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PROPOSITIONS 
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1. The yield of intensive rice production in a temperate climate, which is commonly determined 

by the grain number, can be maximized by having (i) a minimum plant number of 160-180 

plants m"2 and (ii) a full canopy cover already at the panicle initiation stage. This thesis. 

2. A compensatory relationship appears between the spikelet number and the grain size 

cancelling each other's variation. This implies that two cultivar-specific characteristic could 

be joined to form a rather stable variable, namely sink size, independent of cultivar type. This 

thesis. 

3. Regression analysis indicates that the cation exchange capacity (CEC) of the topsoil is the 

most positively correlated soil factor with yield. The relation of CEC with soil texture is 

needed to obtain a translation to soil patterns in the field. This thesis. 

4. In the Ebro Delta, it is the quality of the groundwater, in terms of its electrical conductivity, 

and not its depth that has significant effects on rice production. This thesis. 

Rice grain yields increased in response to improved internal field drainage. Ramasamy, S., 

Ten Berge, H.F.M., Purushothaman, S., 1997. Field crops research 51, 65-82. 

5. Shortage of zinc causes reduced rice growth in the Ebro Delta which contradicts the generally 

assumed shortage of nitrogen as being the prime reason for sub-optimal growth. This thesis. 

Rice yield normally increases when the amount of nitrogen application is increased. Yoshida, 

S., 1981, Fundamentals of rice crop science. 

6. Development of soil geographic databases is a powerful tool to enhance the necessary 

interdisciplinary approach in soil science. King, D. and Le Bas, C, 1996, Soil databases to 

support sustainable development. 

7. The proper simulation of crop development and leaf area index, in conjunction with the 

carbon assimilation, is fundamental for a proper crop growth simulation model. GCTE-

START-WCRP report number 2, 1997, Workshop on climate variability, agricultural 

productivity and food security in the Asian Monsoon Region. 



8. The farmer perfectly understands that it is very risky to follow the guidance of those that do 

not have to suffer the consequences. John Kenneth Galbraith, 1981, A life in our times. 

9. Science, politics and economy should be at the service of mankind and not mankind at the 

service of science, politics or economy. Based on the Declaration of the World Summit for 

Social Development, Copenhagen, 1995. 

10. Why are we making such a mess? It is plainly not a question of resources as such. The world 

taken as a whole undoubtedly has the physical capacity, the wealth and the knowledge to cope 

with all its problems. Alexander King, President Emeritus and co-founder of the Club of Rome, 

http://www.clubofrome.org, 

11. In science, as well as in real life, it is essential to differentiate between objectives and means. 

12. The best part of the fieldwork is the shower afterwards! 

Propositions associated with the Ph.D. thesis of David Casanova [David.Casanova@pobox.com]: 

Quantifying the effects of land conditions on rice growth: a case study in the Ebro Delta (Spain) 

using remote sensing. 

Wageningen Agricultural University, May 6, 1998. 
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This thesis represents detailed research on the "rice-soils-weather" system of the 
Ebro Delta (Spain) providing knowledge on how temperature, radiation, soil 
properties and farm management determine rice growth. After an introductory 
chapter, the findings are developed step-by-step, (i) Chapter 2 is an overview of the 
conditions in the study area, (ii) Chapter 3 focuses on the study of the soils creating a 
soil geographic database of the northern part of the Ebro Delta. Four properties were 
used for defining soil units; soil development, drainage status, texture and salinity, (iii) 
Chapters 4 and 5 deal with rice growth under weather limited conditions. Potential 
productions of 13000 kg ha"1 were estimated, while maximum yields of 11000 kg ha"1 

were recorded at field level. In Chapter 4, the phenological development, the daily dry 
matter production and the leaf area development of the rice crop were modelled. In 
Chapter 5, the use of remote sensing techniques at field level for monitoring the rice 
crop status were tested, (iv) Chapters 6 and 7 analyse rice growth in relation to soil 
properties and farm management. Two soil factors were found to dominate the 
effects on yield: one was topsoil CEC (in strong association with clay content) with a 
positive effect, and the other one was soil salinity with a negative effect. High 
groundwater tables did not have significant effects on rice yield, except when the water 
had a high salt content. Four main groups of causes within the cropping status limited 
rice growth: potassium and zinc shortage where a strong antagonism of either factor 
with sodium was observed, low plant establishment where a minimum number of 
160-180 plants m"2 was necessary to maximize yield, and length of the growing 
season, especially the length of the pre-heading period in which the potential size of 
the crop was primarily determined. Potassium and zinc shortages in the plant were 
mainly induced by soil salinity. High K in saline soils did not increase K uptake. It 
remains to be determined if addition of Zn will increase Zn uptake. Information on 
environmental conditions of the study area and data on rice cropping is presented so 
that farmers, extension workers and decision-makers find themselves in a better 
position to adapt their management and policy making. This thesis intends to support 
development of decision systems and to increase cooperation between agricultural 
and environmental scientists focusing on concerns of society. 



This work is closely connected with my personal history. On account of the nature of 
my father's occupation, a rice farmer, I have always been in close contact with the 
Ebro Delta environment. Since my early childhood I have heard expressions such as: 
"this is a good soil" or "in such land you better bring cows to eat the grass/weeds", or 
"the salinity is going to eat us", or "these office people know nothing about rice". On 
the other hand, at university classes, at government offices and listening to 
discussions of so-called wise people, I used to hear: "these people from the Ebro 
Delta are uncivilized", or "farmers are intrinsically dumb, because we teach them 
their everyday work", or "the delta is beautiful; birds, coast, lakes, flora, bad there 
are farmers". Additionally, between farmers, experimental stations, Universities, 
research institutes, etc., criticism is leveled against each other for being too 
theoretical, too burocratic, too silly, too -you name it-! Hence, I have always 
wondered: (i) what kind of instinct makes us think that we are better, or do better, or 
know more than others?, why can't we make an effort to understand others and their 
ways of expression? (ii) Why things happen like they happen?, what makes one soil 
be better than another?, what is the origin of those "devilish" soil properties, how do 
they affect rice growth? (iii) Alternatives: aren't there other ways of living, of 
farming, of doing things?, or do we have the exclusivity! Things are not intrinsically 
better because they have always been like this. We should be able to select the good 
from the past, work in the present, and hope for a better future! 
This research project has tried to bring together some "homogeneity in diversity" 
within this environment: Working in farmer's experimental farms, in consultation 
with the experimental station of the Ebro Delta, collaborating with the soil section of 
the Generalität de Catalunya and the University of Lleida, and the cooperation of the 
Institute of Earth Sciences in Barcelona and the Wageningen Agricultural University. 
Another key matter that I have learnt during these years is that: "In life, you cannot 
do much on your own"! Furthermore, in nature things are not directly "white or 
black"! Thus with-the goal of understanding the environmental relations and their 
interrelations, different disciplines have been brought to bear fruit: soil science, 
simulation models, rice physiology, remote sensing, GIS, statistics. Thus, an 
incredibly large number of people from diverse backgrounds has contributed to this 
thesis. This research project could have only been achieved with an inter-disciplinary 
framework of discussion, intercommunication, and settling of ideas and 
methodologies. Furthermore, long, extremely long journeys along the Ebro Delta-
Lleida-Barcelona-Wageningen roads and crossroads were necessary. 

