulados con ambos métodos, pero el N en la parte aérea de la planta y en el grano 

fueron sobreestimados con el Met.1. Los resultados variaron significativamente con las 

fracciones iniciales de SOC, resaltando la importancia del método de inicialización. El 

Met.2 ofrece una alternativa para la inicialización del modelo CENTURY, mejorando la 

simulación de procesos de N en el suelo.  

La  continua emergencia de nuevas variedades de híbridos modernos de maíz limita la 

aplicación de modelos de simulación de cultivos, ya que estos nuevos híbridos 

necesitan ser calibrados en el campo para ser adecuados para su uso en los modelos. 

El desarrollo de relaciones basadas en la duración del ciclo, simplificaría los 

requerimientos de calibración facilitando la rápida incorporación de nuevos cultivares 

en DSSAT. Seis híbridos de maiz (FAO 300 hasta FAO 700) fueron cultivados en un 

experimento de campo de dos años en un área semiárida de regadío en España 

central. Los coeficientes genéticos fueron obtenidos secuencialmente, comenzando 

con los parámetros de desarrollo fenológico (P1, P2, P5 and PHINT), seguido de los 
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parámetros de crecimiento del cultivo (G2 and G3). Se continuó el procedimiento hasta 

que la salida de las simulaciones estuvo en concordancia con las observaciones 

fenológicas de campo. Después de la calibración, los parámetros simulados se 

ajustaron bien a los parámetros observados, con bajos RMSE en todos los casos. Los 

P1 y P5 calibrados, incrementaron con la duración del ciclo. P1 fue una función lineal 

del tiempo térmico (TT) desde emergencia hasta floración y P5 estuvo linealmente 

relacionada con el TT desde floración a madurez. No hubo diferencias significativas en 

PHINT entre híbridos de FAO-500 a 700 , ya que tuvieron un número de hojas similar. 

Como los coeficientes fenológicos estuvieron directamente relacionados con la 

duración del ciclo, sería posible desarrollar rangos y correlaciones que permitan 

estimar dichos coeficientes a partir de la clasificación del ciclo. 
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SUMMARY 

Crop simulation models allow analyzing various tillage-rotation combinations and 

exploring management scenarios. DSSAT model was tested under rainfed conditions 

in a 16-year field experiment in semiarid central Spain. The effect of tillage system and 

winter cereal-based rotations on the crop yield and soil quality was evaluated. The 

CERES and CROPGRO models were used to simulate crop growth and yield, while the 

DSSAT CENTURY was used in the SOC and SN simulations. Both field observations 

and CERES-Barley simulations, showed that barley grain yield was lower for 

continuous cereal (BB) than for vetch (VB) and fallow (FB) rotations for both tillage 

systems. The model predicted higher nitrogen availability in the conventional tillage 

(CT) than in the no tillage (NT) leading to a higher yield in the CT. The SOC and SN in 

the top layer, were higher in NT than in CT, and decreased with depth in both 

simulated and observed values. The best combinations for the dry land conditions 

studied  were CT-VB and CT-FB, but CT presented lower SN and SOC content than 

NT. The beneficial effect of NT on SOC and SN under semiarid Mediterranean 

conditions can be identified by field observations and by crop model simulations. 

The simulation of the water balance in cropping systems is a useful tool to study how 

water can be used efficiently. The comparison of  DSSAT soil water balance, with a 

simpler “tipping bucket” approach, with the more mechanistic WAVE model, which 

integrates Richard’s equation, is a powerful method to assess model performance. The 

soil parameters were calibrated by using the Simulated Annealing (SA) global 

optimizing method. A continuous weighing lysimeter in a bare fallow provided the 

observed values of drainage and evapotranspiration (ET) while soil water content (SW) 

was supplied by capacitance sensors. Both models performed well after optimizing soil 

parameters with SA, simulating the soil water balance components for the calibrated 

period. For the validation period, the optimized models predicted well soil water content 

and soil evaporation over time. However, drainage was predicted better by WAVE than 

by DSSAT, which presented larger errors in the cumulative values. That could be due 

to the mechanistic nature of WAVE against the more functional nature of DSSAT. The 

good results from WAVE indicate that, after calibration, it could be used as benchmark 

for other models for periods when no drainage field measurements are available.  
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The performance of DSSAT-CENTURY when simulating SOC and N strongly depends 

on the initialization process. Initialization of the SOC pools from apparent soil N 

mineralization (Napmin) measurements was proposed as alternative method (Met.2). 

Method 2 was compared to the Basso et al. (2011)  initialization method (Met.1), by 

applying both methods to a 4-year field experiment in a irrigated area of central Spain. 

Nmin and Napmin were overestimated by Met.1, since the obtained stable pool (SOC3) in 

the upper layers was lower than from Met.2. Simulated N leaching was similar for both 

methods, with good results in fallow and barley treatments. Method 1 underestimated 

topsoil SOC  when compared with a 12-year observed serial. Crop growth and yield 

were properly simulated by both methods, but N in shoots and grain were 

overestimated by Met.1. Results varied significantly with the initial SOC pools, 

highlighting the importance of the initialization procedure. Method 2 offers an 

alternative to initialize the CENTURY model, enhancing the simulation of soil N 

processes.  

The continuous emergence of new varieties of modern maize hybrids limits the 

application of crop simulation models, since these new hybrids should be calibrated in 

the field to be suitable for model use. The development of relationships based on the 

cycle duration, would simplify the calibration requirements facilitating the rapid 

incorporation of new cultivars into DSSAT. Six maize hybrids (FAO 300 through FAO 

700) were grown in a 2-year field experiment in a semiarid irrigated area of central 

Spain. Genetic coefficients were obtained sequentially, starting with the phenological 

development parameters (P1, P2, P5 and PHINT), followed by the crop growth 

parameters (G2 and G3). The procedure was continued until the simulated outputs 

were in good agreement with the field phenological observations. After calibration, 

simulated parameters matched observed parameters well, with low RMSE in most 

cases. The calibrated P1 and P5 increased with the duration of the cycle. P1 was a 

linear function of the thermal time (TT) from emergence to silking and P5 was linearly 

related with the TT from silking to maturity . There were no significant differences in 

PHINT between hybrids from FAO-500 to 700 , as they had similar leaf number. Since 

phenological coefficients were directly related with the cycle duration, it would be 

possible to develop ranges and correlations which allow to estimate such coefficients 

from the cycle classification.  
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1.1 INTRODUCCION 

Planners, economists and researchers have always been interested in finding out ways 

to estimate in advance crop yields. However, crop growth is a very complex 

phenomenon and the product of a series of complex interactions of soil, plant and 

weather. Moreover, cropping systems are highly complex due to the many biological, 

chemical, and physical processes that affect the productivity of a crop in response to its 

environment and management. To deal with these inherent complexities and due to the 

lack of knowledge about how many of these factors interact to affect crop production, 

researchers started modelling these systems during the last 40 years (Porter et al., 

2010). 

1.1.1 Brief history of crop modeling 

A model is a simplified representation of a system, and a system is a limited part of 

reality that contains interrelated elements (de Wit, 1982). Crop models are 

mathematical representations of the main processes involved in the development, 

growth, and production of a crop. Mathematical modelling entails quantitative 

integration of the mechanisms at the various hierarchical levels to provide an 

explanation of system behaviour (Bouman et al.,1996). Models are used in almost all 

fields of science and technology. Due to the growth of computer resources and the 

sharing of experiences between biologists, mathematicians, and computer scientists, 

the development of crop growth models has also progressed enormously during the 

last two decades (Fourcaud et al., 2008). These models, many times grouped in 

packages such as DSSAT (Decision Support System for Agrotechnology Transfer; 

Tsuji et al., 1994; Jones et al., 2003; Hoogenboom et al., 2004, 2010), APSIM 

(Agricultural Production system Simulator; McCown et al., 1996; Keating et al., 2003), 

STICS (Simulator multidisciplinary for Crop Standard; Brisson et al., 2003) or CropSyst 

(Stöckle et al., 2003) are usually able to approximate crop and soil dynamics for a 

rather narrow range of factors that influence soil and crop growth processes under 

limited conditions. To that end, crop simulation models integrate the current state-of-the 

art scientific knowledge from many different disciplines, including crop physiology, plant 

breeding, agronomy, agrometeorology, soil science, economics and many others. Crop 
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simulation models were born to understand how the system and its components 

function and to predict the behavior of the system under given conditions. However, 

cropping systems models have evolved over the last four decades in response to the 

demand for modelling to address more complex questions, including issues on 

sustainable production, climate change, and environmental impacts. Thus, cropping 

system models are being constantly improved and used in various countries around the 

world for different purposes. Boote et al. (1996) summarized three primary uses or 

reasons for crop modeling: research knowledge synthesis, crop system decision 

management, and policy analysis. Additional applications include: to assess the long-

term impact of climate and associated environmental risks, to study the systems 

sustainability and the resources-use efficiency, to evaluate the impacts of different 

management practices and to minimize possible risks derived from them, as 

educational and researching tool, etc.  

By the end of the 1960s, computers had evolved sufficiently to allow the first attempts 

to synthesize detailed knowledge on plant physiological processes, in order to explain 

the functioning of crops as a whole (Bouman et al., 1996). The first steps for crop 

modeling were models developed to estimate light interception and photosyntesis in 

crop canopies (Loomis and Williams,1963; de Wit 1965; Duncan et al.,1967). Although 

these were relatively simple models, they meant the first attempts to make quantitative 

and mechanistic estimation of maximum attainable growth rates.  This entailed a 

revolution in the agricultural science shifting from the objective of just describing 

processes to an emphasis on deeper understanding of assimilate partitioning, 

ontogeny, product quality, and genetic control of crop characteristics (Sinclair and 

Seligman, 1996). The first examples of crop growth models, mostly intended for use by 

agriculture research community, were available during the 1970s and they were mainly 

theoretical approaches (Stöckle et al., 2003) . One of the first dynamic crop growth 

simulators was ELCROS (Elementary Crop Simulator; De Wit et al., 1970), which was 

used for exploratory studies into the potential production levels of crops under various 

conditions. Crop growth and potential yield became quantitatively and demonstrably 

linked via biochemical and biophysical mechanisms to the amount of solar energy 

available for the accumulation of chemical energy and biomass by plants (Sinclair and 

Seligman, 1996). Thus, early models focused on leaf to canopy assimilation, with 

emphasis on light interception and canopy architecture (Boote et al., 2013).  Later, the 
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advances in describing crop mass accumulation and the factors that alter plant growth 

were incorporated into the models, leading to develop whole crop models where life 

cycle prediction, life-long C balance and growth of different organs were emphasized 

(Hesketh, Baker and Duncan 1971, 1972). By 1974, Duncan had developed crop 

models for cotton, peanut, soybean and maize. In 1978, the comprehensive model 

BACROS (Basic Crop growth Simulator; De Wit, 1978) was developed from ELCROS 

to simulate the growth and transpiration of field crops in the vegetative phase under 

potential production conditions (Bouman et al., 1996). It was during 1980s, when more 

applications oriented models appeared geared towards management or field decision-

making (Wilkerson et al., 1983; Swaney et al., 1983). The first of these models was 

SUCROS (Simple and Universal Crop growth Simulator; van Keulen et al., 1982), 

which described physical and physiological processes applicable to a wide range of 

environmental conditions. SUCROS is a simple growth model with a time-step of 1 day. 

The original version of SUCROS simulated dry matter production of a crop from 

emergence to maturity under potential production conditions.  As the time frame of 

models was lengthened to include the entire growing season, developmental 

processes of plants became important consideration. The concept of assimilate 

partitioning was introduced as an empirical function of crop developmental stage, 

giving to reproductive organs highest priority for assimilate (Penning de Vries et al., 

1989; Spitters et al., 1989). The addition of these various components led to a number 

of models of daunting complexity, such as the models WOFOST (Van Keulen and Wolf, 

1986; Boogaard et al., 1998), MACROS (Penning de Vries et al., 1989), and ORYZA 

(Kropff et al., 1994) derived from the model SUCROS; or GOSSYM (Whisler et al., 

1986), CERES (Ritchie and Otter, 1985),and SOYGRO (Wilkerson et al., 1983). Also 

during 1980s, the PAPRAN model (Production of Arid Pastures limited by Rainfall and 

Nitrogen) was developed for annual pasture production in semi-arid conditions in which 

growth was limited by rainfall and N (Seligman and van Keulen, 1981; van Keulen, 

1982). During 1990s and 2000s the development and improvement of models has 

increased due to the demand of information required for agricultural decision making at 

all levels. Moreover, the increased demands for agricultural products and increased 

pressures on land, water, and other natural resources also stimulated model 

development (Jones et al., 2003). A high amount of new models (e.g. DAISY, Hansen 

et al., 1990; IXIM, Lizaso et al., 2011) and modeling packages (e.g. DSSAT 
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(Hoogenboom et al., 2010) , APSIM (McCown et al., 1996), STICS (Brisson et al., 

2003) , CropSyst (Stöckle et al., 2003), AquaCrop (Raes et al., 2009 ; Steduto et al., 

2009) were developed at this time. However, as the models became more complex, the 

number of parameters required to describe the system in detail greatly increased. The 

specific experimentation required to determine some of these parameters, led to an 

estimation of them since they could not be directly measured at the field. These 

complications can mean sometimes an obstacle for model implementation (Sinclair and 

Seligman, 1996). 

According to Stocke et al. (2003) models such as SUCROS and others associated with 

the Dutch "School of the Wit" (Bouman et al., 1996); as well as those produced in the 

USA as the CERES (Crop Environment Resources Synthesis) family models (Ritchie et 

al., 1985, 1998; Jones and Kiniry, 1986; Jones et al., 2003), and CROPGRO (Crop 

Growth) crop-template model-series (Boote et al., 1998, 2002) families of models, had 

a significant impact on the crop modeling community. Nowadays, the major modeling 

groups are located in the USA in the former project IBSNAT (International Benchmark 

Sites Network for Agrotechnology Transfer) (Uehara and Tsuji, 1993; Tsuji et al., 1994; 

Tsuji, 1998; Uehara, 1998; Jones et al., 1998) in Australia with the system APSIM, and 

in The Netherlands at Wageningen.  

There are several classifications for crop simulation models. The most common has 

been to classify models as empirical or mechanistic (Dent and Blackie, 1979; Connolly, 

1998; Thornley and France, 2007). Empirical or functional models are direct 

descriptions of measurements, and they define the characteristics of a system in a 

simple way applying functions fitted to data without considering the physiological 

processes involved in growth and morphogenesis (Fourcaud et al., 2008). In 

mechanistic models, the physical, chemical and biological laws are considered to 

describe the crop growth processes from seed initiation to senescence. Other common 

classification of models is done according to the estimation of production rate of 

biomass, from captured resources such as carbon dioxide, solar radiation, and water 

(Azam-Ali et al., 1994). Attending to the crop growth, and how the model estimates the 

daily accumulation of biomass under potential conditions, crop models can be 

classified in three groups (Confalonieri et al., 2006). The first group includes the family 

of models based on gross assimilation of CO2, and on maintenance and growth 
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respiration to get the final net carbon assimilation. Simulated growth processes and 

phenological development are regulated by temperature, radiation, and atmospheric 

CO2 content and are limited by water availability (Todorovic et al.,2009). These carbon-

driven models includes SUCROS, WOFOST, and other Wageningen crop models 

(Bouman et al., 1996; Van Ittersum et al., 2003) and the American CROPGRO model. 

The other two groups of models are based on the concept of net photosynthesis for the 

daily accumulation of biomass. On one hand, there are models which consider biomass 

as directly derived from intercepted radiation. They use the concept of radiation use 

efficiency (RUE), a parameter used to compute the aboveground biomass accumulated 

each day from intercepted solar radiation. Examples of the RUE-based models are the 

CERES family models, EPIC (Erosion Productivity Impact Calculator; Sharpley and 

Williams, 1990; Jones et al., 1991), and STICS. On the other hand, there are models 

which consider biomass as proportional to transpired water by using a parameter of 

transpiration use efficiency (TUE), such as AquaCrop. Models such as CropSyst 

calculate growth daily limitations by light (RUE) and water (TUE) and picks the most 

limiting. Models can be also classified attending to the approach used to compute the 

soil water balance. Soil water models range from very simple to detailed physical 

descriptions of soil water movement in the soil, depending on the application and 

available input data (Eitzinger et al., 2004). Processes involved in water balance 

dynamics, such as runoff, infiltration, percolation and soil water distribution in the 

unsaturated zone, can be simulated by using Darcy’s (Darcy, 1856) or Richards’ 

(Richards, 1941) equations. The former approach is employed in WOFOST, EPIC, 

CERES, SPASS (Wang and Engel, 2002) and STICS, and the latter approach in 

SWAP (van Dam et al., 1997), WAVE (Vanclooster et al., 1994) and SIMULAT 

(Diekkrüger and Arning, 1995). Some simulation packages, such as APSIM or 

THESEUS (Wegehenkel, 2000), include both options and therefore allow users to 

choose the model complexity according to actual needs and/or input data availability 

(Eitzinger et al., 2004). 

The decision support system for agrotechnology transfer (DSSAT) was originally 

developed by an international network of scientists, cooperating in the project IBSNAT 

(International Benchmark Sites Network for Agrotechnology Transfer), to facilitate the 

application of crop models in a systems approach to agronomic research (Jones et al., 
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2003). Initially, crop models were created to integrate knowledge about climate, soil, 

crops, and management for making better decisions about transferring production 

technology from one location to others where soils and climate differed (Uehara and 

Tsuji, 1998). These models were later integrated to create DSSAT. The first DSSAT 

release (IBSNAT, 1988) included models of four crops: maize (Jones and Kiniry, 1986), 

wheat (Ritchie and Otter, 1985), soybeans (Wilkerson et al., 1983), and peanut (Boote 

et al., 1986). Latter, models for additional crops, such as potato, rice, dry beans, 

sunflower, and sugarcane were developed (Hoogenboom et al., 1994; Jones et al., 

1998; Hoogenboom et al., 1999). The latest DSSAT version (v4.5) (Hoogenboom et al., 

2010) includes models for 28 different crops and a bare fallow simulation.  

The DSSAT v4.5 has a modular structure (Porter et al., 2000; Jones et al., 2003) which 

includes additional components to simulate cropping systems over a wide range of 

soils, climates, and management conditions. It also allows users to study changes in 

soil dynamics and production of crops grown in rotations over years in response to 

management and climate conditions. DSSAT model has been widely applied under 

different environments, and their applications range from on-farm and precision 

management to regional assessments of the impact of climate variability and climate 

change. DSSAT can be used for any region across the world, as long as the local input 

data are available. Since its release, it has been  used for 25 years by researchers, 

educators, consultants, extension agents, growers, and policy and decision makers in 

over 100 countries.  

DSSAT integrates a suite of 28 crop models simulating interactions among 

environment, genetics and management, on the growth, development and production 

of crops (Tsuji et al., 1994). DSSAT also includes two alternative soil C and nitrogen N 

models, a daily soil water model, and a range of crop/land management options to 

simulate crop growth, yield and corresponding environmental impacts. The input data 

required to run DSSAT includes daily weather data (maximum and minimum 

temperature, rainfall, and solar radiation); soil characterization data (physical, chemical, 

and morphological properties for each layer); a set of cultivar coefficients characterizing 

the crop cultivar in terms of plant development and grain biomass; and crop 

management information, such as  plant population, row spacing, seeding depth, 

application of fertilizer and irrigation (Figure 1.1). DSSAT version 4.5 is composed of 
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various crop models that are executed under one shell. The crop models available are: 

the CERES models for cereals (barley, maize, sorghum, millet, rice and wheat); the 

CROPGRO models for legumes (dry bean, soybean, faba bean, velvet bean, peanut, 

cowpea and chickpea); models for root crops (cassava, tanier, taro, potato) and other 

crop models (sugarcane, tomato, sunflower, pasture, etc). 

 

 

Figure 1.1. Diagram of database and components and their applications in DSSAT 

 

1.1.2 Modelling different management systems  

One of the crop models applications that is booming nowadays, is to assess the 

integrated impact of environmental and management variables on productivity and 

resource conservation, complementing thus, ongoing agricultural research. For 

example, crop simulation models can offer wider-scale assessment of the potential of 

conservation agriculture across various agro-ecosystems, regions, and climates. 
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Conservation tillage practices (such as minimum and no-tillage) have been growing in 

the last few decades. These practices has demonstrated to reduce soil erosion, which 

is caused by conventional ploughed tillage, therefore preserving soil quality and fertility 

and improving the soil organic matter (SOM) content (Peigne and Roger-Estrade, 

2007). Intensive and continuous conventional tillage (CT) may cause loss of soil 

organic carbon (SOC), thus inducing an increase in soil erosion and a degradation of 

soil structure (Melero et al., 2009). An increase in the soil quality, by enhancing SOM in 

the upper soil  centimeters  when using conservation tillage techniques, has been 

reported in numerous studies (Verhulst et al., 2010). However, such type of studies 

require a large number of years to show up the changes on SOM with time. Simulation 

models can be useful in this regard; with the adequate inputs they allow simulating a 

series of years in a feasible way.  A better understanding of the effect of agricultural 

management practices on SOM and SOC could result from combining long-term field 

experimentation with simulation approaches (Smith et al., 2008).   

The viability of dry land agriculture in Mediterranean zones could be increased by the 

adequate combination of reduced tillage and crop rotation (Martín-Rueda et al., 2007). 

Crop rotations are useful practices to control weeds and diseases, improve soil quality, 

increase the soil biological activity, or to maintain soil fertility (Altieri, 1999). Besides, 

the introduction of legumes in the rotation can be used to increase the available soil N 

by fixing atmospheric N and releasing it through microbial decomposition (Peel, 1998). 

The combination of tillage and crop rotations has significant influence on SOM due to 

changes in the mineralization processes (Martin-Rueda et al., 2007). They will also 

influence the dynamics of the soil water balance. Crop simulation models could be 

used to evaluate various tillage-rotation combinations for dry land and for irrigated 

cropping systems, and explore management scenarios. DSSAT v4.5, provides a suite 

of crop models and tools suitable for this task including tillage routines which modify 

soil variables and mix soil constituents (Hoogenboom et al., 2010).  

1.1.3 Modelling soil water balance 

In an environment of growing scarcity and competition for water, the need to study how 

water can be used efficiently has become a priority.  Agriculture is considered the major 

user of water, and the global demand for water in agriculture will increase over time 
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with increasing population, rising incomes, and changes in dietary preferences. The 

search for better use techniques and efficient management of water resources is 

therefore necessary. An interesting point to start with is to answer the question of how 

much water is really needed to grow crops. But due to interrelationship of factors in the 

soil-plant-atmosphere system this question has no easy answer. And the matter is even 

more complicated if it is expanded to how the crops are using water applied to the soil 

(Ines et al., 2001). Simulation models quantify water losses and explore options to 

water management problems, being useful tools in this regard. Physically or empirically 

based mathematical models, have the promising potential to explore solutions to water 

management problems. Thus, soil water balance simulation in cropping systems has 

become essential to determine crop available water and the potential environmental 

impact due to solutes lixiviation. 

The quantification of water losses from cropping systems through evaporation and 

drainage from bare or incompletely covered soils in arid and semi-arid regions is 

important to design effective management strategies to conserve soil water (Aydin, 

2008). On one hand, soil water evaporation can be a major component of the water 

balance because most crops have incomplete cover throughout a significant part of the 

growing season (Suleiman and Ritchie, 2003). On the other hand, drainage becomes 

an important output of the soil water balance in irrigated systems or during rainfall 

periods. Both, soil evaporation and drainage are difficult to measure unless specific 

instrumentation is available. Simulation models can help to estimate such parameters 

saving money and time in a fairly precise way. Several models have been developed in 

the last decades to simulate accurately soil water balance processes (e.g. SWATRE, 

Belmans et al., 1983; HYDRUS, Kool and van Genuchten, 1991; WatBal, Kaczmarek, 

1993 and Yates, 1996; AquaCrop, Steduto et al., 2009). Soil water balance models 

range from functional, as the tipping bucket system models, to mechanistic which 

includes models based on Richards' equation (Addiscott and Wagenet, 1985). In the 

case of DSSAT, the included crop models are linked to a simplified analog (tipping 

bucket) soil water balance model. Precise understanding of the performance of the 

simplified DSSAT water component will lead to better interpretation of the crop growth 

and C and N cycling components. Comparing model results with field observations and 

inter-comparing different models, provides information on model performance and 

http://www.sciencedirect.com/science/article/pii/S0016706198001207#BIB3
http://www.sciencedirect.com/science/article/pii/S0169772200000917#BIB18
http://www.sciencedirect.com/science/article/pii/S0022169407000200#bib30
http://www.sciencedirect.com/science/article/pii/S0022169407000200#bib30
http://www.sciencedirect.com/science/article/pii/S0022169407000200#bib75
http://www.sciencedirect.com/science/article/pii/S1161030111000955#bib0240
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reveals strengths and weaknesses of such models. One of the advantages on 

comparing with mechanistic models is that they permit obtaining continuous water 

fluxes which can be difficult to measure in the field, allowing a precise comparison with 

functional models.  Moreover, comparing mechanistic and functional models indicates 

for which conditions different approaches seem most appropriate (van der Berg and 

Driessen, 2002).This is essential in selecting appropriate models for practical 

applications in water resources analysis and/or identifying required model 

improvements.     