vn 



I start thanking my promotor (at Theoretical Production Ecology) Jan Goudriaan for 
transmitting his enthusiasm to observe nature, to understand natural processes, to 
trust in field data, and to be simple in terms of modelling plant growth and of 
personal attitudes towards life. Even drinking wine on the beach under a full moon 
was a simple, educational and grateful experience! I thank my promotor (at Soil 
Science and Geology) Johan Bouma for his thorough comments over my writings 
and his sharp criticisms with "the right word at the right place at the right time". 
Johan always encouraged me to keep on going, never a stop-hand, With a cheering up 
attitude. I also owe many thanks to my co-promotor Gerrit Epema for being my 
"liaison officer" in Wageningen and for trying to teach me to be direct and specific! 

Quiero agradecer al Consejo Superior de Investigaciones Cientificas, al Institute de 
Ciencias de la Tierra "Jaume Aimera" y en concreto al Dr. Luis Sole, el soporte 
recibido. Les estoy muy agradecido por la confianza depositada en mi, facilitândome 
desde una beca al principio del proyecto hasta un contrato al final para poder realizar 
esta publicación con el tiempo y medios necesarios. 

A la Universität de Lleida, a l'Escola Tècnica Superior d'Enginyers Agrönoms i en 
concret al departament de Medi Ambient i Ciències del Sol, estic molt agrai't per la 
seva collaboració amb aquest estudi. Al Prof. Dr. Jaume Porta per haver-me obert 
les portes a collaborar, i especialment a 1'Angela Bosch per haver estât la "liaison 
officer" a Lleida. Sempre he trobat en ella amabilitat, empatia i un somriure. 
Voldria agraïr a la Secció d'Avaluació de Recursos i Noves Tecnologies del 
Departament d'Agricultura Ramaderia i Pesca (DARP), especialment a en Jaume 
Boixadera, la seva inestimable collaboració en la prospecció i caracterització dels 
sols. En aquests moments vull recordar 1'amabilitat i servicialitat d'en Josep Llop 
durant totes les hores passades conjuntament fent sondejos en la polseguera de 
l'hivern. Josep, gracies; no es només "lo forât, la textura, i cuatre fartaneres" que 
hem comparût aquests hiverns al Delta! 

My thanks and gratitude to the former trainees that supported long hours of walking 
in the mud, windheadache, soil and plant sampling and particularly counting "plants, 
panicles, grains, unfilled grains, -counting, counting, and niore counting-": (i) Chris 
Varekamp, Menno Schepel and Wannarattana Janyarunguang (Ms. Nok) from 
Wageningen Agricultural University; (ii) Xavi Gerrós, Daniel Martinez and Jordi 
Rebull from the University of Lleida. 
All colleagues who contributed in one way or another to this work, are kindly 
acknowledged. Agradezco a todos los companeros que hon contribuido de una forma 
u otra a la realización de este trabajo. Agraeïxo a tots els Companys que han 
contribua d'una forma o aura a la realització d'aquest treball. 

viii 



- At Soil Science and Geology, WAU, especial consideration goes to Thea's 
efficiency, Andrea's accordeon, Marcel's software,...,! 

- At Theoretical Production Ecology, WAU, I have always felt accompanied. 
Special consideration goes to Bjorn Dirks, Joost Wolf, Gon van Laar, Marcos 
Bernardes, Daniel Rodriguez, Fernanda Dreccer and others, for being always 
there: for commenting at professional and personal level, for faxing articles, for 
having dinners and coffees, for Thanks also to Jacques Withagen for his 
help with statistics, something both useful and difficult! 

- A l'Oscar, la Paloma, en Dioni, la Magaly, etc, de l'Institut Jaunie Aimera. 
- A la Montse, l'Asûn, en Francesc, en Rafa, en Joserra, ..., del Departament de 

Sols i Medi Ambient de la Univeristat de Lleida per les llarges jornades 
passades junts durant varis estius. 

- A la secció de cultius i genetica del Departament de Prpducció Vegetal i 
Ciència Forestal de la Universität de Lleida per haver facilitât la instrumentatie» 
per la realització de diferents mesures en camp i laboratori. 

- A l'I.R.T.A., Estació Experimental del Delta del Ebre, especialment a la Ma del 
Mar Català per les xerrades sobre l'arrös i l'ajut en la recolecció de dades. A 
mes a mes, gracies per facilitar-me la utilització de la seva infraestructura. 

- A tots els agricultors del delta de l'Ebre, i especialment als que han collaborât 
estretament en aquest treball: Agropecuaria Delta del Ebro i concretament a 
Manolo Queral, Tomàs Bertomeu, "mun" tio Jose, Migjorn S.A. i concretament 
a Joaquin Pinyol, Joan Pons, Jordi Prats Vidal, lo Sabatero, Farina, "mun" tio 
Victor, Amadeo Rabasa, Joan Bonet,..., i molt especialment a "mun" pare. 

- A Figares, Benito, Joaquin de Cantamanyanes, Claudio i Sisquet de la 
"Cooperativa de Regants" per la seva collaboratie en la cartografia dels sois. 

- A l'Institut Cartografie de Catalunya per proveir imatges de satèllit. 

El comienzo de cualquier investigation conlleva dudas, estimulos, fracasos, 
aglomeración de ideas. Las personas necesitamos de "trampolines" que nos empujen 
hacia arriba. Guardo un recuerdo muy especial de esa primera etapa, -cuando aun no 
tienes claro que hacer y cómo hacerlo-, del Dr. Ir. Julian Martinez Beltrân (FAO), 
and of Ir. Dick Legger (WAU); Geen Alles Goed, maar Alles Prima! 

Furthermore, I would like to thank the Commission of the European Communities 
for funding this project (ERB-4001-GT- 931494 / 964205) and the Global Change 
and Terrestrial Ecosystems (of the International Geosphere and Biosphere 
Programme) for accepting this particular project as part of the "Rice Network" and of 
the Core Research Programme, Category 1 (cf. pp. 80-81 of the GCTE Operational 
Plan). The soil database developed in Chapter 3 is also part of the general Soil 
Survey of Catalonia that is being generated by the Catalan Autonomous Government. 

IX 



Although all of the above-mentioned people encouraged me to work in this project 
with all my energies, I would have never been able to finish this thesis successfully 
without the constant and faithful support of my mother, my brother, all my family and 
very especially the presence in my life of my wife, Bianca. There are also many other 
people that have had a strong impact in my life. These people are not mentioned here 
and many of them are unknown, forgotten of History, however I am what I am thanks 
to all of them. So, thanks to all these NOBODIES I've met who taught me to dream, 
smile, cry, think, laugh, read, discern, write, feel, love, share,..., THANKS-GRACIAS-
MERCÈS-DANK U WEL! 

The Nobodies 
- They are not, although they are. 
- They do not speak languages, but dialects. 
- They do not practice religions, but superstitions. 
- They do not make art, but folklore. 
- They are not human beings, but human resources. 
- They do not have faces, but arms. 
- They do not have a name, but a number. 
- They do not appear in the Universal History, 

but in the crime sheets of the local papers. 
The nobodies, that are worth less than the bullet that kills them. 

Los Nadies 
- Que no son aunque sean. 
- Que no hablan idiomas, sino dialectes. 
- Que no practican religiones, sino supersticiones. 
- Que no hacen arte, sino folklore. 
- Que no son seres humanos, sino recursos humanos. 
- Que no tienen cara, sino brazos. 
- Que no tienen nombre, sino numero. 
- Que no figuran en la Historia Universal, 

sino en la crónica roja de la prensa local. 
Los nadies, que cuestan menos que la bala que los mata. 

(Eduardo Galeano, "El libro de los abrazos") 



Abstract v 

Preface vii 

Contents xi 

Account xii 

Chapter 1 General introduction 1 

Chapter 2 The Ebro Delta: its environment and its rice production system 11 

Chapter 3 Soil distribution on the left bank of the Ebro Delta 27 

Chapter 4 Rice potential production and actual maximum levels 73 

Chapter 5 Use of remote sensing at field level for monitoring crop status 97 

Chapter 6 Yield-gap analysis between rice growth and soil properties 113 

Chapter 7 Quantitative analysis of yield and its determining factors 135 

Chapter 8 General discussion 163 

Summary 177 

Samenvatting (summary in Dutch) 183 

Resumen (summary in Spanish) 191 

Resum (summary in Catalan) 199 

References 207 

Curriculum vitae 219 

xi 



Part of this thesis have been included, in part or in whole, in the following 
publications: 

Chapter 3 Casanova, D., Boixadera, J., Llop, J.. Development and applications of a 
soil geographic database in a deltaic environment under rice cultivation. 
Arid Soil Research and Rehabilitation, submitted. 

Chapter 4 Casanova, D., Goudriaan, J., Bosch, A.. Testing the performance of 
ORYZA1, an explanatory model for rice growth simulation, for 
Mediterranean conditions (Ebro Delta, Spain). European Journal of 
Agronomy, accepted. 

Chapter 5 Casanova, D., Epema, G.F. and Goudriaan, J.. Monitoring rice 
reflectance at field level for estimating biomass and LAI. Field Crops 
Research, (1998) 55: 83-92. 

Chapter 6 Casanova, D., Goudriaan, J., Bouma, J., Epema, G.F.. Yield gap analysis 
in relation to soil properties in direct-seeded flooded rice. Geoderma, 
accepted. 

Chapter 7 Casanova, D., Goudriaan, J., Catala Forner, M.M., Withagen, J.C.M.. 
Quantitative analysis of yield and its determining factors in direct-
seeded flooded rice. Field Crops Research, submitted. 

Xll 



General introduction 



1.1. SETTING THE SCENE 

This thesis intends to move beyond the classical approach where an often rather 
remote problem is identified, and where materials and methods are carefully described 
to allow punctual experimentation resulting in results and conclusions that are 
scientifically acceptable. In this study, we focus on a large area of land that used to be 
an unhealthy swamp until recently. Within a relatively short period, this area has been 
transformed into a productive rice-growing area where interests of nature are to be 
respected. Still, the potential of the area has not yet been reached and the major 
objective of this study is to unravel the basic soil and plant processes, so as to derive 
ways and means to further improve the agricultural production system in a sustainable 
manner. Thus, state-of-the-art modern technology is mobilized, but only in as much as 
it can help to improve our understanding, not as a scientific objective in itself. Overall, 
intensive contacts have been maintained with the "stakeholders", the farmers of the 
area, to safeguard future application in practice of insights gained in this work. 

Rice is cultivated throughout the world in many different ways and degrees of 
intensity. Basic differences exist between the cultivation of upland and lowland rice. 
Lowland rice may be irrigated or rainfed. Under fully irrigated conditions, rice may be 
transplanted or directly seeded. Direct seeding under full irrigation is the most 
common practice in Europe, Australia and the USA. This thesis presents a quantitative 
analysis of fully irrigated direct-seeded rice growth and its relation to soil and weather 
conditions in the Ebro Delta in Spain. 

1.2. RICE IN THE EUROPEAN UNION 

Rice is cultivated in a wide range of ecological environments in all the continents. 
As an example, it is cultivated at 53° north in north-eastern China, at the equator in 
Bolivia and at 35° south in New South Wales (Australia). It is grown below sea level 
in Kerala (India); at or near sea level in most rice-growing areas; and at 1800 m in 
Madagascar or at 2400 m in Nepal. The world rice surface is around 150 million 
hectares with an annual production of 550 million tons of paddy rice (FAO, 1995). 
The production in the European Union (EU) of paddy rice in 1997 was 2.7 MT, on 
approximately 434.000 ha of rice cropland (http:www.fao.org). 

The principal characteristics of the rice market in the EU are: 
• A production localized in the south of the EU (Fig 1.1), 
• A demand for quality, promoting a high diversity of cultivars (Birot, 1995). 

http:www.fao.org
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Fig. 1.1. Paddy rice production in the European Union in 1997 (source: http:www.fao.org). 