Each model requires a number of soil parameters which have to be measured or 

estimated. Parameters may be unknown or estimated from readily available field or 

laboratory data (Calmon et al., 1999). However, field measured parameters usually 

need some adjustments or optimizations, before using them in the simulations. Calmon 

et al., 1999 distinguished three kinds of procedures to calibrate model parameters: 

manually by “trial and error” which has demonstrated to be a not really objective 

method and it can lead to relatively poor fit of the measured data (Ritter et al., 2003), 

by using statistical models or by using optimization techniques that, combined with 

models, results in a relatively efficient parameter estimation technique. Developing a 

methodology to optimize parameters for using in DSSAT, would mean a significant 

achievement since the simulation success is largely determined by the correct 

parameter selection. With increasing use of soil water balance models, a considerable 

amount of effort is being dedicated to develop parameter estimation techniques for 

models (Xu and Singh, 1998). The conventional optimization algorithms have been 

commonly used to estimate parameters by moving the objective function uphill or 

downhill in an iterative manner. One of the main limitations of this approach is that the 

algorithms may converge on a local optimum and completely miss the global optimum 

(Goffe et al., 1994). The Simulated Annealing (SA) global optimizing method has 

demonstrated to be a very effective system to calibrate model parameters as shown in 

Goffe et al. (1994), Calmon et al. (1999) or Lizaso et al. (2001). Simulated Annealing 

can avoid local optima and choose the set of parameters corresponding to the global 

optimum. Simulated Annealing has been applied successfully to numerous problems of 

soil parameter estimation for functional crop models (Braga and Jones, 1998; Braga et 

al., 1998; Shen et al., 1998; Paz et al., 1998; Calmon et al., 1999). For these reasons 

SA was used along this work as the method to optimize the soil parameters in DSSAT 
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and elsewhere. Linking SA with the model, by sharing files between the two 

executables, the parameters can be optimized by constrained inverse calibration from 

the measured values. Estimation with SA is done by minimizing the error sum of 

squares (SSE) between measured and predicted values, and the optimum solution is 

obtained when the minimum SSE is reached. This method has operated successfully in 

all the cases it was applied in this work. 

1.1.4 Modelling N and C soil dynamics 

The application of models to predict the SOM dynamics have gained importance in 

recent years. There is an increasing interest on study the SOM behavior, since it 

represents the major C deposit  in the soil and affects many physical and chemical 

processes as the soil structure stabilization  or plant nitrogen cycling (Lal et al., 2007). 

Moreover, SOM has pronounced beneficial effect on soil management and crop 

productivity. In addition in recent years SOM has received increasing attention because 

C losses during SOM decomposition contribute to increase CO2 emissions to the 

atmosphere. On the contrary, microbial transformation of residues and litter results in 

atmospheric CO2 sequestration and net increase of SOC. Properly study of SOM 

dynamics requires specific long-term experiments, carried out for a high number of 

years. But in some cases, as in development countries, detailed long-term field 

experiments are often difficult to conduct due to the financial or personnel limitations. 

The application of simulation models whose mathematical relationships apply to a wide 

range of conditions, is therefore an attractive option (Gijsman et al., 2002). 

Understanding the soil C dynamics through simulation models, may help to choose 

management practices that minimize the rising atmospheric CO2 load.  

In DSSAT model, the incorporation of SOM models is particularly important for 

predicting yields in low input cropping systems and when analyzing the dynamics of 

cropping systems and soil quality over long periods of time. The DSSAT system 

includes two options: the CERES-based SOM model (Godwin and Singh, 1998) and 

the DSSAT CENTURY model (Parton et al., 1992; Gijsman et al., 2002). The 

CENTURY model is one of the most commonly used SOM models worldwide (Álvaro-

Fuentes et al., 2009). The CENTURY soil organic matter model (Parton et al., 1994) 
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was adapted for the DSSAT modular format (Gijsman et al., 2002) in order to better 

simulate the dynamics of soil organic nutrient processes (Porter et al., 2010). The 

CENTURY model simulates the dynamics of SOC and soil N for a homogeneous land 

area. The CENTURY model divides SOC into three hypothetical pools: microbial or 

active material (SOC1), intermediate (SOC2), and the largely inert and stabilized 

material (SOC3) (Jones et al., 2003). These pools do not correspond to actual 

laboratory-determined fractions. At the beginning of the simulation, CENTURY model 

needs a SOC3 value per soil layer which can be estimated by the model or given as an 

input. As SOC3 cannot be directly measured, it is usually estimated with the model. 

The model estimates SOC3 based on soil texture and management history and then 

assigns about 5% and 95% of the remaining SOC to SOC1 and SOC2, respectively. 

Accurate initialization of the various organic matter pools is critical to adequately 

modeling the dynamics between organic and inorganic soil components and the soil 

fertility of a cropping system (Porter et al., 2010). The initialization procedure is 

particularly important in agricultural systems in which crops depend on nutrients 

mineralized from organic matter (Basso et al., 2011).  

Properly calibrated and initialized DSSAT-CENTURY model has shown to simulate 

accurately long term SOM dynamics over a range of environments (Paustian et al., 

1992; Kelly et al., 1997; Bado et al., 2004; Lugato and Berti, 2008; Galdos et al., 2009; 

Soler et al., 2011). It also has exhibit potential to be a useful tool to analyze the 

mechanisms controlling SOC dynamics (Mikhailova et al., 2000; Falloon and Smith, 

2002; Carvalho et al., 2004; Gao et al., 2008). However, the model performance when 

simulating SOC and N dynamics, strongly depends on the initialization process and 

there is limited information in the literature about this matter. Through the initialization 

procedure, the initial values of SOC pools are set. As these pools cannot be directly 

measured, it is usually estimated with the model based on soil texture and 

management history. Since cropping systems change and evolve, frequently in short 

time periods, estimating SOC pools as a function of continuous land use leads to 

inadequate simulations of soil C dynamics in the long-term.  

Basso et al. (2011) developed a procedure to initialize SOC fractions iteratively from 

measured current total SOC, soil texture and documented previous cropping history. 

They developed an approach for estimating SOC pools in soil where crops have been 
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grown under rotation systems or changing management for a short period of time 

relative to the turnover rate of the passive soil C pool (i.e., time periods of <500 yr). The 

procedure can be used to produce initialization values that approximate relative pool 

fractions, or it can be used directly to initialize pool fractions for a particular 

experimental field. In both cases, the procedure requires a measurement of initial total 

SOC at time t = 0 when the simulation is to start. In the first case, the intermediate C 

pool (SOC2) is computed and used to produce tables of SOC fractions. The base is 

that changes in SOC are mostly due to this pool when the simulation duration is <50 yr; 

during that time, changes to the C in the passive pool (SOC3) are relatively small. The 

initial SOC2 fraction can be estimated and  then, with the measurement of total SOC, 

the other SOC pool fractions (SOC1 and SOC3) can be derived from SOC3. They 

estimated transient SOC2 values using preliminary simulation results based on soil 

texture, years during which the prior cropping system had been in place, and an 

estimate of field management prior to that crop. To illustrate the procedure and show 

users how they can create site-specific SOC fractions based on local soil and climate, 

Basso et al.(2011) defined five scenarios combining previous history and management 

for estimating soil C pool fractions. Such scenarios were simulated for the 12 standard 

textural classes over 100 years for an irrigated maize crop.  

An example of the simulated results of the SOC2 fraction for the 0- 20-cm soil layer for 

the cultivated soil scenario is shown in Table 1.1. The results showed the sensitivity of 

changes in the SOC2 fraction with time to management and soil type.   
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Table 1.1. Changes in the intermediate soil organic C pool (SOC2) as a percentage of the total 

soil organic C with time in a cultivated soil (0–20 cm) under good and poor management 

practices for 12 soil types at Tifton, GA. 

 

To initialize pool fractions for a particular experimental field, the proposed procedure 

follows an iterative path. The model is run for the duration of the cropping history and 

the resulting total SOC is compared with the measured. If they are not equal, the 

procedure is repeated by changing the initial SOC. The procedure iterates until 

simulated and measured total SOC match, in which case the simulated SOC pools are 

accepted and used with the measured SOC to simulate the studied system. Since the 

initial total SOC and the fractions' distribution for the cropping history simulation are 

unknown, first guess approximation is made based on soil texture and climate to 

tentatively initialize these values. An example of this procedure is showed in the 

chapter 4 (Figure 4.1) of this thesis.  

This method has demonstrated to be effective in the simulation of SOC dynamics 

(Basso et al., 2011; De Sanctis et al., 2012). However, most of the traditional 

initialization methods deal with C processes but not with N processes. An alternative to 

these methods would be to estimate the initial SOC pools by using field measurements 

of apparent N mineralization (Napmin), that could complement the information relying on 

soil texture and management history.  Since the N release from each organic-matter 

pool is proportional to the C flow, it might be possible to obtain information about SOC 

dynamics and initial fractions from field measurements of soil N mineralization. The 

advantage of this method is that the required data, Napmin, can be easily calculated by 
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applying a simplified N balance (Meisinger and Randall, 1991) to the field 

measurements of the N inputs and outputs. The capability of the model to simulate N 

dynamics is particularly important to enable DSSAT-CENTURY model to be used for 

analyzing N management strategies dealing for example with crop residues or nitrate 

leaching in cropping systems (Gijsman et al., 2002).  

1.1.5 Maize crop models 

Among the cereal models included in DSSAT Version 4.5, CERES-Maize simulates the 

daily development, growth, and yield of different maize genotypes. Maize is the world’s 

most widely grown cereal, cultivated in the tropics and in temperate zones, at high and 

low altitudes, in dry and wet climates, and in a range of soil types. The development 

and diffusion of improved maize cultivars, constituted the mainstay of increasing yields 

and production in the recent past and will probably continue to do so over the next 

foreseable future. However, these modern maize hybrids have a short duration in the 

market, continuously emerging new cultivars that replace the old ones. This is an 

important limitation to the application of crop simulation models, since these new 

hybrids should be calibrated in the field to be suitable for model use. The short lifetime 

of modern commercial hybrids makes it difficult to utilize detailed models unless the 

number of cultivar-specific input parameters is small or the parameters can be easily 

estimated and are accessible to end-users (Yang et al., 2004). The success of using 

crop models in technology transfer and as decision support tools relies on finding 

coefficients that describe new cultivars, which could be available when the cultivars are 

released into the market. The development of a generic system allowing approximate 

the genetic coefficients of modern hybrids according to their life cycle duration, would 

facilitate the application of models in agriculture. 

Accurate prediction of temperature and daylength effects on development is essential 

for ensuring that key transitions of vegetative and reproductive growth phases occur at 

the correct time (Boote et al., 2013). Early models predicted crop development poorly, 

and it was well into the 1980s and 1990s before robust modules for phenology (Hadley 

et al., 1984; Ritchie et al., 1985a, 1985b; Kiniry and Bonhomme 1991; Grimm et al., 

1993, 1994; Ritchie et al., 1998; Jamieson et al., 2007) were created. Even now, the 
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most important parameters to set when modelling a new cultivar are those affecting 

crop development and phenology (Boote et al., 2013). 

CERES-Maize has been tested extensively for different soil types and climatic 

conditions and with various maize hybrids for many regions across the world (Hodges 

et al., 1987; Carberry et al., 1989; Jagtap et al., 1993; Ritchie et al., 1998; Tsuji et al., 

1998; Jones et al., 2003). The assimilate partitioning for the growth of roots, leaves, 

stem, and grains is defined by the phenological phase. The phenological phases and 

the specific behavior of each genotype, is controlled by genetic coefficients. These 

coefficients are numeric parameters calibrated from field measurements, i.e., flowering 

and physiological maturity dates, leaf number, grain size and weight, etc. DSSAT-

CERES-Maize uses six genetic coefficients to characterize a corn hybrid (Hoogenboom 

et al., 2004). Genetic coefficients could be classified in those related with crop 

development (duration of life cycle phases), and those controlling growth and yield 

coefficients. The coefficients related with the duration of life cycle phases, are a 

measure of thermal time with units of growing degree days (GDD). Numerous studies 

have shown the effectiveness on using growing degree days for predicting crop growth 

and development, classifying crop species, hybrids and varieties (Fairey, 1983; Neild 

and Seeley, 1977; Tscheschke and Gilley, 1979). The thermal time accumulation is 

calculated from observed phenological events as plant emergence or flowering. Thus, 

some of the genetic coefficients indicate the required accumulated thermal time to 

complete an specific development stage.  

Measuring crop cultivar coefficients is sometimes a very difficult task. Experiments for 

determining cultivar coefficients should be done over several years to have a robust 

database, and they require the sampling of growth and development data for each 

cultivar at regular intervals throughout the plant’s life cycle in detailed field experiments. 

Thus, the data needed to calibrate the genetic coefficients are often not readily 

available (Banterng et al., 2004, 2006; Suriharn et al., 2007). It could happen that 

anthesis and maturity dates are available, but in most cases only final yield data are 

available (Yang et al., 2009). Therefore, different approaches have been developed to 

estimate phenological coefficients for large numbers of hybrids when limited data are 

available (Nelder and Mead, 1965; Piper et al., 1998; Irmak et al., 2000; Mavromatis et 

al., 2002). However these methods are complicated and not easily available for the 
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models end-user. To develop algorithms, correlations and regression models or to 

classify the genetic coefficients based on the cycle duration, would allow estimating 

such coefficients in a simple way. Studies dealing with such matters are neccessaries 

to facilitate and improve the use of models such as DSSAT-CERES not only in 

researching but also in commercial agriculture.  

In this thesis, it will be discussed current uses, improvements, and limitations of DSSAT 

version 4.5 model by testing the model with different crops and scenarios of 

Mediterranean cropping systems in Spain. 

1.2 OBJECTIVES 

The general objective of this work was to evaluate the performance of the DSSAT 

version 4.5 modeling system under irrigated and rainfed conditions of semiarid Central 

Spain; and to propose ways to improve the simulations and facilitate the use of these 

tools: the crop (CERES-Maize) and the soil (carbon, nitrogen and soil water balance) 

modules included in the model. To achieve this goal, specific objectives were proposed: 

 To test the model performance on simulating the effects of tillage system and 

rotation on the production and soil quality of a long-term cropping system under 

rainfed conditions. 

 To examine the levels of accuracy simulating the soil water balance that can be 

obtained with DSSAT by using automatic inverse calibration of soil parameters.  

 To facilitate the use of the CENTURY SOM model included in DSSAT by 

designing and testing an alternative method to initialize the soil organic carbon 

pools. 

 To facilitate the use of CERES-Maize with modern hybrids by developing 

generic cultivar parameters associated to ranges of life cycles.  
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ABSTRACT 

Crop simulation models allow analyzing various tillage-rotation combinations and 

exploring management scenarios. This study was conducted to test the DSSAT 

(Decision Support System for Agrotechnology Transfer) modelling system in rainfed 

semiarid central Spain. The focus is on the combined effect of tillage system and winter 

cereal-based rotations cereal/legume/fallow) on the crop yield and soil quality. The 

observed data come from a 16-year field experiment. The CERES and CROPGRO 

models, included in DSSAT v4.5, were used to simulate crop growth and yield, and 

DSSATCENTURY was used in the soil organic carbon (SOC) and soil nitrogen (SN) 

simulations. Genetic coefficients were calibrated using part of the observed data. Field 

observations showed that barley grain yield was lower for continuous cereal (BB) than 

for vetch (VB) and fallow (FB) rotations for both tillage systems. The CERES-Barley 

model also reflected this trend. The model predicted higher yield in the conventional 

tillage (CT) than in the no tillage (NT) probably due to the higher nitrogen availability in 

the CT, shown in the simulations. The SOC and SN in the top layer only, were higher in 

NT than in CT, and decreased with depth in both simulated and observed values. 

These results suggest that CT-VB and CT-FB were the best combinations for the dry 

land conditions studied. However, CT presented lower SN and SOC content than NT. 

This study shows how models can be a useful tool for assessing and predicting crop 

growth and yield, under different management systems and under specific edapho-

climatic conditions.         

2.1 INTRODUCTION  

Intensive and continuous conventional tillage (CT) may cause loss of soil organic 

carbon (SOC), thus inducing an increase in soil erosion and a degradation of soil 

structure (Melero et al., 2009). Damages to soil biota, soil compaction, soil crusting and 

loss of soil fertility are also well known consequences of excessive tillage. In the last 

few decades, the search for practices that improve soil quality and agricultural 

sustainability has increased. Interest in conservation tillage practices (such as 

minimum and no-tillage) is growing because these practices reduce soil erosion, which 

is caused by conventional ploughed tillage, therefore preserving soil quality and fertility 
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and improving the soil organic matter (SOM) content (Peigne and Roger-Estrade, 

2007). 

An increase in the soil quality by using conservation tillage systems has been reported 

in numerous studies (e.g.Verhulst et al., 2010). The increase in SOM in the first 

centimeters of soil in conservation tillage is one of the reasons for the improvement in 

soil quality (Lacasta and Meco, 1996; Buschiazzo et al., 1998; Hussain et al., 1999; 

Sombrero et al., 2007).  

In arid and semi-arid zones, the low SOM content and the continuous losses due to the 

climate, makes conservation agriculture an interesting management option. The use of 

conservation tillage in semiarid climate, can improve the sustainability of the 

agricultural system in the long term by increasing the SOM and the soil biochemical 

quality in the first centimeters of soil (Madejón et al., 2007). Some authors reported that 

no tillage (NT) accumulates SOC and total soil nitrogen (SN) in the upper centimeters 

of soil some years after the beginning of the tillage system adoption (Rhoton, 2000; 

Motta et al., 2002). Minimum tillage (MT) and NT have been observed to contribute to 

the role of soil as a carbon sink, increasing SOC and SN when compared to CT (West 

& Post, 2002; Al-Kaisi and Yin, 2005).  

Martín-Rueda et al. (2007) compared CT with MT and NT in a central Spain area. The 

results showed higher amounts of nitrogen, phosphorus, potassium and all the 

measured micronutrients in the first 15 cm of soil in conservation tillage treatments, 

being this boost in soil fertility more pronounced in the soils under NT than those under 

MT. In other study, Muñoz et al. (2007) compared different tillage systems in irrigated 

maize under dryland conditions. They found differences between tillage systems 

starting on the second year of trials, showing the NT systems higher amounts of SOC, 

water content, and SN as well as a higher stability of aggregates and a lower 

penetration resistance. Gal et al. (2007) compared the effects of NT and CT in soil 

fertility and they found an increase in the SN content for the first 15 cm of soil in the NT 

compared with the CT management, but similar SN content in deeper layers. 

Generally, fields under NT have a higher SOM in the top layer (< 10 cm) than soils 

under CT, but for the whole soil profile results can change. When a 30 cm upper layer 

was studied, some research showed that soils with NT or MT had greater SOM stocks 
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than soils with CT (Halvorson et al., 2002; Huggins et al., 2007), while other studies 

reported the opposite (Blanco- Canqui and Lal, 2008), and some research found no 

significant differences (Dolan et al., 2006).  

It is also well-known that NT conserves soil water by reducing direct evaporation and 

increasing water storage (Pryor, 2006). This is especially important in dryland areas, 

where water is the limiting factor for crop growth. The NT management can also 

improve the efficiency in the use of fertilizer, so that crops are better nourished under 

NT than under CT (Triplett and Dick, 2008). In some cases however, yield reduction 

has been observed under NT in specific climatic conditions. For example, López-

Bellido et al. (1996) and Halvorson (2000) reported that wheat yield in dry years was 

higher in NT than in CT, but in wet years it was the opposite. Similarly, Bonari et al. 

(1994) found that CT was more effective increasing wheat yields, when precipitation 

was abundant.  

The viability of dry land agriculture in Mediterranean zones could be increased by the 

adequate combination of reduced tillage and crop rotation (Martín- Rueda et al., 2007). 

Crop rotations are useful practices to control weeds and diseases, improve soil quality, 

increase the soil biological activity, or to maintain soil fertility (Altieri, 1999). Besides, 

the introduction of legumes in the rotation can be used to increase the available soil 

nitrogen by fixing atmospheric nitrogen and releasing it through microbial 

decomposition (Peel, 1998). The combination of tillage and crop rotations has 

significant influence on SOM due to changes in the mineralization processes (Martin-

Rueda et al., 2007). In semi-arid central Spain, Sombrero and De Benito (2010) 

concluded that the combination of conservation tillage with rotations decreases SOM 

mineralization by minimizing soil disturbance, hence improving soil properties. They 

also showed that including a legume in the rotation increased SOC compared to 

monoculture. Therefore, is important to study tillagecrop rotation combinations in order 

to find the best strategy that optimizes high yield with preservation of SOM.  

Wider-scale assessment of the potential of conservation agriculture across various 

agro-ecosystems, regions, and climates, can be facilitated by applying quantitative, 

system-dynamic tools such as crop-soil simulation modeling (Sommer et al., 2012). 
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Crop models can complement ongoing agricultural research by assessing the 

integrated impact of environmental and management variables on productivity and 

resource conservation. For example, a better understanding of the effect of agricultural 

management practices on SOC could result from combining long-term field 

experimentation with simulation approaches (Smith et al., 2008). These crop simulation 

models could be used to evaluate various tillage-rotation combinations and explore 

management scenarios. The Decision Support System for Agrotechnology Transfer 

(DSSAT) (Hoogenboom et al., 2010), provides a suite of crop models and tools suitable 

for this task. DSSAT v4.5 includes tillage routines which modify soil variables and mix 

soil constituents (Hoogenboom et al., 2010). It integrates several crop system models, 

two alternative soil C and nitrogen (N) models, a daily soil water model, and a range of 

crop/land management options to simulate crop growth, yield and corresponding 

environmental impacts. Among the crop models included in DSSAT, CERES-Barley 

(Otter-Nacke et al., 1991) simulates the daily development, growth, and yield of barley 

crops (Travasso and Magrin, 1998).  

Many models of SOM have been developed and used for various purposes (McGill, 

1996). The DSSAT system includes two options: the CERES-based SOM model 

(Godwin and Singh, 1998) and the DSSATCENTURY model (Parton et al., 1992; 

Gijsman et al., 2002). The CENTURY model simulates the dynamics of SOC and SN 

for a homogeneous land area. The incorporation of SOM models in DSSAT is 

particularly important for predicting yields in low input cropping systems and when 

analyzing the dynamics of cropping systems and soil quality over long periods of time. 

CENTURY has proved to simulate accurately long term SOM dynamics over a range of 

environments (Foereid and Hogh-Jensen, 2004; Lugato and Berti, 2008; Galdos et al., 

2009; Álvaro-Fuentes and Paustian, 2011).  

The general objective of this work was to test the DSSAT modeling system (crops, 

SOC, SN) under the dryland conditions evaluated by a long term experiment (16 years) 

conducted in rainfed semiarid Central Spain. The focus of this paper is on the effects of 

tillage system (conventional/no-till) and rotation (cereal/legume/fallow) on the 

production and soil quality of the cropping system.  
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2.2 MATERIAL AND METHODS  

2.2.1 Field experiment  

The field experiment started in 1993 and continued for 16 years in the experimental 

field La Canaleja (40° 32’ N, 3° 20’W, 600 m altitude), near Madrid, Spain. Winter 

barley had been grown under CT for more than 10 years before the beginning of the 

experiment (Martín- Rueda et al., 2007).  

Meteorological information was recorded by a weather station located in the 

experimental field. The climate in the area is mild Mediterranean with dry summer and 

wet winter (Papadakis, 1966). For the studied period (1993-2009) average annual 

maximum and minimum daily air temperatures were 21 and 6°C, respectively and 

mean rainfall was 383 mm per year (Table 2.1). The first two years of the experiment 

were extremely dry, and they were omitted from the simulation study.  

The soil was a Calciortidic Haploxeralf characterized by a calcic horizon within a meter 

of the surface. It had a loam-sandy texture in the two upper horizons (Ap, Bt), changing 

to sandy with depth (Cca). It had 5% total carbonate, 1% active limestone and an 

average pH of 7.8 in the upper 60 cm at the beginning of the experiment (Martin-Rueda 

et al., 2007). Soil characteristics relevant for the water balance were determined for 

each horizon in samples taken at the beginning of the study (Table 2.2).  
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Table 2.1. Monthly precipitation (mm) and long-term means from La Canaleja, Madrid, Spain. 