Rice is the only cereal consumed as full grains, and its visual and taste quality is 
directly perceptible for the consumer. Before consumption the rice grains must be 
separated from their hull (shell). This transformation from paddy rice to white rice 
gives losses of approximately 40%. The commercial classification of rice is based 
mainly on the shape and hardness of the white grains (see Table 1.1). The rice of 
Japonica origin is mainly wide and short in contrast to the Indica-type which is 
narrow and long (Faure and Mazaud, 1995). The first is produced traditionally in 
temperate climate and the second in tropical climates (http:www.cgiar.org/irri). 
Within this classification, each cultivar has its own plant and grain characteristics. 

Table 1.1. Commercial classification of rice in the European Union based on white grains. 

Japonica Indica 

Grain characteristics 
Length (mm) 

Ratio of Length to Width 

Examples of Cultivars 

Round 
<5.2 

Bahia, 

Tebre, 

Senia 

Medium 
<6.0 

Lido, 

M-202 (Thainato) 

Long A 
>6.0 

<3.0 

Ariete, 

Koral, 

Drago 

LongB 
>6.0 

>3.0 

L-202 (Thaibonnet) 

>6.6 

>3.0 

IR8 

IR72 

In the EU, the actual white rice production is 1.6 MT and the consumption is 1.9 MT 
(FAO, 1995). This leaves a small margin for import that the new World Trade 
Organization agreements will further facilitate (Fig. 1.2). In southern-Europe, people 
mainly prefer round, medium and long-A grain rice because of culinary tradition 
such as paella in Spain or risotto in Italy. These cultivars are sticky on cooking and 
remain soft after cooling because of a high water absorption 
(http:agronomy.ucdavis.edu/ricestation; Aliaga, 1984). In contrast, long-B and Indica 

http:www.fao.org
http:www.cgiar.org/irri
http:agronomy.ucdavis.edu/ricestation


rice is often cooked in high quantities of water without bulking (swelling) and stays 
fluffy. In northern-Europe, the demand of the market is oriented towards the long-
grain rice because of a more recent culinary habit derived from abroad (Châtaignier, 
1994). 
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Fig. 1.2. Production and consumption of the two main rice types in the European Union. 

1.3. RICE IN THE EBRO DELTA 

The Ebro Delta is an important aquatic environment in the western Mediterranean. It 
occupies an area of 32000 ha, from which approx. 24500 ha is cultivated, divided in 
a northern side (left bank) and a southern side (right bank) of the river. At present, 
the Delta is occupied by 46.000 inhabitants and is of considerable importance in 
agricultural terms as it yields 12% of the total production in Catalonia. Additionally, 
it plays a key role as a nature reserve with over 500 recorded flora species, an 
extensive range of entomological fauna and its internationally important 300 bird 
species (60% of all the European species). At the request of the inhabitants, the 
"Ebro Delta Natural Park" was established in 1983 to preserve and improve the 
natural inheritance. Since then, a part of the Ebro Delta is considered natural park 
(Table 1.2) and the rest of the area is also affected by the park, as it restricts 
agricultural activities in adjacent land. Striking a balance between the ecological and 
agricultural value of the Ebro Delta is not an easy task! 

Table 1.2. Distribution in hectares of the Ebro Delta (as in June 1996). 

Natural Park 
Other areas 
Total 

Left Bank 
2099 
10079 
12178 

Right Bank Total 
5703 7802 
14178 24257 
19881 32059 



The land-use system of the Ebro Delta is determined by specific land characteristics, 
and environmental and market factors. Wetland rice cultivation is spread over the 
major part of the Ebro Delta, 86% of the cultivated area in 1996. Wetland rice presents 
a high interest nowadays as it is one of the few crops without surplus within the EU. 
Interest is also generated by the agricultural trend to reduce high inputs, that are 
associated with more intensive crops, in order to preserve the environment and by the 
dynamics of the rice fields which are beneficial for maintaining the ecological balance 
of the wetlands (Regulation 1765/92 of the EU). 

Rice yields are extremely variable and suboptimal, although the farming system is 
highly mechanized and most modern technologies are used. Under present conditions 
one rice crop per year is harvested, yielding, on average, slightly more than 6 tons per 
hectare of paddy rice (14% moisture). Based on existing rice growth models, potential 
production estimates of 13 tons ha"1 are simulated. The actual minimum and maximum 
recorded yield varies from 3 to 11 tons ha"1. Hence, a gap exists between the potential 
and maximum actual yield. Furthermore, there is a high variability in rice growth and 
yields. The reason for such discrepancies is the unbalance between: 
(i) land characteristics (supply side). The irrigation water is of good quality. The 

amount of fertilizers, fungicides, etc., used by the farmers is ample. Soil data, 
however, were not available and recommendations did not differ from one area to 
the next. Farming practices are in general based on "what the neighbour does", but 
soil properties differ very much. Thus, for example, coastal sandy soils are 
managed similarly as peat soils. 

(ii) rice requirements (demand side). Rice is a unique crop for various reasons, but in 
particular because it is grown under a continuous flow of irrigation water 
(nowadays on average, 4000 litres of water are used per kg of rice produced). The 
requirements of the rice plant had to be defined; first in terms of weather 
conditions (temperature and radiation) and after that in terms of farm management 
(tillage, plant establishment, etc.) and soil conditions (nutrients, etc.). 

The general objective of this thesis is to understand the "rice-soil-weather" system in 
the study area. Why is monocultivation of rice the major type of land-use? How does 
rice grow and develop? What is the maximum production in the Ebro Delta? Soil 
qualities usually involve a physical component such as water transport. If no water 
limitation exists in paddy fields; which soil properties are limiting and how does this 
affect rice growth (e.g. do they induce a nitrogen or a zinc shortage or a ..., do they 
reduce the number of grains, or the weight of the grains or...)? 
The general objective can be divided in the following specific objectives: 
(1) To determine key soil properties and their spatial distribution, to understand the 

soil-functioning processes, and to create a soil geographic database. 



(2) To determine the optimal growth curve for a rice crop based on weather 
(temperature and radiation) under no "soil-related" limitation. In technical terms, 
to assess the potential production growth curve. 

(3) To determine the interrelation between soil properties and rice growth. The aim is 
to understand "which & how" soil properties are affecting rice growth. In simple 
terms, identify which soil properties contribute to the yield-gap between potential 
and actual production. Understand how soil properties are affecting the crop 
status which at the end of the "causal chain" determines yield. 

1.4. OUTLINE OF THIS THESIS 

For achieving the objectives described above, a wide range of methodologies has been 
used. From simple measurements of plants per unit area using a children "hula-hoop", 
to laboratory analyses, electromagnetic induction and remote sensing measurements. 
For each chapter, depending on its objective, field measurement techniques were 
adapted based on common sense obtaining a maximum of information at minimal cost. 
Measuring and quantifying was not an objective in itself, it is just a crucial way to 
describe the soil-plant system in a universally valid and reproducible manner. 
The structure of this thesis is illustrated in Fig. 1.3. As we are dealing with reality and 
its conflicts, first we have to get a clear view of the settings in the Ebro Delta. In 
Chapter 2, three important features of the study area are discussed; (i) the climate, 
water resources and geomorphology because of its relevancy to the land concept, (ii) 
the socio-economic basis, and (iii) the rice production system. 
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Fig. 1.3. Outline of the thesis. 



"We can't make cheese if there is no milk". This statement is the starting-point of the 
experimental research of this thesis. Obviously, the first need of such a project is to 
know which soil units and properties are encountered in the study area. Chapter 3 
examines the soil types, the main soil properties and their distribution in the northern 
part of the Ebro Delta (left bank). All data were stored in a soil geographic database or 
a soil information system. 

The second need is to know what are the rice requirements under no soil limitations, or 
in other words, what is the maximum production just limited by weather conditions. 
Crop yields have an upper boundary which is determined by temperature and radiation. 
Chapter 4 provides the answer to this question and an "ideal" growth curve is defined. 
Two common rice cultivars in the "best farmers" scenarios are monitored in detail: a 
traditional short-grain cultivar, Tebre, and a recently introduced long-grain cultivar, L-
202. The yield gap between potential production and the maximum monitored yield is 
identified. The objective is not to model rice growth in itself, but to understand the rice 
plant's life cycle under optimal conditions. 

In agriculture, monitoring of crop growth and early estimates of final yield are of 
general interest. Individual farmers may want to know their rice crop status at any time 
for optimum management. Consequently, Chapter 5 deals with estimation of the rice 
crop status (biomass and leaf area index) just by monitoring its reflectance at field 
level. With a hand-held radiometer, so-called temporal signatures of the rice crop were 
obtained. These reflectance values are converted to fractions of intercepted 
photosynthetically active radiation (PAR), fPAR. From fPAR it is rather simple to 
estimate rice biomass or leaf area index. The innovative aspect is that it is a simple, 
fast and non-destructive method to measure crop status at field level. 

The answer to the third and last specific objective, or the final integration between rice 
and soil conditions is achieved in Chapters 6 and 7. Chapter 6 identifies- and quantifies 
which are the main soil properties limiting rice production, while Chapter 7 goes into 
how are they limiting. A total of 50 fields spread along the Ebro Delta were selected 
during the 1995 and 1996 rice growing campaigns. Soil units were identified and 
topsoil properties were measured. Rice growth was monitored and final yield recorded. 
Finally we analysed which factors determined yield and how they did. For example, if 
one field had lower production than another, was it: (i) because the one had a bigger 
leaf area (a matter of source limitation) or (ii) it had a similar leaf area but with a 
higher number of spikelets (a matter of sink limitation). Furthermore, maybe soil 
salinity had effects on lowering the germination of the crop and therefore on the leaf 
area index, while a poor drainage condition could have effects on reducing the 
percentage of filled spikelets. Or maybe it was the other way around? 
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Chapter 8 presents a general and integrated discussion of the project, extending its 
view to other rice growing areas in the temperate climate. Research has shown that 
there is a big gap between what is potentially possible and what is achieved. Some 
farmers do well, however! We explored the "best-farmers" scenario. We compared and 
analysed yield differences between "good/bad farmers" and "good/bad soils". This 
thesis offers the potential to move beyond just random experimental work. Future 
research should be oriented towards developing decision support systems for 
agricultural and environmental management at the major land units, combining soils in 
a geological, hydrological and climatic setting. What to do when is the major question. 
In what ways are soils functionally different? Future farmers and decision-makers 
should have the necessary tools for deciding themselves what to do based on a 
thorough knowledge of the area and its natural processes. 



The Ebro Delta: Its environment 
and its rice production system 

Abstract: 
The Ebro Delta as it protrudes into the Mediterranean sea has been largely formed by sedimentation. 
This chapter reviews its environmental conditions: climate, water resources and geomorphology. Rice 
farming is the prevailing agricultural activity in the Ebro Delta. The characteristics of rice farming in 
the area are presented. Its relative importance in relation to other forms of agronomy and economic 
activities is briefly discussed. 
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2.1. THE ENVIRONMENTAL CONDITIONS OF THE EBRO DELTA 

The Ebro Delta is located in the north-east of Spain. It protrudes as a lobe of some 
32,000 hectares into the Mediterranean sea (Fig. 2.1). Its inland margin trends NNE-
SSW for about 20 kilometres and marks the position of an old shoreline, whilst its 
mouth lies some 25 kilometres seawards. 
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Fig. 2.1. General map of the Ebro Delta (source: Generalität de Catalunya). 

2.1.1. Climate 

The climate in the study area is typical Mediterranean {Csa according to the Koppen 
classification) with mild winters and warm, but not torrid, summers. Rainfall averages 
530 mm, and the annual potential evaporation amounts to about 1200 mm. There is a 
total mean hydric surplus of 20 mm during October, November and December and a 
total mean hydric deficit of 690 mm during the remaining part of the year. Relative 
humidity is very constant all through the year. Daily average values of relative 
humidity are 80 percent (from 1992 to 1996). Temperature fluctuates from a monthly 
average of 25°C in July-August to 9°C in January-February, with very seldom night 
frosts. Figure 2.2 shows weekly averaged temperature and global radiation in 1996. 
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Fig. 2.2. Temperature and global radiation weekly averaged on the Ebro Delta in 1996. 

The tidal range is small, with a maximum of ±0.40 m. However, during periods of 
strong northern ("vent de dalt") or eastern ("llevant") winds in April-May and 
September-October, the sea level may rise by 1 m. 