Year November December January February March April May June July August September October Total 

1993/1994 50 5 18 33 9 18 77 11 4 1 41 52 319 

1994/1995 27 5 18 28 1 11 33 56 8 3 11 6 207 

1995/1996 45 71 85 24 16 9 94 6 1 7 12 4 376 

1996/1997 58 87 76 3 0 63 47 7 24 32 28 18 442 

1997/1998 145 53 29 45 16 28 14 2 2 0 0 1 335 

1998/1999 25 14 36 15 18 55 66 23 4 3 57 97 412 

1999/2000 46 0 64 1 30 104 70 25 10 0 18 27 394 

2000/2001 70 130 109 21 60 27 38 7 4 7 14 79 565 

2001/2002 5 0 54 6 46 42 77 12 12 5 33 51 342 

2002/2003 86 48 51 52 40 57 22 2 1 3 9 100 471 

2003/2004 68 36 4 75 55 44 102 5 46 19 5 99 558 

2004/2005 20 18 0 16 11 7 7 1 0 3 12 86 182 

2005/2006 66 27 40 46 20 37 14 35 2 6 16 85 392 

2006/2007 98 21 8 44 14 105 96 37 0 7 10 31 469 

2007/2008 30 4 28 33 2 80 106 37 0 0 22 57 399 

2008/2009 25 42 39 44 11 31 8 17 0 21 9 23 270 

Average 54 35 41 30 22 45 54 18 7 7 19 51 383 
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Table 2.2. Soil characteristics measured in the field experiment and used in the simulations: 

volumetric water content at wilting point (LL), drained soil water limit (DUL), and water content at 

saturation (SAT), bulk density (BD) and soil hydraulic conductivity (Ksat).  

Soil Layer LL1 DUL1 SAT1 BD2 Ksat3 

m -------------------cm3 cm-3------------------ g cm-3 cm h-1 

0-0.075 0.065 0.247 0.443 1.34 1.32 

0.075-0.15 0.065 0.255 0.416 1.42 1.32 

0.15-0.30 0.065 0.270 0.424 1.42 1.32 
0.30-1.05 0.065 0.234 0.424 1.42 1.32 

1
: LL, DUL and SAT were determined with the moisture retention curve measured with the 

pressure membrane apparatus (Richards, 1947). 
2
: BD was determined by the field core method 

(Blake and Hartge, 1986a). 
3
: Ksat was determined with unaltered samples following Klute and 

Dirksen (1986). 

The experimental design was a split plot with four random repetitions: tillage system 

was the main plot and rotation was the subplot. There were a total of 40 (10 m 25 m) 

subplots. The two tillage systems were: i) conventional tillage (CT): soil was moldboard 

ploughed (20 cm depth) and then a field cultivator was used to prepare the seed bed; 

crops were sown with a seed drill; ii) no tillage (NT): herbicide (glyphosate, 12% w/v, 2 

L ha–1) was applied for weed control two weeks before sowing; under NT a direct seed 

drill was used. To maintain fallow subplots free of weeds, either ploughing (mouldboard 

or chisel) or herbicide (according to the management practices) were applied in 

February and,  if necessary, a cultivator (10-15 cm depth) or herbicide were applied in 

spring (May). Crops were sown at the end of October. Sowing rate was 170 kg ha–1 for 

barley (Hordeum vulgare L. cv.Tipper), 190 kg ha–1 for wheat (Triticum aestivum L. cv. 

Astral), 120 kg ha–1 for pea (Pisum sativum L. cv. Déclic), 100 kg ha–1 for vetch (Vicia 

sativa L. cv. Vereda) and 8 kg ha–1 for rapeseed (Brassica napus L. cv. Rafaela). 

Cereals were fertilized at sowing with 200 kg ha–1 of NPK 8-24-8. A second fertilization 

with 200 kg ha–1 of ammonium nitrate (27% N) was applied in March. At sowing, 300 kg 

ha–1 of 15-15-15 was applied to rapeseed. Ammonium nitrate (27% N) was applied 

after emergence at 300 kg ha–1. Legumes were not fertilized. All crops were harvested 

in June. Biomass and yield were measured by manual sampling of two 0.7 m × 0.7 m 

representative squares on each subplot, separation and weighting of straw and grain. 

After harvest, the straw was chopped and spread all over the soil surface in all the 
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treatments. A detailed description of the experiment can be found in Martin-

Lammerding et al. (2011).  

Table 2.3. Crop rotation over the experimental period, for the continuous barley (BB), fallow-

barley (FB) and vetch-barley (VB) treatments. 

Year 

Crop rotation 

BB 
FB2 VB2 

FB1 FB2 VB1 VB2 

1993-19941 Barley Fallow Barley Vetch Barley 

1994-19951 Barley Barley Fallow Barley Vetch 

1995-1996 Barley Fallow Barley Vetch Barley 

1996-1997 Barley Barley Fallow Barley Vetch 

1997-1998 Barley Fallow Barley Vetch Barley 

1998-1999 Barley Barley Fallow Barley Vetch 

1999-2000 Barley Fallow Barley Vetch Barley 

2000-2001 Barley Barley Fallow Barley Vetch 

2001-2002 Fallow Rapeseed Wheat Vetch Barley 

2002-2003 Wheat Fallow Vetch Barley Rapeseed 

2003-2004 Vetch Wheat Barley Rapeseed Fallow 

2004-2005 Fallow Fallow Fallow Fallow Fallow 

2005-2006 Barley Pea Wheat Wheat Fallow 

2006-2007 Fallow Barley pea Wheat Wheat 

2007-2008 Wheat Fallow Barley Wheat Pea 

2008-2009 Pea Wheat Fallow Wheat Barley 
1
: Years too dry that were not included in the simulation study.

2
: Each rotation of FB and VB was 

replicated in alternate years, thus there is data for each  crop of the rotation every year.  

The experiment was divided into two periods separated by an all-fallow year. In the first 

period (1993- 2001), a continuous barley crop (BB) was compared to two rotations of 

fallow-barley (FB) and vetch-barley (VB). Each rotation of FB and VB was replicated in 

alternate years, thus there is data for each crop of the rotation every year. In the 2004-

2005 year, all plots were left to fallow. During the second period of the study (2005-

2009), the continuous crop was wheat and a single crop rotation composed of fallow-
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wheat-pea-barley was replicated four times to have every year plots with each 

component of the rotation. Table 2.3 summarizes the rotation evolution during the 

whole study.  

The SOC and SN were determined in samples taken at 0-7.5 cm 7.5-15 and 15-30 cm 

depth in different years over the studied period (1995 to 1997, and 2006 to 2008). 

Organic soil carbon (SOC) was determined by the Walkley-Black wet digestion method 

(Nelson and Sommers, 1996) and total soil nitrogen (SN) was measured by Kjeldalh 

digestion (Bremner and Mulvaney, 1982).  

2.2.2 Crop and soil model simulations  

Version 4.5 of DSSAT (Hoogenboom et al., 2010) was used in this study. The crop 

models tested were CERES-Barley (Otter-Nacke et al., 1991) and CERES-Wheat 

(Ritchie and Otter-Nacke, 1985; Godwin et al., 1990) for winter cereals and CROPGRO 

(Boote et al., 1998) for vetch and rapeseed. The DSSAT-CENTURY model (Parton et 

al., 1992; Gijsman et al., 2002) was used for the soil organic matter. Simulations 

centered on barley biomass and yield for the period 1995-2001, and on SOC and SN in 

the VB1 rotation (see Table 2.3) for the whole period (1995-2009) .  

Table 2.4. Genetic coefficients for barley and wheat in the CERES models.  

Symbol Definition Barley Wheat 

P1V 
Days, at optimum vernalizing temperature, required for 
vernalization. 

26 26 

P1D Photoperiod response. 145 52 

P5 Grain filling phase duration (GDD). 100 520 

G1 Kernel number per unit canopy weight at anthesis (number g-1) 50 24 

G2 Standard kernel size under optimum conditions (mg) 80 33 

G3 Standard, non-stressed mature tiller wt (including grain) (g) 0.5 1.0 

PHINT Interval between successive leaf tip appearances (GDD). 89 95 

GDD= growing degree-days (ºC d) 
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Genetic coefficients of the barley variety were calibrated with data from the CT-BB 

plots on four climaticrepresentative years (1994-1998). CERES- Barley requires the 

estimation of seven cultivar dependent coefficients (Table 2.4). The seven coefficients 

were estimated on the basis of information on planting, anthesis, and harvest dates, 

together with observed biomass and yield. P1V and P1D coefficients were adjusted to 

predict the measured anthesis dates and P5 was adjusted according to the day of 

maturity. Measured yield and biomass were used to calibrate G1, G2 and G3 

coefficients. The light extinction coefficient (KCAN) was also adjusted to improve 

DSSAT simulations. KCAN is set by default at 0.85 in the ecotype file in DSSAT V4.5. 

However, reported k-values for cereals based on PAR wave lengths, ranged from 0.41 

to 0.66 for barley (Gregory et al., 1992; Goyne et al., 1993), so a value of 0.55 was 

employed for our simulations. Genetic coefficients of the wheat cultivar were also 

calibrated by using measured data from the CT-VB plots on one climatic-representative 

year (2006-2007) (Table 2.4). They were estimated according to field observations of 

planting and harvest dates together with measured biomass and yield. A KCAN 

coefficient of 0.55 was used. The calibrated coefficients for our barley and wheat 

varieties are shown in Table 2.4.  

The photosynthesis factor (SLPF) used in the soil file was 0.75, to limit daily plant 

growth due to less than optimum soil conditions. The root growth factor (SRGF) was 1, 

1, 0.8 and 0.6 for 8, 15, 30 and 105 cm of depth in the soil profile, allowing crops 

extend roots without an impeding soil layer.  

CROPGRO model was used to simulate vetch and rapeseed in the barley-vetch 

rotations. As there is no specific model within DSSAT for these crops, the faba bean 

CROPGRO model was used. The genetic coefficients of the vetch variety were 

adapted from a comparable cultivar previously calibrated in a study (Gabriel and 

Quemada, 2011) in a nearby location in Aranjuez (Madrid) (40° 03’N, 3° 30’W and 570 

m), with similar edapho-climatic conditions than our studied field. To calibrate vetch 

genetic coefficients only 2002-2003 biomass was available. Rapeseed coefficients 

were approximated using the yield registered in 2002-2003 season. Calibrated 

coefficients for vetch and rapeseed are shown in Table 2.5.  
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Table 2.5. Genetic coefficients modified for vetch and rapeseed in CROPGRO model. 

Symbol Definition Vetch Rapeseed 

SD-PM 
Time between first seed and physiological maturity 
(photothermal days). 

30.8 32.8 

Fl-LF 
Time between first flower and end of leaf expansion 
(photothermal days). 

42.0 45.0 

LFMAX 
Maximum leaf photosynthesis rate at 30 C, 350 vpm CO2, and 
high light (mg CO2/m2-s). 

0.85 1.00 

SLAVR 
Specific leaf area of cultivar under standard growth conditions 
(cm2/g). 

272 300 

SIZLF Maximum size of full leaf (three leaflets) (cm2). 100 110 

WTPSD Maximum weight per seed (g). 1.00 1.04 

SFDUR 
Seed filling duration for pod cohort at standard growth 
conditions (photothermal days). 

21.0 20.0 

THRSH The maximum ratio of (seed/ (seed+shell)) at maturity. 77.0 70.9 

After calibration, the CERES-Barley model was used to simulate barley yield and 

biomass in a 6-year period (1996-2001) for all the tillage-rotation treatments. CERES- 

Wheat model was employed to simulate wheat. The sequence analysis utility in DSSAT 

was used to simulate the sequences or crop rotations. 

The soil organic matter evolution was simulated with the DSSAT-CENTURY model in a 

15 year-period (1995-2009) for the VB1 rotation under CT and NT. Simulated SOC and 

SN for the two tillage systems were compared to observed data. Initial soil C and N 

was estimated by changing the organic carbon percentage (SLOC), and the total 

nitrogen percentage (SLNI), in the soil profile until the total SOC and SN simulated at 

the beginning of the experiment, matched with the observations. Stover at harvest of 

previous crop was incorporated as residue of the following crop with model-simulated 

inputs of C and N.  
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Three statistical indices were calculated to evaluate the accuracy of model simulations: 

root mean square error (RMSE), index of agreement or d-stat (Willmott, 1982), and 

linear regression between observed and simulated parameters.  

2.3 RESULTS  

2.3.1 Calibration  

The barley model was calibrated with measurements on anthesis day, yield, and 

biomass. Mean observed anthesis date of barley was 192 days after planting (DAP). 

Calibration improved DSSAT simulated value from 146 DAP to 198 DAP, resulting in a 

great decrease in the RMSE between observed and simulated values (Table 2.6). 

Before calibration, the model overestimated yield and biomass. Setting the yield 

coefficients (G1, G2 and G3) improved simulated biomass and yield of barley. The 

RMSE of yield decreased by 82% and RMSE of biomass by 75% (Table 2.6).  

Table 2.6. Observed and DSSAT simulated values and comparison statistics in the continuous 

barley plots for barley phenology and growth. 

Crop and year 
 

Before calibration After calibration 

Obs. Sim. RMSE1 d-Stat2 Obs. Sim. RMSE d-Stat 

Barley 1994-1998 
        

Anthesis day (DAP)3 192 146 49 0.1 192 198 22 0.2 

Tops weight (kg ha-1) 4923 6764 3014 0.7 4923 4783 767 0.95 

Maturity Yield (kg ha-1) 2579 3427 1820 0.7 2579 2586 335 0.98 

Wheat 2007 

        Tops weight (kg ha-1) 5644 11642 5998 _ 5644 5642 2 _ 

Maturity Yield (kg ha-1) 2007 6719 4712 _ 2007 2014 7 _ 

Vetch 2003 

        Tops weight (kg ha-1) 2605 3164 559 _ 2605 2605 0 _ 

Rapeseed 2003 

        Maturity Yield (kg ha-1) 1121 1243 122 _ 1121 1121 0 _ 

1
RMSE: Root mean square error.

2
 d-Stat: d-Statistic or Index of agreement (Willmott, 1982). 

3 

DAP: days after planting. 
_
: not calculated because lack of enough data 
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The indices of agreement also improved after calibration, reaching values close to one 

(0.95 for biomass and 0.98 for yield). The linear determination coefficient (R2) after 

calibration was 0.92 for yield and 0.86 for biomass as shown in Figure 2.1. After 

calibration, CERES-barley was validated for all the tillage-rotation treatments (Table 

2.7) 

 Wheat calibration employed the observed biomass and yield for the 2006-2007 year, 

reaching a 99.85% reduction of yield RMSE and a 99.97% reduction of biomass RMSE 

for that year (Table 2.6). Then, the wheat model was tested for the whole period under 

CT and NT (Table 2.8). Rapeseed was included in the field rotations only in three 

occasions but just one season (2002- 2003) provided harvest measurements of grain 

yield. Vetch on the other hand, was included systematically in the rotations, yet it was 

harvested and biomass data collected only in 2002-2003.The results for vetch and 

rapeseed calibration are shown in Table 2.6.  

 

Figure 2.1. Barley yield (a) and biomass (b) after calibration in the CT-BB for seasons 1994-1995 through 
1997-1998.                     
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2.3.2 DSSAT Model testing: barley yield and growth  

The model correctly simulated barley yield of the VB rotation with an index of 

agreement of 0.9 in CT and 0.8 in NT. For total aboveground biomass, the best result 

was also found in the VB simulation with an index of agreement of 0.8 for both tillage 

systems. However in the simulations of BB and FB rotations, barley yield and biomass 

were overestimated by the model in both CT and NT. Observed data showed that 

rotations of FB (which includes FB1 and FB2 rotations) and VB (which includes VB1 

and VB2 rotations), improved barley yield and biomass for both tillage managements 

compared to BB over the whole studied period. This trend was also observed in the 

simulated values (Table 2.7) 
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Table 2.7. Mean DSSAT simulated and observed barley yield and total aboveground biomass (kg ha
-1

) per tillage-rotation. Data averaged across the 6 years 

(1996-2001), n=24. 

 

CT: conventional tillage. NT: no tillage. RMSE: Root mean square error. d-Stat: d-Statistic or Index of agreement (Willmott, 1982). n=number of observations. 
FB: average between FB1 and FB2 for the 1996-2001 period. VB: average between VB1 and VB2 for the 1996-2001 period. 

 

Table 2.8. Mean DSSAT simulated and observed wheat yield and total aboveground biomass (kg ha
-1

) per tillage in the VB1 rotation. Data averaged across 

the 4 years (2005-2009), n=16. 

  Yield (kg ha-1) Biomass (kg ha-1) 

Tillage Obs. Sim. RMSE d-Stat Obs. Sim. RMSE d-Stat 

CT 2018 1909 551 0.2 4886 5338 1999 0.2 

NT 1533 1882 804 0.3 4293 5283 2282 0.2 
 

RMSE: Root mean square error. d-Stat: d-Statistic or Index of agreement (Willmott, 1982). n=number of observations. CT: conventional tillage. NT: no tillage

  Yield (kg ha-1) Biomass (kg ha-1) 

Tillage CT NT CT NT 

Rotation Obs. Sim. RMSE d-Stat Obs. Sim. RMSE d-Stat Obs. Sim. RMSE d-Stat Obs. Sim. RMSE d-Stat 

BB 2679 3624 980 0.7 2184 3367 1397 0.5 4558 6758 2231 0.7 4354 5429 962 0.5 

FB 3863 4124 1855 0.6 3574 3661 984 0.5 6458 8300 3665 0.1 6616 6387 1209 0.5 

VB 4362 4071 1157 0.9 3333 3454 848 0.8 7170 7771 2481 0.8 6312 5533 911 0.8 
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Comparing by year (Figure 2.2), the highest yield was found in the VB rotations 

reaching 8,152 kg ha-1 (simulated) and 7,489 kg ha-1 (observed) in the year 2000. The 

VB rotation showed the highest value of observed biomass (11,097 kg ha-1) in the year 

1997. For the other hand, the highest simulated biomass (14,085 kg ha-1) was found in 

the FB rotation in 2001. Observed biomass for the year 2000 was unavailable, so these 

data are missing in Figure 2.2 and Figure 2.3.  

 

 

Figure 2.2. Observed (symbols) and simulated (lines) yield (a) and biomass (b) for continuous 

barley (BB), barley after fallow (FB= FB1 or FB2 rotation depending of the year) and barley after 

vetch (VB= VB1 or VB2 rotation depending of the year) during a 6- year period (1996-2001). 

 

b) 

a) 

b) 
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Figure 2.3. Observed (symbols) and simulated (lines) barley yield (a) and biomass (b) in no 

tillage (NT) and conventional tillage (CT). Each yearly value results from averaging all the 

rotations. 

Comparing by tillage system, field measurements indicated higher yields in CT than in 

NT treatments (Table 2.8). Observed biomass was also higher in CT than in NT except 

for FB that was the opposite. Simulations showed also higher yield and biomass in CT 

than in NT in all the rotations. Figure 2.3, shows the comparison of tillage systems per 

year. Yield and biomass in both observed and simulated values were higher in CT than 

in NT except in the year 1999. The highest yield was found in CT on 2000 for both 

simulated and observed values (7,389 kg ha–1 and 5,729 kg ha–1, respectively). The 

smallest yield and biomass was produced in 1999 for both tillage systems and for both 

observed and simulated values. 
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2.3.3 DSSAT Model testing: SOC and SN  

SOC was satisfactorily simulated compared to the field observations, with a 

determination coefficient (R2) of 0.96 for CT and 0.85 for NT (Table 2.9).  

Table 2.9. Mean simulated and observed soil organic carbon (SOC) and soil organic nitrogen 

(SN) (kg ha
-1

) in the 0- 7.5 cm soil profile. Data averaged per tillage system across the whole 

period (1996-2009).  

  SOC (kg ha-1) SN (kg ha-1) 

 

Obs. Sim. RMSE d-Stat R2 Obs. Sim. RMSE d-Stat R2 

CT 4556 5776 1246 0.98 0.96 544 658 152 0.98 0.96 

NT 7015 6278 532 0.99 0.85 773 669 87 0.95 0.84 

RMSE: Root mean square error. d-Stat: d-Statistic or Index of agreement (Willmott, 1982). R
2
: 

Determination coefficient. CT: conventional tillage. NT: no tillage. 

The index of agreement between observed and simulated SOC was very high for both 

tillage systems (0.98 for CT and 0.99 for NT). The RMSE was 1,246 kg ha–1 in CT and 

532 kg ha–1 in NT. The SN was also well simulated showing a good fit index (0.98 for 

CT and 0.95 for NT) and a high R2 (0.96 for CT and 0.84 for NT). As shown in Figure 

2.4, field measurements of SOC and SN accumulated with time along the studied 

period. The simulations also showed this accumulation. At the beginning of the 

experiment, SOC simulated in the first 7.5 cm of soil was similar for both management 

systems. However, starting on the sixth year of the experiment SOC tended to be 

higher in NT than in CT, and these differences increased with time (Figure 2.4a). The 

highest SOC was found at the end of the period in the NT (9,839 kg ha–1 observed and 

8,820 kg ha–1 simulated in 2007). The SN resulted in a similar trend as SOC (Figure 

2.4b).  

 

 

b) 

a) 
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Figure 2.4.  (a) Observed (symbols) and simulated (lines) SOC in no tillage (NT) and 

conventional tillage (CT) in the 0 to 7.5 cm soil profile. (b) Observed (symbols) and simulated 

(lines) SN in no tillage (NT) and conventional tillage (CT) in the 0 to 7.5 cm soil profile. 

The first seven years, the simulated SN under CT and NT was similar but it began to 

diverge from the eighth year. The tendency shows an increase in the SN in the first 7.5 

cm of soil in the NT system over the CT system. The highest values of observed and 

simulated SN are found in the NT system at the end of the period. The SOC and SN 

content with depth were analyzed in Figure 2.5.  
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    a)                                                      b)                                                c)  

 

 

Figure 2.5. SOC and SN distribution (g kg
-1

) with depth for 2006 (a), 2007 (b) and 2008 (c). Lines represent simulated values and symbols represent the 

observed values. 
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The biggest differences between tillage systems were found in the first centimeters of 

soil. In deeper layers, SOC and SN values for both systems were closer. In the first 10 

cm of soil observed and simulated SOC and SN, were higher in NT than in CT for the 

plotted years. Simulated and observed SOC and SN concentration decreased with 

depth in both tillage systems, showing a sharper decrease in soils under NT than those 

under CT (Figure 2.5). On the other hand, soil N simulations indicated that N 

immobilized in soil was higher in NT than in CT (Figure 2.6).  

 

 

 

Figure 2.6. Evolution of the simulated immobilized N (kg ha
-1

) in soil for conventional (CT) and 

no tillage (NT). DAP= days after planting 

2.4 DISCUSSION  

Simulations of barley yield and biomass greatly improved after model calibration. Yield 

and biomass were correctly simulated by the CERES-Barley model most of the period, 

resulting in simulated values close to observed. Similar results have been found 

previously under a wide range of conditions. For example, Travasso and Magrin (1998) 
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concluded that CERES-Barley model was able to produce good yield estimates. Wheat 

calibration was also satisfactory, reducing the RMSE of yield and biomass around 99%. 

After calibration however, model testing results were poor and showed low indexes of 

agreement. Although previous authors have found inadequate estimates of wheat 

yields using CERES-Wheat (Landau et al., 1998), our uncertainty on observed wheat 

phenology (approximate dates of sowing, anthesis, and maturity) probably influenced 

our results.  

Observed barley yield was lower in the BB rotations than in the FB (FB1 and FB2) and 

the VB (VB1 and VB2) rotations for the whole studied period. CERES-Barley reflected 

that trend as shown in Table 2.6, being the mean simulated yield higher in rotations 

than in monoculture. Similar results were found for barley biomass.  

DSSAT model showed differences in yield and biomass associated to the tillage 

system. Similar to observations, CERES-Barley simulated higher yield and biomass in 

CT than in NT (Figure 2.3). Using DSSAT we examined possible reasons for these 

results. One possibility could be that the soil water storage in CT was higher than in NT 

(data not shown). Simulated soil water content however, was similar in CT and NT. Soil 

N simulations indicated that N immobilized in soil was higher in NT than in CT. This 

could explain the lower yield in NT, due to limited N availability in that management. 

There are many studies suggesting enhanced N availability in CT since the 

microorganisms have more accessibility to crop residues (Silgram and Shepherd, 

1999). Moreover, the presence of residues in NT could also promote N immobilization 

(Murillo et al., 2001). In addition to N immobilization, larger weed population observed 

in NT compared to CT plots may have also reduced yields, although this was not 

simulated with DSSAT.  

SOC and SN were satisfactorily simulated compared to field observations, particularly 

SOC. It has been shown that the incorporation of CENTURY model in DSSAT made 

the model able to produce good longterm estimates of SOM (Gijsman et al., 2002). 

Basso et al. (2011) found excellent results comparing CENTURY simulations of SOC 

with measured data. In this study, we obtained an index of agreement close to one in 

all the simulations (Table 2.8). However, DSSAT overestimated SOC and SN in CT by 
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26% and 20% respectively but underestimated them in NT by as much as 10% in the 

case of SOC and 13% in SN. The analysis of the first 7.5 cm of soil showed that SOC 

and SN are accumulated over time in both simulated and observed values (Figure 2.4). 

For that depth, simulated and observed values showed higher SOC and SN in NT than 

in CT after 6-8 years from the beginning of the experiment. Carter and Rennie (1982) 

and Rhoton (2000) also observed differences in SOC 4 to 5 years after the beginning 

of the NT system adoption. These results support the view that NT is a good choice to 

improve long-term soil quality, as shown in those experiments where there is time 

enough to observe its benefits. Other authors have found similar results showing an 

increase in the SOM in the first centimeters in soils with initially low organic matter 

content (Álvaro-Fuentes et al., 2008; Hernanz et al., 2009; Sombrero and De Benito, 

2010). This is one of the advantages of using conservation tillage systems and makes 

it a very interesting option in low organic matter soils. Observed and simulated SOC 

and SN exhibited similar trends decreasing with depth (Figure 2.5). The results from 

the observed and simulated values suggest that CT-VB and CT-FB were the best 

combinations for the dryland conditions studied. However, CT had the lowest SN and 

SOC while NT maintained higher SOC and SN. Both, simulated and observed values 

displayed these results. The ability of DSSAT to represent various tillage-rotation 

system scenarios makes it a good option to simulate cropping systems in dryland 

conditions, where the effects of tillage in water, nutrient, and soil organic matter, are 

extremely important. This is an example of how models can be a useful tool for 

estimating crop growth and yield under various managements, and assessing the 

midterm impact of alternative tillage systems on soil quality.  

In conclusion, the DSSAT-CERES model performed relatively well modeling barley 

biomass and yield in our experimental field. SOC and SN were also satisfactorily 

simulated compared with field observations. The beneficial effect of NT on SOC and 

SN under semiarid Mediterranean conditions can be identified by field observations 

and correctly reproduced by crop model simulations. Complementary economic and 

energy balance evaluations are needed to decide which are the best management 

practices for the area. However, the use of models to simulate combinations of tillage 

systems and crop rotations constitute a powerful tool assisting decision making to 
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identify efficient system management options, increasing yields and decreasing 

environmental impacts, in specific edapho-climatic conditions.   
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ABSTRACT 

The simulation of the water balance in cropping systems is a useful tool to study how 

water can be used efficiently. However, this requires that models simulate water 

balance accurately. Beyond the typical comparison of model outputs with field 

observations, in this study we present the inter-comparison of models of different 

complexity with the same field dataset as a powerful method to assess model 

performance. The compared models were DSSAT (Decision Support System for 

Agrotechnology Transfer) and WAVE (Water and Agrochemicals in soil, crop and 

Vadose Environment), both describing one dimensional water transport. The soil water 

balance in DSSAT uses a simpler “tipping bucket” approach, while the more 

mechanistic WAVE integrates Richard’s equation. The soil parameters were calibrated 

by using the Simulated Annealing (SA) global optimizing method. A continuous 

weighing lysimeter in a bare fallow provided the observed values of drainage and 

evapotranspiration (ET) while soil water content (SW) was supplied by capacitance 

sensors. An automated weather station recorded the weather data. After optimizing soil 

parameters with SA, both models performed well simulating the soil water balance 

components for the calibrated period. The use of cumulative values for ET and 

drainage in the optimization was more effective than using their daily values. For the 

validation period, the models predicted well soil evaporation over time but there were 

differences between models in the soil water and drainage simulations. In particular, 

WAVE predicted drainage well while DSSAT presented larger errors in the cumulative 

values. That could be due to the mechanistic nature of WAVE against the more 

functional nature of DSSAT. Further studies should be conducted to improve the quality 

of DSSAT drainage simulations. The good results from WAVE indicate that, after soil 

calibration, it could be used as a reasonable substitute for other models for periods 

when no drainage field measurements are available.  

3.1 INTRODUCTION 

Soil water balance simulation in cropping systems is essential to determine crop 

available water and the potential environmental impact due to solutes lixiviation. Water 

losses quantification through evaporation and drainage from bare soils in arid and 
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semi-arid regions is important to design effective management strategies to conserve 

soil water (Aydin , 2008). Simulation models are useful tools to quantify water losses 

and explore options to water management problems. Several models have been 

developed in the last decades to simulate accurately soil water balance processes (e.g. 

SWATRE, Belmans et al., 1983; HYDRUS, Kool and van Genuchten, 1991; WatBal, 

Kaczmarek, 1993 and Yates, 1996; AquaCrop, Steduto et al., 2009). Soil water 

balance models range from functional, as the tipping bucket system models, to 

mechanistic which includes models based on Richards’ equation (Addiscott and 

Wagenet, 1985).  

DSSAT (Decision Support System for Agrotechnology Transfer; Hoogenboom et al., 

2010) is a widely used crop growth and nitrogen and carbon cycling simulation model. 

The suite of crop models (models of 25 crops) included in DSSAT, are linked to a 

simplified analog (tipping bucket) soil water balance model. Improvement of the 

performance of the simplified DSSAT water component will lead to improvements in its 

crop growth and carbon and nitrogen cycling components. The main goal of this study 

was to improve the soil water balance simulation in the DSSAT model using automatic 

inverse calibration (simulated annealing) as a first step to better simulate crop growth, 

nutrient dynamics and nutrient losses. In order to carry out that objective, simulated 

water balance with DSSAT was compared with the numerical WAVE (Water and 

Agrochemicals in soil, crop and Vadose Environment; Vanclooster et al., 1996) model. 

Comparing model results with field observations and inter-comparing different models, 

provides information on model performance and reveals strengths and weaknesses of 

such models. One of the advantages on comparing with mechanistic models is that 

they permit obtaining continuous water fluxes which can be difficult to measure in the 

field, allowing a precise comparison with functional models. Moreover, comparing 

mechanistic and functional models indicates for which conditions different approaches 

seem most appropriate (van der Berg and Driessen, 2002). This is essential in 

selecting appropriate models for practical applications in water resources analysis 

and/or identifying required model improvements. Some authors found interesting 

results when comparing soil water models with different levels of complexity, 

suggesting changes or improvements on such models according with these results. 

Maraux et al., 1998, compared some functional models with a previously calibrated 

http://www.sciencedirect.com/science/article/pii/S0016706198001207#BIB3
http://www.sciencedirect.com/science/article/pii/S0169772200000917#BIB18
http://www.sciencedirect.com/science/article/pii/S0022169407000200#bib30
http://www.sciencedirect.com/science/article/pii/S0022169407000200#bib75
http://www.sciencedirect.com/science/article/pii/S1161030111000955#bib0240
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mechanistic model to simulate the soil water balance of successive crops, concluding 

that the difference between models might be partly due to the division of 

evaporatranspiration into evaporation and transpiration, root uptake and drainage. 

Nevertheless, they concluded that it would be necessary to carry out more studies on 

the functional models to test this hypothesis. Eitzinger et al., 2004, compared three 

widely used crop models, CERES, SWAP and WOFOST and concluded that those 

crop models with soil water flow subroutines based either on the multiple layer plate 

theory or Darcy law should be preferred in comparable environments. They obtained 

acceptable values of soil water content in the simulations but overestimated values of 

actual evapotranspiration. However none of the models had been calibrated on the 

basis of parameter optimization which probably would have result in better simulations 

of the evapotranspiration. Ranatunga et al., 2008, made a review of widely-used water 

simulation models in Australia and classified them in simples (or fixed soil layer) with a 

tipping bucket approach, which can be divided into single layer or multiple layer 

approaches, and complex (or continuous soil profile), which can be divided in one or 

two dimensional flow models. They concluded that each model can be used for specific 

scenarios depending for example on the scale at which water balance simulations are 

made. They emphasized the need for a balance between available data and model 

complexity according with the objectives of every specific project. Ines et al., 2001 

compared the physically based SWAP model (Van Dam et al., 1997) that uses 

Richards’ equation to define the transport of soil water, and the “tipping bucket” DSSAT 

model based on Ritchie’s model. They concluded that each model has their own 

strengths and limitations and can be appropriate for a specific task: DSSAT model was 

better in the prediction of the development stage but worse in the prediction of yield, 

soil moisture and evapotranspiration than SWAP.   

Each model requires a number of soil parameters which have to be measured or 

estimated. Parameters may be unknown or estimated from readily available field or 

laboratory data (Calmon et al., 1999). With increasing use of soil water balance 

models, a considerable amount of effort is being dedicated to develop parameter 

estimation techniques for models (Xu and Singh, 1998). Calmon et al., 1999 

distinguished three kinds of procedures to calibrate model parameters: manually by 

“trial and error” which has demonstrated to be a not really objective method and it can 
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lead to relatively poor fit of the measured data (Ritter et al.,2003) , by using statistical 

models or by using optimization techniques that, combined with models, results in a 

relatively efficient parameter estimation technique. The conventional optimization 

algorithms have been commonly used to estimate parameters by moving the objective 

function uphill or downhill in an iterative manner. One of the main limitations of this 

approach is that the algorithms may converge on a local optimum and completely miss 

the global optimum (Goffe et al., 1994). The Simulated Annealing (SA) global 

optimizing method has demonstrated to be a very effective system to calibrate model 

parameters and even superior to multiple conventional optimization routines as was 

shown in Goffe et al. (1994), Calmon et al. (1999) or Lizaso et al. (2001).  Simulated 

Annealing can avoid local optima and choose the set of parameters corresponding to 

the global optimum. Simulated Annealing has been applied successfully to numerous 

problems of soil parameter estimation for functional crop models (Braga and Jones, 

1998; Braga et al., 1998; Shen et al., 1998; Paz et al., 1998; Calmon et al., 1999), and 

thus it was chosen to optimize the soil parameters in this work. 

The main goal of this study was to improve the simplified soil water balance simulation 

in the DSSAT model using automatic inverse calibration (simulated annealing) as a first 

step to better simulate crop growth, nutrient dynamics and nutrient losses. Simulated 

water balance with DSSAT was compared with the numerical WAVE model and with 

lysimeter observations. Specific objectives of this work were (1) to reduce the 

uncertainty associated to soil water balance components by optimizing selected soil 

parameters, (2) to compare two different model approaches: a tipping-bucket vs. a 

Richard’s equation, and (3) to evaluate the performance of DSSAT simplified water 

balance in order to simulate crop growth and C and N dynamics in future works.  

3.2 MATERIAL AND METHODS 

3.2.1 Experimental site 

Field observations were conducted in the experimental lysimeter station “Las Tiesas” 

(Albacete, Spain, 39ºN, 2ºW, 695 m), supported by the “Instituto Técnico Agronómico 

Provincial” (ITAP), during  two periods: 2011-2012 and 2012-2013. The area has a 
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semi-arid, continental climate. A weighting lysimeter on bare soil with continuous 

electronic data reading devices was used in the experiment (Figure 3.1). Water table 

depth is 60 m (Sanz et al., 2009). The soil was cultivated previously with sunflower that 

was harvested and the residues removed before the beginning of the experiment. The 

dimensions of the lysimeter container were 2.3 m x 2.7 m and 1.7 m depth, with 

approximately 14.5 Mg total mass. The lysimeter recipient was located in the center of 

a 1-ha plot cultivated following the same procedures and surrounded by a square 

protection plot to avoid runoff. The station also hosted another weighing lysimeter, 

cultivated with grass, monitoring reference evapotranspiration (ET0). In the bare soil 

lysimeter, soil evaporation (ET) was calculated daily based on the registered weight, 

corrected by drainage. Drainage was continuously measured with a tipping bucket rain 

gauge (HOBO 200, Davis Instruments, Hayward, California, USA) installed at the outlet 

of the lysimeter bottom and connected to a data logger registering the information 

(Figure 3.1). The pluviometer was previously calibrated in the laboratory showing a 

ratio of 6.5 ml tip-1.  

 
 

Figure 3.1. Scheme of the weighing lysimeter installation located at the ITAP’s experimental 
farm ‘‘Las Tiesas’’, Albacete (Spain). 

The study was divided in two periods: calibration (2/8/2012-3/29/2012) and validation 

(10/30/2012-2/27/2013). Water management in the calibration period had two irrigation 
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cycles: in the first (February 8th, 2012 until March 1st, 2012)  the soil  profile was 

replenished, by irrigating with 76.72 mm in three times (3/1/2012, 3/5/2012, 3/7/2012) ; 

in the second  (March 1st until March 29th, 2012) the soil was irrigated with 77 mm 

letting it dry during one month. In the validation period (October 30th, 2012 until 

February 27th, 2013) the soil was irrigated with 41 mm at the beginning letting it dry 

afterwards. 

Weather information was collected by a weather station located in the experimental 

field. The registered variables were: relative air humidity and air temperature at 2 m, 

net short wave radiation at 2 m, net long wave radiation at 2 m, soil heat flux at 0.05, 

0.1, 0.2 and 0.3 m, atmospheric pressure at 2 m, wind speed and direction, and 

precipitation. The mean daily air temperatures for the first and the second period were 

6.0 ºC and 8.0 ºC, respectively. Mean average precipitation were 27.2 and 48.4 mm per 

month (Figure 3.2).  

 
 

Figure 3.2. Monthly rainfall, average of maximal temperatures, average of minimal 
temperatures, and average of mean temperatures in Las Tiesas and ET0 measured in the 
reference lysimeter, during: 2a) the calibration period (February 2012-March 2012) and 2b)  the 
validation period (October 2012-February 2013).  

The soil is classified as Petrocalcic Calcixerepts (Soil Survey Staff, 2003), with a 

fragmented petrocalcic horizon at 60 cm depth approximately. Texture is silty-clay-
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loam, with a uniform basic pH across the profile (Table 3.1). Bulk density (BD), coarse 

fraction, saturated hydraulic conductivity (Ks), residual water content (θr) and saturated 

water content (θs) were measured at the beginning of the experiment from undisturbed 

soil samples extracted from the studied field. The BD of the soil was determined at 20 

and 40 cm by the core method in ten samples for each depth. Hydraulic conductivity 

was measured in the laboratory using a constant-head permeameter (Klute and 

Dirksen, 1986) from twenty undisturbed core samples taken at 20 and 40 cm depth. 

The θs distribution was obtained as the porosity measured in ten 100 cm3 soil cores for 

each layer studied. The θr was calculated on fourteen samples of extracted soil at 20 

and 40 cm depth by weighting the soil before and after drying (in the oven 5 days at 

110 ºC). The moisture retention curve was calculated as the van Genuchten (1980) 

model. Van Genuchten coefficients α and n were obtained from the adjustment of the 

soil water content data observed at saturation, field capacity and wilting point. The 

other soil parameters were taken from previous studies at this station (Maturano, 2002; 

López-Urrea, 2004; López-Urrea et al., 2006).  

Table 3.1. Physical and chemical properties of the experimental soil at different depths. 

  
Layer (cm)   

Property 0-5 5-15 15-63 63-67 67-96 96-170 

BD1 g cm-3 1.39 1.39 1.49 1.8 1.49 1.7 

pH 8.1 8.1 8.1 8.1 8.2 8.2 

CEC2 cmol kg-1 27.8 27.8 17.9 17.9 10.4 10.4 

Organic C , % 0.96 0.96 0.46 0.46 0.24 0.23 

Total N , % 0.13 0.13 0.08 0.01 0.08 0.01 

Texture , % 
   

   

Coarse fraction 21 21 50 95 60 90 

Silt 48.9 48.9 46.4 46.4 50.8 50.8 

Clay 37.7 37.7 30.8 30.8 23.2 23.2 

Sand 13.4 13.4 22.8 22.8 26.0 26.0 
1
BD: Bulk density; 

2
CEC: Cation exchange capacity 
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3.2.2 Soil water content  

The soil water content was monitored hourly using capacitance sensors (10HS 

ECH2O, Decagon Devices Inc., Pullman, WA) located at 10 and 40 cm depth. The 

sensors outputs were normalized with an equation based on frequency readings of the 

sensors exposed to air and water, to determine a scale frequency (SF). The average 

SF was transformed into volumetric water content (θv) using a calibration equation that 

was obtained under laboratory conditions using soil samples from the experimental site 

following the procedure described by Gabriel et al. (2010) . This calibrated relationship 

(θv = 1.1052 SF-0.0927) covered a θv range from 0.07 to 0.3 m3 m-3, and had a 

determination coefficient R2 = 0.95.  

3.2.3 Computer models  

3.2.3.1  DSSAT soil water model: 

DSSAT v4.5 provides a suite of crop models sharing a common simulation of soil 

processes, including two alternative soil carbon (C) and nitrogen (N) models, a daily 

soil water model, and a range of crop/land management options to simulate crop 

growth, yield, and corresponding environmental impacts. The soil water balance in 

DSSAT is based on Ritchie’s model which uses a one dimensional “tipping bucket” soil 

water balance approach (Ritchie, 1981a, 1981b, 1972). Per-layer available soil water is 

determined by the drained upper limit (DUL), lower limit (LL) and saturated water 

content (SAT), defined for each layer of the soil profile.  The soil is also defined by 

surface parameters: the fraction drained per day (SLDR, day-1) and the runoff curve 

number (CN) (Soil Conservations Service, 1972). Soil water infiltration is computed by 

subtracting runoff from rainfall/irrigation. Runoff is calculated based on the CN defined 

in the soil profile. Drainage (downward saturated flow) occurs when the water content 

in a layer is above a drained upper limit. Upward flow caused by transpiration and soil 

evaporation is calculated within the Soil-Plant-Atmosphere module in DSSAT. There 

are two available options within DSSAT for the reference evapotranspiration (ETo) 

computation: the default Priesley and Taylor (1972) and the FAO-56 Penman-Monteith 
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(Allen et al., 1998).  Potencial soil evaporation is calculated by splitting the ETo to 

potential plant evaporation (EPo) and potential soil evaporation (ESo) as follows: 

 ESo = (EO /1.1)*(EXP(-0.4*LAI)   

where LAI: Leaf area index (m2 [leaf]/ m2[ground]) 

 EPo = ETo- ESo 

Actual soil evaporation can be calculated with one of the offered methods included in 

DSSAT: Ritchie-CERES (Ritchie, 1972) or Suleiman-Ritchie (Suleiman and Ritchie, 

2003).  Suleiman-Ritchie method uses the new Ritchie et al. (2009) soil evaporation 

model to compute soil evaporation rate by using the primary equation derived from 

diffusion theory:  

 ∆θESz,t=-(θz,t – θADz)Fz   

where: ∆θESz,t  is the daily change in volumetric water content at depth z, due to 

evaporation on day t (m3m-3d-1);  θz,t is the volumetric water content at depth z, day t; 

θADz is the air dry volume water content at depth z (m3m-3); Fz is the transfer coefficient 

for soil at depth z (d-1) and z  is the mean depth of soil layer (m).  

Then, the actual evapotranspiration (ETa) is calculated by applying reduction factors, 

considering the soil moisture conditions.           

3.2.3.2    WAVE soil water model 

WAVE is a one dimensional mechanistic model for the description of flow in the soil-

crop system in the vadose zone (Vanclooster et al., 1994). The model integrates other 

earlier models: SWATRE (Simulating WATer Root Evapotranspiration; Belmans et al., 

1983), SWATNIT (Simulating WATer and NITrogen; Vereecken et al., 1991), the 

universal crop growth model SUCROS (Simple and Universal CROp growth Simulator; 

Van Keulen et al., 1982; Spitters et al., 1988) and the LEACHN model (Leaching 
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Estimation and CHemistry model- Nitrogen; Wagenet and Hutson, 1989) subroutines 

for heat and N transport. The WAVE model is structured in five modules: a module for 

calculating the water balance, a module for calculating the solute balance, a module for 

calculating the heat balance, a module for calculating the nitrogen balance and a 

module for simulating crop growth (Muñoz-Carpena et al., 2001). The model considers 

the soil as a homogeneous isotropic isothermal rigid porous media and describes the 

one-dimensional water flow (unsaturated and saturated flow conditions) by integration 

of the mixed formulation of Richard’s equation using a semi-implicit finite difference 

method (Celia et al., 1990). Several parametric moisture retention and hydraulic 

conductivity models are available in WAVE.  The van Genuchten (1980) water retention 

model, depends on the saturated and residual soil water content (θs, θr) [L3 L−3], the 

inverse of the air-entry value (α) [L−1] and two curve shape parameters (n and m, where 

m is assumed to be equal to 1 − 1/n). The Mualem (1976) unsaturated hydraulic 

conductivity curve depends on the saturated hydraulic conductivity (Ks) [LT−1], and a 

tortuosity factor (L). The model input boundary conditions are specified on a daily 

basis. The soil is divided in layers and every layer is subdivided in compartments with a 

node in the middle where the value of the state variable is calculated. In particular, the 

soil evaporation (Ep) is obtained in WAVE by splitting the potential crop 

evapotranspiration (ET_crop) into potential transpiration (Tp) and the potential 

evaporation (Ep) as follows:  

 Ep = EXP (-0.6*LAI)*ET_crop 

 Tp= ET_crop - Ep - CanStor       

where CanStor is canopy storage, (mm d-1) 

On the other hand, the evapotranspiration is incorporated through the sink term of 

Richards’ equation (as evaporation on the surface or root extraction in the soil profile), 

providing a direct link between the vertical Darcy flux and the soil evaporation. Soil 

evaporation is then limited by the moisture content so that if there is no available water 

to be extracted from the soil the evaporation doesn’t occur. 



Soil water balance:comparing two simulation models of different levels of complexity with lysimeter observations 

 

59 

3.2.4 Model simulations 

For simulation purposes the soil profile was divided into six soil layers, following the soil 

description, with the upper two layers of 5 and 10 cm to improve simulation accuracy. 

In addition, in WAVE soil layers were subdivided into compartments of 5 cm depth. The 

soil water content in both models was initialized according to field measurements. 

Readings from the capacitance sensors at 10 and 40 cm depth were complemented 

with gravimetric soil sampling for deeper layers. DSSAT version 4.5.1.013 was used 

with the following methods: FAO-56 (Allen et al., 1998) for ET, Ritchie (Ritchie, 1998) 

for the water balance and infiltration, and Suleiman-Ritchie (Suleiman and Ritchie, 

2003; Ritchie et al., 2009) for soil evaporation. The models used in WAVE version 3.0 

were: Van Genuchten (1980) for the water-retention curve and Mualem (1976) for the 

hydraulic conductivity function. 

To reduce the uncertainty associated to soil inputs, we used the implementation by 

Goffe et al., (1994) of the simulated annealing (SA) optimization algorithm. This 

implementation was found to perform successfully in our previous work (Confalone et 

al., 2011; Lizaso et al., 2001). For DSSAT, simulated annealing was linked with the 

model by sharing files between the two executables. The parameters were estimated 

by minimizing the error sum of squares (SSE) between measured and predicted soil 

water content (SW) at different soil depths, drainage and ET over time. The program 

automatically runs the DSSAT model along with SA parameter search routines. 

Starting from an initial point, the algorithm takes a step and the function is evaluated. It 

simulates soil water content in the upper layers, drainage, and ET over time and 

computes the SSE between simulated and observed values. As the optimization 

process proceeds, the length of the steps decline and the algorithm closes in on the 

global optimum. The optimum solution is obtained when the minimum SSE is reached. 

This solution included surface parameters (drainage rate, runoff curve number), and 

per-layer parameters (LL, DUL, SAT) which are soil profile inputs of the model.  

The optimization started with reasonable ranges of SAT calculated from the total 

porosity obtained from field measures of bulk density. Then, DUL and LL were also 

subsequently optimized. For WAVE, the optimization procedure was the same than in 



Tesis de María SOLDEVILLA MARTÍNEZ 

 

60 

DSSAT model but changing the optimized parameters. The optimized soil inputs in this 

case were water-retention curve parameters (θs, θr, α, n, m) and hydraulic conductivity 

curve parameters (Ks, L), starting from the initial range of values derived from 

laboratory measurements on undisturbed soil cores. The number of iterations in each 

optimization depended on the number of parameters to optimize in each model and 

varied between 60,000-90,000 iterations before finding the global optimum. Observed 

and simulated outputs were normalized using the range of measured values, to provide 

the same weight to outputs of different magnitudes during the optimization process. 

Two optimization ways were proved. The first one was done taking into account the 

drainage and ET daily values (optimization 1) while the second optimization was done 

using the drainage and ET cumulative values (optimization 2).  

3.2.5 Statistical analysis 

Statistical analysis of model performance with statistical significance test was done with 

the FITEVAL software program (Ritter and Muñoz-Carpena, 2013) based on the root 

mean square error (RMSE) and the Nash and Sutcliffe (1970) efficiency coefficient 

(Ceff). 