2.1.2. Topography 

The delta area is very flat and its maximum height above the sea is 4.5 m at Amposta, 
where the Ebro river emerges from the uplands. The whole landscape has a man-made 
look, however the slight differences in topography are important for distinguishing 
depositional environments and soil properties. Generally the level of the river levees is 
at about 3 m and the topography gradually slopes to sea level along a south-eastern 
direction for the right bank and north-eastern direction for the left bank. These slopes 
are in general of the order of 0.01% to 0.02%. About 10 percent of the delta area is at a 
level above 2 m (natural levees along the river and near the inland hills); 30 percent 
between 1 m and 2 m; 60 percent below 1 m; and limited areas (such as lagoons) are 
even below average sea level. A digital elevation model (DEM) of the left bank of the 
Ebro Delta is provided with the soil geographic database of Chapter 3. A topographical 
map from the DEM generated by interpolation procedures is included in Chapter 3 as 
Plate 3.3. 
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2.1.3. Water resources 

The Ebro drains the greater part of the southern slopes of the Pyrenees. It travels 928 
km from its origin to its mouth. It drains a catchment of 84,230 km2 (17% of Spain). 
Figure 2.3 illustrates the average water discharge of the Ebro river in comparison with 
other rivers of Europe. 
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Fig. 2.3. Mean discharge from 1986 to 1995 in various European rivers. 
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The average discharge over the last 10 years is 300 m s" (Consorci d'Aigües de 
Tarragona, 1991). Figure 2.4 illustrates the monthly discharge and water conductivity 
in Tortosa (35 km inland of the river mouth). The river water is of good quality for 
irrigation; below 1.5 dS m"1 during the year. 
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Fig. 2.4. Monthly river discharge and water conductivity averaged from 1986 to 1995 in the Ebro 
Delta in Tortosa. 
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A detailed analysis of water (Canicio, 1996) from the irrigation channel and a spring 
located in the Delta is presented in Fig. 2.5. Essentially the water from the river has 
higher sodium, chloride and sulfate content than the water from the spring. 
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Fig. 2.5. Water analysis (April of 1994) of an irrigation channel and a water spring in thé transition 
zone between the adjacent uplands and the deltaic plain. 

2.1.4. Hydrogeology 

When farmers cultivate rice, they use large amounts of fresh irrigation water in order 
to control salinization. The fresh irrigation water prevents capillary rise of the saline 
groundwater. The groundwater level in the area is high. Before irrigation in April, the 
groundwater is below sea level over most of the area. The groundwater rises rapidly 
with irrigation. In September, it is between 0 and 30 cm from the surface on large parts 
of the Delta. After irrigation and the rainy period in autumn, the groundwater level 
lowers. This high groundwater level is due to the absence of a gradient or natural 
drainage that would facilitate discharge to the sea (Bayó et al., 1992, 1997). The 
groundwater was originally trapped during the deltaic evolution and has been renewed 
by irrigation, rainfall and seepage losses (Loaso and Herrân, 1989). This groundwater 
is highly salty, sometimes more than sea water. Over extensive areas the groundwater 
electrical conductivity at 5 m depth varies from 16 to 60 dS m"1 with maximum values 
of over 100 dS m"1 (Lopez Gutierrez, 1996). Chapter 3 shows chemical analysis of the 
groundwater at various sites and its relation to soil properties. 

2.1.5. Stratigraphie framework 

The geology of the Ebro Delta is detailed in the Spanish geological map 1:50.000, 
(IGME, 1979; sheets 522 and 523). There is a very thick sedimentary sequence (up to 
70 m under the river mouth) formed in the Holocene period. The major sedimentary 
units beneath the Ebro Delta are shown in Fig. 2.6. 
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The substratum of the delta complex formed by Pleistocene deposits, with good 
surface permeability, consisting mainly of fluvial gravels and piedmont deposits. 

Coastal plain lutites (fine deposits) of paludal and fluvial origin from when the sea 
level was low. 

Beach and nearshore sands and gravels formed during the rise in the sea level. 
Offshore marine clays characterized by high content of marine fauna and low of 

terrigenous matter. They are mainly in the east because, at that time, westwards 
was the beach. They are equivalent to the present outer shelf deposits. 

From here on, the sequence of deposits relates to the progradation of the Delta. 
Prodeltaic deposits (silt and clay) formed in the deep water while the Delta was 

moving outwards. They have, however, scarce or almost nonexistent marine fauna. 
These deposits have on average 10 m thickness in the eastern part of the Delta with 
a progressive reduction in thickness westwards. 

Prodeltaic deposits (sands of beach and nearshore). They form a layer extending 
beneath all the deltaic plain of fluviomarine and holomarine sands, 10 m thick on 
average, which can, however, range between 1-20 m. 

As the Delta prograded seawards; the river course lengthened, the river meandered 
across the top of the Delta depositing meander belts of fluvial sand-silt sediments in 
the channel whilst at the same time paludal fine sediments deposited in the overbank 
floodplains. 
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Fig. 2.6. Major sedimentary units beneath the Ebro Delta (after Maldonado, 1972). 
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The conglomerate of the foothills dips towards the east and is covered by the virtually 
impervious prodelta clay increasing in thickness towards the east and diminishing 
towards the foothill. This impervious stratum is absent in places along the western 
boundary of the Delta. There, fresh water comes to the surface both as seepage water 
and in springs ("ullals"), originating from the conglomerate that acts as aquifer and is 
not sealed by the aquiclude of prodelta clay. In this area, peat has developed, especially 
in the southern part of the Delta. 

2.1.6. Deltaic Evolution 

The development of the Ebro Delta began approximately 20.000 years ago at the end 
of the last glacial stage. During the first 12.000 years, the rise in sea level 
predominated. Thin transgressive sequences, from 90 to 10 m below present sea level, 
were developed as the sediments borne by the river were reworked by waves. During 
the last 8.000 years sedimentation predominated. These sediments are characterized by 
the upward increase in grain size and decrease in fauna, and form the so-called offlap 
or coarsening-upward sequences. The Delta, at that time, prograded from 10 m below 
to actual sea level (Maldonado, 1975). Above present sea level, most of the sediments 
are of fluvial origin. In the process of infilling of the lacustrine environments and 
abandoned courses, fining-upward sequences develop. Subsidence or compactation 
effects are and have been influencing the deltaic sedimentation. Other important 
factors which should be considered, e.g. a man-induced decrease of the river discharge 
and even more important, the processes of distributary diversion. Moreover, the 
erosion of abandoned lobate deltas provides sediment, for the development of beaches 
and nearshore spits. 