3.3 RESULTS 

3.3.1 Soil parameters optimization 

The parameters DR and RO were reduced after the optimization process. This 

reduction was higher for the optimization 2 in the case of DR, while RO was almost 

equal for both optimization procedures. Most of the soil water retention parameters (LL, 

DUL and SAT) were reduced after both optimization procedures; whereas the RO and 

particularly the DR parameters varied with the optimization (Table 3.2).  
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Table 3.2. Soil parameters before and after optimization used in DSSAT simulations. DR: 

drainage rate (day
-1

); RO: runoff curve number; LL: Lower limit (cm
3
 cm

-3
) ; DUL: Drained upper 

limit (cm
3
 cm

-3
) ; SAT: Saturated limit (cm

3
 cm

-3
) . 

Soil Layer (cm)  DR RO LL  DUL  SAT  

Original parameters   

 0-5  0.75 45 0.254 0.374 0.449 

5-15  0.75 45 0.254 0.374 0.449 

15-63  0.75 45 0.242 0.414 0.497 

63-67  0.75 45 0.120 0.414 0.497 

67-96  0.75 45 0.160 0.414 0.497 

96-170  0.75 45 0.160 0.414 0.497 

Optimization 1    
   

0-5  0.57 28 0.185 0.195 0.340 

5-15  0.57 28 0.262 0.272 0.364 

15-63  0.57 28 0.092 0.251 0.364 

63-67  0.57 28 0.230 0.274 0.305 

67-96  0.57 28 0.171 0.207 0.217 

96-170  0.57 28 0.013 0.197 0.317 

Optimization 2   
 

0-5  0.31 29 0.050 0.197 0.499 

5-15  0.31 29 0.253 0.282 0.305 

15-63  0.31 29 0.239 0.249 0.259 

63-67  0.31 29 0.068 0.201 0.221 

67-96  0.31 29 0.012 0.168 0.179 

96-170  0.31 29 0.011 0.168 0.239 
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Figure 3.3. Observed and DSSAT simulated daily soil water balance components (soil water 

content and cumulative drainage and ET) during the calibration period February 2012-March 

2012 before and after the two optimizations: a) before optimization, b) optimization using 

drainage and ET daily values , c) optimization using drainage and ET cumulative values. 

DSSAT simulations before the optimization showed large differences between 

simulated and observed values, especially in the drainage simulation that was zero for 

the whole period (Figure 3.3). With the first optimization DSSAT simulations of soil 

water content greatly improved, but drainage and ET simulations were still not 

accurate. The second optimization showed very good results in the optimization of all 

variables. Parameter optimization greatly improved DSSAT simulations of soil water 

content, reducing the RMSE by 86% and 88% for the 0-10 cm and 10-40 cm, 

respectively. Also the drainage simulation was highly improved since the model was 

not simulating drainage before the optimization. With the first optimization drainage 

simulation was still poor but after the second optimization simulated and observed 

values were close. Similarly, while the soil evaporation simulation was not much 

improved after the first optimization, the second closely reproduced observations. This 
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indicates that to optimize the full water balance including not only soil water variation 

but also ET and drainage, the use of cumulative values for ET and drainage is more 

effective than using their daily values (in our case ET and drainage RMSE was reduced 

by 82% and 67%, respectively, with the second optimization).  

Table 3.3 shows the input soil parameters in the WAVE model after the optimization 

with SA. It was observed an increase in the Ks with depth in the first 60 cm and big 

differences of this parameter between layers. On the other hand, the L value resulting 

from the optimization differed from the original value of 0.5found in the literature (Beven 

et al., 1993).  The other parameters (WCR, WCS, α, n, m), were within the reasonable 

ranges found in the literature (Meyer and Taira, 2001).  

Table 3.3. Soil parameters after optimization used in the WAVE simulations. 

  Van Genuchten parameters 

 

Mualem parameters 

Depth WCR WCS 
α n m  

Ks 
L 

cm m3 m-3 m3 m-3 
 

cm day-1 

20 0.105 0.299 0.005 1.135 0.119 

 

5.4 0.32 

60 0.118 0.264 0.003 1.135 0.119 

 

619.7 0.29 

170 0.030 0.221 0.089 1.094 0.086   176.7 0.30 

WCR: Residual water content .WCS: Saturated water content. α: inverse air entry value. n,m: 
shape parameters of the Van Genuchten model. Ks: saturated conductivity. L: tortuosity factor 
of the Mualem model 
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Figure 3.4. Observed and WAVE simulated daily soil water balance components (soil water 

content and cumulative drainage and ET after optimization during the calibration period 

February 2012-March 2012. 

The optimized WAVE model resulted on a very good simulation of the soil water 

balance (Figure 3.4). The RMSE in the SW simulation was 0.003 m3 m-3 for both depth 

layers (Table 3.4). The Nash and Sutcliffe (1970) efficiency coefficient (Ceff) showed a 

value close to one for all the studied variables indicating a very good model 

performance. When comparing the root mean square error and the Ceff of all the 

simulated soil water balance components for both models in the calibration period of 
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the study (Table 3.4), the highest differences were found in the drainage, where WAVE 

produced a better drainage simulation (lower RMSE than DSSAT). The other water 

balance components (SW and soil evaporation) were well simulated by both models. 

Table 3.4. Statistical analysis of the DSSAT and WAVE simulated soil water components for the 

calibration period. It was considered a 2% error in the SW measurements (manufacturer 

specifications). 

 

RMSEa Ceff b 

 

WAVE DSSAT WAVE DSSAT 

SW 10 0.003 [0.001-0.005]c 0.003 [0.002-0.004] 0.967 [0.923-0.99] 0.969 [0.946-0.985] 

(cm3 cm-3) (cm3 cm-3) (cm3 cm-3) p-valued: 0.00 p-value: 0.00 

SW 40 0.003 [0.002-0.005] 0.004 [0.002-0.006] 0.857 [0.453-0.961] 0.821 [0.718-0.938] 

(cm3 cm-3) (cm3 cm-3) (cm3 cm-3) p-value: 0.034 p-value: 0.00 

Drainage 2.734 [1.448-4.496] 4.136 [2.289-5.811] 0.98 [0.93-0.991] 0.954 [0.843-0.976] 

(mm) (mm) (mm) p-value: 0.00 p-value: 0.00 

ET 4.884 [2.571-6.778] 3.011 [2.4-3.653] 0.964 [0.872-0.991] 0.986 [0.966-0.992] 

(mm) (mm) (mm) p-value: 0.00 p-value: 0.00 
a
: Root mean square error . 

b
: Nash and Sutcliffe (1970) efficiency coefficient . 

c
: values are 

mean and 95% Confidence interval obtained from Bca bootstrapping using Politis and Romano 
(1994) block bootstrap method for stationary dependent data . 

d
:p-value for Ceff<=0.65 (Ritter 

and Muñoz-Carpena, 2013) 

3.3.2 Model validation 

The second period (10/30/2012-2/27/2013) of the experiment was simulated directly 

using the optimized soil inputs obtained from the first calibration period (Figure 3.5). 

The Ceff statistical significance test (Table 3.5) shows that DSSAT simulations for SW 

at 10 cm and drainage were not acceptable (with α =0.05), where WAVE passed the 

test for all outputs.  
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Table 3.5. Statistical analysis of the DSSAT and WAVE simulated soil water components for the 

validation period. It was considered a 2% error in the SW measurements (manufacturer 

specifications). 

 

RMSEa Ceff b 

 

WAVE DSSAT WAVE DSSAT 

SW 10 0.005 [0.003-0.008]c 0.011 [0.008-0.014] 0.890 [0.723-0.924] 0.557 [-0.766-0.864] 

(cm3 cm-3) (cm3 cm-3) (cm3 cm-3) p-valued: 0.001 p-value: 0.651 

SW 40 0.003 [0.002-0.004] 0.006 [0.003-0.009] 0.773 [0.241-0.902] 0.665 [0.273-0.793] 

(cm3 cm-3) (cm3 cm-3) (cm3 cm-3) p-value: 0.026 p-value: 0.923 

Drainage 1.908 [0.414-3.36] 15.588 [12.138-17.878] 0.989 [0.938-0.999] 0.274 [0.055-0.792] 

(mm) (mm) (mm) p-value: 0.00 p-value: 0.919 

ET 1.113 [0.723-1.564] 3.768 [2.759-4.542] 0.999 [0.993-1] 0.983 [0.968-0.989] 

(mm) (mm) (mm) p-value: 0.00 p-value: 0.00 
a
: Root mean square error . 

b
: Nash and Sutcliffe (1970) efficiency coefficient. 

c
: Values are 

mean and 95% Confidence interval obtained from Bca bootstrapping using Politis and Romano 
(1994) block bootstrap method for stationary dependent data . 

d
:p-value for Ceff<=0.65 (Ritter 

and Muñoz-Carpena, 2013)  

The main differences between models were observed in drainage simulation as shown 

in Figure 3.5. While the WAVE model presented a very accurate drainage simulation, 

with Ceff of 0.989, the drainage simulated by DSSAT was poor, with an Ceff of 0.274, 

and presented a high RMSE (15.58 mm) (Table 3.5). The simulated drainage with 

DSSAT declined starting on the 15th day with simulated values much lower than the 

observed ones. The total drainage observed for this period was 69 mm, while the 

DSSAT model simulated 49 mm. WAVE model however, performed well with a total 

drainage of 68.3 mm. Interestingly, the soil evaporation simulation from both models 

fitted well the observed values with Ceff close to one (p<0.05).  
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Figure 3.5. Simulated and observed soil water balance components (soil water content, 

drainage and ET) during the validation period (11/1/2012- 12/15/2012) of the experiment. 

Figure 3.6 compares observed vs simulated values of drainage in both models, where 

the 1:1 line represents perfect agreement. The Ceff was higher for WAVE than DSSAT 

model in both studied periods since the drainage simulation was more accurate in 

WAVE. Although both models performed similarly during the optimization process, as 

expected the drainage simulation during the independent validation period proofed 

more robust for the mechanistic (WAVE) than the functional (DSSAT) model.  
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The statistical analysis showed differences in the drainage simulation over the two 

studied periods (Table 3.4 and Table 3.5).  

 
 
 

Figure 3.6. Simulated vs. observed cumulative drainage. Simulations were obtained with 
DSSAT and WAVE for the calibration and validation periods: a) DSSAT calibration, b) WAVE 
calibration, c) DSSAT validation, d) WAVE validation. 

 

3.4 DISCUSSION 

The models DSSAT and WAVE properly estimated SW at 10 and 40 cm depths in the 

calibration period. Previous studies agreed that the updated soil water model included 
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in DSSAT (Ritchie et al., 2009), performed well especially in the upper soil layers (Liu 

et al., 2011).  However, that contrasts with the results found in the validation period, 

where DSSAT model did not simulate properly SW at 10 cm. On the other hand, WAVE 

model properly simulated SW at 10 and 40 cm showing a good fit in both periods. 

Other authors have reported good performance of the WAVE model simulating soil 

water content. Ritter et al. (2003, 2004) and Muñoz-Carpena et al. (1999) concluded 

that the WAVE model predicted well the water flow and distribution in the soil.  

Both models simulated correctly the soil evaporation, with Ceff close to one in both 

periods. Good agreements between measured and simulated soil evaporation were 

achieved after the models calibration. The FAO-56 Penman-Monteith method used in 

this study provided good estimations of soil evaporation in accordance with other 

authors (Anothai et al., 2013; Sau et al., 2004). 

The statistical analysis showed differences in the drainage simulation over the two 

studied periods (Table 3.4 and Table 3.5), specially in the validation period where the 

good performance of the WAVE model contrasted with the poor DSSAT simulation. 

The more mechanistic nature of WAVE is the reason for the good performance of this 

model.  The use of finite difference techniques to solve the flow equation in the WAVE 

model, allows finding accurate results to the soil water balance components. The 

incorporation of Richard’s equation in DSSAT model would increase the model 

accuracy in the estimation of the soil water balance. Mechanistic models like WAVE 

provide dynamic and continuous water fluxes that are difficult to quantify with field 

experiments (e.g. continuous drainage) (Maraux et al., 1998). After the excellent results 

on drainage prediction with the WAVE model, we conclude that it could be used as a 

reasonable substitute when no drainage data is available, given the correct calibration 

of model parameters. It is interesting to see that soil drainage (percolation) was found 

to be the component of the water balance that was more difficult to simulate with 

DSSAT. This introduces a degree of uncertainty in model testing since often there are 

no direct measurements of this variable in the field even when many environmental 

applications are focused on the estimation of deep percolation. Ritter et al. (2004) 

found that a significant improvement in model calibration can be obtained by using 
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measurements of deep percolation in addition to soil water content, or alternatively soil 

suction and soil water content together. 

It should be highlighted that, although WAVE model provided a better soil water 

balance simulation, DSSAT model following a more simple approach, offered also a 

very good simulation of most soil water components. The “tipping bucket” approach 

resulted, in this study, a very good system to reflect most of the real processes of the 

soil water balance. Moreover, the user-friendly interface of the DSSAT model is an 

important quality that should be also considered in the model comparison. The large 

number of parameters required in some numerical models, can be an obstacle for 

model application. In addition, the complexity of the field measurements needed as 

inputs in such models, advises the use of pedotransfer functions to generate soil 

parameters. Nevertheless, we present evidence in this study supporting the better 

performance of the physically based WAVE compared to the simpler DSSAT . Thus, it 

could be concluded that incorporating a physically based water balance in DSSAT, 

could improve not only the description of the soil water balance, but also the associated 

simulation of crop growth and soil nutrient dynamics. The two models gained accuracy 

after soil parameter optimization compared to simulations using field measurements 

directly as model inputs. The optimization of soil parameters used measured SW, 

drainage, and ET. Previous experiments showed that optimizing the soil parameters 

from the field measurements, or inverse calibration, was a very effective method to fit 

these parameters (Ritter et al., 2003, 2004; Gabriel et al., 2012). The Simulated 

Annealing (SA) global optimization method was chosen to adjust the soil parameters of 

the two models WAVE and DSSAT. Some references comparing SA with other 

different optimization systems concluded that SA could optimize functions that 

conventional algorithms failed to optimize (Goffe et al., 1994). In this study SA 

demonstrated to be an effective optimization method decreasing the RMSE and 

increasing the efficiency coefficients of both models. In agreement with these findings, 

Calmon et al. (1999) obtained good results of SW simulation over time after parameter 

optimization with SA. It is remarkable that, although both optimizations properly 

represented the ET trend with time, the optimization by using normalized cumulative 

values of ET performed slightly better than using normalized daily ones, contrary to 

expectations (Figure 3.3). Also, for drainage the simulation approach was clearly better 
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with cumulative values than with daily ones. However, in the case of drainage this fact 

seems reasonable since instantaneous data was sometimes so small, that the model 

could not capture it, performing better with cumulative drainage. Even so, a first 

attempt of calibration was done by using daily values of drainage, obtaining quite poor 

results, even when we normalized the values of SW, drainage and ET. Thus, we 

decided to calibrate the model by using cumulative values of both, drainage and ET, 

resulting in better simulation. 

Although DSSAT model is a more crop-oriented model, it has shown to perform 

reasonably well in the simulation of soil water balance with the adequate calibration. 

However, when the soil water is an important factor in the study it is recommended to 

complement DSSAT model with a hydrological model as WAVE. The mechanistic 

approach of  WAVE, allows a better simulation of the soil water balance than the model 

DSSAT and it can be used effectively when deep soil water analysis are required. In 

terms of input complexity, DSSAT requires a lesser volume of input data on soil than 

WAVE and it could be a good alternative when is not possible to obtain the high 

number of parameter values required for WAVE.  

3.5 CONCLUSIONS 

The SA global optimization method was used successfully for the optimization of soil 

parameters in WAVE and DSSAT models, reducing the uncertainty associated to soil 

water balance components. For the calibration period, the RMSE of the drainage was 

reduced by 82% for DSSAT and by 88% for WAVE. For the validation period, the 

optimized models predicted very well soil water content in the 10-40 cm layer (RMSE 

between 0.003 and 0.006 m3 m-3) and also the soil evaporation over time (RMSE 

between 1.1 and 3.8 mm). An exception to this good performance was found in the 

drainage simulation with the DSSAT model. The WAVE model on the contrary, 

accurately predicted drainage over time for the same period. Since drainage is the 

parameter which present more difficulties to be simulated with DSSAT, having drainage 

observations to compare with, would involve a significant improvement in the model 

calibration. 
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Thus, we conclude that the WAVE model may be used for other models when no 

drainage data is available, once soil parameters have been adequately calibrated. 

Further studies will be conducted to identify modifications in the DSSAT model that 

could improve the simulation quality, especially of drainage. However it should be 

remembered the need to keep as much as possible model simplicity, and this is one of 

DSSAT strengths. 
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ABSTRACT 

The CENTURY model was adapted to the DSSAT (Decision Support System for 

Agrotechnology Transfer) modular format to better model soil organic carbon (SOC) 

and nutrient processes. The performance of DSSAT-CENTURY when simulating SOC 

and nitrogen (N) dynamics strongly depends on the initialization process. Current 

methods to initialize SOC pools deal with carbon (C) mineralization processes instead 

of N.  This work evaluates an alternative method (Met.2) to initialize the SOC pools 

from apparent soil N mineralization (Napmin) measurements. Method 2 was compared to 

the Basso et al. (2011)  initialization method (Met.1), by applying both methods to a 4-

year field experiment in a semiarid irrigated area of central Spain. The compared 

variables were soil mineral N (Nmin) and SOC evolution, crop yield, aboveground 

biomass, and N uptake. In the upper layers, the stable pool (SOC3) obtained from 

Met.1 was lower than from Met.2, leading to Nmin and Napmin overestimation. Method 2 

improved  Nmin simulation as the Napmin was calibrated with actual conditions. Simulated 

N leaching was similar for both methods, with good results in fallow and barley 

treatments. Method 1 underestimated topsoil SOC  when compared with a 12-year 

observed serial. Crop growth and yield were properly simulated by both methods, but N 

in shoots and grain were overestimated by Met.1. Results varied significantly with the 

initial SOC pools, highlighting the importance of the initialization procedure. When 

Napmin measurements are available, Met.2 offers an alternative to initialize the 

CENTURY model, enhancing the simulation of soil N processes. 

4.1 INTRODUCTION 

In recent years soil organic matter (SOM) models have gained importance as tools to 

predict the SOM dynamics, which is the major deposit of carbon (C) in the soil and 

affects many physical and chemical processes as the stabilization of soil structure or 

plant nitrogen cycling (Lal et al., 2007). Carbon losses during SOM decomposition 

contribute to increase CO2 emissions to the atmosphere. On the contrary, microbial 

transformation of residues and litter results in atmospheric CO2 sequestration and net 

increase of soil organic carbon (SOC). Understanding the soil carbon dynamics 

through simulation models, may help to choose management practices that minimize 
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the rising atmospheric carbon load. The CENTURY soil organic matter model (Parton 

et al., 1994) was adapted for the Decision Support System for Agrotechnology 

Transfer, DSSAT, modular format (Gijsman et al., 2002) in order to better simulate the 

dynamics of soil organic nutrient processes (Porter et al., 2010). Properly calibrated 

and initialized DSSAT-CENTURY model has proved to simulate accurately long term 

SOM dynamics (Paustian et al., 1992; Kelly et al., 1997; Bado et al. 2004; Soler et al., 

2011). Accurate initialization of the various organic matter pools is critical to adequately 

modeling the dynamics between organic and inorganic soil components and the soil 

fertility of a cropping system (Porter et al., 2010). The initialization procedure is 

particularly important in agricultural systems in which crops depend on nutrients 

mineralized from organic matter (Basso et al., 2011). The CENTURY soil organic 

matter module incorporated into the DSSAT, has demonstrated to be a useful tool to 

analyze the mechanisms controlling SOC dynamics (Mikhailova et al., 2000; Falloon 

and Smith, 2002; Carvalho et al., 2004; Gao et al., 2008). However, the model 

performance when simulating SOC and nitrogen (N) dynamics, strongly depends on 

the initialization process and there is limited information in the literature about this 

matter.  

The CENTURY model divides SOC into three hypothetical pools: microbial or active 

material (SOC1), intermediate (SOC2), and the largely inert and stabilized material 

(SOC3) (Jones et al., 2003). These pools do not correspond to actual laboratory-

determined fractions. At the beginning of the simulation, CENTURY model needs a 

SOC3 value per soil layer which can be estimated by the model or given as an input. 

As SOC3 cannot be directly measured, it is usually estimated with the model. The 

model estimates SOC3 based on soil texture and management history and then 

assigns about 5% and 95% of the remaining SOC to SOC1 and SOC2, respectively.  

Since cropping systems change and evolve, frequently in short time periods, estimating 

SOC3 as a function of continuous land use leads to inadequate simulations of soil C 

dynamics in the long-term. For example Bostick et al. (2007) found problems in the 

simulation of yield and C dynamics with the DSSAT-CENTURY model.  

Basso et al. (2011) developed a procedure to initialize SOC fractions iteratively. The 

procedure uses measured current total SOC and documented previous cropping 

history. To simulate this cropping history, the initial total SOC and the fractions’ 
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distribution are unknown, so Tables are provided based on texture and previous land 

use to tentatively initialize these values. After simulating the cropping history, the 

resulting total SOC is compared with the measured. The procedure iterates until 

simulated and measured total SOC match, in which case the simulated SOC pools are 

accepted. This method has demonstrated to be effective in the simulation of SOC 

dynamics (Basso et al., 2011; De Sanctis et al., 2012).  

Dynamics of SOM, SOC, and soil organic nitrogen (SON) are linked in the CENTURY-

DSSAT model through the C/N ratio of decomposing material that determines either N 

mineralization or immobilization (Gijsman et al., 2002). Carbon flow from one pool to 

another is accompanied by an amount of N proportional to the C/N ratio (Porter et al. 

2010). Mineralization of N occurs as C is lost in the form of CO2 and as C flows from 

pools with low ratios, such as the active pool, to those with higher ratios, such as the 

slow pool. On the contrary, immobilization occurs when C flows from pools with high 

ratios, such as the structural pool, to those with lower ratios, such as the active pool 

(Parton et al., 1994). Therefore, since N release from each organic-matter pool is 

proportional to C flow, it might be possible to obtain information about SOC dynamics 

and initial fractions from field measurements of soil N mineralization. Numerous 

methods are available for estimating N mineralization including laboratory methods, 

using anaerobic and aerobic incubation, and in situ field methods, as the followed by 

Kolberg et al. (1997). Nevertheless, apparent soil N mineralization (Napmin) could be 

also easily calculated by a simplified N balance (Meisinger and Randall, 1991) from 

field measurements of the N inputs and outputs of the system.  Such Napmin might 

provide a method to estimate the initial SOC pools by using field measurements that 

could complement the information relying on soil texture and management history. 

Moreover, this procedure means an alternative to the traditional initialization methods 

dealing mostly with C processes and less with N processes.  The capability of the 

model to simulate N dynamics is particularly important to enable DSSAT-CENTURY 

model to be used for analyzing N management strategies dealing for example with crop 

residues or nitrate leaching in cropping systems (Gijsman et al., 2002). 

The aim of this study was to design and test an alternative method to initialize the soil 

organic carbon pools in the DSSAT-CENTURY model. We hypothesized that initial 
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SOC pools in the model might be estimated from apparent soil N mineralization 

estimated from field measurements. Specific objectives of this work were (1) to develop 

a methodology for initializing SOC pools in the DSSAT-CENTURY model from field 

measurements of Napmin and compare with the procedure developed by Basso et al. 

(2011); (2) to evaluate the results of applying the new initialization method to simulate 

soil N and C dynamics and crop biomass, yield, and N uptake of several rotations of 

maize-cover crops. 

4.2 MATERIAL AND METHODS 

4.2.1 Experimental setup 

Observed data were obtained from a 4-year experiment carried out at La Chimenea 

field station (40°03’N, 03°31’W, altitude 550 m) located in Aranjuez (Madrid, Spain). 

Daily weather information was collected at the experimental field. The registered 

weather data were: relative air humidity, air temperature, solar radiation, 

photosynthetically active radiation (PAR), rainfall, and wind velocity. The area has a 

Mediterranean semi-arid climate (Papadakis, 1966). The mean daily air temperature 

was 14.2°C and yearly average precipitation was 413 mm for the studied period (Table 

4.1). The soil at the field site is a silty clay loam (Typic Calcixerept; Soil Survey Staff, 

2003), with a basic pH and moderate organic matter. At the beginning of the 

experiment in 2006 the topsoil had an organic C content of 1.19 % and N content of 

0.18 % (Gabriel and Quemada, 2011). 
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Table 4.1. Monthly precipitation (mm) and studied period average values from La Chimenea at 

Aranjuez (Madrid, Spain). 

Year Oct Nov Dec Jan Feb March April May June July Aug Sept Total 

2006/2007 67.6 66.9 17.5 15.6 31 7.4 88.6 86.4 33.4 5.2 14 6.4 440 

2007/2008 36.2 6.8 5.8 18.8 23.4 7.8 60.6 71 29.6 17.6 15 50.6 343.2 

2008/2009 121.4 10.2 30.6 23.6 32 28.2 7.0 5.8 1.0 0.0 30.6 10 300.4 

2009/2010 18.2 11.5 142 62.2 86.2 72.4 70.4 28.2 42.8 9.0 7.4 19.6 569.9 

Average 61 24 49 30 43 29 57 48 27 8 17 22 413 

The main crop of the experiment was irrigated maize (Zea mays L.) G-98 Pioneer, FAO 

class 700, in sequence with three rainfed cover crop (CC) treatments: barley (Hordeum 

vulgare L., cv.Vanessa, 180 kg ha-1 ), vetch (Vicia villosa L., cv.Vereda, 150 kg ha-1) 

and fallow. An additional control treatment was also included without fertilization to 

determine apparent soil N mineralization (Napmin). Four replication for each treatment 

were randomly distributed on 12 m x 12 m plots. Cover crops were sown in October 

with a shallow cultivator, and maize was direct drilled in April over CC residues. Cover 

crops were killed in March by application of glyphosate 2% (N-phosphonomethyl 

glycine) and residues were chopped in early April. Maize was sown in mid-April, and 

harvested between September and October and its residues were removed from the 

plots. Water was uniformly applied by a sprinkler irrigation system (12 x 12 m2, 9.5 mm 

h-1) according to the crop evapotranspiration (ETc) requirement calculated by the FAO 

method (Allen et al., 1998). Reference evapotranspiration was calculated by the 

Penman-Monteith equation. Ammonium nitrate was hand broadcasted to the maize 

crop at 4-leaf (140 kg N ha-1) and at 8-leaf (70 kg N ha-1) stages. Immediately after 

fertilization, the field was irrigated to prevent ammonia volatilization. Before maize 

sowing, 120 kg P ha-1 and 120 kg K ha-1 were applied.  Maize biomass and yield were 

measured by  sampling representative squares of two rows by 1.5 m on each subplot, 

separating grain, cob, and the rest of aerial biomass. Cover crops biomass was 

obtained by cutting at ground level four 0.5 x 0.5 m2 samples from each plot. Nitrogen 

concentration was determined in maize and CC subsamples, and N biomass content 

was calculated as the result of multiplying biomass by its N concentration. Soil mineral 
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N content (Nmin) and SOC in the topsoil, were measured twice a year at maize harvest 

and after killing the CC. Plant and soil samples were analyzed for total C and N using 

the Dumas combustion method (LECO FP-428 analyzer), and SOC was measured by 

the Walkley–Black method (Nelson and Sommers, 1996). The evolution of SOC in the 

top layer of the soil, was measured from 2006 until 2012 . After the first four years of 

experiment the rotations remained unchanged, but replacing maize by sunflower in 

2012. Moreover, in 2011 soil was left bare. A more detailed description of the 

experiment can be found in Gabriel and Quemada (2011). 

Volumetric soil water content (SWC) was continuously monitored in all treatments 

using capacitance sensors (model EnviroSCAN, Sentek Pty Ltd., Stepney, South 

Australia, Australia). Nine access tubes housing the calibrated sensors (Gabriel et al., 

2010) were distributed in three replications per treatment, giving hourly measurements 

of SWC at 10, 30, 50, 70, 90, 110 and 130 cm depth. Nitrate leaching was calculated 

as the product of simulated drainage with the WAVE model (Van Clooster et al., 1996) 

and the nitrate concentration measured on soil solution from suction cups.  Detailed 

results on the water balance and nitrate leaching can be found in Gabriel et al. (2012, 

2013).  

A simplified N balance (Meisinger and Randall, 1991) was computed in the control 

treatment, during the 2008 and 2009 maize seasons, to determine apparent soil N 

mineralization (Napmin, kg N ha-1):  

                                                               (4.1) 

Crop N uptake included the N in the aerial biomass plus the N in the root biomass, 

considering the latter as a 12.5 % of the total aerial biomass N uptake (Crozier and 

King, 1993; Sainz-Rozas et al., 2004). Equation 4.1 assumes that, in the absence of N 

fertilizer application, N gaseous emissions equal N atmospheric depositions and that N 

leaching is negligible. Apparent soil N mineralization was 78 kg N ha-1 during 170 days 

in 2008, and 79 kg N ha-1 during 180 days in 2009.  
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4.2.2 Estimation of soil organic carbon (SOC) pools 

Version 4.5.1.023 of DSSAT (Hoogenboom et al., 2010) with the CENTURY model 

(Gijsman et al., 2002; Parton et al., 1992)  was used for the soil organic matter 

simulations. Site-specific parameters and initial conditions, such as soil texture (sand, 

silt and clay content), bulk density, soil depth and total SOC and N content, were 

measured at the field site. Per-layer values of SOC3 fraction were estimated by two 

different methodologies: i) by using the iterative procedure described by Basso et al. 

(2011) (Met.1), and ii) by optimizing with  simulated annealing (SA) the initial SOC3 

values in order to obtain end-of-season calculated Napmin (Met.2). The initialization 

procedure was conducted for the control treatment as there were Napmin field 

measurements on this plot in 2008 and 2009.     

4.2.2.1  Met. 1: Iterative procedure 

In the iterative procedure SOC fractions were initialized following the methodology 

suggested by Basso et al. (2011). An 80-year fertilized maize-fallow sequence was 

simulated with DSSAT-CENTURY before the beginning of the experiment, using the 

same soil of the experiment. Eighty years of climate data were generated with the 

Weatherman tool included in DSSAT. As the proportions of SOC1, SOC2 and SOC3 

cannot be estimated using analytical methods (Smith et al., 2008), the SOC fractions 

provided by default in DSSAT, based on previously cultivated land use and soil texture, 

were adopted as initial conditions for the 80-year simulation. The simulated final total 

SOC was compared with the current total SOC observed value. This process was 

repeated iteratively, changing the initial total SOC of the 80-year simulation until the 

final SOC was equal to the one at the start of the experiment (Figure 4.1). Then, the 

final distribution of SOC fractions was used, together with the total SOC, as the initial 

conditions for the simulation of the cropping system. 

 

http://www.sciencedirect.com/science/article/pii/S1161030112000238#bib0310
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Figure 4.1. Simulated passive (SOC3), active and intermediate (SOC1 and SOC2) soil organic 
carbon pools at 20, 40, 70, 120 and 140 cm depth during the 60 years prior to the start of the 
field experiment according to the DSSAT-CENTURY initialization procedure proposed by Basso 
et al. (2011). 

4.2.2.2  Met. 2: Optimization using measured Napmin 

The optimization algorithm, SA, as implemented by Goffe et al. (1994), was used to 

optimize the SOC3 initial fraction in the experimental file. This algorithm was used 

successfully in previous works demonstrating to be an effective system to calibrate 

model parameters (Calmon et al., 1999 ; Lizaso et al., 2001; Confalone et al., 2011; 

0

10

20

30

40

0-20 cm SOC3
SOC2
SOC1
Measured Total SOC

0

10

20

30

40

20-40 cm

0

10

20

30

40

So
il 

or
ga

ni
c 

Ca
rb

on
 (g

 k
g

-1
so

il) 40-70 cm

0

10

20

30

40

70-120 cm

0

10

20

30

40

1946 1956 1966 1976 1986 1996 2006

Year

120-140 cm

So
il 

or
ga

ni
c 

Ca
rb

on
 (g

 k
g-1

so
il)



Initialization of DSSAT-CENTURY soil organic pools from apparent soil N mineralization field measurements 

 

83 

Soldevilla-Martinez et al., 2014). Measured Napmin on the control treatment in the years 

2008 and 2009 was used as the target variable for optimization. Simulated annealing 

was linked to the DSSAT-CENTURY model and files were shared between the two 

executables. The initial SOC3 fractions per layer were changed iteratively until the sum 

of squares of the error (SSE) between DSSAT-CENTURY simulated net N 

mineralization (NNM) and field measured Napmin reached a minimum. On each round 

cycle, SA randomly picks a new set of per-layer SOC3 and inputs it for DSSAT 2-year 

sequence simulations. As the procedure progresses, the search focuses on parameter 

values yielding low SSE. The optimization started with reasonable initial values of the 

SOC3 fraction and a valid range of parameters based on previous field management 

and soil type. The number of iterations was about 50,000 before finding the global 

optimum.  

4.2.3 Crop coefficient calibration 

Crop coefficients were calibrated to simulate the fallow, barley and vetch rotations 

(Table 4.2). The crop models tested were CERES-Maize (Ritchie et al., 1998; Jones et 

al., 2003) and CERES-Barley (Otter-Nacke et al., 1991) for cereals and CROPGRO 

(Boote et al., 1998) for vetch. As there is no specific model within DSSAT for vetch, the 

Faba bean CROPGRO model was used. Crop models were calibrated with 

measurements on emergence, anthesis and harvest dates, leaf number, yield, biomass 

and N uptake. Maize coefficients were calibrated with three years of the fallow 

treatment (2007, 2008 and 2009) and then validated with the maize of the barley and 

vetch treatments. CERES-Maize requires the estimation of 6 cultivar dependent 

coefficients. First P1, P2, PHINT, and P5 coefficients were adjusted to predict the 

observed leaf number, and dates of emergence, anthesis and harvest. Later, G2, and 

G3 were fixed according to the observed yield and biomass. Genetic coefficients of the 

barley variety were calibrated with data from the barley rotation treatment.  CERES- 

Barley requires the estimation of 7 cultivar dependent coefficients. The seven 

coefficients were estimated on the basis of information on planting, anthesis, and 

harvest dates, together with observed biomass. P1V and P1D coefficients were 

adjusted to predict the measured anthesis dates. The genetic coefficients of the vetch 
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variety in the CROPGRO Faba bean model were calibrated according to the planting, 

anthesis, and harvest dates, together with observed biomass of the studied period.  

Table 4.2. Genetic coefficients for maize, barley and vetch in the CERES and CROPGRO 

models obtained by calibration  with comparison with the data from the field experiment. 

Crop Symbol Definition Value 

Maize 

P1 
Thermal time from seedling emergence to the end of the 
juvenile phase (GDD) †. 

308 

P2 Photoperiod response. 0 

P5 Grain filling phase duration (GDD). 837 

G2 Maximum possible number of kernels per plant (number g-1) 391 

G3 Kernel filling rate under optimum conditions (mg day-1).                            15 

PHINT Interval between successive leaf tip appearances (GDD). 47 

Barley 

P1V 
Days, at optimum vernalizing temperature, required for 
vernalization (d). 

10 

P1D Photoperiod response. 90 

PHINT Interval between successive leaf tip appearances (GDD). 89 

 EM-FL 
Time between plant emergence and flower appearance 
(GDD). 

41 

Vetch 
LFMAX 

Maximum leaf photosynthesis rate at 30° C, 350 vpm CO2, and   
high light (mg CO2 m

-2s-1). 
1 

SLAVR 
Specific leaf area of cultivar under standard growth conditions 
(cm2 g-1). 

300 

SIZLF Maximum size of full leaf (three leaflets) (cm2). 80 

†GDD= degree days (ºC- day) 

4.2.4 Soil profile calibration: 

A soil profile was created in DSSAT for our experiment based on field description 

(Gabriel et al., 2011). Then, a calibration of surface parameters (drainage rate, runoff, 
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and curve number), and per-layer parameters (lower limit, LL; drained upper limit, DUL; 

and saturated water holding capacity, SAT) was conducted to attain a proper 

simulation of the water balance. The calibration was done on the fallow treatment for 

the 10/5/2006 - 02/22/2007 period by comparing simulated and average observed 

values of SWC at 10, 30, 60, 100 and 130 cm depth, drainage and evapotranspiration 

(ET). The SWC was initialized according to the field measurements from the 

capacitance sensors. As there were no field measurements of drainage and ET, those 

obtained with the calibrated WAVE mechanistic model (Gabriel et al., 2012) were used 

as observed values. WAVE simulations of drainage and ET were found to be an 

excellent approximation to the real values in previous lysimeter work with similar 

edapho-climatic conditions (Soldevilla-Martinez et al., 2014). Simulated annealing was 

used to optimize the soil parameters in DSSAT using the SWC, cumulative drainage 

and ET as the target variables. Observed and simulated outputs were normalized using 

the range of measured values, to provide the same weight to outputs of different 

magnitude. The optimization started with reasonable ranges of SAT, calculated from 

the total porosity obtained from bulk density field measurements. Then, DUL and LL 

were also subsequently optimized. An additional per-layer optimization was also 

conducted to gain insight into the possible interaction between parameters of the same 

layer (Table 4.3).  

Table 4.3. Soil parameters after optimization used in DSSAT simulations. DR: drainage rate 

(day
-1

); RO: runoff curve number; LL: Lower limit (cm
3
 cm

-3
); DUL: Drained upper limit           

(cm
3
 cm

-3
) ; SAT: Saturated limit (cm

3
 cm

-3
) . 

Soil Layer (cm)  DR RO LL  DUL  SAT  KSAT 

  0 - 20  0.88 30 0.080 0.230 0.469 1.74 

 20 - 40  0.88 30 0.121 0.242 0.586 0.25 

 40 - 70  0.88 30 0.152 0.248 0.524 1.68 

70- 120  0.88 30 0.169 0.240 0.563 1.68 

120- 140  0.88 30 0.169 0.221 0.497 0.7 

The methods used in the DSSAT simulations of the soil water balance were: FAO-56 

(Pruitt and Doorenbos, 1977) for evapotranspiration, Ritchie (Ritchie, 1998) for water 

balance and infiltration and Suleiman-Ritchie (Suleiman and Ritchie, 2003; Ritchie et 
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al., 2009) for soil evaporation. After soil parameters calibration, the soil water balance 

was validated for all the studied period (Figure 4.2). The DSSAT model overestimated 

the ET through the whole studied period when comparing with the previously validated 

(Gabriel et al., 2012) WAVE model estimates. 

 

 
 

Figure 4.2. Soil water balance for the maize growing seasons. The evapotranspiration (ET) 

includes soil evaporation and maize transpiration. ∆SW is the variation of soil water storage in 

the profile. The observed values were obtained with the calibrated WAVE model (Gabriel et al., 

2012). 

Statistical evaluation of the model performance was done by computing the root mean 

square error (RMSE) between observed and simulated values, and the index of 
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agreement (d; Willmott, 1982). The model fit improves as d approaches unity and 

RMSE approaches zero.  

4.3 RESULTS 

4.3.1 DSSAT-CENTURY SOM simulation 

Initializing the CENTURY model with Met.1 produced lower SOC3 profiles than with 

Met.2 in the top three layers, being the main differences in the top two (Table 4.4). 

Down to 40 cm depth, SOC3 values were lower for Met.1 than for Met.2, but in deeper 

layers those values got closer. Since the total SOC was the same for both methods, a 

smaller SOC3 fraction would mean higher fractions of SOC1 and SOC2.  

Table 4.4. Total soil organic carbon (SOCT) measured by dry combustion, and stable soil 

organic pool (SOC3) values obtained with the two initialization methods for the different layers. 

Met 1: Century initialization according to Basso et al. (2011); Met 2: Century initialization based 

on field Napmin. 

  Met. 1 Met.2 Observed 

Layer SOC3 (g kg-1) SOC3 (g kg-1) SOCT (g kg-1) 

0-20 7.4 10.7 (0.4)† 11.9 

20-40 7.2 9.3 (0.1) 10.0 

40-70 4.1 4.4 (0.4) 5.7 

70-120 2.8 2.7 (0.4) 4.1 

120-140 2.2 1.3 (0.1) 3.2 

†Standard error 

Simulations of Nmin and Napmin in the control plots were done by initializing the SOC3 

profile, using the values obtained by the two methodologies (Figure 4.3). Method 1 

resulted in overestimation of the observed Napmin , reaching 134 kg N ha-1 during 170 

days in 2008 and 109 kg N ha-1 during 180 d in 2009 . The Met. 2 improved the 

simulation of Nmin with respect to Met. 1, particularly after 170 days, as the Napmin was 

calibrated with actual conditions.  
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Figure 4.3.  (a) Mineral nitrogen (Nmin) and (b) apparent N mineralization (Napmin) for the two 

methodologies: Met 1: Century initialization following the iterative procedure; Met 2: Century 

initialization based on field Napmin. 

Soil N dynamics and SOC simulations in the fallow, barley, and vetch treatments were 

conducted separately for the two sets of SOC3 obtained from the methods 1 and 2. It 

was observed an increase on Nmin in Met.1 compared to Met.2 (Figure 4.4a). In most 

cases Met.1 resulted in higher RMSE and lower d-Stat than Met.2 (Table 4.5). Only 

exception was the Nmin of the vetch treatment. On the other hand, the differences 

between methods in the N leaching simulation were very small (Figure 4.4b). The 

cumulative final values of leaching (kg N ha-1) for Met.1 and Met.2 respectively were 

235 and 230 in bare fallow, 120 and 116 in barley treatment, and 67 and 67 in vetch 

treatment. The model simulated well N leaching on fallow and barley treatments but 

underpredicted it on the vetch treatment. Both methods showed a nitrate leaching 

reduction in the CC treatments compared with the bare fallow. 
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Table 4.5. Comparison statistics in the validation plots for the fallow, barley and vetch 

treatments. 

 

                     RMSE†              d-Stat‡ 

 

Treatment   Met 1 Met 2 Met 1 Met 2 

Nmin 
Fallow 95.6 89.2 0.60 0.62 

Barley 77.6 70.0 0.76 0.80 

(kg ha-1) Vetch 87.2 93.4 0.59 0.57 

N leached 
Fallow 43.6 45.4 0.92 0.91 

Barley 4.8 5.6 0.99 0.99 

(kg ha-1) Vetch 73.2 73.0 0.55 0.55 

 

Fallow 5.4 1.6 0.2 0.4 

SOC 0-20 cm Barley 6.8 3.3 0.3 0.5 

(Mg ha-1) Vetch 2.3 3.4 0.3 0.5 

Yield  
Fallow 1.04 0.96 0.96 0.97 

Barley 1.34 1.36 0.93 0.92 

(Mg ha-1) Vetch 2.58 2.55 0.65 0.65 

Biomass 
Fallow 1.17 0.60 0.97 0.99 

Barley 0.87 0.66 0.97 0.99 

(Mg ha-1) Vetch 3.50 3.61 0.47 0.47 

N biomass  

content 

Fallow 30.5 27.9 0.77 0.78 

Barley 30.1 40.8 0.61 0.50 

(kg ha-1) Vetch 44.5 44.3 0.1 0.1 

N grain  

content 

Fallow 43.6 28.4 0.68 0.80 

Barley 36.1 34.2 0.65 0.65 

(kg ha-1) Vetch 49 41.6 0.23 0.24 

†RMSE: Root mean square error. ‡d-Stat: d-Statistic or Index of agreement (Willmott, 1982). 
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Figure 4.4.  (a) Soil mineral N accumulation (Nmin),and (b) nitrates leaching for the fallow, barley and vetch treatments comparing the two methods of DSSAT-
CENTURY initialization: Met 1: Century initialization according to Basso et al. (2011); Met 2: Century initialization based on field Napmin measurements. The 
observed values of N leaching were obtained with the calibrated WAVE model (Gabriel et al., 2012). 

0

100

200

300

400

500

N
m

in
 (

kg
 h

a
-1

)

0

100

200

300

400

0 200 400 600 800 1000 1200

N
 le

a
ch

e
d

 (
kg

 h
a

-1
)

2007 2008 2009

0 200 400 600 800 1000 1200

Days

0 200 400 600 800 1000 1200

2007 2008 2009
a)

b)

Fallow Barley Vetch

2007 2008 2009



Initialization of DSSAT-CENTURY soil organic pools from apparent soil N mineralization field measurements 

 

91 

The Met.1 provided higher SOC1 and SOC2 fractions in the top layer, resulting in 

smaller cumulative SOC (Figure 4.5) than Met.2. Differences between methods on 

SOC in the 0-20 cm of soil, became higher with time. The RMSE for fallow and barley 

treatments was lower in Met 2 than in Met 1, but it was slightly higher in vetch 

treatment. In both methods SOC was smaller in the fallow than in the CC treatments. 

 

Figure 4.5. Soil organic carbon (SOC) in the 0-20 cm of soil in the fallow (a), barley (b) and vetch 

(c) treatments comparing the two methods of DSSAT-CENTURY initialization: Met 1: Century 

initialization according to Basso et al. (2011); Met 2: Century initialization based on field Napmin 

measurements. Spots are the observed values with their standard error.                                                                                                                        
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4.3.2 DSSAT yield and growth simulations 

To complement model testing, the simulation of crop growth, yield, and N uptake was 

examined with both initialization methods (Table 4.6). Both methods simulated 

adequately biomass and yield, however Met.2 improved them compared to Met.1 in 

most cases, as reflected by the statistics summarized on Table 4.5. Method 2 also 

improved N content in shoots on fallow and vetch treatments, and in grain in all 

treatments compared with Met.1. Overall, d-Stat indexes were high in fallow and barley 

treatments but lower in vetch treatment for most of the studied parameters. 
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Table 4.6. Observed and DSSAT simulated biomass, yield, and N content in grain and biomass of maize for each year of the studied period. Values between 

brackets for the observed data represent standard error.

    Biomass (Mg ha-1)   Yield (Mg ha-1)   N shoot content (kg ha-1) 

 

N grain content (kg ha-1) 

 
Year 

Observed 

 

Simulated   Observed 

  

Simulated   Observed 

  

Simulated   Observed 

 

Simulated 

Met.1 Met.2 

 

Met.1 Met.2 

 

Met.1 Met.2 

 

Met.1 Met.2 

Fallow 2007 24.6 (1.4) 26.6 25.5 

 

14.3 (1.0) 15.0 14.5 

 

223 (18) 238 195 

 

175 (15) 203 166 

 

2008 22.3 (4.5) 22.4 22.1 

 

11.4 (2.4) 12.7 12.7 

 

209 (26) 257 225 

 

147 (24) 217 194 

  2009 17.1 (6.0) 17.5 17.5 

 

8.4 (3.5) 7.4 7.4 

 

173 (23) 157 137 

 

110 (36) 114 98 

Barley 2007 25.2 (2.3) 26.3 25.3 

 

14.9 (1.5) 15.0 14.2 

 

219 (23) 235 203 

 

179 (18) 190 170 

 

2008 21.8 (1.1) 21.7 21.6 

 

11.7 (1.0) 12.3 12.3 

 

210 (16) 253 211 

 

151 (10) 211 204 

  2009 18.8(3.2) 17.7 17.7 

 

9.7 (2.8) 7.6 7.6 

 

192 (35) 167 123 

 

129 (21) 115 104 

Vetch 2007 24.1 (4.2) 27.1 26.5 

 

14.5 (2.6) 15.1 15.1 

 

214 (35) 265 234 

 

169 (30) 228 200 

 

2008 22.2 (3.3) 21.6 21.6 

 

11.6 (1.5) 12.3 12.2 

 

224 (33) 251 251 

 

157 (21) 210 210 

  2009 22.5 (1.8) 16.9 17.0   11.8 (1.1) 7.4 7.5   230 (25) 179 161   159 (18) 128 121 
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4.4  DISCUSSION 

An innovative method to initialize the SOC pools in the DSSAT-CENTURY model, 

based on the apparent N mineralization from field control plots, was evaluated in this 

study. The method (Met.2) is based on field measurements, of the crop N uptake, on 

unfertilized control plots,  in addition to initial and final soil mineral N (Meisinger and 

Randall, 1991). Since much of the literature related with SOM-models deals with C 

simulations, this method means an improvement when the focus is on the N dynamics. 

Estimation of the initial SOC3 fractions from Napmin field measurements by using 

automatic inverse calibration (Met. 2) improved the simulation of most of the N cycle 

and SOC components compared to the previously proposed methodology (Met. 1) by 

Basso et al. (2011). 

The initial values for SOC3 pools in the control plots were smaller in the upper layers 

when estimated for Met.1 than for Met.2. In Met. 1, the relative size of each fraction is 

strongly affected by soil texture (Gargiulo et al., 2007), thus an accurate description of 

the soil type is very important. In our study, the upper soil layers were classified as 

loam (0-20 cm) and silty loam (20-70 cm) (Gabriel et al., 2011). Default DSSAT tables 

assign small initial SOC3 fractions to such textural classes to begin the iterative 

procedure for Met.1. The lower SOC3 pools in the upper soil layers obtained with 

Met.1, corresponded with higher fractions of SOC1 and SOC2. Since the C turnover 

rate of the active and intermediate fractions (SOC1 and SOC2) is faster than the 

passive fraction (SOC3), Met.1 exhibited more C and N mineralization and therefore 

larger Nmin and Napmin compared to Met.2. However, differences in Napmin between 

methods tended to decrease with time, which would make interesting to repeat this 

study for a longer period of time in future works. The limited mineralization obtained 

with Met. 2, improved the simulation of Nmin on the control plots, whereas Met.1 

resulted in overestimation of the observed  Nmin. 