Figure 2.7 shows the evolution during the last 4.000 years of the Ebro Delta, (Canicio, 
1996). The deltaic plain consists of three pronounced delta lobes. The development of 
two of these lobes has notably increased the deltaic plain surface area during the past 
four centuries. According to Kleinpenning (1969), Amposta was an open sea fishing 
harbor during the 15th century. Then, however, the Delta suddenly began to develop 
quite rapidly. This was a consequence of the increasing deforestation in the Ebro 
Basin, which caused the river Ebro and its tributaries to transport increasing quantities 
of sediments. The southern Delta lobe is the oldest, growing until nearly the 16th 

century. The northern lobe mainly developed throughout the 17th and 18* centuries, 
and the early 19th century. The active period of the central Delta lobe coexisted with 
that of the northern Delta lobe during its final stage of development. Initially the 
central Delta lobe had a northern distributary active throughout the early 18th century. 
The eastern distributary reached its maximum development about 1946. A major flood 
in 1937 resulted in a fourth lobe when a new channel broke through one of the existing 
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lobes. This channel diversion resulted in a new river mouth and the abandonment of 
the older one by 1957 (Maldonado and Riba, 1971). The present development of the 
Ebro Delta is controlled by the diverted channel to the north and the decrease in the 
river discharge over the last decades. The present sediment load is about 1% of 100 
years ago due to dam construction throughout the catchment area (Guillen and 
Palanques, 1992). 

• Defense towers 

Map of Mercator-Hondius (1580) 

Fig. 2.7. Deltaic evolution of the Ebro Delta during the recent 4.000 years (after Ibànez et al., 1997). 
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2.1.7. Modern deltaic environments 

The part of the Delta above present sea level, called the deltaic plain, is built up of four 
major sedimentary environments: fluvial, paludal, fluviomarine and holomarine as 
shown in Table 2.1 based on Maldonado (1972) and Daniels and Hammer (1986). 

Table 2.1. Sedimentary environments and characteristics of the deltaic plain. 

Sedimentary Environments Characteristics 
Fluvial - Tributary fans The village of Camarles lies on one. 

- Natural Levees They Have an average height of 4 m above sea level at the 

head of the Delta, declining progressively towards the 

mouth of the river and interchannel areas. 

- Point Bars 

- Crevasse (Splay/Delta) 

- Floodplain/Backswamp 

- Abandoned river They are of great interest because they have governed 

channels deltaic evolution. 

Paludal - Lagoons Lagoons occupy extensive areas near the shore line and 

have highly organic sediments. They result from the 

isolation of a bay by sand bars. Their mean depth is 1 m. 

Marshes are the final evolution stage of lakes or abandoned 

channels (a marsh spreads across the sediments infilling). 

Flat sandy areas with shrub vegetation that are periodically 

inundated by a thin sheet of water. They are a more 

advanced stage in the evolution of spits. 

Small channels that connect and drain the paludal 

environments. Water drainage is governed by changes in 

water density, fluvial discharge and sea level fluctuation. 

It is characterized by sand bars associated with deltaic 

progradation. These sand bars extend laterally and connect 

with a sand sheet growing out from the coastline. 

Beaches and spits are built up by sand derived from: 

(1) fluviatile sediments from the mouth of the river carried 

by long-shore drift; and 

(2) sediments derived from the erosion of the abandoned 

lobate deltas. 

The spits grow by continuous annexation of shoreface bars 

to the coastline. Then the sediments carried in by waves 

develop between the former coastline and the annexed bar. 

- Marshes 

- Sandy plains 

- Channels of current 

Fluviomarine - Deltaic Front 

Holomarine - Beaches 

- Spits/Sand bars 
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2.2. THE SOCIO-ECONOMIC BASIS OF THE EBRO DELTA 

The present population density in the Ebro Delta is 120 inhabitants km'2 (46000 
inhabitants). Within the active population, an average of 20% is directly working in 
agriculture. Fishing (over 20% of the total fish production in Catalonia) and the service 
sector play also an important role. The industrialization of the Delta is minimal and has 
developed around the agricultural market such as cooperatives for post-harvest 
technology and small enterprises for the fixing of agricultural equipment. Tourism is 
still under expansion. 
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Fig. 2.8. Present distribution of the Ebro Delta surface area (32059 ha) in 1995. 

For an idea of the importance of agriculture in the Delta, one needs only to consider 
the surface area and its distribution according to land-use (Fig. 2.8). The non-rice 
agriculture refers to non-saline areas where mainly vegetables are grown such as 
artichokes, cabbage and lettuce mainly for house consumption and close markets. 
The agricultural production of the Delta constitutes 12% of the total of Catalonia, and 
that at an area equivalent to only 1% of the territory of Catalonia. Small farm holdings 
predominate in the area as shown in Table 2.2. 

Table 2.2. Present distribution of farms in the Ebro Delta. 

Number of farmers Size of the farm Area represented (%) 

7243 (93%) 

436(6%) 

98 (1%) 

Less than 5 ha 

Between 5 and 25 ha 

Greater than 25 ha 

30 

21 

49 
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2.3. THE RICE PRODUCTION SYSTEM OF THE EBRO DELTA 

A scheme of the rice farming activities in the Ebro Delta is presented in Fig. 2.Ç 
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Fig. 2.9. Rice fanning calendar in the Ebro Delta. 

2.3.1. Land Preparation 

Rice farms in the Ebro Delta are divided into rectangular parcels called "sorts" in local 
jargon (as checks in USA or bays in Australia). The parcels are defined by bunds, of 30 
cm height, constructed in relation to topography and perpendicular to the prevailing 
wind direction (from the north-west). They rarely exceed 3 ha because of the potential 
wind and wave damage to young rice seedlings in large open water expanses. 
After the winter rains, when the soil loses its wetness, rice fields are prepared using 
different size tractors with varying horsepower. Fields are opened with a chisel plow or 
disc harrow to allow the soil to dry. One or two diskings to reduce clod size may 
follow. Later on, smoothing and levelling is necessary each year to remove high and 
low surfaces created by equipment operations. 
To provide a smooth but corrugated surface for anchoring water-seeded rice, large 
rollers are increasingly being used in recent years. The roller makes grooves in the soil 
perpendicular to the prevailing wind direction. When rice seed is broadcast into the 
water, it settles at the bottom of the grooves and is protected from uprooting by wind. 
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Coarse, cloddy seedbeds are preferred for water-seeded rice: the clods serve as barriers 
to seedling drift from wind and wave action. 
Levelling allows water drainage and maintenance of a uniform water depth that 
facilitates establishment. High, unflooded areas are notorious for rapid weed growth; 
low areas collect water and reduce seedling survival. Overly steep slopes make the 
control of water depth virtually impossible. Levelling to zero grade is mainly done 
because it provides the most precise control of water depth. On completely flat fields, 
however, surface drainage for management practices is extremely difficult (Hill et al., 
1991). 