The Napmin obtained with Met.1 was higher than the values observed in the control plots 

and were high compared to other literature results (Quemada, 2006). It could be 

argued that Napmin calculated from the control plots might have been underestimated as 

it did not measure all N outputs in the crop-soil system. The average leaching fraction 

http://www.sciencedirect.com/science/article/pii/S1161030112000238#bib0105
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during each maize growing period was 0.04 and the nitrate leaching for the treatment 

receiving 170 kg N ha-1 was 12kg N ha-1 (Gabriel et al., 2013), therefore, assuming 

negligible N leaching losses on the unfertilized control treatment seems justified. 

Nitrogen atmospheric deposition was assumed to be equal to N gaseous emissions. 

Estimated N atmospheric deposition in this area is between 5 and 10 kg N ha-1 year-1 

(EMEP, 2010). The N2O emission component was in the order of 1 kg N ha-1 year -1 as 

measured with static chambers in this field during 2010 (Sanz-Cobena et al., 2014). 

Quantification of total gaseous losses are uncertain, since losses in the form of N2  and 

NO as well as losses of NH3 by volatilization, were not accounted for. However, since 

values of Nmin observed in the control plots were always low it seems reasonable 

assuming that total N gaseous losses were compensated by N depositions. The 

average Napmin value obtained by Met. 1 was 0.7 kg N ha-1 d-1 that is in the range of the 

values reported for grasslands (Jarvis et al., 1996) and irrigated soils with high organic 

matter content (Vázquez et al., 2006). However, the soil in our experiment had 

moderate organic matter content. On the contrary, the Napmin values obtained in the 

control plots by applying a simplified N balance (0.4 kg N ha-1 d-1) were closer to the 

values reported in the literature for irrigated areas in the Iberian Peninsula (Ramos et 

al., 2002; Isla et al., 2006; Quemada, 2006). 

Likewise, in the validation period, the simulation of Nmin by Met.1 was overestimated for 

the fallow and barley CC treatments (Table 4.5). Both methods adequately simulated 

the observed Nmin trend: increasing due to N mineralization and decreasing due to crop 

N uptake and N losses. However, both methods presented problems in the Nmin 

simulation at the beginning and ending of the observation period in all the treatments 

(Figure 4.4a). There are some reasons that could explain the differences between 

observed and simulated values. For example, the underestimation of Nmin after maize 

harvest in the first year (~300 days) could be explained by an excessive N loss due to 

leaching or crop uptake that was not properly simulated by the model. Table 4.6 shows 

that simulated maize N content at harvest was overestimated in 2007 and 2008 in most 

treatments. Moreover, the model also slightly overestimated in 2007 nitrate leaching on 

the fallow treatment, thus contributing to Nmin reductions greater than observed. 

Deviations of Nmin simulated trends may also be influenced by the soil temperature 

simulation in DSSAT. Soil temperature modifies the decomposition rate of SOC pools 
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affecting the simulation of SOM decomposition by the model (Porter et al., 2010). The 

DSSAT soil temperature model is derived from the EPIC model (Williams et al., 1984) 

and it does not consider soil moisture or surface conditions (Jones et al., 2003). 

However, effects of soil water content on soil temperature are well known (Stroo et 

al.,1989; Hillel, 1998). Limitations of DSSAT to compute accurately soil temperature 

was shown by Andales et al. (2000).  On the other hand, the CENTURY model has an 

optimum temperature (topt) at which the maximum specific decomposition rate is 

reached (Paustian et al., 1992) and this parameter may also influence the CENTURY 

model SOM simulations. We maintained in this study the default value of topt as in 

previous reports (Paustian et al., 1992; Basso et al., 2011), but this parameter 

deserves further attention. There is still much uncertainty about how soil temperature 

affects the SOM dynamics, and additional work is needed on this topic. Properly 

simulated soil temperature, might improve the simulations of Nmin.  

There were not many differences on N leaching (Figure 4.4b) between Met.1 and 

Met.2. In the fallow and barley treatments, both methods accurately simulated N 

leaching. An exception was found in the fallow treatment at the end of the observation 

period, when N leaching was underestimated by both methods, leading to an 

accumulation of Nmin. In the vetch treatment, N leaching was underestimated specially 

in the last half of the period when the model was unable to capture the increase of N 

leaching. Such underestimation is probably associated to a low simulated drainage. 

The last 11 days of December 2009 it rained 120 mm, generating 67 mm of drainage 

(simulated by WAVE). However DSSAT did not capture that, simulating no drainage for 

that period. Underestimation of drainage was likely to be the result of an ET 

overestimation. Ground cover in the vetch treatment was low, specially in 2007/08 due 

to establishment problems related with the lasting drought and the low rain at sowing 

(Gabriel and Quemada, 2011).The diminution in the ET caused by this ground cover 

reduction was not captured by the model, leading to an underestimation of drainage. It 

should be also noticed that, as there is no specific model within DSSAT for the vetch 

crop, the Faba bean CROPGRO model was used and that could also bring 

divergences from the observed values. Comparing the different treatments, it was 

observed that simulations with both methods substantially confirmed that replacing 

bare fallow with cover crops decreased the nitrate leaching, as it had been observed in 

the field. 
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Method 1 provided higher SOC1 and SOC2 fractions in the top 20 cm of the soil, 

resulting in higher mineralization and thus, smaller cumulative SOC than Met.2. Figure 

4.5 shows the decrease of SOC in the 0-20 cm of soil in the fallow treatment simulated 

by both methods, associated to the removal of maize residues from de system. 

However, such decrease was steeper in Met 1 than in Met 2, distancing the former 

from the real situation. On the other hand, simulated SOC for barley and vetch 

treatments was higher than for fallow reflecting the organic matter supplied by CC.  The 

CC lignin and N content probably affected the SOM mineralization simulated by the 

model, which is reflected in higher SOC in the CC compared to the fallow treatment. 

Paustian et al. (1992) found similar results comparing CENTURY simulations of bare 

fallow with different manure treatments. It is remarkable that, with common SOC  initial 

values, the differences between methods becomes more substantial along the time, 

being quite significant at the end of the 6-year period. Carrying out longer experiments 

including consistent SOM measurements might help to understand such differences 

and to evaluate the behavior of the two methods in the long-term.  

Finally, crop growth and yield complemented the SOM simulations, showing the good 

performance of the model with both methods (Table 4.5). On the contrary, shoots and 

grain N content of fallow and barley treatments, were overestimated by Met.1, as it was 

expected from the overestimation of Nmin. The RMSE  indexes decreased when 

simulations were conducted with Napmin estimated by Met.2, according  with the better 

performance of this method to simulate Nmin .  

Applying Met.1 or Met.2 led to big differences on the Napmin , Nmin and SOC simulations 

keeping similar N leaching values. An appropriate procedure to initialize SOC pools is 

essential to obtain accurate simulations of the N dynamics with the CENTURY model. 

Important information, as the prediction of soil fertility, determined by the release or 

immobilization of inorganic nutrients, or solute lixiviation processes, as the pollution of 

ground water by nitrates, would depend on the model initialization. The new method 

suggested in this work, allows approaching SOC3 by using measured data at the field 

site and not only by prior land use or soil texture. The high number of years needed to 

reach steady-state SOC levels with other methods, requires historical information of 

land management , soil properties and weather that not always is available. We 
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documented from the results of this work, that Met.1 provides a proper approach to 

estimate initial SOC pools when measurements of Napmin are not available. Otherwise, 

we recommend the automatic inverse calibration of the initial SOC pools from Napmin 

measurements, as it has shown to improve the accuracy of the simulations. Moreover, 

this method is based on field observations that can be easily measured or are already 

available in many regions where fertilizer N response experiments with a control have 

being previously conducted. The method ensures a good simulation of the Napmin and it 

makes a close estimation of the N leaching, the Nmin and the SOC in the top layer. 

Therefore, it leads to reliable simulations of all the components of the soil N balance 

assisting a proper simulation of crop growth. 

4.5 CONCLUSIONS 

This work showed an effective method to initialize carbon pools in the DSSAT-

CENTURY model with satisfactory results in the prediction of soil N dynamics and 

topsoil SOC in the top layer, and adequate simulations of plant biomass and N uptake. 

We suggested an initialization method based on field measurements of Napmin as an 

alternative to the land use history and soil texture-based methods. The C/N ratio that 

links N and C within the DSSAT-CENTURY model, allows estimating the initial SOC3 

pools from Napmin measurements. The comparison of this method with the Basso et al. 

(2011) method resulted on higher values of the initial SOC3 in Met.2 than in Met.1. 

Thus, lower SOC1 and SOC2 were obtained, leading to improved Napmin, Nmin and SOC 

simulations. Both methods presented problems in the Nmin simulation at the beginning 

and end of the observation period, probably related with the simulation of soil 

temperature by DSSAT. After proper initialization and calibration of the model, growth 

and yield of the main crop were correctly simulated with both methods, although Met.2 

yielded better results. The N content in shoots and grain was also improved in most 

cases in Met.2 compared to Met.1 which overestimated them. This work highlighted the 

importance of the initialization procedure on the DSSAT-CENTURY model 

performance when simulating SOM dynamics, as the results greatly depend on initial 

SOC pools. Particularly, relevant differences were found in the evolution of cumulative 

SOC in the top layer of the soil with time. We recommend using Met.2 when Napmin 

measurements are available as it yields reliable simulations of most of the soil N 
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balance components. We also recommend a close examination of the current soil 

temperature model in DSSAT and how simulated temperature affects rates of SOM 

mineralization. 
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ABSTRACT 

Modern maize hybrids have a short duration in the market, continuously emerging new 

varieties. The introduction of a new cultivar in the CERES-Maize simulation model, 

requires the estimation of cultivar coefficients that define its growth and development 

characteristics. An accurate estimation of these coefficients requires replicated field 

experiments that, in many cases, are not available to crop model users. The 

development of relationships and ranges based on the cycle duration, would simplify 

the calibration requirements. The objective of this study was to calibrate genetic 

coefficients of maize using performance trial data of various FAO-cycle hybrids, and to 

develop relationships and ranges for phenology coefficients based on the life cycle.  

Six maize hybrids were grown in a 2-year field experiment in a semiarid irrigated area 

of central Spain. Tested genotypes included a range of cycles: FAO 500 through FAO 

700. Additional information from previously calibrated hybrids was also included. 

Genetic coefficients were calibrated in CERES-Maize, independently for each year. 

First the phenological coefficients (P1, P2, P5 and PHINT) were iteratively changed 

until the simulated outputs of silking, maturity and leaf number were in good agreement 

with the field phenological observations. Later, G2 and G3 were calibrated according to 

the observed kernel numbers and grain yield. After calibration, simulated parameters of 

phenology, yield and growth matched observed parameters well, with low RMSE in 

most cases. The calibrated P1 and P5 tended to increase with the duration of the cycle. 

P1 coefficient was a linear function of the thermal time (TT) from emergence to silking 

(R2=0.94). However, there were found differences on such TT within the same hybrid 

between years, contrary to expectations. The P5 coefficient was linearly related with 

the TT from silking to maturity (R2=0.92). There were no significant differences in 

PHINT between hybrids from FAO-500 to 700 , as they had similar leaf number. 

Overall, the phenological coefficients required to run the CERES model, were directly 

related with the cycle duration in maize. Thus, it would be possible to develop 

algorithms, correlations and regression models which allow to estimate such 

coefficients from the cycle classification. This is a first study that needs to be confirmed 

in specific further experiments, with the final end of facilitating the rapid incorporation of 

new cultivars into DSSAT models.  
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5.1 INTRODUCTION 

The role of simulation models in understanding plant growth processes and the 

interactions among genotype, environment and crop management, has increased 

significantly in recent years. Cropping system simulation by mathematical models, has 

been used in various countries around the world for different purposes. Some of the 

simulation models applications includes: to assess the long-term impact of climate and 

associated environmental risks, to study the system sustainability and the resource-use 

efficiency, to evaluate the impacts of different management practices and to minimize 

possible risks derived from them (e.g. nitrate lixiviation). The Decision Support System 

for Agrotechnology Transfer (DSSAT) (Hoogenboom et al., 2010), integrates a suite of 

crop models simulating interactions among environment, genetics and management, 

on the growth, development and production of 28 crops (Tsuji et al., 1994). The input 

data required to run DSSAT includes daily weather, soil characterization, cultivar 

coefficients characterizing phenology and yield, and crop management information. 

The Cropping System Model, CSM (Jones et al., 2003), is the modularized structure 

now implemented for most DSSAT models. Among the crop models included in DSSAT 

Version 4.5, CSM-CERES-Maize (Jones and Kiniry, 1986) simulates the daily 

development, growth, and yield of different maize genotypes. CERES-Maize has been 

tested extensively for different soil types and climatic conditions and with various maize 

hybrids for many regions across the world (Hodges et al., 1987; Carberry et al., 1989; 

Jagtap et al., 1993; Ritchie et al.,1998; Tsuji et al., 1998; Jones et al., 2003). The 

assimilate partitioning for growth of roots, leaves, stem, and grains is defined by the 

phenological phase. The phenological phases and the specific behavior of each 

genotype, is controlled by a number of cultivar-specific parameters named genetic 

coefficients. These coefficients define the development, vegetative growth and 

reproductive growth of individual genotypes (Hunt et al., 1993; Boote et al., 2003). 

They are calibrated from field measurements, i.e., flowering and physiological maturity 

dates, leaf number, grain size, weight, etc. CSM-CERES-Maize uses six genetic 

coefficients (Table 5.1) to characterize a corn hybrid (Hoogenboom et al., 2004). 

Genetic coefficients could be classified in those related with crop development 

(duration of life cycle phases), and those controlling growth and yield. The coefficients 

related with the duration of life cycle phases are a measure of thermal time with units of 
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growing degree days (GDD). Numerous studies have demonstrated the effectiveness 

on using GDD for predicting crop growth and development, classifying crop species, 

hybrids and varieties (Fairey 1983; Neild and Seeley, 1977; Tscheschke and Gilley, 

1979). This GDD or thermal time (TT) is calculated from observed phenological events 

as plan emergence or flowering. Thus, some of the genetic coefficients indicates the 

required TT to complete an specific development stage. For example P1 and P5 are 

the TT required to complete juvenile and grain filling phases respectively, and PHINT is 

the TT interval between successive leaf tip appearances. 

Genotypes that have not been used previously with the model, have to be calibrated 

and then tested with independent data (Anothai et al., 2008). However the required 

data is often not readily available (Banterng et al., 2004 and 2006; Suriharn et al., 

2007). It could happen that anthesis and maturity dates are available, but in most 

cases only final yield data are available (Yang et al., 2009). Moreover, experiments for 

determining cultivar coefficients should be done over several years to have a robust 

database, and they require the sampling of growth and development data for each 

cultivar at regular intervals throughout the plant’s life cycle in detailed field experiments. 

Therefore, different approaches has been developed to estimate phenological 

coefficients for large numbers of hybrids when limited data are available (Nelder and 

Mead, 1965; Piper et al., 1998; Irmak et al., 2000; Mavromatis et al., 2002; Bannayan 

and Hoogenboom, 2009).  

Modern maize hybrids have a short duration in the market, continuously emerging new 

cultivars that replace the old ones. This means an important limitation to the application 

of crop simulation models, since these new hybrids should be calibrated in the field to 

be suitable for model use. The short lifetime of modern commercial hybrids, makes 

difficult the use of detailed models unless the number of cultivar-specific input 

parameters is small or the parameters can be easily estimated and are accessible to 

end-users (Yang et al., 2004). Thus, the success of using crop models in technology 

transfer and decision support tools relies on finding coefficients that describe new 

cultivars, which could be available as soon as the cultivars are marketed. The 

development of a  generic system, allowing approximate the genetic coefficients of 
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modern hybrids according to their cycle duration, would be a powerful tool to facilitate 

the application of models in agriculture. 

The general objective of this paper is to facilitate the use of DSSAT-CERES-Maize with 

new maize hybrids. Specific objectives are to: (i) calibrate genetic coefficients of maize 

using performance trial data of various FAO-cycle varieties, (ii) develop relationships 

and algorithms between different cycle varieties, especially for phenology coefficients, 

and (iii) define ranges of the genetic coefficients based on the cycle duration. The final 

goal is to simplify the need for field calibration of genetic coefficients of new hybrids.  

Table 5.1. CERES-Maize genetic coefficients 

Symbol Definition 

P1 
Thermal time from seedling emergence to the end of the juvenile 
phase (GDD) †. 

P2 
Photoperiod response (days delay in tassel initiation per hour 
increase in photoperiod 0 for non-sensitive cultivars) 

P5 Thermal time from silking to physiological maturity (GDD). 

G2 Maximum possible number of kernels per plant (number/plant) 

G3 Kernel filling rate under optimum conditions (mg/kernel day).                            

PHINT 
Thermal time interval between successive leaf tip appearances 
(GDD). 

†GDD= degree days (ºC- day) 

5.2 MATERIAL AND METHODS 

5.2.1 Field measurements 

Observed data were obtained from a 2-years experiment carried out at La Chimenea 

field station (40º03’N, 03º31’W, altitude 550 m) located in Aranjuez (Madrid, Spain). 

Daily weather information was collected at the experimental field. The area has a 

Mediterranean semi-arid climate (Papadakis, 1966). The registered weather data were: 

relative air humidity, air temperature, solar radiation, photosynthetically active radiation 
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(PAR), rainfall and wind. The average annual temperature for a 30 years serial 

registered in the Aranjuez station was 13.6 ºC, the mean precipitation was 448 mm and 

the mean potential evapotranspiration was 753 mm.  

Table 5.2 summarizes the monthly climate data for the studied period. The soil at the 

field site is a silty clay loam, Typic Calcixerept (Soil Survey Staff, 2003), with a basic 

pH, rich in organic matter and with low stone content throughout the soil profile (Gabriel 

and Quemada, 2011). 
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Table 5.2. .Monthly values of meteorological data during 2012 and 2013 growing seasons. 

2012 

 

2013 

 

SRAD  

(MJ m-2 day-1) 

Tmax  

(oC) 

Tmin  

(oC) 

Rain  

(mm) 

Wind 

(km d-1) 

Rhum 

 (%) 

 

SRAD  

(MJ m-2 day-1) 

Tmax 

 (oC) 

Tmin 

 (oC) 

Rain  

(mm) 

Wind 

(km d-1) 

Rhum 

 (%) 

April 18.3 17.2 5.5 1.7 284.1 64.0 

 

19.9 19.0 4.9 1.5 117.4 69.0 

May 25.5 26.6 9.8 0.8 195.2 50.4 

 

24.5 22.5 6.7 1.8 113.9 63.0 

June 27.0 31.7 14.7 0.0 218.1 37.6 

 

27.0 31.6 11.5 0.0 84.7 48.2 

July 28.8 33.8 14.8 0.1 186.3 34.6 

 

27.6 37.6 16.2 0.4 70.4 41.8 

Aug. 24.2 34.6 15.8 0.0 183.6 34.1 

 

24.3 36.6 15.8 0.2 63.0 44.3 

Sept. 17.5 28.0 12.2 2.5 193.8 48.4 

 

19.4 31.5 12.5 0.7 58.5 54.6 

Oct. 12.1 21.2 8.3 1.1 164.5 70.1 

 

12.3 24.3 8.7 1.3 56.1 73.8 
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Six cultivars with different life cycles were grown at the experimental site. Studied 

hybrids included cycles 500, 600 and 700 of FAO classification. The hybrids were: 

DKC5401 and PR34N43 (FAO 500) named as 500a and 500b respectively; LG30.681 

and PR33Y74 (FAO 600) named as 600a and 600b; DKC6666 and PR32W86 (FAO 

700) named as 700a and 700b respectively. The experimental field had a total area of 

204 x 128 m2 subdivided in four 51x32 m2 sectors. Each hybrid was randomly 

distributed in four replications of 3 x 8 m2 . Plots were four rows 8 m in length with a 

row spacing of 0.8 m. Maize hybrids were sown at 90,000 seeds ha-1.Water was 

uniformly applied by a sprinkle irrigation system (75 L m-2 ) in 15 doses . Fertilizer was 

applied two times during the season: before sowing with 81 kg N ha-1, and at 6-leaf 

stage, with 276 kg N ha-1. In 2012 hybrids were sown on May 7th and harvested on 

November 15th , and in 2013 hybrids were sown on April 18th and harvested on October 

16th. The measured phenological events were: sowing date, emergence date, weekly 

leaf number, anthesis, silking and physiological maturity. Leaves were weekly counted 

on three tagged plants per plot, by numbering them according to their occurrence. The 

leaf stage was determined by numbering leaf collars (V-stage) and visible leaf tips (T-

stage) (Ritchie et al., 1997; Tollenaar et al., 1979). Daily observations were used to 

estimate times to 50 % seedling emergence, 50% anthesis, and 50 % silking. Anthesis 

and silking dates were accounted when 50% of the plants from two rows presented 

visible anthers (shedding pollen) and silks respectively. Maturity date was determined 

by measuring the grain moisture until it reached 34.9 % of humidity (Sala et al. 2007). 

In the previous weeks to the maturity date, grain moisture was frequently monitored to 

accurately determine the day of maturity.  

Cumulative growing degree days (GDD) from sowing to maturity of the studied hybrids 

were calculated by the following general equation: 

     
         

 
                         

Where TMax and TMin are the daily maximum and minimum air temperature, and Tb is 

the base temperature. The calculations were done considering a Tb of 8ºC (Warrington 
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and Kanemasu, 1983; Ritchie and Nesmith, 1991) and a maximum cuttoff temperature 

of 30ºC. 

The measured growth parameters were: population density, biomass at silking and 

harvest, and final number of leaves.  Plant population density was measured in two 

central rows of each plot at V4 stage by counting the number of emerged plants in a 5 

x 0.8 m2 surface. Biomass samples were taken twice, at silking and physiological 

maturity, by harvesting one representative plant per repetition. Dry mass was 

separated into leaves, stems with sheaths and tassels, ears, and seeds. 

Measurements of grain yield components were done by counting kernel number and 

kernel weight on one plant per repetition. Finally, a harvest sampling was done to 

determine the grain yield on the 2 central rows. 

To complement the study, two FAO-300 hybrids, calibrated in similar conditions than 

the studied ones, were extracted from literature (López-Cedrón et al., 2005) for 

comparison with estimated values from this study.  

5.2.2 Model calibration 

The CERES-Maize model included in the DSSAT Version 4.5 was used in this study. 

Soil profile was set to a depth of 1.4 m with layer depths set to 20, 40, 70, 120 and 140 

cm. Calibration of surface parameters (drainage rate, runoff, and curve number), and 

per-layer parameters (lower limit, LL; drained upper limit, DUL; and saturated water 

holding capacity, SAT) were done according with observed measurements of soil water 

content (SWC) at 10, 30, 60, 100 and 130 cm depth, drainage and evapotranspiration 

(ET) (Soldevilla-Martinez et al., 2014). 

Maize cultivar coefficients were separately calibrated for 2012 and 2013 by using the 

observed data from each year. The mean values between 2012 and 2013 were taken 

as final genetic coefficients. The model requires the estimation of 6 coefficients: four 

phenological (P1, P2, P5 and PHINT) and two reproductive (G2 and G3) coefficients 

(Table 5.1). For calibration, the cultivar coefficients were obtained sequentially, starting 

with the phenological development parameters related to silking and maturity dates, 
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followed by the crop growth parameters related with kernel filling rate and kernels 

number per plant (Hunt and Boote, 1998). An iterative procedure was used to select 

the most appropriate value for each phenological and developmental parameter. A first 

approach to the required cultivar coefficients was done by using the GENCALC tool 

included in DSSAT (Hunt et al., 1993). GENCALC estimates the coefficients via 

iterations of deterministic processes. Afterwards, the obtained coefficients were 

accurately fixed by a “trial and error” procedure until the simulated outputs were in 

good agreement with field observations for phenology, growth, and ultimately yield. 

This approach was adopted by a number of previous investigators (Colson et al., 

1995). In simulations to determine optimized phenological coefficients for each hybrid, 

G2 and G3 were set to the default values specified for a medium maturity group hybrid. 

In the calibration process, we started by assigning a low value to P2 (0.0) under the 

assumption that these hybrids were bred in mid latitudes, thus most of the photoperiod 

sensitivity was removed. The sowing depth was adjusted until the correct emergence 

date was reached. Next, P1 and PHINT were iteratively changed until the simulated 

outputs of silking, and leaf number were in good agreement with the field phenological 

observations. Later, P5 was calibrated until reaching agreement between observed and 

simulated physiological maturity. The final step was to calibrate G2 and G3 to match 

observed kernel numbers and grain yield.  

The accuracy of the procedure used to estimate the cultivar coefficients was 

determined by comparing the simulated mean values with the corresponding observed 

mean values for the studied parameters, and selecting those coefficients which 

resulted in the minimum RMSE value between observed and simulated values: 

                 
 

 

   

 

      

                 

where Oi and Pi represents the observed and predicted values for the ith data pair and 

N is the number of observed values. The model fit improves as RMSE approaches 

zero. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Maize growth, yield, and phenology 

Maize growth and reproductive parameters, of biomass, grain number and yield, are 

summarized in Table 5.3 for the six grown hybrids. The FAO 600 hybrids were the 

most productive, with the highest average yield and biomass. FAO 700 hybrids also 

showed high biomass, but lower yield than the 600 hybrids. Finally, the lowest yield 

and biomass was found in the FAO 500 hybrids probably associated to the short 

duration of their biological cycle. 

The evolution of the leaf stage (tip number and V stage) with time is showed in Figure 

5.1. The 500b hybrid presented the lowest number of leaves (18) with high time 

intervals between leaves occurrence. The 700a hybrid showed the lowest rate of leaf 

occurrence and presented a low number of leaves to be a 700 hybrid. The 500a, 600a, 

600b and 700b hybrids, presented similar evolution of tips and collars with time and the 

same final number of leaves.   

 
 

 

Figure 5.1. Evolution of leaf tips (T-Stage) and collars (V-Stage) with the thermal time (growing 
degree days, GDD) from emergence to maturity for each studied hybrid. Values are average of 
2 years. 
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Table 5.3. Mean plant density, total biomass at flowering and maturity stages, stover, yield and 

grain number of the studied hybrids. The values between brackets represent the standard error, 

n=8 

  Maturity Density  Plant weight (Mg DM ha-1) Stover Yield Grain no 

  (DAE) (pl ha-1) Silking Maturity  (Mg ha-1)  (Mg ha-1)   

500a 130 9.2 (1) 7.0 (1.3) 24.3 (4.3) 7.6 (1.7) 13.9 (1.7) 486 (32) 

500b 130 9.5 (2) 8.0 (1) 23.6 (6.1) 8.6(2.7) 13.8 (5.8) 554 (76) 

600a 135 9.1 (1.2) 7.9 (0.7) 29.6 (5.8) 9.6 (1.9) 15.6 (2.1) 567 (54) 

600b 134.5 9.3 (1.2) 7.9 (0.9) 28.3 (6.2) 9.1 (2.3) 15.2 (2.5) 525 (76) 

700a 137 9.1 (1.4) 7.7 (0.7) 27.8 (7.7) 9.6 (2.3) 14.1 (1.7) 510 (78) 
700b 133 9.0 (1.2) 7.7 (3.4) 28.3 (8.0) 10.2 (3.0) 14.0 (2.4) 513 (86) 

DAE: Days after emergence 

Grain moisture progress for the six hybrids is presented in Figure 5.2. The 500a and 

700b were the first to reach 34.9 % of grain moisture (maturity stage), followed by 

500b, 600b, 600a and 700a. Thus, physiological maturity was reached first in the low 

cycle hybrids except for 700b hybrid which showed the opposite behaviour, presenting 

the lowest TT from silking to maturity. The statistical analysis with Statgraphics (version 

Centurion XVI), showed no significant differences across FAO cycles for the same 

year. There were also no significant differences between years for the same hybrid with 

exception of the 600b (data not shown). 
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Figure 5.2. Evolution of kernel grain moisture as a function of the growing degree days (GDD) 
from silking for the studied hybrids in 2012 and 2013. Each data point represents the average of 
4 repetitions. The 34.9 % of humidity correspond to the physiological maturity according to Sala 
et al. (2007). 

The cumulative TT from emergence to silking of the hybrids was calculated following 

eq.1 (Figure 5.3). The 700a hybrid was an early variety with a silking date earlier than 

the FAO-600 hybrids. On contrary, 700b presented the longer TT from emergence to 

silking, as it could be expected from a long cycle variety. All the hybrids presented high 

differences in the TT between years, as it is showed in the standard errors represented 

on Figure 5.3a. Figure 5.3b shows the cumulative TT (GDD) from emergence to 

maturity of the studied hybrids calculated by eq. 5.1.The cumulative GDD increased 

from short to long cycles, with the exception of the 700b, which beheaved more like a 

FAO 500 or 600 hybrid than a 700 one. As it was explained in Figure 5.2, 700b 

presented the lowest TT from silking to maturity. Information from previous growing 

seasons, showed the same behaviour of this hybrid (“Resultados por campañas | 

Informes GENVCE | Grupo para la Evaluación de Nuevas Variedades de Cultivos 

Extensivos en España,” n.d.), therefore, although 700b was considered a FAO 700 

cultivar, its TT from silking to maturity was closer to a FAO 500 or 600 variety. 
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Figure 5.3. a) Cumulative thermal time (growing degree days; GDD) from emergence to silking 
for the studied hybrids. b) Cumulative thermal time (growing degree days; GDD) from 
emergence to maturity for the studied hybrids. Values represent the averages of 2012 and 2013 
with the corresponding standard deviations. 

After calibration, the model simulated the observed emergence, silking and maturity 

dates, without errors in most cases (Table 5.4). The leaf number was fit with a RMSE 

lower than 1 leaf in all the cases. It was observed that emergence, anthesis and 

maturity dates (DAP), were delayed when the sowing date was forward. Moreover, the 

required TT to reach emergence, anthesis and maturity decreased when the sowing 

date was in April (2013) than when it was in May (2012). Narwal et al. (1986), working 

in India, observed the same effect when compared winter maize sown in October, 

November and December. They found that the required TT to emergence of tassels, 

silking and maturity increased when the sowing date was delayed. The time from 

sowing to silking and to maturity , tended to increase with the cycle from FAO 500 to 

FAO 700 varieties. On the other hand, it was found no significant differences in the 
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number of leaves between different FAO hybrids, ranging all varieties between 18 and 

20 leaves. There were also no differences across years in the measured leaf numbers, 

supporting the assumption that these hybrids were not sensitive to photoperiod 

(P2=0.0).  

Table 5.4. Observed and simulated time to emergence, silking and maturity (days after planting; 

DAP) and leaf number,  and statistics for the different maize hybrids phenology. 

    2012 (sown on May 7th) 
 

2013 (sown on April 18th) 

   Hybrid Observed Simulated RMSE 
 

Observed Simulated RMSE 

Emergence 
(DAP) 

500a 7.0 7..0 0.0 
 

10.0 10.0 0.0 

500b 7.0 7.0 0.0 
 

10.0 10.0 0.0 

600a 7.0 7.0 0.0 
 

10.0 10.0 0.0 

600b 7.0 7.0 0.0 
 

10.0 10.0 0.0 

700a 7.0 7.0 0.0 
 

10.0 10.0 0.0 

700b 7.0 7.0 0.0 
 

10.0 10.0 0.0 

Silking 
(DAP) 

500a 80.0 80.0 0.0 
 

88.0 88.0 0.0 

500b 79.0 80.0 1.0 
 

88.0 88.0 0.0 

600a 81.0 81.0 0.0 
 

91.0 91.0 0.0 

600b 83.0 83.0 0.0 
 

91.0 91.0 0.0 

700a 81.0 81.0 0.0 
 

89.0 89.0 0.0 

700b 82.0 82.0 0.0 
 

92.0 92.0 0.0 

Maturity 
(DAP) 

500a 136 136 0.0 
 

141 141 0.0 

500b 136 136 0.0 
 

141 141 0.0 

600a 139 139 0.0 
 

148 148 0.0 

600b 138 139 1.0 
 

148 148 0.0 

700a 143 143 0.0 
 

148 148 0.0 

700b 139 139 0.0 
 

144 145 1.0 

Leaf no 
(leaves plant-1) 

 

500a 20.0 20.5 0.5 
 

20.0 20.3 0.3 

500b 18.0 18.7 0.7 
 

18.0 18.9 0.9 

600a 19.5 19.6 0.1 
 

20.0 19.8 0.3 

600b 19.5 19.6 0.1 
 

20.0 19.8 0.3 

700a 19.0 19.6 0.6 
 

19.0 19.4 0.4 

700b 20.0 20.2 0.2 
 

20.0 20.8 0.8 

Calibration of G2 and G3, led to a good estimation of the observed grain number and 

yield. The RMSE between observed and simulated grain number was lower than 1 

grain unit-1 for all the hybrids in both years. In 2013 simulated yield was perfectly fit with 



Calibration and evaluation of genetic coefficients for the DSSAT-CERES-Maize in a semiarid irrigated central Spain 

 

117 

the observed values and in 2012 differences between observed and simulated values 

of yield, was less than 3.6 Mg ha-1. 

Table 5.5. Observed and simulated grain number and yield with statistics for the different maize 

hybrids. 

    2012 

 

2013 

    Observed Simulated RMSE 

 

Observed Simulated RMSE 

 

500a 506.0 506.1 0.1 

 

486.0 485.8 0.2 

 
500b 564.0 563.7 0.3 

 

554.0 554.7 0.7 

Grain no 600a 577.0 577.0 0.0 

 

558.0 557.9 0.1 

(nº unit-1) 600b 536.0 536.2 0.2 

 

514.0 514.9 0.9 

 
700a 572.0 572.1 0.1 

 

450.0 450.5 0.5 

 
700b 488.0 488.3 0.3 

 

537.0 537.1 0.1 

 

500a 15.3 13.2 2.1 

 

12.6 12.6 0.0 

 
500b 16.3 13.4 3.0 

 

13.0 13.0 0.0 

Yield 600a 16.5 13.3 3.3 

 

14.3 14.3 0.0 

(Mg DM ha-1) 600b 16.1 12.5 3.6 

 

13.6 13.6 0.0 

 
700a 15.3 13.6 1.7 

 

12.8 12.8 0.0 

 
700b 15.4 12.9 2.5 

 

12.6 12.6 0.0 

In general, CSM-CERES-Maize was able to reflect the differences on phenology and 

yield between hybrids due to the different cycle duration. Simulated parameters 

matched observed parameters well, with low RMSE in most of the cases. 

5.3.2 Genetic coefficient analysis 

After the calibration of the six studied hybrids, the resulted genetic coefficients were 

analyzed together with the two FAO 300 hybrids calibrated by López-Cedrón et al. 

(2005). The P1 coefficient ranged from 185 to 353, increasing with the cycle from FAO 

300 to FAO 700 (Figure 5.4a). As expected, FAO 300 varieties presented the earliest 

silking date thus, the lowest P1. It was known that the 500b hybrid was a very early 

flowering variety  (“Resultados por campañas | Informes GENVCE | Grupo para la 
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Evaluación de Nuevas Variedades de Cultivos Extensivos en España,” n.d.), 

presenting a low P1 compared with 500a. On the other hand, the 700a hybrid also 

presented an early silking date resulting on lower P1 than 700b. That may be the 

reason for the lower number of leaves in 700a than in 700b (Table 5.4). Figure 5.4.b 

shows that P1 coefficient is a linear function of the TT from emergence to silking with a 

high coefficient of determination (R2) of 0.94. Therefore, it would be possible to 

calculate P1 as a function of the TT from emergence to silking through equation 5.3: 

                           (5.3) 

Being TTE-S the thermal time from emergence to silking expressed on GDD. It was 

expected P1, and TT required to reach silking, to be similar for each hybrid across 

years. However, it was  found high differences on TT within the same hybrid between 

years (Figure 5.4.b). In 2012, with May sowing, the cumulative TT to silking, was higher 

than in 2013 with April sowing. Thus, we speculate that may be a problem with the 

effectiveness of the procedure that CERES-Maize uses to calculate TT.  However, 

further studies should be needed to clarify this fact. 

 

 

 

 

a) 
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Figure 5.4. a) Genetic coefficient P1 for the studied hybrids: averages and standard deviations. 
n=8. b) Relationship between the P1 coefficient and the thermal time (Growing degree days; 
GDD) from emergence to silking for the years 2012 and 2013. 

The P5 coefficient increased from short to long FAO cycles, presenting the FAO 300 

varieties the lowest P5, and the 700a hybrid the highest one. As it was mention before, 

700b reached maturity before 500 and 600 cycle varieties, showing lower P5 than 

those (Figure 5.5a). There was a linear relationship between P5 and the TT from silking 

to maturity with a R2 of 0.92 (Figure 5.5b). Equation 5.4 could be used to compute P5 

as follows: 

                          (5.4) 
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Being TTS-M the thermal time from silking to maturity expressed on GDD. 

 

 
 

 
 

Figure 5.5.  a) Genetic coefficient P5 for the studied hybrids: averages and standard deviations. 
n=8  b) Relationship between the P5 coefficient and the thermal time (Growing degree days; 
GDD) from silking to maturity. 

The PHINT coefficient was lower for cycle 300 hybrids than for hybrids with longer 

cycles. However 500, 600 and 700 cycles did not present substantial differences in 

PHINT among them. This means that the interval between successive leaf tip 

appearances, was almost the same between 500 to 700 hybrids, which makes sense 

since they had similar leaf number. 
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Figure 5.6. Interval between successive leaf tip appearances (PHINT): average and standard 
deviations.   

Finally, the coefficients G2 and G3 were calibrated based on observed yield and kernel 

number, and comparing with DSSAT database. The results are presented on Table 

5.6. 

Table 5.6.  Calibrated values of the coefficients G2 and G3 for the hybrids included in this study. 

Hybrid G2 G3 

300a 600 12 

300b 600 8.4 

500a 762 9.6 

500b 921 8.5 

600a 896 9.3 

600b 829 9.5 

700a 795 8.9 

700b 798 10.2 
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The P1, P5 and PHINT mean values and ranges obtained from the calibration are 

shown in Table 5.7. FAO-300 varieties presented the lowest P1 range (178-185). For 

FAO 500 hybrids the values of P1 ranged from 280 to 350 depending on the earliness 

of the hybrid. For  FAO 600 varieties, P1 was between 320 and 365 and it ranged from 

320 to 370 in FAO 700 hybrids. The lowest ranges of P5 were found in FAO 300 (605-

650), followed by FAO 500 (870-910) and the 700b (875-890) hybrid, while the highest 

was found in the 700a variety (930-970). It was not found any trend in the evolution of 

PHINT ranges with the cycle, as there were no significant differences in the number of 

leaves. In the case of average values, P1, P5 and PHINT followed an upward 

trend from short to long cycles which fits with what might be expected. 

Table 5.7. Average values of the coefficients P1, P5 and PHINT and ranges (value between 

parenthesis) for the studied hybrids, n=16. 

FAO cycle P1 P5 PHINT 

300 181 [178-185] 627 [605-650] 39 [37-41] 

500 317 [280-350] 890 [870-910] 54 [48-61] 

600 341 [320-365] 917 [870-950] 57 [53-61] 

700 343 [320-370] 916 [875-970] 55 [51-60] 

The development of relationships linking phenology parameters and hybrid life cycle 

duration, would simplify the need for calibrate in the field the genetic coefficient of new 

hybrids . This study is the initial phase of a project aiming at establishing such links. 

Further studies will be conducted to complete this work with the final objective of 

facilitate the use of DSSAT-CERES-Maize model to simulate the new maize hybrids. 

5.4 CONCLUSIONS 

This study was focused on the calibration and analisys of phenological coefficients of 

maize in the DSSAT-CERES model. After calibration of the phenological coefficients, 

DSSAT-CERES model performed well modeling maize emergence, silking and maturity 

dates (RMSE < 1 DAP) as well as the leaf number (RMSE < 0.9 leaves). After 
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calibration of G2 and G3 coefficients, maize yield and grain number were also 

satisfactorily simulated compared with field observations (RMSE < 3.6 Mg ha-1  and 0.9 

grains respectively). Overall, DSSAT-CERES-Maize was able to reflect the differences 

on phenology and yield between hybrids due to the different cycle duration. Simulated 

parameters matched observed parameters well, with low RMSE in most cases. 

The calibrated P1 and P5 tended to increase from short to long cycles, as it could be 

expected since such coefficients are directly related with the silking and maturity dates. 

However, there were found differences on such TT within the same hybrid between 

years, contrary to expectations. Further studies would be needed to clarify this fact. 

The P5 coefficient was linearly related with the TT from silking to maturity. The lowest 

PHINT was found in the FAO 300 varieties but there were no significant differences 

between hybrids of FAO cycles 500-700, as they had similar leaf number.  

We conclude from this study that the phenological coefficients required to run the 

DSSAT-CERES model, are directly related with the cycle duration in maize. Thus, it 

would be possible to develop relationships which allow to estimate such coefficients 

from the cycle classification.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

CHAPTER 6. GENERAL CONCLUSIONS 

 

 



 

 

 

  



GENERAL CONCLUSIONS 

 

127 

The DSSAT-CERES model performed relatively well modeling barley biomass and 

yield in a 16-year field experiment located in La Canaleja near Madrid, Spain. SOC and 

SN were also satisfactorily simulated compared with field observations. The results 

from the observed and simulated values suggested that the use of conventional tillage 

(CT) with vetch-barley rotation (VB), and CT with fallow-barley (FB) rotation, were the 

best combinations for the rainfed conditions studied. However, CT had the lowest SN 

and SOC while NT maintained higher SOC and SN. Both, simulated and observed 

values displayed these results. The beneficial effect of NT on SOC and SN under 

semiarid Mediterranean conditions can be identified by field observations and correctly 

reproduced by crop model simulations. The ability of DSSAT to represent various 

tillage-rotation system scenarios makes it a good option to simulate cropping systems 

in dryland conditions, where the effects of tillage in water, nutrient, and soil organic 

matter, are extremely important. Complementary economic and energy balance 

evaluations are needed to decide which are the best management practices for the 

area. However, the use of models to simulate combinations of tillage systems and crop 

rotations constitute a powerful tool assisting decision making to identify efficient system 

management options, increasing yields and decreasing environmental impacts, in 

specific edapho-climatic conditions.  

The optimization of soil parameters in WAVE and DSSAT models by inverse calibration 

with the SA global optimizer, reduced the uncertainty associated to soil water balance 

components. For the calibration period, the RMSE of the drainage was reduced by 

82% for DSSAT and by 88% for WAVE. For the validation period, the optimized models 

predicted very well soil water content in the 10-40 cm layer (RMSE between 0.003 and 

0.006 cm3 cm-3) and also the soil evaporation over time (RMSE between 1.1 and 3.8 

mm). An exception to this good performance was found in the drainage simulation with 

the DSSAT model. The WAVE model on the contrary, accurately predicted drainage 

over time for the same period.  Since drainage is the parameter which present more 

difficulties to be simulated with DSSAT, having drainage observations to compare with, 

would involve a significant improvement in the model calibration. Thus, it was 

concluded that the WAVE model may be used for other models when no drainage data 

is available, once soil parameters have been adequately calibrated.  
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It should be highlighted that, although WAVE model provided a better soil water 

balance simulation, DSSAT model following a more simple approach, offered also a 

very good simulation of most soil water components. The “tipping bucket” approach 

resulted, in this study, a very good system to reflect the real processes of the soil water 

balance. However, when the soil water is an important factor in the study it is 

recommended to complement DSSAT model with a hydrological model as WAVE. The 

mechanistic approach of  WAVE, allows a better simulation of the soil water balance 

than the model DSSAT and it can be used effectively when deep soil water analysis are 

required. In terms of input complexity, DSSAT requires a lesser volume of input data on 

soil than WAVE and it could be a good alternative when is not possible to obtain the 

high number of parameter values required for WAVE. Further studies should be 

conducted to identify modifications in the DSSAT model that could improve the 

simulation quality, especially of drainage. However it should be remembered the need 

to keep as much as possible model simplicity, and this is one of DSSAT strengths. 

Initialization of the carbon pools in the DSSAT-CENTURY model by using field 

measurements of Napmin gave satisfactory results in the prediction of soil N dynamics 

and topsoil SOC , and adequate simulations of plant biomass and N uptake. The 

suggested initialization method was an alternative to the land use history and soil 

texture-based methods. The C/N ratio that links N and C within the DSSAT-CENTURY 

model, allows estimating the initial SOC3 pools from Napmin measurements. The 

comparison of this method with the Basso et al. (2011) method resulted on higher 

values of the initial SOC3 in Met.2 than in Met.1. Thus, lower SOC1 and SOC2 were 

obtained, leading to improved Napmin, Nmin and SOC simulations. Both methods 

presented problems in the Nmin simulation at the beginning and end of the observation 

period, probably related with the simulation of soil temperature by DSSAT. Thus, a 

close examination of the current soil temperature model in DSSAT, and how simulated 

temperature affects rates of SOM mineralization is recommend. After proper 

initialization and calibration of the model, growth and yield of the main crop were 

correctly simulated with both methods, although Met.2 yielded better results. The N 

content in shoots and grain was also improved in most cases in Met.2 compared to 

Met.1 which overestimated them. 
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Applying Met.1 or Met.2 led to big differences on the Napmin , Nmin and SOC simulations. 

It should be highlighted the importance of the initialization procedure on the DSSAT-

CENTURY model performance when simulating SOM dynamics, as the results greatly 

depend on initial SOC pools. Important information, such as the prediction of soil 

fertility, or solute lixiviation processes, as the pollution of ground water by nitrates, 

would depend on the model initialization. Met.1 provides a proper approach to estimate 

initial SOC pools when measurements of Napmin are not available. Otherwise, we 

recommend using Met.2 as it yields reliable simulations of most of the soil N balance 

components. The method ensures a good simulation of the Napmin and it makes a close 

estimation of the N leaching, the Nmin and the SOC in the top layer. Therefore, it leads 

to reliable simulations of all the components of the soil N balance assisting a proper 

simulation of crop growth.  

The calibrated DSSAT-CERES model performed well modeling maize emergence, 

silking and maturity dates (RMSE < 1 DAP) as well as the leaf number (RMSE < 0.9 

leaves). After calibration of G2 and G3 coefficients, maize yield and grain number were 

also satisfactorily simulated compared with field observations (RMSE < 3.6 Mg ha-1  

and 0.9 grains respectively). DSSAT-CERES-Maize was able to reflect the differences 

on phenology and yield between hybrids due to the different cycle duration. Simulated 

parameters matched observed parameters well, with low RMSE in most cases. 

The calibrated P1 and P5 tended to increase from short to long cycles, since such 

coefficients are directly related with the silking and maturity dates. However, it was  

found high differences on P1, and TT required to reach silking within the same hybrid 

between years contrary to expectations. We speculate that may be there is a problem 

with the effectiveness of the procedure that CERES-Maize uses to calculate TT. 

Further studies are recomended to clarify this fact. The P5 coefficient was linearly 

related with the TT from silking to maturity. The lowest PHINT was found in the FAO 

300 varieties but there were no significant differences between hybrids of FAO cycles 

500-700, as they had similar leaf number. The phenological coefficients required to run 

the DSSAT-CERES model, were directly related with the cycle duration in maize. Thus, 

it would be possible to develop relationships which allow to estimate such coefficients 

from the cycle classification.  
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Crop models and particularly DSSAT model, is a potentially valuable tool in research, 

crop management technology, and in policy decisions. The studied cases analyzed in 

this work reflect that fact. However, it is also concluded that more studies are 

necessary in order to improve the model performance, keeping as much as possible 

model simplicity. Statiscian G.E.P. Box once wrote, “All models are wrong, but some 

are useful”. My wish is that this thesis, contributes to increasing the usefulness of crop 

models. 
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ANNEXES 

Chapter 2:  

2.1. Weather files 

2.2. Experimental files: 

 2.2.1. First period_1993-2001 

 2.2.2.Second period_2005-2009 

2.3. Soil file 

2.4. Biomass and yield 

 2.4.1.wheat and barley 

 2.4.2.vetch 

 2.4.3.rapeseed 

2.5. Phenology 

2.6. Soil nitrogen and carbon 

Chapter 3: 

3.1. DSSAT 

 3.1.1. Weather files 

 3.1.2. Soil files 

 3.1.3. Experimental files 

3.2. WAVE 

 3.2.1. Cycle 1 

 3.2.2. Cycle 2 

3.3. Pluviometer measurements 

3.4. Soil moisture 

3.5. Evapotranspiration 

3.6. Photos 

Chapter 4: 

4.1. Weather files 

4.2. Soil files 
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4.3. Experimental files 

4.4. Mineral N 

4.5. Biomass,yield and N 

4.6. Soil water 

4.7.Photos 

Chapter 5: 

5.1. Weather files 

5.2. Soil files 

5.3. Experimental files 

 5.3.1. Files 2012 

 5.3.2.Files 2013 

5.4. Cultivar file 

5.5. Field data 

 5.5.1. Data 2012 

 5.5.2. Data 2013 

5.6. Photos 

Annexes are presented in digital format in the attached CD. 

 

 

 

 

 