2.3.2. Crop Stages 

Regarding the life cycle of the rice plant, the following stages are distinguished: 

• Sowing. It takes place from the 15th April to the 15th May. The Ebro Delta is entirely 
direct-seeded and almost exclusively water-seeded. Pregerminated or dry rice seed is 
broadcasted into standing water, either by tractor or by aircraft. Rice seed is soaked in 
water 24-36 h and drained another 24 h. Soaking initiates germination and increases 
seed weight. The added weight allows the seed to sink to the soil surface. Seeding rates 
of 500 to 600 grains m"2 for short and long-grain cultivars respectively are common 
(approximately 150 kg ha"1). 
In recent years, dry-seeded methods are becoming popular in well drained and non-
saline soils. Several variations exist but the most common one is to drill and 
incorporate the rice seed into dry corrugated soil. Drill seeding requires less seed, has a 
more uniform emergence but needs more time than broadcast seeding. 

The vegetative period goes from germination to the initiation of panicle primordia. The 
rice needs a minimum temperature of 10°-12°C to germinate. At germination and 
seedling emergence, the water acts as a thermoregulator to prevent seeds from the low 
temperatures at night time. The water height over the fields is 10-15 cm. Research and 
experience indicate that 160-240 plants m"2 provide optimum yields. From seedling 
emergence to panicle initiation, supplementary nitrogen fertilization and weeding 
practices are regularly performed. 

• Panicle Initiation (PI). Panicle initiation is defined as the first appearance of a 
differentiated apex when examined under a magnifying glass. This occurs around the 
end of June. By then, an approximate leaf area index of 3 m2 leaf m"2 soil is reached in 
the parcels and the water is not clearly visible any more. 
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• Heading. Heading is normally defined (Horie et al., 1997) as when 50% of the 
panicles fully emerge from the flag-leaf sheath and full heading when 80% of panicles 
are fully emerged. This occurs at the end of July or beginning of August. Leaf area is 
maximum at that time and in the order of 5 to 7 m2 leaf m"2 soil. In optimal conditions, 
400-500 and 600-700 panicles m"2 are encountered for short and long-grain cultivars, 
respectively. 
Full heading is close to the date of anthesis or flowering. Anthesis refers to a series of 
events between the opening and closing of the spikelet, lasting about 1-2.5 hours. Rice 
is a self pollinating plant. Especially the 12-16 days before anthesis, rice is very 
sensitive to cold temperature (Angus et al., 1993). Temperatures below 18°C often 
inhibit the development of the spikelet and the flowers remain sterile. 

• Maturity. The ripening period is characterized by grain growth, changes in grain 
colour, loss of grain moisture and senescence, of leaves. Optimal temperatures for 
ripening are 20° to 22°C. Agronomically, maturity is defined as the time when the 
maximum grain weight is reached. It is usually several days before harvesting. The 
time of harvest is usually determined by grain colour and leaf senescence. To avoid 
grain fissuring and damage in the combine, the crop is harvested at 19-23% grain 
moisture. The grain is delivered to the co-operatives, where it is carefully dried to 
maintain milling quality. The harvesting period in the Ebro Delta ranges from the 10th 

September to the 10th October. 

In the Ebro Delta, at present, mainly short or round-grain cultivars (basically Tebre, 
Bahia, and Senia) are grown. Maximum productions of 11,000 kg ha"1 (at 14% 
moisture) are achieved with an average of 6,500 kg ha"1 (Caballero i Lluch, 1992). 
Recent developments in world rice markets have introduced long-grain cultivars such 
as Lemont and Thaibonnet or L-202. The L-202 developed in California (USA) has 
given better results than Lemont developed in Texas (USA) because of more similar 
wea »r conditions. 

2.3.3. Water Management 

Rice is permanently flooded for most of the growing season, although short drainage 
periods may be needed to correct specific crop disorders dependent on herbicides 
application, root fixation, etc. Water use varies with weather, soil type and 
management practices. Field levelling is the most important factor in efficient 
irrigation management. About 1200 mm of water is needed for évapotranspiration, but 
the amount of irrigation water delivered is about 2600 mm (average discharge of 2 1 s"1 

ha"1). 
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Water management practices start with a flooding. The fields are flooded from 10 to 
25th of April. After germination, the water level is lowered to 5 cm and is gradually 
increased as the crop develops further on. An excessive amount of water consumption 
during vegetative stage has negative effects on the plant, elongating too much the stem 
and reducing the rooting depth. During reproductive growth, irrigation depth is 
commonly 20-30 cm to protect developing panicles from high or low temperatures. In 
preparation for harvest, some farmers prefer to dry the field while others keep the 
water on. 
An irrigation is practised generally in the Ebro Delta from October to January if the 
land lies fallow for a short time. The main purpose of the irrigation is to flush out the 
surface salts as far as possible. 

2.3.4. Nutrients 

The soil is mainly fertilized during the land preparation period. The requirements vary 
with soil type, cropping history and cultivars. Nitrogen is the nutrient most commonly 
added in rice production. In general 120-180 kg ha"1 of N in a reduced form (urea, 
ammonia, ammonium sulphate) is applied; in one dose, or split application at tillering 
and/or at panicle initiation. Phosphorous and potassium doses are on average 100 kg K 
ha"1 and 50 kg P ha"1 as basal application. 

2.3.5. Pest Management 

A wide range of weeds, diseases and insects (stem borers such as Chilo suppressalis) 
infest rice in the Ebro Delta. Weeds are a major problem, because they have a more 
competitive advantage in direct seeded than in transplanted rice. Annual grasses 
(Echinocloa spp.), broadleaves (Potamogeton spp.) and sedges (Cyperus spp.) 
commonly infest rice. To minimize the impact of weeds on yield, herbicides (such as 
Molinate and Bentazona) combined with cultural practices are used. Puddling before 
sowing and weeding by hand (until the rice plant has become so tall that cannot be 
weeded without damage) are nowadays performed, especially for the so-called wild 
rice, red rice or "crodo" as it is called in Italy. 
Blast caused by Pyricularia oryzae, brown spots by Helminthosporium oryzae, and 
stem rot by Fusarium spp. or Sclerotium oryzae are encountered. Two to three 
applications of fungicides (mainly Carbendazima and Mancozeb) in August are 
common, especially when high temperatures go along with high relative humidity. 
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